
ABSTRACT 

SHEAHAN, BREANNA JO The Impact of Doxorubicin on Active Intestinal Stem Cells and 

Intestinal Regeneration (Under the direction of Dr. Christopher Dekaney and Dr. Anthony 

Blikslager). 

 

This dissertation encapsulates the research performed by the author describing the effect 

of doxorubicin (DXR), a chemotherapy drug, on the intestinal epithelium. The intestinal 

epithelium is constantly renewed by active intestinal stem cells (aISCs) that reside at the base of 

intestinal crypts. These aISCs are highly sensitive to DNA damage, such as that caused by DXR. 

Rapid regeneration of the epithelium is critical to maintaining epithelial barrier function; 

therefore, understanding how the epithelium is impacted by DXR and regenerated after damage 

is important for development of therapies to minimize intestinal toxicity. 

A review of aISC function, signaling pathways, response to damage, and relationship 

with the luminal microbiota is presented in Chapter 1. Chapter 2 describes the impact of DXR on 

the intestinal epithelium, with a focus on the distribution and clearance of DXR in the crypt 

epithelium. In addition, a repeated dosing model of chronic DXR exposure is presented in order 

to better reflect the typical multidose scenario in clinical practice. This chronic DXR model can 

be used to test therapeutic strategies for managing chemotherapy-associated mucositis. 

The primary focus of this dissertation is presented in Chapter 3: interrogating the 

epithelial regeneration that occurs after DXR. Following DXR administration there is a severe 

depletion of aISCs. After aISCs are lost, their progeny, present in the transit amplifying region, 

are then able to revert to a stem cell-like state and regenerate the intestinal epithelium. This 

finding is crucial to the understanding of repair within the epithelium, as mechanisms controlling 

this regenerative capacity can be manipulated to enhance recovery after severe aISC damage. 



The final chapter, Chapter 4, investigates the influence of luminal microbiota on aISC 

survival after DXR treatment. Mice with an altered microbiota due to the administration of broad 

spectrum antimicrobials exhibit significantly enhanced aISC survival after DXR damage. 

Antimicrobial administration also drives intestinal lengthening and dilation, indicating increased 

epithelial proliferation. Taken together, these findings suggest a positive influence from the 

microbiota on aISC survival and proliferation. Results from this chapter present potential 

therapeutic targets that could modulate survival of aISCs after acute injury. 
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Introduction 

The gastrointestinal epithelium is a lining of simple columnar cells that renews every 4-7 

days 1. The lining of the intestine provides several critical functions to the organism. It forms a 

barrier between the systemic circulation of the organism and the lumen of the intestine, which 

houses a rich and complex microbiome 2. There are multiple parts to this barrier: the epithelial 

cells themselves, tight junctions between the cells, immune cells that continuously monitor the 

intestine for any breaches in the barrier, and finally products of the epithelial cells, including 

defensins, other antimicrobial peptides, mucus, and immunoglobulin A 2. In addition, the intestinal 

epithelium allows for absorption of nutrients from the ingesta, as well as modulation of electrolyte 

concentrations 3. 

In homeostasis, the rapid renewal of the epithelium originates from active intestinal stem 

cells (aISCs) 4 which exist at the base of the intestinal crypts (Figure 1 5). These are multipotent 

adult stem cells that have the ability to differentiate into all the specialized epithelial cell types that 

make up the intestinal lining. These fully differentiated, post-mitotic cell populations include 

enterocytes, goblet cells, enteroendocrine cells, Paneth cells, tuft cells and M cells 6,7. Absorptive 

enterocytes form the bulk of the epithelial mass and are responsible for the absorption of nutrients 

such as protein and glucose from the lumen. Mucus from goblet cells forms a robust and 

continuous protective double layer in the large intestine: the outer mucus layer is a habitat for 

commensal bacteria and the inner adherent layer excludes the vast majority of bacteria 8,9. The 

mucus of the small intestine is discontinuous and unattached, allowing higher proximity of 

enterocytes and luminal contents 8. Paneth cells at the base of the intestinal crypts are only found 

in the small intestine under normal physiologic conditions 10. Paneth cells will be discussed further 

later in this chapter in the context of aISC function. Along the entire length of the GI tract, an array 
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of specialized enteroendocrine cells are responsible for the production of hormones that regulate 

normal gastrointestinal physiology 11,12. These cells have been intensively studied using human 

organoids combined with genetic CRISPR/Cas9 perturbations, revealing a considerable number 

of EEC subtypes 12.  

This review will focus on the active intestinal stem cell: the signaling mechanisms that 

control aISC function and proliferation, the regeneration of intestinal epithelium, and the 

interaction with the microbiota.  

 

Figure 1. Architecture of the small intestinal epithelium. From Gehart & Clevers, 2019 5 

The small intestinal epithelium is composed of crypts and villi which serve to massively 

increase the functional area of the intestinal surface. Numerous villi, or finger-like projections 

into the lumen, are surrounded by crypts, invaginations of the epithelium. Epithelial cells are 

produced by active intestinal stem cells (denoted as crypt base columnar cells (CBC cells) in 

this figure) that exist at the base of the intestinal crypts, intercalated between Paneth cells in 

positions +1 to +3. Above the stem cell zone, transit amplifying cells rapidly divide and commit 

to epithelial lineages including enterocytes, Goblet cells, Tuft cells, and Paneth cells. Once cells 

migrate up the crypt-villus axis to the tip of the villus, they are shed into the intestinal lumen 

by apoptosis. 
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Active intestinal stem cells 

The aISCs are intercalated between the Paneth cells in the small intestine of those species 

that have Paneth cells, including mice and humans 1,13. Some species (such as dogs) do not have 

Paneth cells, whereas other species (such as horses and anteaters) have large numbers of Paneth 

cells per crypt. Paneth cells are long-lived differentiated secretory cells that do not migrate up the 

crypt-villus axis, unlike other differentiated cell types. It has been shown that Paneth cells provide 

a support system for the aISCs, by expression of Notch ligands, and secretion of molecules such 

as Wnt3a, EGF (epidermal growth factor), and lactate, which explains their semi-permanent 

positions at the crypt base 14,15. Paneth cells also secrete various antimicrobial peptides at high 

concentrations, protecting the aISC from the luminal microbes 2. 

A specific marker for aISCs remained elusive until 2007, although multipotent ISCs had 

been a subject of research for many years 4. In this landmark study, Barker et al demonstrated that 

not only was leucine-rich G-coupled receptor 5 (LGR5) expressed specifically in aISCs, but that 

these LGR5+ cells were the multipotent aISCs that were responsible for the intestinal epithelium 

4. This stem cell identity was demonstrated by in vivo lineage tracing of these cells in transgenic 

Lgr5eGFP-IRES-CreERT2 x Rosa26LSL-tdTomato mice. There was a rapid production of all epithelial cell 

types from the labeled LGR5+ cells 4. This lineage tracing persisted for several weeks beyond the 

induction of lineage tracing with tamoxifen, confirming that the originating cell expressed Cre was 

maintained at the base of the crypt and was capable of producing all the cells of the intestinal 

epithelium 4. LGR5 was an orphan receptor at the time of this publication, but has now been 

identified as a receptor for R-spondin1, which amplifies Wnt signaling 16.  

The Lgr5eGFP-IRES-CreERT2 transgenic mouse originating from this publication is one of the 

most commonly utilized tools for identification of aISCs 4. This mouse expresses green fluorescent 



   

5 

 

protein (GFP) in any cell that expresses the transgenic Lgr5, which typically corresponds to 14-16 

cells per crypt 17. This transgene is also expressed in the murine colon, which allows identification 

and monitoring of colonic stem cells 4. One of the primary drawbacks to this mouse is mosaic 

silencing of the transgenic allele, resulting in only 1/3rd of the intestinal crypts expressing GFP 18. 

Homozygosity of the transgenic allele (effectively Lgr5 KO) results in early neonatal death, 

secondary to malformation of the jaw and tongue (ankyloglossia) and aerophagia 4,19. No 

phenotype is observed in the heterozygous mice and transgenic crypts are not at a growth 

disadvantage compared to wild-type crypts 4.  

In addition to in vivo lineage tracing, isolated single LGR5+ cells are able to proliferate 

and differentiate in culture, forming enteroids or “mini-guts” 20. This clonogenic ability is an 

essential indicator of stemness. However, their ability to form enteroids in culture is drastically 

improved if Paneth cells are added to the isolated LGR5+ cells 21. This demonstrates that Paneth 

cells are important for supporting LGR5+ cell proliferation and survival in vitro. 

The gene expression signature of active intestinal stem cells includes Lgr5, Olfm4, 

Musashi1, Prominin1, and Ascl2 22–24. Although aISCs have often been considered as a 

homogenous collection of cells, there is heterogeneity within the aISC population with regards to 

proliferation, cell cycle, and transcriptional profile 25–27. Additionally, a subset of LGR5+ cells are 

secretory cells as identified by single cell RNA sequencing 28. Olfactomedin 4 (OLFM4)+ cells, 

marked by Olfm4eGFP-CreERT2 transgenic mice, exhibit a high degree of overlap with LGR5+ cells 

18. In contrast to the Lgr5eGFP-CreERT2 mouse, the Olfm4eGFP-CreERT2 mouse does not have mosaic 

silencing of the transgenic allele. Although human colonic epithelium expresses Olfm4, murine 

colonic cells do not, which makes this an inappropriate mouse model for evaluation of colonic 

stem cells 18. Olfm4 is a Notch target gene, encoding for a secreted glycoprotein 29–31. OLFM4, a 
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negatively charged protein secreted into the crypt lumen, binds to cationic defensins secreted by 

the epithelium 30,32. The expression of OLFM4 is robustly increased in inflammatory bowel 

diseases and has been identified as an early stage cancer marker 30.  

Unlike other tissue stem cells, which are typically quiescent, aISCs are responsible for 

rapid turnover of the entire intestinal epithelium. Dividing cells are at a higher risk of introducing 

genetic mutations, which can lead to neoplastic transformation. Thus, understanding how these 

cells manage genomic integrity has been of significant interest within the intestinal stem cell field 

for several years. Originally, the immortal strand theory hypothesized that DNA strands in stem 

cells would asymmetrically divide to keep the original DNA strand free of mutations introduced 

during DNA replication 33,34. However, it has been demonstrated that aISCs do not retain DNA 

label, such as a thymidine analog 35,36. DNA strands in aISCs undergo random segregation during 

division, and therefore, the lack of long term label retention indicates that these LGR5-labeled 

cells at the base of the crypt are actively cycling 35. Properties of aISCs that are responsible for 

maintenance of genomic integrity include high telomerase activity 35 and enhanced homologous 

recombination ability 37.  

Recent evidence suggests that these aISCs cycle every 21.5 hours 35 and reside in an 

unlicensed G1 phase 38. This cell cycle length is slightly longer than that of transit amplifying cells 

slightly further up the crypt-villus axis, which cycle every 12 hours 35,38. LGR5+ cells exhibit 

neutral drift dynamics within the crypt base, resulting in monoclonality of crypts over time 39–41. 

It has also been demonstrated that LGR5+ stem cells divide symmetrically 39,41, unlike the 

asymmetric division observed previously in other stem cells 42. The decision to remain a stem cell 

or become a transit amplifying cell after the cellular division is complete depends on position 

within the crypt and access to crypt base niche signals, including Wnt and Notch 40,43. 
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The progression from aISC to transit amplifying cell depends on rapid transcriptional 

repression of stem cell genes Lgr5 and Ascl2 by the transcriptional co-repressors MTG8 and 

MTG16 44. These transcriptional repressors are active in enterocyte progenitors, but are inhibited 

by ATOH1 in secretory progenitors 44. It has been demonstrated that knockout of either MTG8 or 

MTG16 results in increased stem cell numbers and crypt expansion, with impaired enterocyte 

differentiation 44. These proteins are the first transcriptional regulators to be expressed in the 

process of aISCs becoming transit amplifying cells. Therefore, they regulate cellular fate decisions 

within the intestinal crypt. 

 

Signaling mechanisms in the aISC niche 

The crypt base, composed of aISCs and Paneth cells, is exposed to high concentrations of 

Wnt and low concentrations of BMP signaling molecules  45,46. These molecules ensure restriction 

of the proliferative zone to the crypt. With increasing distance from the crypt, the abundance of 

Wnt decreases and BMP increases, resulting in molecular gradients of each that influence the 

surrounding cells (Figure 2 4). In addition to Wnt and BMP, Notch signaling and cellular 

metabolism control aISC proliferation and cellular fate within the intestinal lining. 

The Wnt pathway is highly conserved across species, playing critical roles in controlling 

cellular proliferation and differentiation 47. Wnt/β-catenin signaling is critical for aISC self-

renewal and proliferation 48. Paneth cells and subepithelial myofibroblasts surrounding the crypts 

secrete Wnt molecules, including Wnt3a and Wnt2b 49. These secreted factors bind to receptors on 

the cell membrane (Frizzled and LRP5/6), which activate a signaling cascade which ultimately 

allows β-catenin to enter the nucleus and associate with transcription factors 50,51. In particular, β-

catenin binds to lymphoid enhancer factor (LEF) and T-cell factor (TCF) transcription factors to 
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allow expression of Wnt target genes 50. These Wnt target genes provide for self-renewal and 

proliferation of ISCs. Unrestrained or constitutive Wnt signaling is associated with development 

of adenomas in the progression to colorectal carcinoma 52. Control of Wnt signaling is important 

to avoid hyperproliferative adenomas that have the potential to transform into cancerous growths. 

Bone morphogenic protein (BMP) signaling is a major way in which Wnt-driven 

proliferation is restricted to the crypt 45. BMP restricts this proliferative zone by signaling through 

Smad to modulate transcription of stem cell genes. Smad recruits histone deacetylase (HDAC1) to 

promoters of these genes, effectively repressing transcription of stem cell genes, including Lgr5 

45. Wnt and BMP provide opposing influences on the regulation of stem cell gene expression 45, 

and other signaling pathways can modulate Wnt and BMP, which allows for fine control of cellular 

function within the epithelium. Noggin, a secreted molecule found at higher concentrations near 

the base of the crypts, inactivates BMP4, a major BMP molecule secreted by the surrounding 

mesenchyme 48. This ensures that stem cells at the base of the crypt are in a permissive 

transcriptional state that allows self-renewal and proliferation to continue. In addition to its 

influence on aISCs, BMP is important for modulating hormonal secretions from enteroendocrine 

cell subtypes 53. 

Notch governs the cellular decision to adopt the secretory or absorptive lineage as cells 

differentiate into the specialized cell types that make up the intestinal lining. Notch signaling is an 

important component of the stem cell niche and maintains aISC proliferation 48. Notch signaling 

is based on cell-to-cell ligand interaction, where Notch receptors are expressed on aISCs and 

absorptive cells (Notch HIGH cells), and Notch ligands are expressed on Paneth cells and other 

secretory cells (Notch LOW cells) (Figure 2). Lineage tracing of Notch1 and Notch2 transgenic 

mice corroborate the presence of these receptors on active intestinal stem cells, although Notch1 
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appears to be more commonly expressed than Notch2 54–56. Paneth cells express Notch ligands, 

known as Delta-like ligand 1 (DLL1) and Delta-like ligand 4 (DLL4), and present these to the 

surrounding aISCs 21,57,58. Binding of the Notch receptor on aISCs ultimately results in nuclear 

translocation of the Notch Intracellular Domain (NICD) which binds to the DNA-binding protein 

RBP-J and upregulates expression of Notch target genes 48. These target genes play critical roles 

in stem cell self-renewal and proliferation. Overactivation of Notch signaling is observed in several 

gastrointestinal cancers, consistent with the pro-proliferative nature of this pathway 59. Inhibition 

of Notch, either by pharmaceuticals or genetic manipulation, results in a rapid loss of the aISC 

population and secretory cell hyperplasia 31,60. Unfortunately, this resulting indiscriminate 

gastrointestinal toxicity is the limiting factor of Notch inhibitors as adjunctive cancer therapies in 

clinical practice 61. 

Cellular metabolism is a major regulator of stem cell function and proliferation in the 

intestine 62. Decreased utilization of glycolysis-derived tricarboxylic acid (TCA) cycle metabolites 

and pyruvate oxidation results in increased aISC numbers, proliferation, and niche-independent 

growth in the intestinal epithelium 63. A high fat diet promotes stem cell regeneration in the 

intestine, by increasing oxidative phosphorylation in aISCs 64. In addition, altered utilization of 

glycolytic substrates skews cellular intestinal fates 65. Taken together, these data suggest that a 

number of distinct metabolic pathways control intestinal stemness and cellular identity. 
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Role of Paneth cells in the niche 

Paneth cells serve an important role in the intestinal stem cell niche. They function in 

tandem with underlying mesenchymal cells to supply necessary niche factors to intestinal stem 

Figure 2. Signaling mechanisms within the aISC niche. From Gehart & Clevers, 2019 5 

Multiple signaling pathways influence the function of aISCs along the crypt-villus axis. WNT 

and BMP are opposing forces on stem cell proliferation, represented by the gradients on the left 

side of the figure. Paneth cells and subepithelial mesenchymal cells (also known as telocytes in 

some publications) provide Wnt, R-spondin, and EGF signaling molecules to the nearby aISCs 

to drive proliferation. Paneth cells present Notch ligands to Notch receptors on aISCs, driving 

a Notch HIGH transcriptional program and maintaining stemness. Higher up the crypt-villus 

axis, Notch ligands are present on secretory progenitors and mature secretory cell types such 

as Goblet cells. 
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cells. Multiple studies have demonstrated the functional redundancy present within the intestinal 

stem cell niche, as depletion of the majority of Paneth cells or complete ablation in vivo does not 

affect intestinal viability 66–72. 

Paneth cells, tucked down into the depths of the small intestinal crypts of many species are 

named after Josef Paneth, who was among the first to describe these cells 73. These cells are non-

proliferative, relatively long lived (up to 2 months) 74, and are intercalated between aaISCs. Paneth 

cells also control the site of crypt fission when new crypts are formed from a single mature crypt 

43. As would be expected by their close relationship to aISCs, Paneth cells have been shown to 

support aISCs via secretion of Wnt and EGF signals 75,76, presentation of Delta-like ligands 77, and 

transfer of end-glycolytic products 15. Paneth cells can sense calorie restriction, which drives stem 

cell proliferation via mTOR (mammalian target of rapamycin) inhibition 78. Additionally, Paneth 

cells have a large array of other functions in homeostasis, including antimicrobial protein secretion 

79–81, modulation of the small intestinal microbiota 82,83, and immune surveillance 84. To manage 

all of this secretory capacity, Paneth cells have an expanded endoplasmic reticulum (ER) network 

and rely heavily on autophagy and the unfolded protein response (UPR) 85,86.  This puts these cells 

at risk for ER stress, and Paneth cell-specific genetic defects in autophagy are related to 

inflammatory bowel diseases 85,87. Metaplastic Paneth cells in regions other than the small intestine 

(colon, stomach) are related to chronic inflammatory states 88. Paneth cells can also dedifferentiate 

after intestinal damage induced by doxorubicin (DXR) or irradiation (IR) 89–91. This 

dedifferentiation of Paneth cells into a stem like state is dependent on Notch signaling 89–91. 

The influence of Paneth cells on the aISC niche has been suggested as early as 1967, based 

on the observations that human patients lacking Paneth cells exhibited impaired epithelial 

proliferation 92. However, there was no definitive evidence to support their role in the stem cell 
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niche until 2011, when Sato et al demonstrated that Paneth cells significantly improved stem cell 

survival when co-cultured with isolated single stem cells, and that they secreted critical Wnt factors 

76. This paper also suggested that Paneth cells are the source of DLL4, EGF, and transforming 

growth factor α (TGFα) based on transcriptional analysis of Paneth cells as compared to aISCs 76. 

Paneth cells are sources of Notch ligands, binding to Notch receptors on aISCs and absorptive 

progenitors 31,55. Since Sato et al’s seminal paper identifying the Paneth cell’s critical role in aISC 

survival in vitro, considerable interest has been directed at understanding the Paneth cell-aISC 

interaction.  

Wnt/β-catenin signaling is critical for aISC self-renewal. Wnt ligands are membrane bound 

and can diffuse 1-2 cells 93. Wnt-beads in physical proximity to one side of a stem cell drive 

asymmetrical division 94. Local Wnt signal strength is controlled by cell division, which results in 

membrane dilution of the Frizzled receptors 93. Paneth cells express canonical Wnt ligands Wnt3a, 

Wnt 9b, and Wnt11 76,95. Paneth cells express R-spondin1 96, which is a ligand for LGR4/5 and 

functions to potentiate Wnt signaling 97. Aged Paneth cells appear to reduce Wnt signaling to 

adjacent aISCs in two ways: 1) reduced Wnt3a 98, and 2) increased secretion of Notum, a Wnt 

inhibitor 99. Aged Paneth cells do not support aISC survival as robustly as young Paneth cells, 

which may underlie impaired epithelial regeneration after damage in elderly populations 98. It has 

recently been shown that there are mesenchymal sources of Wnt, rendering Paneth cells 

dispensable for homeostasis and functionally redundant in vivo 100. However, when the 

subepithelial Wnt support is absent in organoid culture, Paneth cell presence or exogenous Wnt 

supplementation is required 66,67.  

Notch signaling is essential to maintain stemness, and without it, stem cells differentiate 

into secretory lineage cells 77,101. Notch signaling and Paneth cells develop in parallel over the first 
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2-3 weeks of life in the intestine of post-natal mice 102. The binary absorptive/secretory switch is 

controlled by lateral inhibitory Notch signaling 56 (Figure 2). Both sets of Notch ligands and 

receptors function redundantly, although genetic knockout of DLL1 or Notch1 exhibits a more 

striking phenotype than DLL4 or Notch2 knockout 55,77. Paneth cells also express radical fringe 

(RFNG) protein, which enhances signaling to the Notch HIGH cell 103. This allows Paneth cells to 

use the strength of Notch signaling to modulate cell fate in the ISC zone. In addition to Paneth 

cells, undifferentiated secretory precursors in the transit amplifying region also express DLL1 58. 

A recent publication demonstrates that in the absence of Paneth cells, other cell types, including 

tuft cells and enteroendocrine cells, express Notch ligands 68. This is a fascinating example of the 

high degree of cellular plasticity present within the intestinal epithelium.  

EGF is critical for aISC proliferation and intestinal growth 104, signaling via mitogen-

activated protein kinase (MAPK) 105. Loss of EGF receptor (EGFR) functionality enhances 

radiosensitivity of the intestinal crypts and impairs recovery after injury 106. Blockade of EGF or 

MAPK signaling in organoids results in ISC quiescence and expands the enteroendocrine cell 

lineage 105. EGF protein has been identified in Paneth cells in rat small intestine 75,107, and isolated 

murine Paneth cells express Egf transcripts 76. It is generally regarded as a necessary component 

of enteroid culture 20. This would suggest that the presence of Paneth cells is insufficient to supply 

all EGF required for aISCs. Two recent enteroid culture studies have shown that EGF is not 

necessary to add to the media as long as there is Wnt activation and BMP inhibition 108,109. 

Interestingly, Paneth cells are not the only source of EGF near the aISCs. Recent evidence 

demonstrates that extracellular vesicles from mesenchymal cells carry ligands capable of binding 

to and stimulating EGFRs on aISCs 110. 
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A new direction of research suggests that Paneth cells metabolically support aISCs by 

transferring lactate and cyclic ADP-ribose (cADPR) to aISCs 15,78. In 2012, Yilmaz et al showed 

that nutrient restriction drove Paneth cells to inhibit mTORC1 (mTOR complex 1), a master 

regulator of cellular metabolism, and in response, Paneth cells increased production and secretion 

of cADPR to surrounding ISCs 78. aISCs responded to this increased cADPR by enhancing self-

renewal 78. In contrast, Paneth cells from aged mice have enhanced mTORC1 signaling and 

subsequently secrete a Wnt inhibitor, Notum 99. These studies demonstrate how Paneth cells can 

serve as a modulator of the strength of Wnt signaling via mTORC1 activation/suppression.  

Rodriguez-Colman et al demonstrated that Paneth cells secrete lactate, a glycolytic end-

product, in support of aISC function 15. Paneth cells generate energy primarily by glycolysis, and 

thus have a robust supply of lactate to transfer to aISCs. This co-dependent interaction was 

demonstrated by combining chemical inhibition of glycolysis or oxidative phosphorylation 

pathways with aISC-Paneth cell co-culture 15. In isolated aISCs, inhibition of oxidative 

phosphorylation, but not glycolysis, impaired self-renewal and proliferation in vitro. In contrast, 

isolated Paneth cells with inhibited oxidative phosphorylation supported aISC proliferation. 

Glycolytic inhibition in Paneth cells resulted in reduced stem cell function. In support of their 

different preferred metabolic pathways, aISCs have more mitochondria than Paneth cells 15. aISCs 

readily generate energy via oxidative phosphorylation, although this is dependent on the local 

energy substrates available, including those substrates derived from Paneth cells 15,111. It was also 

observed that reactive oxygen species drives differentiation of aISCs, yet another mechanism by 

which the balance of self-renewal and lineage differentiation is maintained 15.  

Novel imaging techniques to interrogate cellular metabolism have recently been published 

which may be utilized to clarify the role of Paneth cells in regulating aISC metabolism 111,112. 
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These include fluorescence lifetime imaging microscopy (FLIM) of intestinal organoids or 

intravital microscopy 111,113. These techniques can be combined with different energy substrates 

and oxygenation assessment in order to dissect cellular metabolic flexibility. Several other papers 

have demonstrated that metabolic regulation of aISCs is important for their self-renewal and 

proliferation 63–65,114–119, but no further work has been published that investigates the metabolic 

relationship specifically between aISCs and Paneth cells.  

Paneth cells influence aISCs via the secretion of several signaling factors, including Wnt 

and EGF, as well as the provision of Notch ligands and modulation of aISC metabolism. While 

Paneth cells are not critical for aISC survival, they do play an important role in aISC behavior. 

Manipulation of Paneth cells and their products present a therapeutic approach to modulating stem 

cell function. 

 

Role of subepithelial cells in the niche 

Subepithelial signals from the underlying stromal cells, or telocytes, orchestrate epithelial 

cell programming through secreted Wnt factors 120–123. Underlying the epithelium is a broad 

network of subepithelial stromal cells, marked by Myh11, Foxl1, and Pdgfrα 120–125. Initially 

identified as myofibroblasts, these cells have recently been identified as telocytes based on their 

cell shape and long cellular projections 120,121,124–126. Pericryptal telocytes express canonical Wnt 

ligands that activate β-catenin, driving aISC self-renewal and proliferation 95,122. This was 

demonstrated in vivo and in vitro using transgenic mouse models where Wnt processing was 

specifically knocked out in the telocyte population, and with pharmacological modulation of the 

Wnt pathway 120–123.  
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Signaling gradients along the crypt-villus axis likely originate from the subepithelial 

stroma 67,95 (Figure 2). In situ hybridization in murine small intestine has demonstrated a spatially 

restricted production of mRNA of Wnt ligands and antagonists, particularly within the 

mesenchyme underlying the epithelium 95. Crypt base telocytes co-label for canonical Wnt 

proteins, but telocytes around the transit-amplifying region and into villi appear to express non-

canonical Wnt5a and Wnt inhibitors 95,121. In addition, the marker immunopositivity of 

subepithelial stroma along the crypt-villus axis varies in mice, rats and humans 125,127,128. These 

findings suggested there were at least two sub-populations of telocytes, differentiated on the basis 

of location 121. Spatial restriction of stromal Wnt signaling has been demonstrated in normal 

prostate tissue, where it modulates the proliferative capacity of the overlying epithelium 129. Taken 

together, these data suggest that subepithelial telocytes cells have position-dependent influences 

on the overlying epithelium.  

Stromal influence on cellular programming has been recognized as a critical player both in 

normal tissue and in cancer 130,131. A recent publication provided evidence for 4 subsets of 

subepithelial cell populations in small and large intestine 132. One of these subsets of mesenchymal 

cells expressed high concentrations of the inducible cyclooxygenase-2 (COX-2) enzyme, encoded 

by Ptgs2 132. COX-2 produces pro-inflammatory prostanoids via the arachidonic acid cascade and 

is involved in the pathologic progression of colorectal cancer 133,134. Indeed, the authors determined 

that Ptgs2 expression in this subset of mesenchymal cells is necessary and sufficient to drive 

tumorigenesis in APC-mutant mice 132. APC-mutant mice exhibit dysregulated Wnt/β-catenin 

signaling and spontaneously develop intestinal neoplasia 135.  

Similar to the functional redundancy demonstrated for Wnt signaling, EGF signaling in the 

ISC niche can also be provided by subepithelial mesenchymal cells 110,136. A recent study identified 
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that amphiregulin, a ligand for the EGF receptor, is present in fibroblast-derived extracellular 

vesicles 110. The subepithelial fibroblast extracellular vesicles were able to substitute for exogenous 

EGF in enteroid culture 110. A necessary EGFR ligand for ISC proliferation is expressed in the 

visceral muscle in Drosophila, suggesting that non-epithelial EGF signaling to ISCs is conserved 

across species 136.  

 

Regeneration of intestinal epithelium 

The intestinal epithelium can be exposed to a wide variety of insults, resulting in loss of 

epithelium or damage to the epithelial barrier. These include enteric infections (bacterial, viral, 

fungal), vascular occlusion/injury, irradiation, chemical irritation, inflammatory bowel disease, 

and chemotherapeutic agents 137–140. The impact of these injuries on the different cell types of the 

epithelium is highly variable. Many enteric infections produce severe villus blunting, loss of 

absorptive function, and subsequent malabsorption and diarrhea 137. Epithelial cellular death 

secondary to ischemic injury will progress from the villus tip down into the crypt concurrent with 

the severity of the hypoxia 140. In the small intestine, irradiation and some types of chemotherapy 

specifically impact the intestinal crypt 138,139. Chemotherapeutic damage will be discussed further 

in Chapter 2. In damage models where the crypt is affected, the aISC is often severely impacted. 

This is problematic as these cells produce all of the other epithelial cells that line the crypts and 

villi. 

Despite their importance as tissue-specific stem cells continuously producing all epithelial 

cells, LGR5+ cells are dispensable to epithelial regeneration 141. The epithelial lining was rapidly 

regenerated and LGR5+ cells reappeared shortly after ablation of LGR5+ cells by administering 

diphtheria toxin to Lgr5iDTR mice 141. Lgr5iDTR is a transgenic mouse line that expresses a diphtheria 



   

18 

 

toxin receptor under control of the Lgr5 promoter 141. Therefore, in the absence of LGR5-labeled 

aISCs, a reserve or non-stem population is able to fully regenerate the epithelium and produce new 

aISCs. There are two major theories as to how this occurs: 1) activation of quiescent reserve 

intestinal stem cells 34, and 2) cellular plasticity/dedifferentiation of non-stem epithelial cells 142. 

 

Reserve intestinal stem cells 

A reserve intestinal stem cell (rISC) population has been proposed that acts to replace the 

aISCs after injury. Numerous names, including “facultative”, “quiescent”, “reserve”, and “+4”, 

have been used for a dedicated population of cells that does not typically perform as an aISC, but 

after tissue injury or loss of aISCs, can regenerate the epithelium 143,144. There are also long-lived 

label retaining cells (LRCs) that are typically quiescent but able to revert to an active stem cell 

state 145.  

The theory that there are two populations of intestinal stem cells that can serve to regenerate 

the intestinal epithelium was originally proposed in the 1970’s 34. Potten et al, in 1977, indicated 

that there were radiation sensitive LRCs that were typically located at the +4 position within the 

crypt 34. In addition, these cells divided frequently, on average of every 24 hours. This group 

subsequently published evidence suggesting that this label retaining phenotype was due to 

asymmetric DNA segregation within this cell, in support of the immortal strand hypothesis 33.  

While label retention in aISCs was ultimately disproven by Schepers et al, there are long-

lived (approximately 4 weeks) LRCs that can function as rISCs 35,145. These LRCs were 

demonstrated using a novel dimerizable Cre recombinase strategy in histone fusion reporter mice 

145. In these mice, only LRCs will have both dimers of inactive Cre present, allowing them to form 

a heterodimer and become a functional Cre with downstream reporter expression 145. These LRCs 
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demonstrated clonogenicity after injury but did not otherwise contribute to the homeostasis of the 

epithelium 145. Thus, the quiescent LRCs identified by Buczacki et al 145 are distinct from the 

frequently cycling LRC proposed by Potten 34. Single cell transcriptional profiling of regenerating 

mouse intestine demonstrated the presence of a rare quiescent cell type, marked by high Clusterin 

expression, which expand and revert to an active stem cell state after damage 146. Expansion of 

this “revival stem cell” population was dependent on activation of Hippo-YAP signaling 146, which 

has been shown to prevent LGR5+ cellular death 147. 

Multiple studies have proposed the presence of quiescent cells, existing around the +4 

position from the crypt base, that express specific genetic markers such as Bmi1 139,148, mTert 149, 

Lrig1 150, or Hopx 151. A number of studies have supported the utility of these markers by using 

lineage tracing after damage or organoid formation assays to identify their stem cell identity 143. 

In homeostasis, lineage tracing based on these markers results in rare lineage trace events, but in 

the context of damage, the number of lineage trace events increase.  

The first transgenic mouse that supported the presence of an rISC at the +4 position was 

the Bmi1CreER mouse, published in 2008 148. B lymphoma Mo-MLV insertion region 1 homolog 

(BMI1) is a member of the polycomb repressor complex 1 (PRC1), which functions in epigenetic 

silencing through chromatin modification 148. Cells expressing Bmi1 transcript were observed in 

the +4 position in the crypt epithelium, just above the base of the crypt 139,148. Rare lineage trace 

events in the intestines of Bmi1CreER x Rosa26LSL-tdtomato mice were present in homeostasis, 

demonstrating the stem-like potential of these cells 139. These BMI1+ cells were more quiescent 

than LGR5+ cells, with less incorporation of synthetic thymidine analogs, and were less sensitive 

to Wnt signaling than aISCs 139,152. These BMI1+ cells also expressed Prox1, a regulator of 

lymphatic endothelial cell differentiation, that is also associated with proliferation of colorectal 
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cancer stem cells 153,154. Lamina propria fluorescence in Bmi1CreER x RosaLSL-tdtomato mice is likely 

due to Bmi1/Prox1-expressing lymphatic endothelial cells. In support of their regenerative ability, 

BMI1+ cells produced expanded numbers of lineage trace events after high-dose irradiation 139 

and after Lgr5 ablation (Lgr5iDTR) 141. Chromatin reorganization is one proposed mechanism by 

which BMI1+ cells revert to a stem-like state, allowing rapid upregulation of stem cell genes after 

depletion of aISCs 155. Of note, Bmi1CreER and Bmi1GFP labeling in intestinal crypts decreases in 

frequency from duodenum to ileum. Thus, most studies involving these transgenic mice examine 

the duodenum or proximal jejunum 139,152,155,156. 

Hopx expression also identifies a population of cells possessing regenerative capacity 157. 

HopxLacZ mice express LacZ in cells near the +4 position 151. Isolated HOPX+ cells are able to 

generate all the differentiated cell types when placed in culture, including LGR5+ cells 151. This 

indicates that there is some form of interconversion between the two putative intestinal stem cell 

populations. After high-dose irradiation, small intestine from HopxCreER x Rosa26LSL-tdtomato mice 

demonstrated increased lineage trace events, similar to BMI1-labeled cells 158.  

However, these studies of putative rISCs are complicated by the fact that many of these 

proposed markers are also expressed in aISCs or throughout the crypt epithelium 23,143,144,159. 

Itzkovitz et al used three-color single molecule fluorescence in situ hybridization (FISH) to 

spatially assess the distribution of aISC and rISC RNA molecules within the intestine 23. The 

authors found broad expression of several rISC genes, including Bmi1 and mTert, within the crypt 

epithelium 23. Some gene pairs were highly correlated with each other within epithelial cells, 

including Musashi1 and Ascl2 expression 23. Others, such as Lgr5 and Bmi1, tended to not be found 

in the same epithelial cells, suggesting that these genes are representative of different regulatory 

modules within the crypt base 23. Similarly, Li et al suggested that simply identifying the presence 



   

21 

 

of rISC-associated mRNA transcripts within a cell’s transcriptional profile is a poor method of 

determining ‘active’ vs ‘reserve’ stem cell status 157. Finally, definitive identification of an rISC 

population is difficult in general, regardless of the methodology utilized, due to the highly flexible 

gene expression signature of epithelial cells 155. 

There are difficulties inherent in using transgenic mouse models to identify active or 

reserve ISCs via the expression of a fluorescent protein or Cre recombinase under the control of a 

putative ISC promoter. Differential expression of fluorescent proteins vs Cre recombinase vs the 

mRNA transcript has been demonstrated 157. For instance, Bmi1CreER+ labeled cells exhibit a gene 

expression profile that is distinct from Bmi1GFP+ cells 157. Thus, studies utilizing different 

transgenic alleles of the same rISC gene may result in different cell population identification. Other 

problems include a mismatch in cells that express the protein of interest vs. those that only express 

the mRNA transcript 23,25, differential cellular sensitivity to tamoxifen-mediated toxicity 160, and 

loss of function or epigenetic silencing of the transgenic allele 4. Finally, identification methods 

utilized in mice, such as transgenic promoter-driven fluorescence, are often limited in application 

to other animal models or humans.  

Recent literature has demonstrated that the BMI1+ cells are of the enteroendocrine lineage 

155,161. Additionally, these BMI1+ cells highly overlapped with another rISC population of mTert-

expressing cells 161. Therefore, their original identification as dedicated rISCs is not completely 

accurate, and their regenerative capacity should be considered under cellular plasticity. In fact, 

given other recent studies 162,163 and my data presented in Chapter 3 of this thesis, it is likely that 

there is not a true reserve population of ISCs and that the regeneration of intestinal epithelium is 

reliant on the high degree of cellular plasticity within the crypt epithelial cells. Presumably, all of 
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the different cell populations within the crypt epithelium are able to regenerate the epithelial lining, 

depending on the type of damage involved. 

 

Cellular plasticity 

In 1974, Cheng and Leblond proposed that progenitor cells, existing in the transit 

amplifying region, maintain inherent plasticity that allows them to recover their stem cell signature 

when the aISCs were lost through irradiation or other damage 142. Early evidence for this model 

was demonstrated by use of radioactive thymidine analog incorporation, where phagocytosis of 

dead, labeled ISCs was performed by other cells 142. These phagocytosed radioactive molecules 

then were observed in all other cell lineages in the epithelium, indicating that they were divided 

randomly into progeny as the phagocytic cells proliferated and gave rise to all other cell types 142. 

Unfortunately, no single crypt had all cell types labeled with the analog, which would have 

definitively demonstrated that one cell of origin was responsible for generating all differentiated 

cell types 142.  

This theory has been supported in the last decade by the discoveries that secretory 

progenitors 58,89,145,164, enteroendocrine cells 155,161, Paneth cells 89–91, and upper transit amplifying 

cells 165 can produce all the differentiated cell types after aISC depletion. In 2020, two robust 

studies demonstrated cellular plasticity within the crypt was primarily responsible for epithelial 

regeneration 162,163. 

The secretory progenitor population described by van Es et al expressed high levels of 

DLL1 (Notch ligand). In homeostasis, these secretory progenitors lack stem cell behavior, as they 

produce only a few additional clones as they pass through the transit amplifying zone 58. Under 

Wnt stimulation in vitro, isolated DLL1+ cells could form enteroids and produce all epithelial cell 
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types 58. After irradiation, DLL1+ lineage trace events in vivo modestly increased, consistent with 

the observations in vitro 58. This plasticity extends to the colon, where secretory progenitors 

expressing the transcription factor ATOH1 exhibited expanded regenerative capacity after colonic 

stem cell depletion (Lgr5iDTR)166 or chemical colitis induced by dextran sodium sulfate (a model 

for inflammatory bowel disease) 164,167. Tomic et al demonstrated that the phosphorylation of 

ATOH1 in ATOH1+ secretory progenitors is necessary for this reversion capacity 164. These data 

indicated that plasticity and return of stem cell identity is feasible in cells committed to a specific 

lineage. 

Further evidence for the extreme cellular plasticity found in the intestine has been also be 

shown with fully differentiated cell types, such as enteroendocrine cells 161,168 and Paneth cells 

89,90,169. Epigenetic modification and chromatin remodeling have been postulated to play a critical 

role in this reversion of committed cell types to an undifferentiated ISC state, although further 

work remains to be done in this area 155.  

Multiple recent studies have demonstrated that after damage mature Paneth cells can 

dedifferentiate to a stem like state, producing all epithelial cell types within lineage traces 

emanating from labeled crypts 89,90,169,170. Yu et al demonstrated that Paneth cells, marked by 

lysozyme (Lyz1) expression have altered transcriptomic programming after irradiation, acquiring 

a transcriptome similar to intestinal stem cells 169. Lyz1CreER x Rosa26LSL-tdtomato mice only exhibit 

labeling of 9% of all crypts upon induction with tamoxifen 169. Thus, this mouse is of limited utility 

in Paneth cell-focused studies. This plasticity appeared to be due to activation of Notch signaling 

in addition to Wnt signaling 169. The requirement for activation of Notch signaling has been 

demonstrated by other studies 89,90. In Paneth cells specifically, Jones et al used transgenic mouse 

lines to overexpress or inhibit Notch signaling followed by injury with doxorubicin 90. In mice that 
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lacked Notch signaling (or the ability to activate Notch signaling) in Paneth cells, no lineage 

tracing was observed after injury 90. In contrast, spontaneous dedifferentiation of Paneth cells 

without injury was observed in cells with activated Notch signaling 90. The requirement for Paneth 

cells to reacquire Notch activation in order to dedifferentiate makes sense in light of what we know 

about Notch’s control of cellular fates in the intestine 31. However, given the highly variable but 

relatively limited contribution of mature Paneth cells to epithelial regeneration after injury, it 

seems reasonable that overcoming the Notch switch between secretory and absorptive fate would 

be a substantial barrier to dedifferentiation. Thus, cells of the absorptive lineage would be preferred 

recruits for contribution to epithelial regeneration. 

Mature enterocytes, which compromise the vast majority of the intestinal epithelium, up-

regulate aISC-specific genes after damage 165. These enterocytes are labeled by alkaline 

phosphatase 1 (Alpi1) expression in cell position +8 and above as they differentiate into 

enterocytes from transit amplifying cells 165. Alpi1+ cells demonstrated increased lineage tracing 

after damage, indicating the ability to regenerate the epithelium 165. This ability appears to be lost 

with increasing distance from the crypt, suggesting the barrier to dedifferentiation is higher in fully 

differentiated cells that have restricted access to proliferative signaling, such as Wnt. This paper 

was the first to definitively identify regenerative potential of enterocyte-committed progenitors.  

In two recent publications, the regenerative capacity of transit amplifying cells was 

evaluated using the Lgr5eGFPCreRT2 x Rosa26LSL-tdtomato mouse line 162,163. Both identified substantial 

regeneration occurring from cells that originate from Lgr5+ cells, although the experimental 

approaches and directions of the studies are different. This is of particular importance as my thesis 

research outlined in Chapter 3 independently came to a similar conclusion. 
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In Sato et al, derivatives of Lgr5-expressing cells were primarily responsible for 

regeneration of the intestine 162. They identified these cells by inducing lineage tracing 24 hours 

prior to induction of damage with 8 Gy of irradiation 162. These cells have low expression of YAP-

target gene Sca1, and high expression of CD81, a tetraspanin family member 162. When cells were 

sorted on the basis of Sca1-/CD81hi after irradiation, these cells robustly formed organoids 162. 

Sato et al conclude that radioresistance within the crypt epithelium is partially due to low YAP / 

high Wnt signaling to epithelial cells 162. This is interesting as previous studies have found that 

upregulation of YAP target genes prevents LGR5+ cellular death after intestinal injury 147. Limited 

contribution from secretory progenitors was identified 162. A limitation of this study is that the 

definitive fate of aISCs (including cell cycle arrest or apoptosis) was not examined 162. It has 

previously been shown that 10 Gy (not 8 Gy) is an aISC-ablative dose 171. Thus, it is unclear how 

much regeneration is due to surviving aISCs vs transit amplifying cells.  

In Murata et al, dedifferentiation of transit amplifying cells provided the majority of 

epithelial regeneration 163. This was initially identified by inducing lineage tracing from Lgr5eGFP-

CreERT2 x Rosa26LSL-tdtomato mice 4 days prior to 10 Gy irradiation 163. They validated that epithelial 

regeneration did not depend on secretory precursors by demonstrating adequate regeneration in 

mice with an inducible epithelial specific knockout of Atoh1 (resulting in mice that lack secretory 

cells) 163. This dedifferentiation of these transit amplifying cells was dependent on the upregulation 

of Ascl2, a Wnt-target gene, after damage 163. Achaete-scute like transcription factor 2 (ASCL2) 

acts as a transcriptional switch for Wnt signaling, regulating stem cell programs in concert with β-

catenin/TCF 172. Ascl2 is under the transcriptional control of Kruppel-like zinc-finger transcription 

factor 5 (KLF5) 173. KLF5 regulates self-renewal of aISCs in homeostasis, and is critical for 

epithelial regeneration after damage 173. ASCL2 has previously been shown to co-localize with 
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LGR5+ aISCs 6, and loss of Ascl2 modestly impairs organoid-forming ability 172. Epithelial 

deletion of Ascl2 did not have a significant impact in homeostasis 163. However, Ascl2 epithelial-

specific KO mice exhibited severe impairment of epithelial regeneration and increased mortality, 

supporting ASCL2’s critical role in enhancing the regenerative capacity of transit amplifying cells 

163. Together, Murata et al and Kim et al provide a convincing role for KLF5-ASCL2-mediated 

control of transcriptional programs that allow dedifferentiation of non-stem progenitor cells within 

the epithelial crypt 163,173. This is also consistent with the data presented in Chapter 3 of this thesis, 

where progeny of LGR5 cells exhibited increased Ascl2 expression after doxorubicin-induced 

damage. 

 

Host-microbiota interactions 

Intestinal stem cells are unique among the varied populations of adult multipotent stem 

cells in that they are in close proximity to microbial communities. Paneth cells, capable of 

modulating aISC function, are able to influence and be influenced by the luminal microbes. Thus, 

intestinal microbiota plays an important direct and indirect role in aISC function, self-renewal, and 

intestinal regeneration.  

The gut microbiota regulates nutrient acquisition from ingested food. It produces short-

chain fatty acids (SCFAs) and lactate as by-products of bacterial metabolism 174. The composition 

of the intestinal microbiota varies widely from region to region. In general, the proximal intestine 

(duodenum and jejunum) have the most limited bacterial diversity, consisting primarily of  

facultative anaerobes in the Firmicutes and Proteobacteria phyla 175,176. The small intestinal 

microbiota tends to be efficient at simple carbohydrate metabolism 177 and tolerant of bile acids 

and antimicrobial peptides 175. At the distal ileum, bacterial diversity and load increases leading 
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into the cecum and/or large colon. The colon contains the most diverse bacterial community and 

highest bacterial load, including fermentative polysaccharide-degrading anaerobes within the 

Bacteroides and Firmicutes phyla 175. The jejunal enterocytes primarily depend on glucose whereas 

cecal and colonic epithelium utilize butyrate as their preferred energy source 175,178. There are 

differences with respect to the bacterial metabolites and preferred metabolism pathways of nutrient 

sources between varied host species 179. These cluster in functional groups according to diet: 

herbivores or carnivores 179.  

Alterations in the ‘normal’ host microbiota are associated with a substantial number of 

diseases, both intestinal and extra-intestinal. A common predisposing factor of altered gut 

microbiota is the usage of systemic antimicrobials, generally for a non-intestinal reason, such as a 

surgery or wound. Administration of antimicrobials reduces species diversity and expands the 

phyla Proteobacteria, which is associated with pro-inflammatory effects 180. Additionally, broad 

spectrum antimicrobial use reduces the concentration of luminal SCFAs and alters the metabolic 

transcriptome of the intestine 181. The effects of antimicrobials on intestinal epithelium will be 

examined further in Chapter 4 of this thesis. 

 

Role of Paneth cells in microbiota modulation 

A multitude of factors provide innate immunity within the small intestine, including 

secreted IgA, secreted mucus, bile salts, resident microbes, and intraepithelial T lymphocytes 182. 

In addition to these factors, one of the most important is Paneth cell-produced host defense 

proteins, which are packaged in apical cytoplasmic granules. Although other antimicrobial 

peptides are secreted by Paneth cells and have shown the ability to shape the microbial community 

183, α-defensins are thought to be the major contributors to microbiota modulation and are secreted 



   

28 

 

at high concentrations into the crypt lumen 184. Expression of α-defensins increases during post-

natal development, and is highest in the murine distal small intestine 185.  

Alpha defensins are small (~4 kD), cationic proteins that exhibit evolutionarily conserved 

disulfide bridges between cysteine residues 186. Mice lacking matrix metalloproteinase-7 (MMP7), 

the enzyme required for cleavage of murine pro-α-defensins into the active peptide 187, have been 

used as a model for α-defensin-deficiency 188–191. Mmp7 KO mice have microbiota shifts in the 

distal small intestine as compared to wild-type littermates 188, and exhibit increased susceptibility 

to experimental enteric infections 189,190. Luminal activation of pro-α-defensins can occur in the 

colon but not in the small intestine of Mmp7 KO mice under homeostatic conditions 192. In humans, 

the enzyme trypsin functions to cleave pro-α-defensins human defensin 5 (HD5) and human 

defensin 6 (HD6) into the active form within the lumen of the intestine 193,194. Models of Paneth 

cell dysfunction result in decreased α-defensin expression and intestinal inflammation, implying 

that α-defensins regulate local immune responses to the microbiota 85,87,195. Additionally, 

misfolding of α-defensin proteins has been associated with endoplasmic reticulum stress and ileitis 

in a mouse model of inflammatory bowel disease 196. These studies highlight the importance of α-

defensins in host-microbe interactions in the small intestine. 

Degranulation in response to lipopolysaccharide (LPS) or bacteria occurs with apical, but 

not basolateral, stimulation of Paneth cells 197. This is consistent with the theorized role of Paneth 

cells to maintain crypt sterility. In this fashion, Paneth cells are able to sense Pathogen-Associated 

Molecular Patterns (PAMPs) and respond appropriately and rapidly, preventing potential invaders 

from accessing the crypt base aISCs. Butyrate, a SCFA produced by the microbiota, can stimulate 

α-defensin secretion 198. The next sections will focus on the relationship between aISCs and 

microbiota in homeostasis and after intestinal injury.  
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Stem cell-microbiota interactions in homeostasis and injury 

Both Wnt and Notch can be influenced by microbial signaling, suggesting that critical aISC 

signaling pathways incorporate signals from the lumen 199,200. MyD88 is an adaptor protein that 

mediates bacterial signaling via toll-like receptors (TLRs). In zebrafish, regulation of proliferation 

via Wnt activation requires MyD88 adaptor protein 200. Similarly, Notch signaling can be 

modulated via MyD88-dependent signaling from luminal microbes 199. This was also demonstrated 

using zebrafish, where activation of MyD88 inhibited Notch signaling, pushing cells towards a 

secretory fate 199.  

Although the crypts have been classically considered sterile environments, the colon 

contains crypt-specific core microbiota 9. However, no bacteria were observed in small intestinal 

crypts using the same methodology 9. Presumably, these colonic crypt-specific bacteria live in 

symbiosis with the host and may even provide additional protection from invading pathogens 9. 

The predominant resident bacterial genus was aerobic Acinetobacter, of the phyla Proteobacteria. 

Efficient colonization of the colonic crypts was demonstrated upon colonization of germ-free mice 

with conventional microbiota 9 or monocolonization with Acinetobacter 201. These studies indicate 

that Acinetobacter spp. have a strong tropism for crypts. This crypt-specific core microbiota has 

been demonstrated in free-living rodent species as well 201.  

These crypt-specific core microbiota were subsequently shown to secrete LPS which binds 

to TLR4 201. This was associated with reduced proliferative activity within the colonic crypt and 

increased goblet cells 201. Activation of TLR4 on aISCs in the small intestine reduces epithelial 

proliferation and enhances apoptosis 202. In mice, signaling via TLR4 on aISCs required TIR-

domain-containing adapter-inducing interferon-β (TRIF) but not MyD88 or tumor necrosis factor 

alpha (TNFα) 202. Perhaps the existence of the crypt-specific core microbiota is partially 
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responsible for the slower cellular turnover in the colonic epithelium as compared to the small 

intestine. 

In the small intestine, aISCs express the cytosolic bacterial peptidoglycan sensor 

nucleotide-binding oligomerization domain-containing protein 2 (NOD2) which is activated by 

muramyl-dipeptide (MDP), an agonist present in all bacterial species 203. Activation of NOD2 in 

aISCs is cytoprotective and enhances organoid growth 203. In the face of cytotoxic agents such as 

doxorubicin and hydrogen peroxide, supplementation with MDP increased the yield of organoids 

from damaged tissue 203. MDP stimulation enhanced survival capacity in irradiated organoids 204. 

Whole body knockout of NOD2 results in a loss of this cytoprotective effect. A limitation of this 

study is that they could not prove definitively in vivo that aISC-specific NOD2 was responsible 

for this effect, without an aISC-specific knockout of NOD2. However, MDP supplementation of 

wild-type or NOD2 KO aISCs in culture demonstrated that NOD2-MDP signaling in aISCs was 

required for the enhanced stem cell proliferation 203. The same investigators continued their study 

of NOD2 signaling in aISCs, demonstrating that NOD2 activation drives mitophagy in aISCs. This 

mitophagy was critical for the pro-survival effects of MDP/NOD2 on aISCs, likely by sequestering 

irreparably damaged mitochondria so that excess reactive oxygen species (ROS) does not trigger 

aISC death 204. Thus, sensing of bacterial ligands can have opposing effects on stem cell 

proliferation and survival. 

Proliferation rate is also controlled by glucagon like peptide 2 (GLP-2) 205, an 

intestinotrophic hormone that is released by intestinal epithelial L cells in response to luminal 

microbiota 206. Addition of GLP-2 to organoid culture enhances proliferation 207. GLP-2 agonists 

have been used successfully to improve outcomes in small bowel resection 205. GLP-2 treatment 

in Graft-vs-Host disease protects Paneth cells and aISCs from immunogenic rejection after 
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intestinal transplantation 207. Therefore, microbiota-responsive hormones, such as GLP-2, may be 

targeted to enhance epithelial regeneration after intestinal injury. 

Evidence indicates that bacterial metabolites butyrate 178,178,198 and lactate 208 influence 

enterocyte/colonocyte and stem cell physiology. Butyrate is one of the most common metabolites 

in both small and large intestinal lumens. Butyrate serves as an energy source for colonocytes178 

and acts as a histone deacetylase inhibitor to exert anti-inflammatory effects 209. However, butyrate 

also inhibits colonic stem cell proliferation 210 by inducing cell cycle arrest, which has been 

examined as a potential therapeutic target for intestinal cancers 211. Of all the SCFAs, it was the 

only one to suppress colonic stem cell proliferation, whereas propionate and acetate had no effect 

210. Thus, butyrate has a fascinating dual action in the large colon, potentially impairing 

regeneration of colonic epithelium if the normal crypt architecture is damaged 210. 

Lactic-acid producing bacteria of the family Lactobacillaceae may be a potential 

therapeutic target for enhancement of aISC proliferation as they are prominent in the small 

intestine 175. Per os administration of Lactobacillus stimulates NAPDH oxidase 1 (NOX1), driving 

aISC proliferation in murine and Drosophila models 212. In a fascinating display of host-microbiota 

communication within the crypt, Lee et al demonstrated that microbiota-derived lactate binds to a 

surface receptor on Paneth cells and subepithelial stromal cells to drive stem cell proliferation 208. 

Lactic acid producing bacteria or per os lactate enhanced epithelial regeneration after injury with 

irradiation (10 Gy) and chemotherapy (methotrexate) 208.  

A specific receptor for lactate, Gpr (G-coupled receptor)-81 was identified on Paneth cells 

and subepithelial stroma by in situ hybridization and immunofluorescence 208. Functional studies 

using organoid/stromal co-cultures in vitro and per os lactate in vivo demonstrated the robust pro-

proliferative response of aISCs to lactate 208. This is consistent with a previous publication 
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indicating lactate drives aISC survival and organoid formation in single cell culture 15. Lactate 

binding to Gpr81 induced Wnt3 and Wnt2b expression in Paneth cells and stromal cells 208. This 

stimulation of Wnt factor production in cells that support aISCs was considered the putative 

mechanism of the enhanced stem cell proliferation observed in this model 208. Finally, addition of 

the supernatant from lactic acid producing bacteria Lactobacillus plantarum induced organoid 

proliferation 208. However, supernatant collected from L. plantarum lacking lactate dehydrogenase 

activity did not enhance organoid proliferation 208. This result is particularly interesting as L. 

plantarum has previously been shown to stimulate intestinal growth in Drosophila via TOR 

signaling in the face of calorie restriction 213. This highlights the close relationship between 

microbiota, aISC-adjacent cells, and aISCs, and builds on previous knowledge about the mTOR 

pathway in murine Paneth cells in response to calorie restriction 78. 

 

Conclusions  

The intestinal epithelium has an impressive ability to rapidly proliferate in homeostasis, 

and regenerate after damage. This is crucial, considering the microbe-filled environment that exists 

in close proximity to the intestinal lining. Active intestinal stem cells are continuously self-

renewing in order to meet this proliferative demand. The major signaling mechanisms controlling 

stem cell behavior include Wnt, BMP, Notch, and cellular metabolism. Paneth cells and 

subepithelial cells, which are in close proximity to aISCs, use these signaling mechanisms to 

regulate aISCs. aISCs are sensitive to genotoxic damage, such as with irradiation or chemotherapy. 

The crypt epithelium has a high degree of plasticity, such that everything from barely differentiated 

transit amplifying cells to fully differentiated Paneth cells can contribute to epithelial repair after 

damage. Signaling that controls this dedifferentiation process is the subject of intense research, 
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although it is clear that ASCL2 transcriptional regulation and the balance of YAP/Wnt signaling 

are important. The influence of microbiota on aISCs is also an important area of research, 

particularly with regards to microbial-derived metabolites that may be able to access the crypt.  
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Introduction 

Doxorubicin (DXR) is a potent anthracycline chemotherapeutic agent frequently used to 

treat a wide range of cancers, including breast cancer. When administered as a single agent, 60-75 

mg/m2 DXR is given by intravenous injection for 3-4 cycles (21-28 days/cycle) to a maximum 

dose of 550 mg/m2 1. DXR’s potency also extends to its side effects, including bone marrow 

toxicity, cardiotoxicity, and both oral and intestinal mucositis 2. Cardiotoxicity is directly related 

to the cumulative DXR dose, and is the major dose-limiting side effect in humans and animals 3. 

The mechanisms of chronic cardiotoxicity are not fully understood, but alterations in iron 

homeostasis 4, autophagy 5, and mitochondrial damage 6 appear to play roles in development of 

cardiac failure. Intestinal mucositis commonly manifests as nausea and vomiting (affecting 51-

77% of patients) 7, and less commonly, as diarrhea 2. Development of intestinal side effects can be 

treatment limiting and/or lead to severe systemic sequelae such as sepsis and death. 

The intestinal epithelium is continually replaced in homeostasis, with near complete 

turnover occurring every 4-7 days from the active intestinal stem cells (aISCs) at the base of the 

intestinal crypts. The highly proliferative nature of the epithelium renders it particularly sensitive 

to DNA damage. Irradiation, which induces double stranded breaks (DSBs) in DNA, is frequently 

utilized to understand how the intestinal crypt responds to acute DNA damage. DXR has been 

presented as an alternative intestinal damage model to irradiation 8–10, and has been used in this 

capacity with increasing frequency in the intestinal stem cell literature 11–13. Direct effects of 

irradiation last only as long as the irradiator beam is active, whereas DXR must be metabolized 

and cleared from the body. DXR undergoes hepatic metabolism to doxorubicinol and other 

metabolites prior to biliary or urinary excretion 14. Approximately 40-50% of DXR is excreted in 

the feces 15. DXR undergoes rapid tissue distribution after injection 16. DXR is bright red in 
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appearance and fluorescent in tissues, with double peaked emission fluorescence at 560 and 590 

nm after excitation with a 488 nm laser (blue) 17. DXR has a broad excitation and emission 

spectrum 18, which is very useful when evaluating DXR’s distribution in tissues. 

DXR has deleterious effects on DNA via a number of mechanisms including through 

reactive oxygen species (ROS) generation, intercalation into nuclear and mitochondrial DNA, and 

topoisomerase II poisoning 2,19. These result in DSBs in DNA and induction of apoptosis 10,20. Our 

lab has previously examined apoptosis at 6 and 24 hours post DXR, and demonstrated maximal 

apoptosis induced by DXR at 6 hours 10. It is unknown whether there is additional apoptosis as a 

direct result of DXR treatment that occurs between these time points, as cells begin to initiate 

apoptotic cascades secondary to DXR metabolites or ROS signaling.  

The time course of DXR-induced damage and clearance of DXR from the intestinal 

epithelium has not been fully described. Additionally, although cardiotoxicity models include a 

variety of repeated dose protocols, no studies have examined repeated dose effects of DXR on 

intestinal epithelium. Therefore, the purpose of this study was to describe DXR’s effect on 

intestinal epithelium in relationship to clearance of the drug, and develop a multidose chronic DXR 

model for epithelial damage. 

 

Results 

DXR enters epithelial nuclei within an hour of intraperitoneal administration and is then 

sequestered into vesicles within the jejunal crypt 

We undertook fluorescence-based examination of intestinal tissues after intraperitoneal 

injection of 20 mg/kg DXR in adult mice. This dose and route of administration has been 

previously used by our lab induce intestinal damage 10 and has been used to induce acute 
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cardiotoxicity 21. All mice lost weight in comparison to mice not injected with DXR (Figure 1A). 

Small intestinal shortening was apparent by 24 hours and persisted out to 120 hours (5 days) after  

DXR (Figure 1B). As expected, DXR was visible by fluorescent microscopy in the Cy3.5 channel 

(Figure 2A). We categorized the location of the DXR as follows: absent, nucleus, diffuse, or 

packaged in vesicles (see Methods). DXR was present in the nucleus of jejunal epithelial cells 1-

4 hours after injection (Figure 2B). The jejunal villi had cleared DXR within 12 hours after 

injection as noted by a complete loss of fluorescence (Figure 2B). In jejunal crypts the DXR 

fluorescence was distinct from DNA, packaged in vesicles by 6 hours post injection, which were 

present in the apical cytoplasm of the crypt epithelium (Figure 2B). The number of vesicles per 

crypt was highest between 6 and 24 hours and then declined gradually (Figure 2C). We theorize 

that these DXR filled vesicles may represent macroautophagy of damaged mitochondria, as DXR 

is known to intercalate into mitochondrial DNA, and mitophagy is important for survival from 

ROS-induced damage 22,23. Of note, the DXR fluorescence, while readily apparent in unstained 

tissues, is relatively faint and destroyed by heat-induced antigen retrieval (data not shown). 

Therefore, DXR fluorescence is undetectable in tissues carrying tdTomato fluorescence or 

immunostained with fluorescent antibodies emitting in the same spectrum as DXR. 

The response of the colon was distinct from the jejunum, where we found that DXR did 

not cause a significant shortening of the total colonic length (Supplemental Figure 1A). Nuclear 

DXR persisted up to 36 hours after injection in both the surface epithelium and in the colonic 

crypts, but vesicles were rarely observed (Supplemental Figure 1B). We have previously 

observed that the colonic epithelium has a reduced sensitivity to DXR-induced damage (data not 

shown), which may be a result of the difference in DXR handling observed in this study. This  
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reduced sensitivity may also be due to colonic stem cells having an enhanced ability to manage 

DSBs in comparison to intestinal stem cells in the small intestine 24. 

It has been reported that fluorescence of DXR can been identified by flow cytometry in 

cell lysates 18, however we did not observe increased autofluorescence in either the PE or FITC 

channels using the blue laser (488nm) for excitation in isolated epithelial cell suspensions (Figure 

2D). The fluorescence of DXR is substantially quenched by binding to double-stranded DNA 17, 

thus, we found that DXR-DNA complexes are not readily detectable in intact cells by flow 

cytometry. This was an important finding as DXR fluorescence could overlap with fluorescence  

Figure 1. DXR results in weight loss and intestinal shortening 

(A) Body weights over time after DXR or no injection normalized to pre-injection body weight 

for each animal. n=6/timepoint. **** p < 0.0001; repeated measures two way ANOVA followed 

by Holm-Sidak post hoc test. (B) Total small intestinal lengths measured at collection at the 

indicated time points after DXR. ** p < 0.01; *** p < 0.001; **** p < 0.0001; one way ANOVA 

followed by Tukey’s HSD post hoc test. 
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Figure 2. DXR enters epithelial nuclei within an hour of intraperitoneal administration 

and is then sequestered into vesicles 

(A) Representative images of fluorescent microscopy of DXR within jejunal epithelium at the 

indicated time points. These images demonstrate 3 of the 5 categories used to describe DXR 

fluorescence: Ctrl is categorized as absent, 4 hours is categorized as nucleus, and 12 hours is 

categorized as vesicle. Nuclei are labeled with DAPI. Scale bar 20 um. (B) Categorization of 

fluorescent DXR in jejunal villi and crypts. n=3/time point. (C) Quantification of the number 

of DXR positive vesicles per crypt at the indicated time points. ** p < 0.01; *** p < 0.001; 

**** p < 0.0001; one way ANOVA followed by Tukey’s HSD post hoc test. (D) Percentage of 

autofluorescence observed by flow cytometry in FITC or PE channels in dissociated jejunal 

epithelial cells after DXR injection using gates set on cells isolated from control epithelium. 
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of transgenically expressed molecules, such as green fluorescence protein (GFP) or tdTomato, that 

are used to identify cell types by flow cytometry.  

Finally, urine color was monitored as a crude indicator of DXR renal excretion, which 

accounts for approximately 10% of the drug clearance 25. DXR resulted in red-tinged urine in all 

mice from 1-4 hours after administration (Supplemental Figure 2). Individuals varied in the 

length of time urine discoloration was observed, from 6 to 24 hours after administration, but no 

mice exhibited discolored urine by 48 hours after administration. This is consistent with the 

terminal half-life of DXR of 20-48 hours and a relatively small percent of urinary excretion 16. In 

addition, this data demonstrate that urine color can be used as a marker of appropriate uptake and 

excretion of DXR occurred between 1-4 hours after administration.  

DXR causes DSBs in DNA and apoptosis within the crypt epithelium 

Phosphorylated histone H2A.X (pH2AX) puncta, representative of DSBs, were identified 

in nuclei of crypt epithelial cells in the jejunum after DXR (Figure 3A). The number of pH2AX+ 

DSBs was maximal at 6 hours after DXR (Figure 3B), and coincides with the removal of DXR 

from crypt epithelial nuclei (Figure 2B). Cleaved caspase-3 (CASP3) immunopositivity within 

the crypt epithelium peaked at 6 hours and rapidly declined (Figure 3C).  Thus, affected cells 

appear to commit to cellular fate decisions regarding apoptosis or survival by 6 hours after DXR. 

We subsequently compared crypt and whole jejunal tissue transcript levels of pro-apoptotic and 

anti-apoptotic transcripts to determine if the epithelium was preferentially driven to apoptosis 

compared to the rest of the jejunal tissue. By 4 hours after DXR, isolated crypts expressed 

significantly higher levels of Puma, a pro-apoptotic transcript, in comparison to the whole jejunal 

tissue (Figure 3D). However, levels of Bcl2l1, an anti-apoptotic transcript that has been associated 

with chemoresistance to DXR 26, was not different between crypt and whole tissue (Figure 3D).  
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Figure 3. DXR induces DSBs in DNA and apoptosis within jejunal crypts 

(A) Representative images of phosphorylated H2A.X immunofluorescence in jejunal crypts 

after DXR. Nuclei are identified by DAPI. Scale bar 10 um. (B) Quantification of pH2AX 

immunofluorescence as the number of puncta/crypt nucleus at the indicated time points after 

DXR. 10 nuclei were counted per animal. * p < 0.05; *** p < 0.001; one way ANOVA 

followed by Tukey’s HSD post hoc test. (C) Quantification of cleaved caspase-3 (CASP3) 

positive cells per jejunal hemicrypt at the indicated time points after DXR. Number of positive 

cells in 10 hemicrypts were counted per animal. * p < 0.05; ** p < 0.01; **** p < 0.0001; one 

way ANOVA followed by Tukey’s HSD post hoc test. (D) Log2 fold change of Puma and 

Bcl2l1 in isolated jejunal crypts or whole jejunal tissue at the indicated time points after DXR. 

* p < 0.05; two way ANOVA followed by Holm-Sidak post hoc test. 
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Taken together, these data suggest that the crypt epithelium is uniquely predisposed to apoptosis 

after acute DNA damage such as that encountered with DXR. 

DXR induces transient cell cycle arrest and impairs enteroid formation from DXR treated crypts 

The apoptotic response in the crypt epithelium is followed by a transient arrest of the cell 

cycle (Figure 4A). The number of cells in S-phase of the cell cycle, labeled by synthetic thymidine 

analog BrdU, were decreased at 24 hours, but rebounded by 48 hours after DXR (Figure 4B). We 

isolated crypts from DXR-treated mice and plated them to grow enteroids. We expected crypts 

isolated at 48 and 72 hours after DXR would be able to produce a higher percentage of enteroids 

than crypts isolated from mice 24 hours post DXR, based on cell cycle re-entry. However, this was 

not the case: crypts isolated at 24, 48, and 72 hours after DXR treatment had similar impairments 

in enteroid survival rates (% plating efficiency) (Figure 4C). Thus, the DXR-associated 

impairment in epithelial proliferation persists out to 72 hours post-DXR. These data suggest that 

crypts have significant cellular damage secondary to DXR, and that crypts in culture may lack the 

support of a pro-proliferative factor present in vivo after DXR.  

Development of a Chronic DXR Model 

The final objective of this study was the development of a chronic DXR model for intestinal 

damage. Multidose protocols for DXR-induced cardiotoxicity in mice are highly variable, with 

injection intervals ranging from twice weekly to once every 3 weeks, and dosages per injection 

ranging from 2 to 8 mg/kg 27. Intestinal damage is rarely examined as an outcome of these 

protocols. We opted to perform four weekly injections of 5 mg/kg, as the jejunal epithelium is 

renewed within one week (Figure 5A) 28. This protocol results in the same cumulative dose as our 

acute damage model (20 mg/kg). We monitored the impairment of epithelial proliferation after the 

cumulative dose, using Lgr5eGFP-CreERT2 x R26LSL-tdTomato transgenic mice. These mice allow for 
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induce permanent labeling of cells originating from LGR5+ active intestinal stem cells when 

tamoxifen (TAM) injection is performed at the same time as the last DXR dose.  

Two of the 3 DXR treated mice lost minimal weight after the first two DXR injections, 

but did not regain weight after injections 3 and 4 (Figure 5B). These two mice exhibited modest 

Figure 4. Cell cycle re-entry after DXR is rapid but enteroid survival is impaired for 72 

hours post DXR 

(A) Representative images of BrdU+ cells in jejunal crypts at the indicated time points after 

DXR. (B) Quantification of BrdU+ cells/crypt. 10 jejunal hemicrypts counted per animal. * p 

< 0.05; one way ANOVA followed by Tukey’s HSD post hoc test. (C) Plating efficiency of 

isolated crypts (# enteroids growing on day 1/# of crypts plated) from mice collected at the 

indicated time points after DXR. Results of 2-4 plated wells pooled per animal, n=3 

animals/time point. * p < 0.05; ** p < 0.01; one way ANOVA followed by Tukey’s HSD post 

hoc test. 
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small intestinal shortening (mean 32 cm; Figure 5C), which is similar to the shortened intestine 

observed 5 days after the acute DXR (20 mg/kg) damage (mean 32.5 cm; Figure 1B).  

One DXR treated mouse did not regain weight after the second injection and was 

euthanized early due to excess weight loss one day after the last injection of DXR (labeled by X; 

Figure 5B). On necropsy, this mouse demonstrated severe shortening of the small intestine (22 

cm vs mean length of untreated mice 35 cm), necrotic jejunum with peritonitis, and diarrhea. These 

findings suggest that this mouse’s clinical signs were secondary to intestinal toxicity, not 

cardiotoxicity.  

All hearts were examined and weighed at tissue collection for gross indications of 

cardiotoxicity, characterized by enlarged hearts with dilation of all chambers 6. No differences 

were observed in the ventricular wall thicknesses between groups, and there was no difference in 

the heart weight as a percentage of the total body weight in chronic DXR-treated mice compared 

to controls (Figure 5D). Heart weight as a percentage of body weight varies between mouse 

strains, with the published average in the C57Bl6 strain (0.6%) similar to our mice 29. Histological 

examination of the heart was not pursued. It is unlikely we would have identified gross cardiac 

abnormalities at our collection time point, as a similar chronic DXR model (5 weekly doses, 5 

mg/kg) exhibited minimal cardiac pathology 2 weeks after completing the protocol which 

progressed to more severe cardiac pathology by 4 weeks 28.  

Finally, we examined labeled lineage traces emanating from LGR5+ cells induced with 

TAM simultaneously with the last dose of DXR. The amount of epithelial proliferation that has 

occurred since induction of lineage tracing can be identified by the extent of the labeled cells up 

the crypt-villus axis emanating from the stem cells located within the crypt (Figure 5E). Control 

mice exhibited nearly complete labeling of villus epithelium, consistent with the 4-7 day turnover 
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period for normal intestinal epithelium (PBS; Figure 5F). DXR treated mice had shorter lineage 

traces as a percentage of total villi length, suggesting that these mice had impaired epithelial 

turnover due to the chronic DXR model (DXR; Figure 5F). In mice treated with a single dose of 

20 mg/kg DXR, the total number of lineage traces originating from LGR5+ stem cells are 

significantly reduced (see Chapter 3), due to the functional impairment of active intestinal stem 

cells. The total number of lineage traces per total number of villi was not different in chronic DXR 

treated mice vs control mice (data not shown), which suggests that aISCs are not severely damaged 

in chronic DXR. 

 

Discussion 

DXR is an effective chemotherapeutic agent for several cancers of humans and animals, 

but comes with significant side effects. Our lab is particularly interested in DXR’s effect on healthy 

intestinal epithelium. This tissue is highly sensitive to DNA damage and is critical to maintaining 

an effective barrier between luminal bacteria and the systemic circulation. Minimizing 

gastrointestinal side effects from acute DNA damage by cytotoxic agents including DXR is 

important to reduce morbidity associated with chemotherapeutic treatment. Here, we defined 

DXR’s impact on and clearance from intestinal epithelium, which forms the foundation of 

identifying potential mechanisms to reduce off-target cytotoxicity. We also developed a model of 

chronic DXR toxicity using multiple low doses of DXR to better reflect clinical practices.  

DXR is rapidly absorbed into the systemic circulation from intraperitoneal injection, and 

disseminates to the tissues shortly thereafter. We found that urine discoloration by DXR within 

the first 4 hours after injection is a good indicator of appropriate DXR injection into the peritoneal 

cavity. DXR rapidly induces DSBs within hours after injection due to its highly lipophilic nature,  
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Figure 5. Development of a model for chronic DXR damage in the intestine 

(A) Experimental design for chronic DXR. Mice were injected with 5 mg/kg DXR (3 males) 

or sterile PBS (2 males, 1 female) once a week for 4 doses. At the final injection, mice were 

also administered one dose of tamoxifen (TAM) to label proliferation originating from 

LGR5+ stem cells. Mice were sacrificed 5 days after the last dose of DXR or PBS. (B) 

Individual animal weights normalized to their pre-experimental weights. X indicates a DXR-

treated mouse euthanized due to > 20% weight loss. (C) Length of small intestine measured at 

tissue collection in chronic DXR and PBS treated groups. (D) Heart weight as a percentage of 

body weight at tissue collection in chronic DXR and PBS treated groups. (E) Representative 

images of labeled epithelium originating from LGR5+ stem cells (lineage trace). Labeling 

was induced with TAM simultaneous with the Week 4 DXR injection time point. (F) Average 

lengths of lineage trace as a percentage of villus length in chronic DXR and PBS treated 

groups. 10 villi with lineage traces measured per animal. 
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which facilitates its translocation into cells and subsequently into the nucleus. As expected, the 

peak of subsequent apoptosis within the crypt epithelium occurred at 6 hours post DXR. This was 

followed by transient cell cycle arrest and impaired enteroid proliferation from isolated crypts.  

Unexpectedly, between 6 and 24 hours, DXR was sequestered outside of the nucleus into 

numerous vesicles located in the apical cytoplasm of the crypt epithelium. This phenomenon has 

not been described in the intestine. Similar phenotypic clustering of DXR with perinuclear 

lysosomes and autophagosomes was observed in a cancer cell line after DXR treatment in vitro, 

associated with increased mitophagy and loss of DXR fluorescence from the nucleus 30. Future 

studies evaluating mitophagy’s role in DXR clearance within the small intestine should be 

performed.  

Clinical chemotherapy protocols involve repeated doses of DXR up to a cumulative 

maximum dose. In the current study, we demonstrate that repeated DXR injections results in 

weight loss, intestinal shortening, and impaired epithelial proliferation in the intestine. This model 

presents a promising avenue for evaluation of chronic DXR impact on the intestinal epithelium. 

 

Methods 

Mice 

C57Bl6/J mice, bred in-house at North Carolina State University, were used for the 

majority of experiments, except for where indicated. Lgr5eGFP-CreERT2 31 (JAX stock # 008875) mice 

were bred in-house at North Carolina State University from established lines (all on C57Bl6/J 

background). Rosa26LSL-tdTomato mice (JAX stock # 007914) were crossed with the above Cre line 

to generate mice for the lineage tracing experiment in the chronic DXR model. All animals were 

cared for under the North Carolina State University’s IACUC guidelines. Experiments were 

performed by B. Sheahan. 
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All experiments were performed on 12-20 week old mice, with approximately equal 

numbers of male and female mice except where noted in the figure legend. Where possible, litter 

mates were used as controls. The n for each experiment is indicated either in the figure legend or 

graphically represented by symbols in the figure panel. 

Treatments 

Doxorubicin injection (acute) Mice were injected once with 20 mg/kg doxorubicin HCl (Actavis 

Pharma, New Jersey, USA) intraperitoneally. Mice were monitored for weight loss daily. If mice 

lost >20% of initial body weight, they were euthanized in accordance with IACUC protocol. 

Doxorubicin injection (chronic) 12-week-old mice were injected with 5 mg/kg doxorubicin HCl 

(Actavis Pharma, New Jersey, USA) intraperitoneally once a week for four weeks. As a control 

for the multiple injections, the same volume of sterile 1x PBS was injected intraperitoneally into 

control mice using the same experimental design as for the DXR injections. Mice were monitored 

for weight loss daily. If mice lost >20% of initial body weight, they were euthanized in accordance 

with IACUC protocol. Mice were sacrificed for tissue collection 5 days after the last DXR or PBS 

dose.  

Tamoxifen injection (induction of lineage tracing in chronic DXR model) Mice were injected with 

50 mg/kg tamoxifen (Sigma) in sunflower seed oil intraperitoneally within 5 minutes of the last 

DXR injection in the chronic DXR model. The tamoxifen was reconstituted in 100% ethanol to 

100 mg/ml, then diluted to 10 mg/ml with sunflower seed oil prior to injection. 

Labeling of cells in S-phase Mice were injected with 150 mg/kg BrdU (5-bromo-2′-deoxyuridine) 

dissolved in sterile water intraperitoneally 2 hours prior to collection of small intestinal tissues. 
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Isolation of intestine 

Mice were euthanized by cervical dislocation after anesthesia with isoflurane. Small 

intestine was immediately collected after euthanasia and flushed with ice-cold 1x PBS (Ca2+ and 

Mg2+ free) except for when jejunal contents were collected for sequencing. The small intestine 

proximal to the ligament of Treitz (signifying the duodenojejunal juncture) was discarded, and the 

proximal one-half (approximately 10-12 cm) of the remaining intestine was identified as jejunum. 

Proximal colon was identified as the proximal 50% of the colon distal to the cecocolic junction. 

Intestinal lumens were flushed with ice-cold PBS prior to sectioning for downstream analyses. 

Quantitative reverse-transcriptase PCR (qRT-PCR)  

Total RNA was isolated from jejunal tissues or isolated crypts as indicated in the figure 

with the RNeasy Mini kit (Qiagen) per the manufacturer’s protocol. Quality of mRNA was verified 

with a Nanodrop 2000 spectrophotometer (Thermo Fisher). 500 ng cDNA was synthesized using 

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems), with RNase A 

included in the reaction, following the manufacturer’s protocol. qRT-PCR analysis was performed 

with 25 ng cDNA/well using Taqman Universal Master Mix II with UNG (Applied Biosystems), 

on a QuantStudio 6 PCR system (Thermo Fisher) for the following Taqman probes: Actb 

(Mm02619580_g1), Puma (Mm00519268_m1), and Bcl2l1 (Mm00437783_m1). Signals were 

normalized to Actb for each sample, and relative fold changes were calculated via ΔΔCt analysis. 

Jejunal crypt isolation  

Chemical and mechanical dissociation was performed to obtain jejunal crypts as previously 

described with modifications 32. After filleting the length of the isolated jejunum, the jejunum was 

incubated in 30 mM EDTA (pH 7.4) for 30 minutes on ice. Tissue was transferred to 1x PBS (Ca2+ 

and Mg2+ free), and mechanical dissociation (shaking) was performed to exfoliate crypts from the 
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underlying lamina propria. Crypts were separated from intact villi by passage through a 70 um cell 

strainer prior to counting. 

Crypt culture  

Approximately 100 isolated jejunal crypts were resuspended in 20 μl Matrigel (Corning) 

and placed in 48 well tissue culture plates. After polymerization of the Matrigel, 250 μl of media 

was added per well. The media consisted of Advanced DMEM/F12 (Invitrogen) containing growth 

factors (50 ng/ml recombinant mouse EGF (R&D Systems), 500 ng/ml R-spondin 1 (R&D 

Systems), 100 ng/ml recombinant mouse Noggin (Peprotech), 1x N2 supplement (Gibco), 1x B27 

(Gibco), 10 uM HEPES (Gibco), 1x Glutamax (Gibco), and 500 ug/ml penicillin-streptomycin 

(Gibco)). Media was changed every other day. Enteroids were imaged and counted one day after 

plating to determine % plating efficiency (# enteroids growing/#crypts plated) using an inverted 

Olympus IX83 microscope. 

Flow cytometry 

Isolated jejunal crypts were centrifuged (1000 RPM x 5 minutes, 4⁰C) then resuspended in 

1x HBSS with 1 mg/ml dispase (Corning; 354235), and incubated at 37⁰C for 10 minutes with 

intermittent mechanical dissociation (shaking) to obtain a single cell suspension. After 10 minutes, 

5 μg/ml of DNase I (Sigma), and 10% FBS (Gibco) were added to the suspension. The suspension 

was centrifuged (1000 RPM x 5 minutes, 4⁰C) and the pellet was resuspended in Advanced 

DMEM/F12 (Gibco) with 10% FBS and 5 μg/ml of DNase I. The cells were filtered through a 30 

μm cell strainer prior to estimating the total number of cells per sample with a hemocytometer. 

The cells were centrifuged and resuspended at a concentration of 1e106 cells/100 μl in Advanced 

DMEM/F12 with 10% FBS and 5 μg/ml of DNase I. Cells were kept on ice throughout sorting. 
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Flow cytometry was performed with a BD Biosciences LSRII flow cytometer in the Flow 

Cytometry and Cell Sorting Facility at NC State University College of Veterinary Medicine. 

Events were plotted on Forward-scatter vs Side-scatter (FSC-H vs SSC-H) to exclude debris. 

Events were gated on Side-scatter width vs Side-scatter height (SSC-W vs SSC-H) to identify 

single cell events. Single events were then gated on control samples (no DXR injection prior to 

collection and analysis) to identify PE negative and FITC negative populations. DXR treated 

samples were then examined using the same gates as for the control samples to identify the 

presence of autofluorescence originating from DXR in either the PE or FITC channels. The blue 

laser (488 nm) was used for excitation, and emission was detected using the standard filters for PE 

(562-588 nm) and FITC (515-545 nm). This was completed in two independent experiments, each 

consisting of one control sample and one of each of the following DXR samples: 2 hours, 4 hours, 

and 24 hours. 

Immunofluorescence  

For immunofluorescence, jejunal tissues were fixed in 4% paraformaldehyde for 12-18 

hours, dehydrated in 30% sucrose for 24 hours, embedded in OCT (optimal cutting temperature 

compound), and stored at -80⁰C until sectioning. 7 μm sections were adhered to Superfrost Plus 

slides (Thermo Fisher, 4951PLUS4) and OCT was removed by immersion in 1X PBS after drying. 

Sections where DXR or tdTomato fluorescence was imaged were mounted with Hard Set mounting 

medium with DAPI (Vector Laboratories, H-1500) after washing with PBS and imaged with an 

inverted Olympus IX83 microscope. For antibody-tagged sections, staining was performed as 

described below before mounting as for DXR or tdTomato fluorescence. Control sections were 

incubated with IgG of the same primary species or blocking solution (5% BSA or 10% FBS in 

PBS) for all immunofluorescent experiments.  
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For BrdU immunofluorescence, sections were antigen retrieved in sodium citrate buffer 

(2.94 g sodium citrate, 300 μl Tween 80, pH 6) using a pressure cooker. Sections were blocked in 

10% FBS in PBS for 1 hour at room temperature, incubated overnight at 4⁰C with primary 

antibody, rat anti-BrdU (1:500, NB-500-169), washed in 1x PBS, and incubated for 1 hour at room 

temperature with secondary antibody, goat anti-rat AF555 (1:500, A21434). Sections were 

immersed in 1x PBS and mounted as described above.  

For CASP3 and pH2AX immunofluorescence, sections were lightly fixed and 

permeabilized with methanol/acetone (50%/50%) for 20 minutes at -20⁰C. After washing with 1x 

PBS, sections were blocked with 5% BSA in PBS for 1 hour at room temperature, incubated 

overnight at 4⁰C with primary antibody, rabbit anti-phospho-H2A.X (Ser139) (1:250, 9718) or 

rabbit anti-cleaved caspase-3 (1:250, 9579S), washed in 1x PBS, and incubated for 1 hour at room 

temperature with secondary antibody, donkey anti-rabbit DyLight 649 (1:500, 406406). Sections 

were immersed in 1x PBS and mounted as described above. Sections were pseudocolored during 

processing for improved distinction. Sections were imaged using an Axio Imager A1 microscope.   

Image acquisition  

All images except for CASP3 and pH2AX immunofluorescence were captured using an 

inverted fluorescence microscope (Olympus IX83, Tokyo, Japan) fitted with a monochrome digital 

camera (ORCA-flash 4.0, Hamamatsu, Japan) and color camera (DP26, Olympus, Tokyo, Japan). 

The objective lenses used were X10, X20 and X40 with numerical apertures of 0.3, 0.45 and 0.6, 

respectively (LUC Plan FLN, Olympus, Tokyo, Japan). For quantification of pH2AX puncta and 

CASP3+ cells, crypts were examined using Axio Imager software on images captured using an 

Axio Imager A1 microscope and an AxioCam MRC 5 high resolution camera (Carl Zeiss 

Microimaging, Inc, Thornwood, NY). 
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DXR categorization in tissue sections 

The location of DXR was categorized by a blinded observer by evaluation of 10 crypts or 

villi in jejunal sections. The categories were: absent (No DXR fluorescence); nucleus (DXR 

fluorescence clearly associated with DAPI+ nuclei); cytoplasm (DXR present in cytoplasm but not 

in nucleus or packaged into a vesicle); diffuse (DXR present in both nucleus and cytoplasm); 

vesicle (DXR packaged in circular vesicles within the cytoplasm). Each intestinal region was 

assigned a category based on the most common localization of DXR observed in sections from 

that animal. 3 animals were examined for each time point for both jejunum and proximal colon.  

Phospho-H2A.X quantification 

Cross-sectional images of jejunal crypt were imaged for pH2AX immunofluorescence and 

DAPI on 100x. Images were assessed by a blinded observer to quantify the number of pH2AX 

puncta present per nuclei in 10 nuclei in jejunal crypts.  

Quantification of epithelial proliferation in chronic DXR model 

Lineage traces were identified as tdTomato+ epithelial cells extending from crypt onto 

villus epithelium. The length of each lineage trace and the total length of the villus that the lineage 

trace was present on was measured using FIJI. A percentage of epithelial turnover for each villus 

was calculated by dividing the length of the lineage trace by the length of the villus x 100. At least 

10 villi were measured and averaged to obtain an average % of epithelial turnover in jejunal 

epithelium in the chronic DXR model. 

Statistical analysis  

All statistics and preparation of graphs were performed in GraphPad 8 (LaJolla, CA). FIJI 

was utilized for image analysis and counting of cells/puncta (ImageJ). No a priori calculations 

were performed for sample size analysis. Normality was assessed by Shapiro-Wilk and Q-Q plots 
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prior to parametric testing by Student’s t test or ANOVA followed by post hoc testing as 

appropriate for the number of groups. Repeated measures ANOVA was performed for groups 

including the same mice that were sampled over time.  

 

  



   

75 

 

Acknowledgements 

Grant Support  

Funding was provided by R01KD100508 (C.M.D.). B.J.S. was supported by a Comparative 

Medicine and Translational Research Training Program fellowship (T32OD011130).  

Technical Assistance 

The author would like to acknowledge Nicole Stelling for completion of the CASP3 and pH2AX 

quantification, and Mandy Biraud of North Carolina State University for her technical support and 

lab animal management during this study. The author would like to acknowledge Javid 

Mohammed in the Flow Cytometry and Cell Sorting Facility at NC State University College of 

Veterinary Medicine for assisting with the design and interpretation of the flow cytometry data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

76 

 

Supplemental information 

 

 

Supplemental Figure 1. DXR does not result in colon shortening or in the appearance of 

numerous DXR+ vesicles in the colonic epithelium 

(A) Total colon lengths measured at collection at the indicated time points after DXR. ns: no 

significance; one way ANOVA followed by Tukey’s HSD post hoc test. (B) Categorization of 

fluorescent DXR in colonic surface epithelium and crypts.  n=3/time point. 
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Supplemental Figure 2. Urinary excretion of DXR occurs in the first 24 hours 

Categorization of expressed urine color prior to sacrifice from mice injected with DXR at the 

indicated time points. Red-tinged urine was presumed to contain DXR due to the highly 

fluorescent nature of DXR.  
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CHAPTER 3 

 

 

 

 

 

 

   

 

 

 

Epithelial Regeneration after Doxorubicin Arises Primarily from Early Progeny of Active 

Intestinal Stem Cells 
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Introduction 

The gastrointestinal epithelium is composed of a cell lining that renews every 4-7 days, 

forming a barrier between the systemic circulation of the organism and the lumen of the intestine 

1. In homeostasis, the rapid renewal of the epithelium originates from active intestinal stem cells 

(aISCs) which exist at the base of the crypt intercalated between Paneth cells 2. These cells are 

marked by Lgr5, which encodes a G-protein coupled receptor for R-spondins, and Olfm4, a Notch 

target gene, with high fidelity within the murine and human small intestine 2–4. These crypt-base 

stem cells are highly susceptible to irradiation and chemotherapy-induced injury 5–7. After acute 

injury to aISCs by irradiation, a reserve population of quiescent stem cells, labeled by Bmi1 or 

Hopx near the +4 crypt position, regenerate the epithelium 8–10. Recent studies demonstrate that 

Bmi1 marks cells of the enteroendocrine lineage 11. Others have demonstrated the inherent 

plasticity of the intestinal epithelium, with varying degrees of regeneration originating from Dll1+ 

or Atoh1+ secretory progenitors 12–14, differentiated Alpi1+ enterocyte precursors 15, and 

differentiated Defa4+, Lyz1+, or Bhlha15+ Paneth cells 16–18. 

Doxorubicin (DXR), a chemotherapy drug, and irradiation (IR) are considered to be similar 

injury models 19–21, although the regenerative capacity of non-stem cells with DXR has not been 

fully explored 6,18. Hayakawa et al demonstrated a reduction of aISCs within 24 hours after 15 

mg/kg DXR 18. Despite this decrease in aISCs, lineage tracing from the Lgr5 locus performed at 

the time of injury did not differ from non-injured intestines, indicating that the majority of crypts 

retained sufficient aISCs to repopulate the epithelium at this dose. Our previously published study 

demonstrated that there was an expansion of putative +4 or quiescent stem cells during the 

regenerative phase after DXR, although no transgenic mouse models were used to identify these 

cells, thus the findings required further investigation 6. Secretory precursors and differentiated 
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Paneth cells have a modest but highly variable (0-50 lineage trace events per 5 cm) 16 contribution 

to epithelial regeneration that has been identified in multiple studies 16,18,22. This reversion 

phenomenon appears dependent on Notch activation after DXR and IR 16–18. 

In the current study, we were interested in determining which epithelial cell populations 

contribute to aISC regeneration in the setting of DXR-induced injury. We undertook a survey of 

lineage tracing from different cell populations that have previously demonstrated reversion to a 

stem-like state after aISC depletion. We opted to perform all lineage trace experiments in the 

jejunum, as it comprises the majority of the small intestinal length and has been the focus for our 

other studies. In future experiments, it would be interesting to explore the regenerative hierarchy 

in other regions of the intestine.  

It has been postulated that the highest capacity for reversion to a stem-like state would exist 

in the early transit amplifying (TA) zone, but the high degree of plasticity and rapid migration of 

the TA cells has made identifying these cells difficult 23–25. We labeled early TA cells by applying 

tight temporal control of lineage tracing and damage to aISC reporter mice. We will refer to these 

labeled cells as “early progeny cells” throughout to clarify that they are recently descended from 

aISCs and exist near the crypt base in the +4-7 cell position. 

Here, we investigate the depletion of aISCs and subsequent epithelial regeneration using 

two models of intestinal damage, IR and DXR. In both models, there is a similar depletion of aISCs 

after injury. Interestingly, we found that after DXR-induced loss of aISCs, early progeny cells 

contribute substantially to epithelial regeneration. However, after IR-induced loss of aISCs, we 

did not find a similar recruitment of early progeny cells in epithelial regeneration. We suggest that 

recruitment of non-stem populations may be significantly different between damage models. Early 

progeny cells demonstrated a unique pattern of DNA damage response transcripts in contrast to 
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aISCs prior to and immediately after DXR-induced epithelial damage. These data support the 

functional contribution of early progeny cells to epithelial repair as a chemoresistant, highly 

plastic, and transient population within the crypt epithelium. 

 

Results 

aISCs are rapidly lost from the jejunal crypt after doxorubicin-induced damage 

We first determined the impact of high-dose DXR’s impact on aISCs over time in the 

murine jejunum by assessing the retention of two stem cell markers, Lgr5 and Olfm4. The 

Lgr5eGFP-CreERT2 mouse exhibits mosaicism (Figure 1A), resulting in GFP expression in about 30% 

of jejunal crypts 2,3. After DXR, the percentage of GFP+ crypts declined within 24 hours (Figure 

1A, 1B) and was persistently depleted out to 5 days after injury (Figure 1A, 1B). Additionally, the 

Lgr5 transcript was downregulated in jejunal tissue after DXR (Figure 1C). 

To confirm these results from the Lgr5+ transgenic mouse, we independently identified 

aISCs using OLFM4 immunofluorescence and Olfm4 in situ hybridization in wild type mice. The 

cell population marked by OLFM4 highly overlaps with the LGR5+ population 3. In control tissues, 

all crypts examined exhibited several cells expressing OLFM4 at the base (Figure 1D). Consistent 

with the findings in the Lgr5eGFP-CreERT2 mice, OLFM4 expression declined rapidly and persisted 

out to at least 72 hours (Figure 1E). Most crypts retained very faint OLFM4 immunopositivity in 

1-2 cells, and this positivity was retained in the +4 cell position (Figure 1D; arrows). There was a 

commensurate decrease in Olfm4 mRNA as observed via in situ hybridization at 72 hours after 

DXR (Figure 1F). Finally, the Olfm4 transcript was rapidly and persistently downregulated after 

DXR in jejunal tissue (Figure 1G). These findings demonstrate that crypt-base stem cells as 

marked by Lgr5 and Olfm4 are rapidly affected by DXR. 
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Figure 1. Active intestinal stem cells are rapidly lost after DXR 

(A) Representative images of Lgr5eGFP+ fluorescence in the jejunum over time (indicated in 

hours) after doxorubicin (DXR). Scale bar 20 μm. (B) Quantification of the percentage of 

Lgr5eGFP+ crypts of total crypts counted after DXR. (C) Log2 fold change of Lgr5 normalized 

to Actb in jejunal tissue after DXR. (D) Representative images of OLFM4 

immunofluorescence in control mice and 72 hours post DXR. Arrows indicate faint positivity 

retained at the +4 position. Scale bar 20 μm. (E) Quantification of OLFM4 

immunofluorescence scoring from control mice and after DXR. See methods for staining 

rubric. (F) Representative images of Olfm4 in situ hybridization in control mice and 72 hours 

post DXR. Scale bar 20 μm. (G) Log2 fold change of Olfm4 normalized to Actb in jejunal 

tissue after DXR. Data are presented as mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001; one-way ANOVA followed by Tukey’s HSD post hoc test. 
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Active intestinal stem cells exhibit cleaved caspase-3 immunopositivity and undergo expulsion 

from the crypt base after exposure to DXR 

We were interested in monitoring the fate of the Lgr5+ cell after DXR: were these aISCs 

retained but downregulated expression of stem cell markers 26, or did they initiate cellular death? 

We co-localized Lgr5eGFP+ fluorescence with cleaved caspase-3 (CASP3) immunofluorescence 

after DXR injection (Figure 2A). Cleaved caspase-3 identifies cells that have initiated the caspase  

cascade leading to apoptosis, a common sequelae to significant or irreparable DNA damage 27. 

Additionally, we monitored Lgr5eGFP+ enteroids via timelapse imaging after in vitro application 

of DXR.  

Lgr5eGFP+ cells accounted for 69% of the total CASP3 positive cells in jejunal GFP-

expressing crypts at 6 hours after DXR, which then dropped to 45% by 24 hours (Figure 2A, 2B). 

This lends support to the chemosensitivity of aISCs given that there is a small number of aISCs 

(14 cells/crypt) in relation to the number of total crypt cells (~250 cells/crypt) 28,29. Consistent with 

our in vivo results, DXR application in vitro to Lgr5eGFP+ enteroids resulted in rapid expulsion of 

GFP+ cells into the crypt lumen (Figure 2C). Expulsion from the enteroid bud was tracked by 

measuring the distance between the basolateral membrane of the bud and the maximal GFP 

fluorescence over time (Figure 2C, arrow). The GFP diverges from the basolateral aspect of the 

bud around 5.5 hours after DXR application, indicating expulsion of Lgr5eGFP+ cells into the lumen 

(Figure 2D). These findings demonstrate that DXR causes rapid apoptosis and removal of aISCs 

from the crypt epithelium. 
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Figure 2. aISCs undergo apoptosis and expulsion from the crypt base after DXR 

(A) Representative images of cleaved caspase-3 (CASP3) immunofluorescence co-localizing 

with Lgr5eGFP+ cells in a jejunal crypt at 6 hours and 24 hours after DXR as compared to 

control. Scale bar 10 μm. (B) Quantification of the percentage of CASP3+ cells that are 

Lgr5eGFP+ or non-Lgr5eGFP+ within the crypt epithelium at 6 hours and 24 hours after DXR as 

a percentage of total CASP3+ cells/crypt (Mean ± SD; n=3 per timepoint, 10 crypts/mouse).  

** p < 0.01; Two-way ANOVA followed by Tukey’s post hoc test. (C) Combined GFP 

fluorescence and DIC time lapse of one Lgr5eGFP+ enteroid after DXR with inset images of 

the enteroid bud. The asterisk indicates the autofluorescent lumen. The dotted line identifies 

Lgr5eGFP+ cells present initially in the enteroid bud and then extruded into the lumen over 

time after DXR application. The yellow double-headed arrow is an example of the 

measurements performed in (D). 2D deconvolution was applied to the GFP channel. Scale bar 

50 μm. (D) Quantification of measured distance (μm) of maximal GFP+ intensity 

(representing Lgr5eGFP+ cells) from the basolateral membrane of the enteroid bud over time 

after DXR or vehicle (media) application to Lgr5eGFP+ enteroids. 4 ng/μl DXR (n=7 GFP+ 

enteroid buds) or media (n=4 GFP+ enteroid buds) was applied in vitro and enteroids were 

imaged by timelapse microscopy. Data are presented as mean ± SEM. * p < 0.05; ** p < 0.01; 

*** p < 0.001; repeated measures two-way ANOVA followed by Holm-Sidak post hoc test. 
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Active intestinal stem cells’ ability to produce new progeny is severely impaired after exposure to 

DXR and IR 

The primary function of aISCs is to produce progeny, with cell division occurring every 

~21.5 hours 30. We hypothesized that not only would aISCs be lost after DXR (Figure 1), but that 

no new progeny would be produced after exposure to DXR. We tested this hypothesis by 

permanently labeling aISCs and any progeny with induction of lineage tracing from Lgr5eGFP-

CreERT2, Lgr5CreERT2, and Olfm4eGFP-CreERT2 transgenic mice crossed with Rosa26LSL-tdTomato mice, 

while simultaneously administering DXR or IR 2,3,31. 

We injected mice with tamoxifen (TAM; 50 mg/kg IP) within 5 minutes of either DXR (20 

mg/kg IP) or IR (12 Gy total body irradiation) to label surviving aISCs or progeny after damage 

(Figure 3A). A lower dosage of TAM was used to prevent genotoxic damage to epithelial cells, 

which has been shown to impair organoid formation from treated Lgr5eGFP-CreERT2 mice 32. Full 

lineage trace events that extend from the crypt base to the villus tip were observed in control 

Lgr5eGFP-CreERT2 (Figure 3B) and Olfm4eGFP-CreERT2 reporter mice (Figure 3C), and extended 80% 

of the total villus length in Lgr5CreERT2 reporter mice (Figure 3D). The percentage of tdtomato+ 

labeled cells composing the length of the crypt-villus axis indicate the rapid epithelial turnover 

that occurs within 5 days after inducing lineage tracing. 

Lineage tracing originating from aISCs decreased after DXR (Figure 3B, 3C), with only 

23.3% labeled DXR-treated crypts versus 99.7% of all control crypts in Olfm4eGFP-CreERT2 reporter 

mice (Figure 3C). Lineage tracing after IR was similarly impaired in Lgr5CreERT2 reporter mice, at 

24%, as compared to control (97.2%) (Figure 3D). Tamoxifen undergoes hepatic metabolism to 

4-hydroxy-tamoxifen (4-OHT), which is distributed widely within 4-8 hours after intraperitoneal 

injection in mice 33. As demonstrated in Figure 2B, where Lgr5eGFP+ cells were positive for  
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Figure 3. DXR and IR impair aISCs’ regenerative capacity 

(A) Experimental design to identify lineage tracing from aISCs after DXR or irradiation (IR). 

Control mice were analyzed 5 days after tamoxifen (TAM) injection, and received no additional 

treatments. Experimental mice were injected with TAM, immediately followed by DXR or IR, 

to simultaneously label and injure aISCs, then analyzed 5 days later. (B-D) Representative 

images and quantification of lineage tracing emanating from Lgr5 or Olfm4-expressing cells in 

control and DXR or IR-treated mice as indicated. Data are presented as mean ± SD. Lineage 

trace events were identified as > 5 contiguous tdTomato+ cells emanating from a crypt base. 

*** p < 0.001; **** p < 0.0001; Student’s t test. Scale bar 50 μm. 



   

92 

 

cleaved caspase-3 by 6 hours, DXR has a rapid onset of toxicity to the epithelium. Thus, we 

considered that perhaps 4-OHT-mediated recombination was impaired by DXR’s topoisomerase 

II alpha poisoning or by DXR-DNA adducts. Therefore, we also induced lineage tracing 6 hours 

pre-DXR, allowing sufficient time for initiation of Cre-mediated recombination prior to damage. 

We identified a similar percentage of aISC lineage tracing, which made it unlikely that TAM 

metabolism and nuclear translocation were affected by DXR (Supplementary Data Figure 1A). 

Surviving aISCs, induced to lineage trace 1 day post-DXR, also had limited regenerative capacity 

(Supplementary Data Figure 1B). This group of experiments indicate both DXR and IR injury 

impair aISCs and prevent aISCs from producing epithelial progeny after damage. 

 

Epithelial regeneration after DXR is not dependent on crypt populations identified by Hopx, 

Bmi1, Dll1, or Defa6 expression 

Various genetic markers have been utilized to identify crypt cell populations that can 

regenerate the epithelium after loss of aISCs, including Hopx, Bmi1, mTert, Lrig1, and Sox9hi 8–

10,34–37. Further investigation of Bmi1-expressing cells has suggested that these cells primarily 

represent an enteroendocrine lineage and show extensive overlap with Prox1 expression 11. 

Additionally, recent publications have identified dedifferentiation of secretory progenitor cells, 

Paneth cells, and other dedicated secretory cells after DXR 16,18,22 or IR-induced damage 12,17,18,38. 

This cellular dedifferentiation was driven by activation of Notch signaling in these secretory cells 

16–18.   

We utilized mouse Cre driver lines to permanently label Hopx, Bmi1, Dll1, and Defa6-

expressing cells by crossing these mice with Rosa26LSL-tdTomato mice 39. TAM was injected one day 

prior to DXR in order to permanently label these transgenic cells and their progeny (Figure 4A).  
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Figure 4. Hopx+, Bmi1+, Dll1+, and Defa6+-expressing epithelial populations do not 

contribute to regeneration after DXR 

(A) Experimental design to identify lineage tracing from Hopx+, Bmi1+, Dll1+, or Defa6+-

expressing cells after DXR. Control mice were analyzed 6 days after TAM injection, and 

received no additional treatments. Experimental mice were injected with TAM 1-day pre-

DXR, then analyzed 5 days after DXR. (B-E) Representative images and quantification of 

lineage tracing in control and DXR-treated reporter mice as indicated. Data are presented as 

mean ± SD. ns: no significance; Student’s t test. Scale bar 50 μm. 
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Dll1eGFP-CreERT2 labels secretory progenitor cells and mature secretory cells within the 

epithelium 12, and Defa6 expression is restricted to Paneth cells 40. Although the Defa6-driven Cre 

expression is constitutive, we maintained the same experimental design including TAM 

administration to ensure consistency with the other lineage trace experiments. 

Consistent with previous literature showing that Hopx and Bmi1-expressing cells can 

interconvert to aISCs in homeostasis, tissues examined 6 days after TAM demonstrated low levels 

of lineage tracing (Figure 4B, 4C) 9,39. By 6 days, most tdTomato+ cells were present near the 

villus tips in short contiguous runs of 3-5 positive cells, consistent with labeling of a TA cell at the 

time of TAM injection. Cells with a filamentous phenotype in the lamina propria were frequently 

labeled in the Bmi1+ transgenic mice. This is consistent with Prox1+ overlap, which also identifies 

lymphatic endothelial cells 11. DXR damage did not alter the extent of lineage tracing from Hopx+ 

or Bmi1+ reporter mice (Figure 4B, 4C). Short runs of 3-5 tdTomato+ cells were observed near 

the villus tips, and occasional single Paneth cells were labeled. Transcripts Hopx and Bmi1 were 

not significantly upregulated in jejunal tissues after DXR (Supplementary Figure 2A, 2B). 

Labeled Dll1+ cells in control mice that were phenotypically consistent with secretory cell 

types were spaced intermittently throughout the epithelial lining (Figure 4D). No lineage trace 

events were identified in homeostasis or after DXR (Figure 4D). In Defa6+ reporter mice, the 

labeled cells were consistent with Paneth cells: crypt base cells with apically oriented granular 

contents (Figure 4E). After DXR, a similar number (1.2 ± 1.7%) of lineage trace events were 

observed from Defa6+ cells compared to control mice (Figure 4E). Taken together, these data 

demonstrate that cells expressing Hopx, Bmi1, Dll1, and Defa6 are not significant contributors to 

epithelial regeneration after aISC depletion with DXR. 
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Early progeny of aISCs provide the majority of epithelial regeneration after doxorubicin-induced 

damage in the jejunum 

The Lgr5+ aISC population has demonstrable heterogeneity in cell cycle frequency, gene 

expression, and sensitivity to damage. However, the significant reduction in lineage tracing from 

Lgr5+ aISCs after DXR and IR (Figure 3) indicated that the majority of regeneration was likely 

driven by a cell outside of the aISC compartment 25,41–44. Committed Alpi1+ enterocyte precursors 

in the upper TA zone (crypt position +8 and above) have been shown to contribute to epithelial 

repair when aISCs are depleted using the Lgr5-iDTR model 15. We hypothesized that early progeny 

cells – those TA cells that have recently exited the crypt base, no longer express Lgr5eGFP+, and 

exist at the +4-7 cell position – would possess enhanced capacity to regenerate the intestinal 

epithelium. 

We administered a single dose of TAM for lineage tracing induction 24 hours prior to aISC 

depletion in Lgr5eGFP-CreERT2 and Olfm4eGFP-CreERT2 reporter mice in order to fluorescently label 

early progeny of aISCs (Figure 5A). In homeostasis, aISCs cycle slightly more often than once 

per day, continually producing daughter cells that enter the TA zone 30. These daughter cells, also 

identified here as early progeny cells, exit the crypt base, downregulate stem cell markers, and 

migrate up the crypt-villus axis. After TAM injection to induce lineage tracing, aISCs expressing 

Cre recombinase under the control of the Lgr5 or Olfm4 promoters as well as their progeny will 

be permanently labeled with tdTomato fluorescence. We have previously shown that the majority 

of aISCs are lost after DXR and IR (Figure 3). Therefore, if an increased percentage (as compared 

to Figure 3) of lineage trace events is observed when TAM is injected 24 hours prior to damage, 

we can infer that a non-aISC population, such as the early progeny of aISCs, are contributing to 

the increased lineage trace events. Thus, using tight temporal control of lineage tracing, the 
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contribution of early progeny cells can be identified in addition to that of the previously shown 

aISC contribution. 

We examined jejunal tissues from Lgr5eGFP-CreERT2 reporter mice 24 hours after 

intraperitoneal TAM injection (50 mg/kg) to visualize the early progeny cells, labeled only by 

tdTomato fluorescence (Figure 5A, arrow). Early progeny cells were generally present between 

cell positions +4-7 from the crypt base. All GFP-expressing crypts had at least one double positive 

(GFP+/tdTomato+) cell at the crypt base 24 hours post TAM (Figure 5A, arrowheads). GFP-only 

cells that did not express tdTomato after TAM were also present, which may be related to 

chromatin accessibility around the Loxp sites (Figure 5A, asterisks) 45. These GFP-only cells 

appear to compose a limited subset of Lgr5eGFP+ cells that are actively contributing to the epithelial 

lining, as lineage trace events were present in all Lgr5eGFP+ crypts in control mice (Supplemental 

Figure 3A). 

We then interrogated the contribution of early progeny cells to epithelial regeneration after 

DXR or IR. To do this, we labeled early progeny cells by injecting TAM one day prior 

administering DXR (20 mg/kg) in Lgr5eGFP-CreERT2 or Olfm4eGFP-CreERT2 reporter mice or IR (12 Gy 

TBI) in Lgr5CreERT2 reporter mice (Figure 5B). In DXR-treated mice, labeled early progeny cells 

in addition to surviving aISCs produced significantly more lineage tracing (Figure 5C, 5D) as 

compared to only surviving aISCs (Figure 3B, 3C). Early progeny cells and aISCs together labeled 

89.8% of all crypts, whereas surviving aISCs labeled only 23.3% of all crypts in Olfm4eGFP-CreERT2 

reporter mice (Figure 5D). A similar proportional contribution to repair was identified in early 

progeny and aISCs using Lgr5eGFP-CreERT2 reporter mice (Figure 5C). We questioned whether the 

difference in lineage trace number could be due to higher retention of aISCs in the early progeny 

experimental group. To answer this, we quantified the number of Lgr5eGFP+ crypts in Lgr5eGFP-
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CreERT2 reporter mice used for lineage tracing experiments. The number of GFP+ crypts were not 

different after injury, which indicates that increased aISC survival did not account for the increased 

contribution in the early progeny group (Supplemental figure 3B). Together, these data suggest 

that the early progeny cells, not aISCs, substantially contribute to epithelial repair in DXR-induced 

damage.  

The lineage trace events produced by early progeny cells and surviving aISCs included 

multiple differentiated cell types, including tdTomato-labeled enteroendocrine cells, goblet cells, 

and enterocytes (Figure 5E). While there were sporadic co-labeled Paneth cells, the majority of 

Paneth cells were non-tdTomato+ in lineage traced crypts, indicating that Paneth cells survive 

DXR-induced damage (Figure 5E). Thus, Paneth cells do not require replenishment after DXR, 

as demonstrated in previous literature and consistent with their role as long-lived post-mitotic 

secretory cells 6,46. The lineage tracing events from early progeny cells were found in all 

specialized cell types in the villus epithelium, showing that these early progeny cells are able to 

produce multiple differentiated cell populations. 

We did not find a comparable contribution of early progeny cells to regeneration in IR-

induced damage, although the depletion of aISCs was similar to DXR (Figure 3). Early progeny 

cells and surviving aISCs contributed to 38.9% of all crypts, and surviving aISCs labeled 24% of 

all crypts, whereas undamaged intestines exhibited labeling of 97.2% of all crypts (Figure 5F). 

These data show that regenerative capacity of non-stem cell populations differs between damage 

models. IR has been a commonly utilized aISC injury model, with multiple populations 

contributing to epithelial regeneration 9–12,17,18,22,35,41,47,48. It is unclear whether early progeny cells 

are uniquely sensitive to IR-induced damage as compared to DXR-induced damage. If so, this 

would explain the reduced contribution of early progeny cells to repair post IR compared to DXR.  
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Figure 5. Early progeny of aISCs provide the majority of epithelial regeneration after 

DXR, but not after IR 

(A) Representative image of a jejunal crypt with a labeled early progeny cell (arrow), several 

double+ aISCs (arrowheads), and two GFP-only aISCs (asterisks) one day after TAM. Scale 

bar 5 μm. (B) Experimental design to identify lineage tracing from early progeny of aISCs 

after DXR or IR. Control mice for DXR damage were analyzed 6 days after TAM injection, 

and received no additional treatments. Control mice for IR damage were the same as Figure 

3D. Experimental mice were injected with TAM 1-day pre-DXR or IR to label early progeny 

cells, then analyzed 5 days after DXR or IR. (C-D) Representative images and quantification 

of lineage tracing from early progeny cells and surviving aISCs comparing control and DXR-

treated Lgr5eGFP-CreERT2  and Olfm4eGFP-CreERT2  reporter mice. (E) Immunofluorescence for the 

indicated differentiated cell types (pseudocolored white) was performed to identify co-

localization with lineage trace events (tdTomato+) originating from early progeny cells and 

surviving aISCs in Lgr5eGFP-CreERT2 reporter mice 5 days after DXR. Scale bar 5 μm. (F) 

Representative images and quantification of lineage tracing from early progeny and surviving 

aISCs comparing control and IR-treated Lgr5IRES-CreERT2 reporter mice. The same control mice 

(n=2) were used as in Figure 3D (analyzed at 5 days post-TAM). For all panels, data are 

presented as mean ± SD. * p < 0.05; *** p < 0.001; ns: no significance; Student’s t test. Scale 

bar 50 μm. 
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Early progeny cells reacquire a stem cell-like transcriptional profile after DXR 

Early progeny cells are poised to survive and regenerate the intestinal epithelium after 

DXR, thus we pursued further investigation of these cells specifically in the context of DXR 

damage. We hypothesized that early progeny cells would have increased stem cell gene expression 

in response to DXR, based on their enhanced regenerative capacity. To examine this, we isolated 

early progeny cells, aISCs, and control epithelial cells from Lgr5eGFP-CreERT2 reporter mice before 

and shortly after DXR-induced damage (6 hours and 24 hours after damage). As shown in Figure 

5A, early progeny cells are differentiated from aISCs in Lgr5eGFP-CreERT2 reporter mice by the 

presence of tdTomato fluorescence and lack of GFP fluorescence at 24 hours after induction of 

lineage tracing by TAM injection. Early progeny cells were isolated via fluorescent-activated cell 

sorting (FACS) in three experimental groups of Lgr5eGFP-CreERT2 reporter mice after induction of 

lineage tracing +/- DXR-induced damage (Supplemental Figure 4A). Live epithelial cells were 

identified (Supplemental Figure 4B), then cells were sorted into four populations based on GFP 

and tdTomato fluorescence: GFP only (GFP+ aISCs), tdTomato only (early progeny cells), double 

positive (Dbl+ aISCs), and double negative (DN) (Supplemental Figure 4C). The DN population 

was collected as a reference population composed primarily of post-mitotic epithelial cells, such 

as enterocytes, but that also contained non-GFP+ crypt cells. Microfluidic qRT-PCR for a curated 

gene list was performed on these cell populations at two time points after DXR treatment (6 and 

24 hours) and compared to TAM only treated mice as a control (Supplemental Figure 4A). 

First, we compared early progeny cells to their parent aISCs during homeostasis. The GFP 

only and the double positive populations were broadly similar in exhibiting increased stem cell 

transcript expression as compared to the reference double negative population, consistent with 

their roles as aISCs (Figure 6A). Stem cell transcripts in early progeny cells were lower than either 
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aISC population (Figure 6A). This is consistent with their identity as early TA cells that have 

exited the crypt base. As non-GFP+ stem cells were included in the bulk DN population, the 

transcript level of stem cell markers in this population were likely modestly increased compared 

to that expected from fully differentiated epithelial cells.  

Given their substantial contribution to epithelial regeneration after DXR, we next assessed 

stem cell transcripts in the early progeny cells after DXR-induced damage (Figure 5C, 5D). We 

found that the tdTomato+ early progeny cell population was unique in its response to DXR among 

the four populations studied. Early progeny cells exhibited an upregulation of stem cell transcripts, 

particularly by 24 hours post DXR, as compared to the expression in control early progeny cells 

(Figure 6B, tdTomato+ progeny). This is in contrast to the two aISC populations and the DN 

population, all of which exhibited downregulation of stem cell transcripts as compared to the 

expression in control populations (Figure 6B, GFP+ aISCs, Dbl+ aISCs, DN epithelium). This 

upregulation of stem cell gene expression specifically in early progeny cells is consistent with the 

evidence for functional stemness presented in Figure 5, demonstrating their rapid reversion to a 

stem-like state as early as 24 hours after DXR.  
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Figure 6. Early progeny cells reacquire a stem cell-like transcriptional profile after DXR 

(A-B) Microfluidic qPCR for a curated gene list of stem cell transcripts was performed on the 

isolated populations. See Figure S4 for experimental design. (A) Mean log2 fold change of aISC 

and reserve intestinal stem cell (rISC)–associated transcripts normalized to Actb and Gapdh in 

indicated populations isolated from control mice 24 hours after TAM injection (n=3, normalized 

to Double Negative (DN) epithelial cells). (B) Mean log2 fold change of aISC or rISC-associated 

transcripts in each population 6 hours (n=2) and 24 hours (n=3) after DXR. Each cell population 

was normalized to its’ control population (n=3) to demonstrate DXR-specific responses within 

the identified cell type. All mice received TAM to label early progeny cells 24 hours prior to 

DXR or sacrifice. 
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Early progeny cells are actively cycling in homeostasis, and broadly upregulate DNA damage 

response transcripts after DXR 

Classically, chemoresistant populations have been associated with decreased cell cycle 

frequency or quiescence 49. To test whether there are differences in aISC and early progeny cells 

in terms of their cell cycle activity, we labeled early progeny cells and aISCs in S-phase with a 2-

hour exposure to BrdU, a thymidine analog, in Lgr5eGFP-CreERT2 reporter mice induced to lineage 

trace 24 hours prior to sacrifice (Figure 7A). Figure 7B demonstrates a BrdU+ early progeny cell 

outlined by the white dotted line. There was no difference in BrdU uptake between double+ aISCs 

and tdTomato+ early progeny cells, suggesting that early progeny cells are not chemoresistant due 

to quiescence (Figure 7C). Interestingly, GFP-only cells were less frequently in S-phase (Figure 

7C). It is unclear whether this implies that GFP-only aISCs after TAM injection represent a distinct 

subset of aISCs, such as that of a mostly quiescent enteroendocrine lineage 50, or of non-cycling 

aISCs at the crypt base 51. 

We next inquired whether early progeny cells had distinct DNA damage response (DDR) 

transcript expression from aISCs that might explain their chemoresistance. DDR transcripts were 

downregulated in the early progeny cells in homeostasis as compared to aISCs (Figure 7D).  In 

particular, as compared to the aISC populations, early progeny cells had decreased expression of 

homologous recombination transcripts, including Brca1 (mean log2 fold change (FC) ± SD: 

double+ aISCs 1.83 ± 1.45 vs tdTomato+ cells -1.32 ± 2.79), Rad51 (mean log2FC ± SD: double+ 

aISCs 1.26 ± 0.66 vs tdTomato+ -0.65 ± 1.26), and Chek2 (mean log2FC ± SD: double+ aISCs 0.71 

± 0.33 vs tdTomato+ -1.54 ± 1.9). Consistent with previous studies, we found that aISCs have a 

high expression of homologous recombination transcripts 43,52,53. Early progeny cells also 

expressed modestly reduced Top2a transcript (mean log2FC ± SD: double+ aISCs 1.9 ± 0.38 vs 
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tdTomato cells 0.35 ± 1.34). Top2a encodes for the topoisomerase II alpha enzyme, which 

functions to relieve torsional stresses during transcription, and is poisoned by DXR 54. This 

reduction in Top2a and homologous recombination transcripts in early progeny cells supports that 

there are distinct differences in homeostatic regulation of DDR between aISCs and early progeny 

cells despite close spatial location. 

Cell population-specific alterations in expression of DDR transcripts were also observed 

after DXR. As compared to the GFP+ and Dbl+ populations in the non-DXR treated samples, both 

aISC populations (GFP+ and Dbl+) primarily upregulated transcripts associated with P53 activation 

by 6 hours after damage, such as Puma (6h mean log2FC ± SD: double+ aISCs 3.37 ± 0.93; GFP+ 

aISCs 3.43 ± 0.17) and Mdm2 (6h mean log2FC ± SD: double+ aISCs 3.2 ± 0.17; GFP+ aISCs 2.76 

± 0.61) (Figure 7E). Transcriptional upregulation of Puma classically occurs in response to P53 

activation secondary to DNA damage, and subsequently drives apoptosis by instigating the 

intrinsic apoptosis cascade 55. We observed this in Figure 2A and 2B, where aISCs were 

preferentially positive for cleaved caspase-3 immunofluorescence after DXR. Cdkn1a was also 

upregulated in aISCs after DXR (6h mean log2FC ± SD: double+ aISCs 2.27 ± 0.16; GFP+ aISCs 

2.62 ± 0.57), which is indicative of cell cycle arrest and/or induction of senescence secondary to 

DNA damage 55.  

Early progeny cells and DN population did not exhibit a significant upregulation of Puma 

transcripts after DXR (6h mean log2FC ± SD: tdTomato+ progeny 2.27 ± 0.3; DN 2.32 _± 1.14) 

(Figure 7E). This suggests that P53 activation was more robust in aISCs as compared to early 

progeny cells. In addition, early progeny cells had increased expression of homologous 

recombination transcripts in response to DXR as compared to non-DXR early progeny cells, 

including Brca1 (mean log2FC ± SD: 6h 2.53 ± 1.16; 24h 1.94 ± 0.21), Rad51 (mean log2FC ±  
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Figure 7. Early progeny of aISCs are not quiescent in homeostasis, and broadly 

upregulate DNA damage response transcripts after DXR 

(A) Experimental design labeling early progeny cells and aISCs with BrdU in Lgr5eGFP-CreERT2 

reporter mice not treated with DXR. (B) Representative single color and composite images of 

an uninjured jejunal crypt after BrdU uptake. A BrdU+/tdTomato+ early progeny cell is 

outlined, and a BrdU+/GFP+ aISC is indicated by the arrow. Scale bar 5 μm. (C) 

Quantification of BrdU incorporations within the indicated populations. Data are presented as 

mean ± SD. *** p < 0.001; **** p < 0.0001; ns: no significance; One-way ANOVA followed 

by Tukey’s post hoc test. A minimum of 10 crypts were counted per mouse. (D-E) 

Microfluidic qPCR for a curated gene list of DNA damage response (DDR) transcripts was 

performed on the isolated populations. See Figure S4 for experimental design. (D) Mean log2 

fold change of DDR–associated transcripts normalized to Actb and Gapdh in indicated 

populations isolated from control mice 24 hours after TAM (n=3, normalized to DN epithelial 

cells). (E) Mean log2 fold change of DDR transcripts in each population 6 hours (n=2) and 24 

hours (n=3) after DXR. Each cell population was normalized to its non-DXR population 

(n=3) to demonstrate DXR-specific responses within the identified cell type. All mice 

received TAM to label early progeny cells 24 hours prior to DXR or sacrifice. 
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SD: 6h 1.87 ± 0.3; 24h 2.62 ± 0.02), and Chek2 (mean log2FC ± SD: 6h 1.13 ± 0.42; 24h 2.58 ± 

0.86). This increase in homologous recombination transcripts after DXR was not observed in either 

aISC population (Figure 7E). aISCs have an pro-apoptotic response to DXR. In contrast, early 

progeny cells exhibit robust homologous recombination transcript upregulation in response to 

DXR, which allows them to efficiently manage DNA damage and re-enter the cell cycle after 

DXR.  
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Discussion 

In this study we demonstrate that a major source of epithelial regeneration after DXR-

induced aISC depletion originates from early progeny cells that have recently exited the crypt base 

and no longer express stem cell-specific transcripts. DXR rapidly depleted aISCs, but these early 

progeny cells survived and began to express stem cell transcripts, as early as 6 hours after damage. 

A previous study reported no reduction in the aISC population following DXR treatment. In that 

study, aISC numbers were not quantitatively assessed at any time point after DXR and tissues were 

not examined at 3 days after DXR, which is the time point of maximal aISC loss 6. 

Due to their role as long lived highly proliferative cells, aISCs have a commitment to 

genomic integrity 56. When aISCs accrue high levels of DNA damage, these cells undergo 

apoptosis rather than perpetuate DNA mutations. DXR is a potent anthracycline chemotherapeutic 

with problematic off-target effects including cardiotoxicity, bone marrow suppression, and oral 

and intestinal mucositis. DXR undergoes rapid translocation to the nucleus, where it intercalates 

with nuclear and mitochondrial DNA, poisons topoisomerase II alpha, and produces free radicals 

54,57. We found that the majority of cleaved caspase-3+ cells in the crypt at 6 hours after DXR 

injection are aISCs, which is consistent with a pro-apoptotic response to DNA damage. 40% of 

apoptotic cells after IR-induced damage were Lgr5eGFP+, which implies that DXR and IR have a 

similar impact on aISCs  58. We also observed expulsion of aISCs from enteroid buds in vitro after 

DXR. This is consistent with Andrade et al, where apoptosis but not necrosis was the inciting event 

for cellular extrusion from an intestinal epithelial monolayer 59. We have demonstrated that DXR 

results in a rapid, persistent loss of Lgr5-expressing aISCs out to at least 5 days after insult. This 

was supported by the lack of lineage tracing when labeled was performed simultaneously with 

injury.  
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Although the regenerative response to IR has been extensively studied 9–12,17,18,22,35,41,47, 

less is understood about regeneration after DXR 16,18,22. We did not identify any substantial 

contribution to repair from Hopx+ and Bmi1+-expressing cells after DXR. This was surprising as 

previous studies have indicated that populations expressing these transcripts have exhibited an 

expanded capacity for regeneration after damage 8–10,36. These transgenic markers likely overlap 

with other crypt epithelial populations, as many of the proposed +4 markers are also expressed in 

active intestinal stem cells and Bmi1+ also labels enteroendocrine lineage cells 11,43,44. We conclude 

that cells labeled by Hopx and Bmi1 do not play a substantial role in epithelial regeneration after 

DXR injury. 

The early progeny cells in this study appear at position +4-7, just above the crypt base. 

Based on this location, early progeny cells are TA cells that are not yet differentiated enough to 

robustly express lineage specific transcripts, such as enterocyte-specific Alpi1 15. We speculate 

that a majority of early progeny cells are destined for enterocyte identities under homeostatic 

conditions, given that the bulk of epithelial cells are enterocytes. Additionally, we did not observe 

recruitment of secretory cells or their progenitors, labeled by Dll1+, in response to DXR-induced 

damage in this study. Secretory progenitors require Notch activation to be able to reacquire stem-

like properties after DXR damage in other studies 16–18. It is possible there is a dose-dependent 

response to DXR that alters Notch programming, explaining the differences between previous 

studies and our data presented here. 

The significant contribution to regeneration by early progeny cells after DXR, but not IR, 

was unexpected. A recent publication demonstrated that a subpopulation of aISCs in the Lgr5eGFP-

CreERT2 mouse were retained after 10 Gy IR 26. While these cells downregulate GFP expression, 

they are able to produce significant percentages of lineage tracing post injury. Other studies have 



   

110 

 

used 12 Gy to induce crypt and aISC loss 10,41,47,53,60,61, and in this study we demonstrate reduced 

lineage tracing from aISCs at 12 Gy, suggestive of aISC depletion. Thus, the difference in 

regenerative contribution after IR between Sato et al and the data shown here may be due to 

severity of the injury 26.  

Other studies have shown regeneration from cells descended from LGR5+ cells after IR-

induced damage 47,48. In contrast, we did not find that early progeny cells from LGR5+ cells were 

able to contribute substantially to epithelial regeneration after IR-induced damage. Those studies 

waited 4-7 days between lineage trace induction and damage, instead of the 1-day duration used 

in this study. Thus, the differences in contribution based on the duration of labeling prior to damage 

suggest that early progeny cells are more sensitive to IR than progeny further away from the crypt 

base 48. The dedifferentiation potential of the progeny cells in Murata et al’s study, labeled 4 days 

prior to IR, was dependent on the transcription factor Ascl2 48. We found that early progeny cells 

expressed higher levels of Ascl2 after injury. This suggests a possible common regenerative 

pathway between damage models 48,62. Taken together, these studies and our current body of work 

suggest that the transit-amplifying population exhibits a high degree of plasticity in response to 

crypt injury induced by DXR or IR.  

Why do these early progeny cells survive DXR damage? Quiescence does not appear to be 

a major chemoresistant mechanism for these cells, as the percentage of early progeny cells 

incorporating BrdU was similar to Dbl+ aISCs, and significantly more than GFP-only aISCs. It 

also seems surprising to us that cells that share a close spatial relationship, such as early progeny 

cells and aISCs, would have such disparate responses to DNA damage. Tao et al demonstrated 

that the Wnt signaling gradient is an important factor in sensitivity to DNA damage, where cells 

that are further from the crypt base are less sensitive 42. Although that study was limited to 
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Lgr5eGFP+ cells, it seems plausible that differences in the strength of Wnt signaling could drive the 

balance between chemosensitivity and resistance in our model.  

We have identified differences between early progeny cells and aISCs with regards to 

expression of DDR transcripts. Atm, a mechanism by which cells sense and signal DNA breaks, is 

not expressed differently in our isolated populations. Non-DXR treated early progeny cells have 

reduced expression of homologous recombination transcripts. Homologous recombination is 

critical for accurately repairing double stranded DNA breaks. It seems counter-intuitive that early 

progeny cells, which are able to survive DXR, would have reduced transcript levels of HR 

associated genes. We speculate that the low level of DDR expression prior to injury decreases 

predisposition to intrinsic apoptosis. In support of this hypothesis, decreased DDR transcript 

expression is associated with reduced apoptosis in aging aISC populations 63.  

Mutations in surviving and proliferating cells after DNA damaging insults could play a role 

in cancer initiation. Future studies should explore whether there is persistent DNA damage or 

mutations retained in the early progeny cells that make up the newly formed stem cell compartment 

after DXR-induced injury, and what impact this may have on potential development of pre-

neoplastic or neoplastic lesions. 

Finally, topoisomerase II alpha-DNA complexes, formed as TOP2A introduces double-

strand breaks after replication or to relieve stresses from coiled DNA, are stabilized by DXR 54. 

This stabilization leads to irreversible DNA damage, driving cells towards apoptosis. Non-DXR 

treated early progeny cells express modestly lower levels of Top2a transcript as compared to 

aISCs. Whether this also relates to reduced TOP2A protein is unclear. If so, this could result in 

reduced poisoning of TOP2A-DNA complexes in early progeny cells compared to aISCs. This 

would lead to less irreversible DNA damage in early progeny cells. Thus, early progeny cells 
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would have less sensitivity to DXR-induced damage as compared to aISCs. Further research is 

necessary to explore these hypotheses relating to chemoresistance in the intestinal epithelium. 

Here, we have identified that early TA cells, named here as early progeny cells, are a major 

contributing population to epithelial regeneration after chemotherapeutic insult to the small 

intestine. Rapid regeneration of the epithelium is critical to maintaining epithelial barrier function, 

and therefore, understanding the major contributing cell populations to regeneration is essential.  

 

Methods 

Mice  

Lgr5IRES-eGFP-CreERT2 (JAX stock # 008875) 2 and Defa6iCre 40 mice were bred in-house at 

NC State University from established lines (all on C57BL/6 background). Defa6iCre mice were a 

gift from R. Blumberg at Brigham and Women’s Hospital. HopxCreERT2 (JAX stock #017606) 9 and 

Bmi1CreERT (JAX stock #010531) 8 were obtained from JAX labs and maintained in-house. 

Rosa26LSL-tdTomato mice (JAX stock # 007914) were crossed with the above Cre lines to generate 

mice for lineage tracing experiments (reporter mice). Non-fluorescent cells and single-color 

control populations for flow cytometry were obtained from the jejunal epithelia of wild-type 

C57BL/6 mice. All animals were cared for under the NC State University’s IACUC guidelines. 

Experiments at NC State University were performed by B. Sheahan or A. Freeman. Experiments 

were performed on 8-24 week old mice, with male and female mice randomly allocated to 

experimental groups. Control mice were injected with TAM at the indicated time points. 

Dll1eGFP-CreERT2 12 and Olfm4eGFP-CreERT2 3 mice were crossed with Rosa26LSL-tdTomato mice 

(all on a C57BL/6 background) at University of Michigan to generate mice for lineage tracing 

experiments. All animals were cared for under the University of Michigan’s IACUC guidelines. 
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Experiments at University of Michigan were performed by T. Keeley. Experiments were 

performed on 8-16 week old mice, with male and female mice randomly allocated to experimental 

groups. Control mice were injected with TAM at the indicated time points. 

Lgr5IRES-CreERT2 31 mice were crossed with Rosa26LSL-tdTomato mice (all on a C57BL/6 

background) at Duke University to generate mice for lineage tracing experiments. All animals 

were cared for under Duke University’s IACUC guidelines. Tissues were collected by B. Sheahan. 

Experiments were performed on 27-week-old mice, with male and female mice randomly allocated 

to experimental groups. The same control mice were analyzed 5 days after TAM injection to 

quantify lineage tracing to compare to the two experimental groups. 

Mice were kept in grouped housing and maintained under a 12-hour light cycle and fed 

regular free-choice chow through all experimental procedures. When possible, mice of similar age 

and gender (littermate controls) were used for experimental and control groups. The n for each 

experiment is indicated either in the figure legend or graphically represented by symbols. 

Mice were euthanized by cervical dislocation after anesthesia with isoflurane. Small intestine was 

immediately collected after euthanasia and flushed with ice-cold 1x PBS (Ca2+ and Mg2+ free). 

The small intestine proximal to the ligament of Treitz (signifying the duodenojejunal juncture) was 

discarded, and the proximal one-half (approximately 10-12 cm) of the remaining intestine was 

identified as jejunum. 

Treatments 

DXR injection Mice were injected once with 20 mg/kg doxorubicin HCl (Actavis) 

intraperitoneally. Mice were monitored for weight loss daily. If mice lost >20% of initial body 

weight, they were euthanized in accordance with IACUC protocols. Control mice did not receive 

a vehicle injection in lieu of DXR. 
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Total body irradiation Mice were exposed to 12 Gy of total body irradiation (TBI). TBI was 

performed 50 cm from the radiation source with a dose rate of 3.18 Gy/ min with 320 kVp X-rays, 

using 12.5mA and a filter consisting of 2.5mm Al and 0.1mm Cu (X-RAD 320 Biological 

Irradiator, Precision X-ray). TBI was performed by S. Hasapis. The dose rate was measured with 

an ion chamber by members of the Radiation Safety Division at Duke University. Control mice 

were not irradiated. 

Labeling of cells in S-phase Mice were injected with 150 mg/kg BrdU (5-bromo-2′-deoxyuridine) 

dissolved in sterile water intraperitoneally 2 hours prior to collection of small intestinal tissues. 

Induction of lineage tracing Mice were injected with 50 mg/kg tamoxifen (Sigma) in corn oil 

(Olfm4eGFP-CreERT2 and Dll1eGFP-CreERT2 reporter mice) or sunflower seed oil (all mice at NC State 

University and Lgr5CreERT2 reporter mice) intraperitoneally at various time points prior to collection 

of small intestinal tissues. The tamoxifen was reconstituted in 100% ethanol to 100 mg/ml, then 

diluted to 10 mg/ml with corn oil or sunflower seed oil prior to injection. We validated that all 

possible crypts were effectively labeled with this tamoxifen dose using Lgr5eGFP-CreERT2 reporter 

mice. In these mice, the number of GFP+ crypts were not different from the number of tdTomato+ 

crypts (Supplementary Figure 3A). 

Quantitative Reverse-Transcriptase PCR (qRT-PCR)  

Total RNA was isolated from jejunal tissues with the RNeasy Mini kit (Qiagen) per the 

manufacturer’s protocol. Quality of mRNA was verified with a Nanodrop 2000 spectrophotometer 

(Thermo Fisher). 500 ng cDNA was synthesized using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems), with RNase A included in the reaction, following the 

manufacturer’s protocol. qRT-PCR analysis was performed with 25 ng cDNA/well using Taqman 

Universal Master Mix II with UNG (Applied Biosystems), on a QuantStudio 6 PCR system 
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(Thermo Fisher) for the following Taqman probes: Actb (Mm02619580_g1), Lgr5 

(Mm00438890_m1), Olfm4 (Mm01320260_m1), Hopx (Mm00558630_m1), and Bmi1 

(Mm03053308_g1). All samples were run in triplicate. Signals were normalized to Actb for each 

sample, and relative fold changes were calculated via ΔΔCt analysis. 

Crypt Culture for Time-Lapse Microscopy of GFP+ Cells  

Chemical and mechanical dissociation was performed to obtain jejunal crypts as previously 

described with modifications 64. After filleting the length of the isolated jejunum, villi were 

removed by scraping the luminal side of the jejunum with a coverslip. The jejunal whole tissue 

was then incubated in 30 mM EDTA (pH 7.4) for 30 minutes on ice. Tissue was transferred to 1x 

PBS (Ca2+ and Mg2+ free), and mechanical dissociation (shaking) was performed to exfoliate 

crypts from the underlying lamina propria. Crypts were separated from intact villi by passage 

through a 70 um cell strainer prior to counting. Approximately 100 isolated jejunal crypts were 

resuspended in 20 μl Matrigel (Corning) and placed in 48 well tissue culture plates. After 

polymerization of the Matrigel, 250 μl of media was added per well. The media consisted of 

Advanced DMEM/F12 (Invitrogen) containing growth factors: 50 ng/ml recombinant mouse EGF 

(R&D Systems), 500 ng/ml R-spondin 1 (R&D Systems), 100 ng/ml recombinant mouse Noggin 

(Peprotech), 1x N2 supplement (Gibco), 1x B27 (Gibco), 10 μM HEPES (Gibco), 1x Glutamax 

(Gibco), and 500 μg/ml penicillin-streptomycin (Gibco). Media was changed every other day. 

Enteroids were imaged daily for evidence of growth and budding. At 3 days post plating, 4 μl of 

DXR diluted in media was added to the media of treatment wells for a final concentration of 4 

ng/μl. The same volume of fresh media was added to the media of control wells. GFP-expressing 

crypts were then monitored by time-lapse fluorescence microscopy (images obtained every 30 

minutes for 12 hours after DXR addition) using a stage top incubator on the automated motorized 
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stage of an inverted Olympus IX83 microscope. Time-lapse images were processed with 2D 

deconvolution in CellSens (Olympus) prior to measurements. For each indicated timepoint, the 

distance (μm) of maximal GFP+ intensity (representing Lgr5eGFP+ cells) from the basolateral 

membrane of the enteroid bud was measured in the CellSens program (Olympus). 

Transcriptional Analysis of Early Progeny Cells and aISCs  

Prior to crypt-enriched epithelial cell isolation, 8-10 week-old Lgr5eGFP-CreERT2 reporter 

mice (n=9) were injected with TAM. Control mice (n=3) were analyzed 24 hours after TAM 

injection. DXR-treated mice were injected with DXR at 24 hours after TAM injection, then 

analyzed at either 6 hours (n=3) or 24 hours (n=3) after DXR. See Supplemental Figure 4A for 

experimental design. No mice were pooled for cell isolation. 

Isolated jejunal crypts were centrifuged (1000 RPM x 5 minutes, 4⁰C) then resuspended in 

1x HBSS with 1 mg/ml dispase (Corning; 354235), and incubated at 37⁰C for 10 minutes with 

intermittent mechanical dissociation (shaking) to obtain a single cell suspension. After 10 minutes, 

5 μg/ml of DNase I (Sigma), and 10% FBS (Gibco) were added to the suspension. The suspension 

was centrifuged (1000 RPM x 5 minutes, 4⁰C) and the pellet was resuspended in Advanced 

DMEM/F12 (Gibco) with 10% FBS and 5 μg/ml of DNase I. The cells were filtered through a 30 

μm cell strainer prior to estimating the total number of cells per sample with a hemocytometer. 

The cells were centrifuged and resuspended at a concentration of 1e106 cells/100 μl in Advanced 

DMEM/F12 with 10% FBS and 5 μg/ml of DNase I. Cells were incubated with 2 μl 7-AAD 

(Biolegend; 420403) and 1 μl EPCAM-PE/Cy7 (Biolegend; 118215) per 1e106 cells for 20 minutes 

in the dark prior to sorting. Cells were kept on ice throughout antibody incubation and sorting. 

Fluorescence Activated Cell Sorting (FACS) was performed with a Beckman Coulter MoFlow 

XDP cell sorter in the Flow Cytometry and Cell Sorting Facility at NC State University College 
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of Veterinary Medicine. Events were plotted on Forward-scatter vs Side-scatter (FSC-H vs SSC-

H) and gated to exclude debris. These events were then plotted on Side-scatter width vs Side-

scatter height (SSC-W vs SSC-H) to identify single cell events. Single events were then gated for 

live epithelial cells, identified as 7-AAD negative and EPCAM-PE/Cy7 positive. Live epithelial 

cells were sorted on the basis of endogenous tdTomato and GFP fluorescence. Non-TAM injected 

Lgr5eGFPCre-ERT2 reporter mice were examined to identify any background Cre activation. 

Background Cre activation in these reporter mice was minimal (0.03% tdTomato+ cells total in 

representative FACS plot). See Supplemental Figure 4B for an example of the gating strategy 

used. 500-30,000 cells per population of interest were sorted from each sample. Cells were sorted 

directly into Buffer RL (Norgen; 17200) with 1% β-mercaptoethanol prior to freezing in liquid 

nitrogen and storage at -80 ⁰C. Total cells analyzed by the cell sorter ranged between 3.57-13.2 x 

106/sample.  

RNA was isolated from the sorted cell populations using Norgen Biotek RNA isolation kit 

(Norgen; 17200). 0.5 ng of RNA was transformed into cDNA using Fluidigm Reverse 

Transcription Master Mix (Fluidigm). One mouse (6h DXR group) was removed from analysis 

due to inadvertent TAM exposure from cagemate’s feces. At the CGIBD UNC Advanced 

Analytics Core facility, the cDNA samples underwent pre-amplification (Fluidigm) prior to 

loading on a 48.48 IFC plate for Ct analysis using the Fluidigm Biomark HD (Fluidigm) with 

TaqMan probes. Signals were normalized to Actb and Gapdh for each sample, and relative log2 

fold changes were calculated, normalizing to the indicated Control (No DXR) transcript expression 

for each panel in Figures 6 and 7.  
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Immunofluorescence 

For immunofluorescence, jejunal tissues were fixed in 4% paraformaldehyde for 12-18 

hours, dehydrated in 30% sucrose for 24 hours, embedded in OCT (optimal cutting temperature 

compound), and stored at -80⁰C until sectioning. 7 μm sections were adhered to Superfrost Plus 

slides (Thermo Fisher, 4951PLUS4) and OCT was removed by immersion in 1X PBS after drying. 

Sections were mounted with Hard Set mounting medium with DAPI (Vector Laboratories, H-

1500) and imaged with an inverted Olympus IX83 microscope. Control sections were incubated 

with IgG of the same primary species or blocking solution (5% BSA or 10% FBS in PBS) for all 

immunofluorescent experiments.  

For lysozyme and RFP immunofluorescence, sections were antigen retrieved in sodium 

citrate buffer (2.94 g sodium citrate, 300 μl Tween 80, pH 6) using a pressure cooker. Sections 

were blocked in 10% FBS in PBS for 1 hour at room temperature, incubated overnight at 4⁰C with 

primary antibodies, washed in 1x PBS, and incubated for 1 hour at room temperature with 

secondary antibodies. Sections were immersed in 1x PBS and mounted as described above. 

Antibodies included: goat anti-lysozyme (1:500, sc27958), rabbit anti-RFP (1:250, ab10554), anti-

goat DyLight 488 (1:500, SA5-10086), and anti-rabbit AF555 (1:500, A21428).  

For cleaved caspase-3, OLFM4, sucrase-isomaltase, chromogranin A (CHGA), MUC2, or 

EPCAM immunofluorescence, sections were lightly fixed and permeabilized with 

methanol/acetone (50%/50%) for 20 minutes at -20⁰C. After washing with 1x PBS, sections were 

blocked with 5% BSA in PBS for 1 hour at room temperature, incubated overnight at 4⁰C with 

primary antibodies, washed in 1x PBS, and incubated for 1 hour at room temperature with 

secondary antibodies. Sections were immersed in 1x PBS and mounted as described above. 

Primary antibodies included: rabbit anti-cleaved caspase-3 (1:250, 9579S), rabbit anti-OLFM4 
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(1:500, 39141S), goat anti-sucrase-isomaltase (1:250, sc27603), rabbit anti-CHGA (1:250, 

ab15160), rabbit anti-MUC2 (1:250, sc15334), and rabbit anti-EPCAM (1:500, ab71916). 

Secondary antibodies included: anti-rabbit DyLight 649 (1:500, 406406), anti-rabbit AF488 

(1:500, A21206), and anti-goat AF 647 (1:500, A21244). We performed EPCAM 

immunofluorescence to validate the quantification of total epithelial crypts in tissues to ensure 

correct blinded counting of crypts using DAPI fluorescence (Supplemental Figure 5A). The total 

number of crypts counted with DAPI fluorescence and EPCAM fluorescence was not different. 

For co-immunofluorescence of BrdU, GFP, and tdTomato, sections were antigen retrieved in 

sodium citrate buffer as above, then permeabilized with 0.3% Triton X-100 for 10 minutes, washed 

in 1x PBS, and blocked with 10% FBS in PBS for 1 hour at room temperature. Sections were 

incubated with rabbit anti-GFP (1:2000, ab183734) in Signal Stain® Antibody Diluent (CST 

#8112) for 1 hour at room temperature, followed by Signal Stain Boost (CST #8114) for 30 

minutes at room temperature. Fluorescein reagent (PerkinElmer, NEL741001KT) was applied to 

the sections for 10 minutes prior to the stripping procedure. Slides were boiled in citrate stripping 

solution (10 mM sodium citrate, pH 6) and held at a sub boiling temperature (90⁰C) for 10 minutes 

then cooled to room temperature. Following stripping, rabbit anti-RFP (1:500, R10367) and rat 

anti-BrdU (1:250, NB-500-169) were applied to the sections overnight at 4⁰C. After washing in 1x 

PBS, the following secondary antibodies were applied for 1 hour at room temperature: anti-rabbit 

AF555 (1:500, A-21428) and anti-rat APC (1:500, A10540).  

Lineage tracing assessment  

At least 200 crypts were counted per mouse for Lgr5eGFP-CreERT2, Lgr5CreERT2, Defa6iCre, 

HopxCreERT2 and Bmi1CreERT reporter mice. At least 50 crypts were counted per mouse for Dll1eGFP-

CreERT2 and Olfm4eGFP-CreERT2 reporter mice. Total crypts were enumerated using DAPI 
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fluorescence. tdTomato+ lineage tracing events were considered positive if > 5 contiguous 

tdTomato+ cells were emanating from a crypt base. Events limited to villi or unconnected to a crypt 

were not considered positive.  

OLFM4 scoring  

OLFM4 is secreted apically into the lumen of the small intestine in mice, making it difficult 

to identify which cells are specifically positive for this protein 65. A blinded scoring system was 

adapted from Besson et al to capture 4 categories of OLFM4 immunopositivity 66. These were 

scored by the intensity of the fluorescence to approximate the number of cells positive for OLFM4. 

Only complete jejunal hemicrypts were scored (>10 crypts/mouse). The scoring scheme is as 

follows: 0: negative; 1: 1-2 positive cells/faint fluorescence; 2: 3-5 positive cells/moderate 

fluorescence; 3: 6+ positive cells/intense fluorescence. 

In situ Hybridization  

For in situ hybridization, tissues were fixed in 10% zinc formalin for 12-18 hours and 

moved to 70% ethanol before embedding in paraffin. 5 μm sections were adhered to Superfrost 

Plus slides (Thermo Fisher, 4951PLUS4). Sections underwent standard deparaffinization with 

Histo Clear II (Thermo Fisher, 50-899-90150). In situ hybridization for Olfm4 probe was 

performed using RNAscope chromogenic assay 2.5, with Ppib as positive control probe and Dapb 

as negative control probe according to manufacturer’s instructions (Advanced Cell Diagnostics). 

Only epithelial crypt cells were considered to be cells of interest. 

Statistical analysis  

All statistics and preparation of graphs were performed in GraphPad 8 (LaJolla, CA). FIJI 

was utilized for image analysis and counting of cells (ImageJ). No a priori calculations were 

performed for sample size analysis. Normality was assessed by Shapiro-Wilk and Q-Q plots prior 
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to parametric testing by Student’s t test or one- or two-way ANOVA followed by post hoc testing 

as appropriate for the number of groups.  
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Supplemental information 

 

Supplemental Figure 1. Regenerative contribution from Lgr5+ aISCs is not influenced by 

TAM administration 

(A-B) Experimental design for tamoxifen (TAM; 50 mg/kg IP) and doxorubicin (DXR; 20 

mg/kg IP) injections in Lgr5eGFP-CreERT2 reporter mice, followed by quantification of lineage 

tracing in control and DXR-treated mice as indicated. At least 200 jejunal crypts were counted 

per mouse. Quantified control lineage trace events were obtained from mice treated with 

tamoxifen 5 or 6 days prior to sacrifice (Control mice of Figure 3 and 5 grouped together). Data 

are presented as mean ± SD. As compared to Control when comparing all lineage trace groups: 

**** p < 0.0001; one-way ANOVA followed by Tukey’s post hoc test.  
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Supplemental Figure 2. Expression of Hopx and Bmi1 in jejunal whole tissue does not 

change after DXR 

(A) Log2 fold change of Hopx gene expression in jejunal whole tissue over time after DXR. (B) 

Log2 fold change of Bmi1 gene expression in jejunal whole tissue over time after DXR. Data are 

presented as mean ± SD. ns: no significance; one-way ANOVA followed by Tukey’s post hoc 

test. 
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Supplemental Figure 3. One dose of TAM is sufficient for lineage tracing and does not 

alter DXR’s impact on aISCs in Lgr5eGFP-CreERT2 reporter mice 

(A) Quantification of GFP+ and tdTomato+ crypts 5 or 6 days after injection of TAM in Lgr5eGFP-

CreERT2 reporter mice. Student’s t test. (B) Quantification of Lgr5eGFP+ fluorescence in control 

mice compared to those used for lineage tracing of aISC and early progeny cells in Figures 3 

and 5 at 5 days after DXR. This demonstrates that both experimental groups responded to DXR 

in an equivalent manner and that Lgr5eGFP+ fluorescence was persistently decreased out to 5 

days post-DXR. Data are presented as mean ± SD; **** p < 0.0001; one way ANOVA followed 

by Tukey’s HSD post hoc test. 
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Supplemental Figure 4. Strategy for identification of acute cellular responses to DXR 

(A) Experimental design for each timepoint to assess transcriptional responses in early 

progeny vs aISCs in control tissues (No DXR, n=3), 6 hours post DXR (n=2), and 24 hours 

post DXR (n=3). Lgr5eGFP-CreERT2 reporter mice were injected with TAM. Control mice did not 

receive any additional treatment and were analyzed at 24 hours post-TAM. DXR-treated mice 

were injected with DXR 24 hours after TAM and analyzed at 6 or 24 hours post-DXR.  (B) 

FACS gating strategy to obtain live, epithelial cells from jejunal crypts. (C) Representative 

flow cytometry plots from Lgr5eGFP-CreERT2 reporter mice. After gating for single-cell, live, 

EPCAM+ events, tdTomato and GFP fluorescence were gated to sort cells into four 

populations: TdTomato+, Double+ (tdTom+/GFP+), GFP+, and Double Negative (DN; GFP-

/tdTomato-). A representative FACS plot from a non-TAM injected Lgr5eGFP-CreERT2 reporter 

is shown as control for background stochastic Cre activation. 
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Supplemental Figure 5. Validation of total crypt quantification by EPCAM 

immunofluorescence 

Representative images of lineage tracing using the experimental design in Figure 3A. EPCAM 

immunofluorescence was performed on tissues from Olfm4eGFP-CreERT2 reporter mice to validate 

quantification of total crypts. Scale bar 50 μm.  

 



   

129 

 

REFERENCES 

1.  van der Flier LG, Clevers H. Stem Cells, Self-Renewal, and Differentiation in the Intestinal 

Epithelium. Annu Rev Physiol 2009;71:241–260. 

2.  Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M, Haegebarth A, 

Korving J, Begthel H, Peters PJ, Clevers H. Identification of stem cells in small intestine 

and colon by marker gene Lgr5. Nature 2007;449:1003–1007. 

3.  Schuijers J, van der Flier LG, van Es J, Clevers H. Robust Cre-Mediated Recombination in 

Small Intestinal Stem Cells Utilizing the Olfm4 Locus. Stem Cell Rep 2014;3:234–241. 

4.  VanDussen KL, Carulli AJ, Keeley TM, Patel SR, Puthoff BJ, Magness ST, Tran IT, 

Maillard I, Siebel C, Kolterud Å, Grosse AS, Gumucio DL, Ernst SA, Tsai Y-H, Dempsey 

PJ, Samuelson LC. Notch signaling modulates proliferation and differentiation of intestinal 

crypt base columnar stem cells. Development 2012;139:488–497. 

5.  Potten CS. Extreme sensitivity of some intestinal crypt cells to X and γ irradiation. Nature 

1977;269:518–521. 

6.  Dekaney CM, Gulati AS, Garrison AP, Helmrath MA, Henning SJ. Regeneration of 

intestinal stem/progenitor cells following doxorubicin treatment of mice. Am J Physiol - 

Gastrointest Liver Physiol 2009;297:G461–G470. 

7.  Pritchard DM, Watson AJM, Potten CS, Jackman AL, Hickman JA. Inhibition by uridine 

but not thymidine of p53-dependent intestinal apoptosis initiated by 5-fluorouracil: 

Evidence for the involvement of RNA perturbation. Proc Natl Acad Sci 1997;94:1795–

1799. 

8.  Sangiorgi E, Capecchi MR. Bmi1 is expressed in vivo in intestinal stem cells. Nat Genet 

2008;40:915–920. 

9.  Takeda N, Jain R, LeBoeuf MR, Wang Q, Lu MM, Epstein JA. Interconversion Between 

Intestinal Stem Cell Populations in Distinct Niches. Science 2011;334:1420–1424. 

10.  Yan KS, Chia LA, Li X, Ootani A, Su J, Lee JY, Su N, Luo Y, Heilshorn SC, Amieva MR, 

Sangiorgi E, Capecchi MR, Kuo CJ. The intestinal stem cell markers Bmi1 and Lgr5 

identify two functionally distinct populations. Proc Natl Acad Sci U S A 2012;109:466–

471. 

11.  Yan KS, Gevaert O, Zheng GXY, Anchang B, Probert CS, Larkin KA, Davies PS, Cheng 

Z, Kaddis JS, Han A, Roelf K, Calderon RI, Cynn E, Hu X, Mandleywala K, Wilhelmy J, 

Grimes SM, Corney DC, Boutet SC, Terry JM, Belgrader P, Ziraldo SB, Mikkelsen TS, 

Wang F, Furstenberg RJ von, Smith NR, Chandrakesan P, May R, Chrissy MAS, Jain R, 

Cartwright CA, Niland JC, Hong Y-K, Carrington J, Breault DT, Epstein J, Houchen CW, 

Lynch JP, Martin MG, Plevritis SK, Curtis C, Ji HP, Li L, Henning SJ, Wong MH, Kuo CJ. 

Intestinal Enteroendocrine Lineage Cells Possess Homeostatic and Injury-Inducible Stem 

Cell Activity. Cell Stem Cell 2017;21:78-90.e6. 



   

130 

 

12.  van Es JH, Sato T, van de Wetering M, Lyubimova A, Yee Nee AN, Gregorieff A, Sasaki 

N, Zeinstra L, van den Born M, Korving J, Martens ACM, Barker N, van Oudenaarden A, 

Clevers H. Dll1+ secretory progenitor cells revert to stem cells upon crypt damage. Nat Cell 

Biol 2012;14:1099–1104. 

13.  Tomic G, Morrissey E, Kozar S, Ben-Moshe S, Hoyle A, Azzarelli R, Kemp R, 

Chilamakuri CSR, Itzkovitz S, Philpott A, Winton DJ. Phospho-regulation of ATOH1 Is 

Required for Plasticity of Secretory Progenitors and Tissue Regeneration. Cell Stem Cell 

2018;23:436-443.e7. 

14.  Castillo-Azofeifa D, Fazio EN, Nattiv R, Good HJ, Wald T, Pest MA, de Sauvage FJ, Klein 

OD, Asfaha S. Atoh1+ secretory progenitors possess renewal capacity independent of 

Lgr5+ cells during colonic regeneration. EMBO J 2019;38:e99984. 

15.  Tetteh PW, Basak O, Farin HF, Wiebrands K, Kretzschmar K, Begthel H, van den Born M, 

Korving J, de Sauvage F, van Es JH, van Oudenaarden A, Clevers H. Replacement of Lost 

Lgr5-Positive Stem Cells through Plasticity of Their Enterocyte-Lineage Daughters. Cell 

Stem Cell 2016;18:203–213. 

16.  Jones JC, Brindley CD, Elder NH, Myers MG, Rajala MW, Dekaney CM, McNamee EN, 

Frey MR, Shroyer NF, Dempsey PJ. Cellular Plasticity of Defa4Cre-Expressing Paneth 

Cells in Response to Notch Activation and Intestinal Injury. Cell Mol Gastroenterol 

Hepatol 2019;7:533–554. 

17.  Yu S, Tong K, Zhao Y, Balasubramanian I, Yap GS, Ferraris RP, Bonder EM, Verzi MP, 

Gao N. Paneth Cell Multipotency Induced by Notch Activation following Injury. Cell Stem 

Cell 2018;23:46-59.e5. 

18.  Hayakawa Y, Tsuboi M, Asfaha S, Kinoshita H, Niikura R, Konishi M, Hata M, Oya Y, 

Kim W, Middelhoff M, Hikiba Y, Higashijima N, Ihara S, Ushiku T, Fukayama M, Tailor 

Y, Hirata Y, Guha C, Yan KS, Koike K, Wang TC. BHLHA15-Positive Secretory 

Precursor Cells Can Give Rise to Tumors in Intestine and Colon in Mice. Gastroenterology 

2019;156:1066-1081.e16. 

19.  Ijiri K, Potten CS. Response of intestinal cells of differing topographical and hierarchical 

status to ten cytotoxic drugs and five sources of radiation. Br J Cancer 1983;47:175–185. 

20.  Ijiri K, Potten CS. Further studies on the response of intestinal crypt cells of different 

hierarchical status to eighteen different cytotoxic agents. Br J Cancer 1987;55:113–123. 

21.  Zhan Y, Xu C, Liu Z, Yang Y, Tan S, Yang Y, Jiang J, Liu H, Chen J, Wu B. β -Arrestin1 

inhibits chemotherapy-induced intestinal stem cell apoptosis and mucositis. Cell Death Dis 

2016;7:e2229–e2229. 

22.  Buczacki SJA, Zecchini HI, Nicholson AM, Russell R, Vermeulen L, Kemp R, Winton DJ. 

Intestinal label-retaining cells are secretory precursors expressing Lgr5. Nature 

2013;495:65–69. 



   

131 

 

23.  Smith NR, Gallagher AC, Wong MH. Defining a stem cell hierarchy in the intestine: 

markers, caveats and controversies. J Physiol 2016;594:4781–4790. 

24.  Gehart H, Clevers H. Tales from the crypt: new insights into intestinal stem cells. Nat Rev 

Gastroenterol Hepatol 2019;16:19–34. 

25.  Kim T-H, Saadatpour A, Guo G, Saxena M, Cavazza A, Desai N, Jadhav U, Jiang L, Rivera 

MN, Orkin SH, Yuan G-C, Shivdasani RA. Single-Cell Transcript Profiles Reveal 

Multilineage Priming in Early Progenitors Derived from Lgr5+ Intestinal Stem Cells. Cell 

Rep 2016;16:2053–2060. 

26.  Sato T, Sase M, Ishikawa S, Kajita M, Asano J, Sato T, Mori Y, Ohteki T. Characterization 

of radioresistant epithelial stem cell heterogeneity in the damaged mouse intestine. Sci Rep 

2020;10:8308. 

27.  Becker C, Watson AJ, Neurath MF. Complex Roles of Caspases in the Pathogenesis of 

Inflammatory Bowel Disease. Gastroenterology 2013;144:283–293. 

28.  Snippert HJ, van der Flier LG, Sato T, van Es JH, van den Born M, Kroon-Veenboer C, 

Barker N, Klein AM, van Rheenen J, Simons BD, Clevers H. Intestinal Crypt Homeostasis 

Results from Neutral Competition between Symmetrically Dividing Lgr5 Stem Cells. Cell 

2010;143:134–144. 

29.  Bach SP, Renehan AG, Potten CS. Stem cells: the intestinal stem cell as a paradigm. 

Carcinogenesis 2000;21:469–476. 

30.  Schepers AG, Vries R, van den Born M, van de Wetering M, Clevers H. Lgr5 intestinal 

stem cells have high telomerase activity and randomly segregate their chromosomes: Lgr5 

adult intestinal stem cell characteristics. EMBO J 2011;30:1104–1109. 

31.  Huch M, Dorrell C, Boj SF, van Es JH, Li VSW, van de Wetering M, Sato T, Hamer K, 

Sasaki N, Finegold MJ, Haft A, Vries RG, Grompe M, Clevers H. In vitro expansion of 

single Lgr5 + liver stem cells induced by Wnt-driven regeneration. Nature 2013;494:247–

250. 

32.  Bohin N, Carlson EA, Samuelson LC. Genome Toxicity and Impaired Stem Cell Function 

after Conditional Activation of CreERT2 in the Intestine. Stem Cell Rep . Epub ahead of 

print November 15, 2018. DOI: 10.1016/j.stemcr.2018.10.014. 

33.  Jahn HM, Kasakow CV, Helfer A, Michely J, Verkhratsky A, Maurer HH, Scheller A, 

Kirchhoff F. Refined protocols of tamoxifen injection for inducible DNA recombination in 

mouse astroglia. Sci Rep 2018;8:1–11. 

34.  Montgomery RK, Carlone DL, Richmond CA, Farilla L, Kranendonk MEG, Henderson 

DE, Baffour-Awuah NY, Ambruzs DM, Fogli LK, Algra S, Breault DT. Mouse telomerase 

reverse transcriptase (mTert) expression marks slowly cycling intestinal stem cells. Proc 

Natl Acad Sci U S A 2011;108:179–184. 



   

132 

 

35.  Powell AE, Wang Y, Li Y, Poulin EJ, Means AL, Washington MK, Higginbotham JN, 

Juchheim A, Prasad N, Levy SE, Guo Y, Shyr Y, Aronow BJ, Haigis KM, Franklin JL, 

Coffey RJ. The pan-ErbB negative regulator Lrig1 is an intestinal stem cell marker that 

functions as a tumor suppressor. Cell 2012;149:146–158. 

36.  Tian H, Biehs B, Warming S, Leong KG, Rangell L, Klein OD, de Sauvage FJ. A reserve 

stem cell population in small intestine renders Lgr5-positive cells dispensable. Nature 

2011;478:255–259. 

37.  Van Landeghem L, Santoro MA, Krebs AE, Mah AT, Dehmer JJ, Gracz AD, Scull BP, 

McNaughton K, Magness ST, Lund PK. Activation of two distinct Sox9-EGFP-expressing 

intestinal stem cell populations during crypt regeneration after irradiation. Am J Physiol 

Gastrointest Liver Physiol 2012;302:G1111-1132. 

38.  Jadhav U, Saxena M, O’Neill NK, Saadatpour A, Yuan G-C, Herbert Z, Murata K, 

Shivdasani RA. Dynamic Reorganization of Chromatin Accessibility Signatures during 

Dedifferentiation of Secretory Precursors into Lgr5+ Intestinal Stem Cells. Cell Stem Cell 

2017;21:65-77.e5. 

39.  Li N, Yousefi M, Nakauka-Ddamba A, Jain R, Tobias J, A Epstein J, Jensen S, J Lengner 

C. Single-Cell Analysis of Proxy Reporter Allele-Marked Epthelial Cells Establishes 

Intestinal Stem Cell Hierarchy. Stem Cell Rep 2014;3:876–91. 

40.  Adolph TE, Tomczak MF, Niederreiter L, Ko H-J, Böck J, Martinez-Naves E, Glickman 

JN, Tschurtschenthaler M, Hartwig J, Hosomi S, Flak MB, Cusick JL, Kohno K, Iwawaki 

T, Billmann-Born S, Raine T, Bharti R, Lucius R, Kweon M-N, Marciniak SJ, Choi A, 

Hagen SJ, Schreiber S, Rosenstiel P, Kaser A, Blumberg RS. Paneth cells as a site of origin 

for intestinal inflammation. Nature 2013;503:272–276. 

41.  Barriga FM, Montagni E, Mana M, Mendez-Lago M, Hernando-Momblona X, Sevillano 

M, Guillaumet-Adkins A, Rodriguez-Esteban G, Buczacki SJA, Gut M, Heyn H, Winton 

DJ, Yilmaz OH, Attolini CS-O, Gut I, Batlle E. Mex3a Marks a Slowly Dividing 

Subpopulation of Lgr5+ Intestinal Stem Cells. Cell Stem Cell 2017;20:801-816.e7. 

42.  Tao S, Tang D, Morita Y, Sperka T, Omrani O, Lechel A, Sakk V, Kraus J, Kestler HA, 

Kühl M, Rudolph KL. Wnt activity and basal niche position sensitize intestinal stem and 

progenitor cells to DNA damage. EMBO J 2015;34:624–640. 

43.  Muñoz J, Stange DE, Schepers AG, van de Wetering M, Koo B-K, Itzkovitz S, Volckmann 

R, Kung KS, Koster J, Radulescu S, Myant K, Versteeg R, Sansom OJ, van Es JH, Barker 

N, van Oudenaarden A, Mohammed S, Heck AJR, Clevers H. The Lgr5 intestinal stem cell 

signature: robust expression of proposed quiescent ‘+4’ cell markers. EMBO J 

2012;31:3079–3091. 

44.  Moossavi S. Heterogeneity of the level of activity of lgr5+ intestinal stem cells. Int J Mol 

Cell Med 2014;3:216–224. 



   

133 

 

45.  Vooijs M, Jonkers J, Berns A. A highly efficient ligand‐regulated Cre recombinase mouse 

line shows that LoxP recombination is position dependent. EMBO Rep 2001;2:292–297. 

46.  King SL, Mohiuddin JJ, Dekaney CM. Paneth cells expand from newly created and 

preexisting cells during repair after doxorubicin-induced damage. Am J Physiol - 

Gastrointest Liver Physiol 2013;305:G151–G162. 

47.  Ayyaz A, Kumar S, Sangiorgi B, Ghoshal B, Gosio J, Ouladan S, Fink M, Barutcu S, Trcka 

D, Shen J, Chan K, Wrana JL, Gregorieff A. Single-cell transcriptomes of the regenerating 

intestine reveal a revival stem cell. Nature 2019;569:121. 

48.  Murata K, Jadhav U, Madha S, van Es J, Dean J, Cavazza A, Wucherpfennig K, Michor F, 

Clevers H, Shivdasani RA. Ascl2-Dependent Cell Dedifferentiation Drives Regeneration of 

Ablated Intestinal Stem Cells. Cell Stem Cell 2020;26:377-390.e6. 

49.  Li L, Clevers H. Coexistence of quiescent and active adult stem cells in mammals. Science 

2010;327:542–545. 

50.  Sei Y, Lu X, Liou A, Zhao X, Wank SA. A stem cell marker-expressing subset of 

enteroendocrine cells resides at the crypt base in the small intestine. Am J Physiol - 

Gastrointest Liver Physiol 2011;300:G345–G356. 

51.  Kozar S, Morrissey E, Nicholson AM, van der Heijden M, Zecchini HI, Kemp R, Tavaré S, 

Vermeulen L, Winton DJ. Continuous Clonal Labeling Reveals Small Numbers of 

Functional Stem Cells in Intestinal Crypts and Adenomas. Cell Stem Cell 2013;13:626–

633. 

52.  Merlos-Suárez A, Barriga FM, Jung P, Iglesias M, Céspedes MV, Rossell D, Sevillano M, 

Hernando-Momblona X, da Silva-Diz V, Muñoz P, Clevers H, Sancho E, Mangues R, 

Batlle E. The Intestinal Stem Cell Signature Identifies Colorectal Cancer Stem Cells and 

Predicts Disease Relapse. Cell Stem Cell 2011;8:511–524. 

53.  HUA G, THIN TH, FELDMAN R, HAIMOVITZ-FRIEDMAN A, CLEVERS H, FUKS Z, 

KOLESNICK R. Crypt Base Columnar Stem Cells in Small Intestines of Mice Are 

Radioresistant. Gastroenterology 2012;143:1266–1276. 

54.  Burgess DJ, Doles J, Zender L, Xue W, Ma B, McCombie WR, Hannon GJ, Lowe SW, 

Hemann MT. Topoisomerase levels determine chemotherapy response in vitro and in vivo. 

Proc Natl Acad Sci U S A 2008;105:9053–9058. 

55.  Vousden KH, Prives C. Blinded by the Light: The Growing Complexity of p53. Cell 

2009;137:413–431. 

56.  Tsai RYL. Balancing Self-Renewal against Genome Preservation in Stem Cells: How to 

Have the Cake and Eat It Too? Cell Mol Life Sci CMLS 2016;73:1803–1823. 

57.  Yang F, Teves SS, Kemp CJ, Henikoff S. Doxorubicin, DNA torsion, and chromatin 

dynamics. Biochim Biophys Acta 2014;1845:84–89. 



   

134 

 

58.  Zhu Y, Huang Y-F, Kek C, Bulavin DV. Apoptosis Differently Affects Lineage Tracing of 

Lgr5 and Bmi1 Intestinal Stem Cell Populations. Cell Stem Cell 2013;12:298–303. 

59.  Andrade D, Rosenblatt J. Apoptotic regulation of epithelial cellular extrusion. Apoptosis Int 

J Program Cell Death 2011;16:491–501. 

60.  Gregorieff A, Liu Y, Inanlou MR, Khomchuk Y, Wrana JL. Yap-dependent reprogramming 

of Lgr5 + stem cells drives intestinal regeneration and cancer. Nature 2015;526:715–718. 

61.  Potten CS. Protection of the Small Intestinal Clonogenic Stem Cells from Radiation-

Induced Damage by Pretreatment with Interleukin 11 also Increases Murine Survival Time. 

STEM CELLS 1996;14:452–459. 

62.  Yan KS, Kuo CJ. Ascl2 Reinforces Intestinal Stem Cell Identity. Cell Stem Cell 

2015;16:105–106. 

63.  Watanabe K, Ikuno Y, Kakeya Y, Ikeno S, Taniura H, Kurono M, Minemori K, Katsuyama 

Y, Naka-Kaneda H. Age-related dysfunction of the DNA damage response in intestinal 

stem cells. Inflamm Regen 2019;39:8. 

64.  Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, van Es JH, Abo 

A, Kujala P, Peters PJ, others. Single Lgr5 stem cells build crypt villus structures in vitro 

without a mesenchymal niche. Nature 2009;459:262–265. 

65.  Flier LG van der, Haegebarth A, Stange DE, Wetering M van de, Clevers H. OLFM4 Is a 

Robust Marker for Stem Cells in Human Intestine and Marks a Subset of Colorectal Cancer 

Cells. Gastroenterology 2009;137:15–17. 

66.  Besson D, Pavageau A-H, Valo I, Bourreau A, Bélanger A, Eymerit-Morin C, Moulière A, 

Chassevent A, Boisdron-Celle M, Morel A, Solassol J, Campone M, Gamelin E, Barré B, 

Coqueret O, Guette C. A quantitative proteomic approach of the different stages of 

colorectal cancer establishes OLFM4 as a new nonmetastatic tumor marker. Mol Cell 

Proteomics MCP 2011;10:M111.009712. 

  



   

135 

 

CHAPTER 4 

 

 

 

 

 

 

 

 

 

 

Prolonged Oral Antimicrobial Administration Prevents Doxorubicin-Induced Loss of 

Active Intestinal Stem Cells 

  



   

136 

 

Introduction 

Acute intestinal mucositis is a common off-target effect of chemotherapy, leading to co-

morbidities such as vomiting, diarrhea, sepsis, and death 1. These complications can arise 

secondary to loss of active intestinal stem cells (aISCs), which live in the crypt base and produce 

all intestinal epithelial cells 2. These cells are identified by high expression of olfactomedin 4 

(Olfm4) and leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) 3. aISCs live in 

close proximity to the gut microflora. The intimate association of aISCs and gut microbiota 

suggests that microbial signals may influence aISCs’ responses to damage. 

We have previously demonstrated that the presence of enteric bacteria modulates the extent 

of jejunal epithelial damage induced by chemotherapy in mice 4. Doxorubicin (DXR), a commonly 

used chemotherapeutic agent, induces a reliable sequence of apoptosis and impaired proliferation 

followed by epithelial regeneration 1. However, under germ free (GF) or microbial depletion 

conditions, the impaired proliferation and immune cell infiltration does not occur 4,5. Recent work 

from our lab demonstrates acute loss of aISCs in response to DXR in conventionally raised 

(CONV) mice with wild type microbiota (Chapter 3).  

Despite conventional thinking of the crypt as a sterile environment, recent evidence 

suggests that bacterial signaling influences aISC function 6–8. Bacterial-derived lactate signals by 

binding to a receptor present on both Paneth cells and subepithelial cells to drive proliferative Wnt 

signaling in aISCs 6. It has recently been shown that activation of aISC-associated innate immune 

receptor nucleotide-binding oligomerization domain-containing protein 2 (NOD2) by muramyl 

dipeptide (MDP) protects aISCs from excessive reactive oxygen species (ROS) damage 8,9. 

Damage models where NOD2 activation was protective included DXR and irradiation in vivo and 

in vitro 8,9. In contrast, lipopolysaccharide (LPS) binding to toll-like receptor 4 (TLR4) on colonic 
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stem cells increases apoptosis in these stem cells and impairs crypt proliferation 10,11. Therefore, 

potential known mechanisms of bacterial-derived protection of stem cells from injury include 1) 

increased crypt lactate or increased MDP-NOD2 signaling to aISCs, and 2) decreased LPS-TLR4 

signaling to aISCs. We had previously observed reduced epithelial damage in GF and microbial 

depletion models. Thus, we theorized that manipulating bacterial signaling to aISCs by removal 

or depletion of enteric microbiota would enhance aISC survival after DXR-induced damage.  

In this study, we labeled aISCs using transgenic Lgr5-driven fluorescence or with 

immunostaining for OLFM4. We initially examined the effect of DXR in both germ free mice and 

mice depleted of microbiota using an established protocol 9,12,13. We found differences in DXR-

induced loss of aISCs between GF mice and mice treated with broad-spectrum antimicrobials 

(AMBx). aISCs were decreased after DXR in GF mice, whereas AMBx mice retained aISC 

expression after DXR. Neither group of mice exhibited an inflammatory response to DXR, 

suggesting the difference in aISC retention was not due to differences in local tissue inflammation. 

Therefore, we suspected that there was a protective microbial signal present in the AMBx mice 

that was not present in the GF mice. 16S rRNA sequencing of jejunal luminal contents 

demonstrated that AMBx altered the fecal and jejunal microbiota. In the jejunal contents, AMBx 

mice had increased abundance of two genera within the Firmicutes and Proteobacteria phyla: 

Ureaplasma and Burkholderia, respectively. Future studies should assess whether these genera are 

the cause of the aISC retention. These results suggest pro-survival signaling from microbiota in 

AMBx-treated mice to the aISCs, and that this signaling maintains aISCs in the face of 

chemotherapeutic injury. Manipulation of the enteric microbiota presents a therapeutic target for 

reducing the severity of chemotherapy-associated mucositis. 
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Results 

Doxorubicin induces aISC loss in GF mice 

We previously demonstrated that the subsequent immune cell infiltration and epithelial 

damage is dependent on the presence of enteric bacteria after DXR 4. Thus, we hypothesized that 

aISCs would be retained in GF mice, as they exhibit minimal immune cell infiltration and 

secondary tissue damage. We collected tissues from GF mice at various time points after DXR and 

performed OLFM4 immunostaining and Olfm4 in situ hybridization to label aISCs. Unexpectedly, 

we found that aISCs were reduced in GF conditions from 24 to 120 hours (5 days) after DXR, with 

a nadir at 72 hours (Figure 1A, 1B). aISCs, identified by OLFM4 immunostaining and Olfm4 in 

situ hybridization, returned by 168 hours (7 days) after DXR. We verified that DXR did not result 

in upregulation of pro-inflammatory gene transcripts Tnfα, IL1β, and Nos2 in aISC depleted GF 

mice as compared to CONV mice (Figure 1C). This suggests that the aISC depletion in GF mice 

was not due to pro-inflammatory responses within the intestine.  

AMBx mice are protected from DXR-induced aISC loss 

We then determined the effect of AMBx on aISCs after DXR. We monitored aISC presence 

by assessing the retention of two stem cell markers: Lgr5 and Olfm4. Similar to our previous paper 

we administered broad-spectrum oral antimicrobials then injected with DXR or no treatment. 

However, we modified our previous protocol to be administered by twice daily oral gavage of the 

antimicrobial solution to minimize variability of ingested drug and to avoid any influence from 

added sweetener in the solution 12. Control mice (non-AMBx) were gavaged with the same volume 

of vehicle used to suspend the antimicrobials (water) to account for any influence from the minor 

procedural stress of gavage. We collected all tissues at 3 days (72 hours) post DXR as the maximal  
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Figure 1. Doxorubicin induces active intestinal stem cell (aISC) loss in germ free (GF) mice 

(A) Representative images of Olfm4 in situ hybridization in jejunal crypts over time (indicated 

in hours) after doxorubicin (DXR) injection. Representative of n=3 animals/timepoint. Scale bar 

10 μm. (B) Representative images of OLFM4 immunofluorescence in jejunal tissue over time 

(indicated in hours) after DXR. Crypts are outlined by the white dotted lines. Representative of 

n=3 animals/timepoint. Scale bar 50 μm. (C) Log2 fold change of pro-inflammatory transcripts 

normalized to Actb in jejunal tissue after DXR in CONV and GF mice. Data are presented as 

mean ± SD. * p < 0.05; *** p < 0.001; two way ANOVA followed by Tukey’s HSD post hoc 

test. 
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depletion of aISCs is observed by this time point post DXR in GF (Figure 1B) and CONV 

(Chapter 3) mice (Figure 2A).  

AMBx-treated mice lost significantly less weight than non-AMBx mice over time (Figure 

2B). Olfm4 in situ hybridization demonstrated retention of Olfm4 expression after DXR within the 

crypt base of AMBx mice (Figure 2C), consistent with the persistent OLFM4 

immunofluorescence in AMBx mice after DXR (Figure 2D). A subset of the experimental mice 

were Lgr5eGFP-CreERT2 mice, allowing for assessment of aISCs via green fluorescent protein (GFP) 

expression (Figure 2E). The Lgr5eGFP-CreERT2 mouse exhibits mosaicism, resulting in fluorescence 

in about 30% of jejunal crypts 2,14.  AMBx mice post DXR did not lose aISCs as GFP+ crypts were 

retained (mean 21.2 +/- 12.1% crypts) vs non-AMBx mice treated with DXR (mean 5.5 +/- 3.3% 

crypts) (Figure 2E). Consistent with these data, Lgr5 and Olfm4 transcripts in jejunal tissues did 

not decrease in AMBx mice after DXR (Figure 2F), whereas non-AMBx mice after DXR had 

decreased transcripts of Lgr5 and Olfm4 (Figure 2F). These data demonstrate that AMBx 

treatment is associated with aISC retention in the face of DXR-induced epithelial damage. 

AMBx mice have reduced pro-inflammatory transcripts and macrophage infiltration after DXR 

We have previously shown that inflammatory cell infiltrate which appears in non-AMBx 

mice 5 days post-DXR is abrogated in AMBx mice 5. We considered that upregulated pro-

inflammatory transcripts and the presence of inflammatory cell infiltrate could be transiently 

present at 3 days in AMBx mice. Therefore, we next evaluated DXR-induction of pro-

inflammatory gene expression and lamina propria macrophage infiltration in AMBx mice 

compared to non-AMBx mice. 
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Figure 2. Antimicrobial-treated mice retain aISCs after DXR 

(A) Experimental design to examine the influence of prolonged antimicrobial treatment 

(AMBx) delivered via gavage versus non-AMBx mice gavaged with water (vehicle). Feces 

were collected as indicated. At the end of 4 weeks, mice were either injected with DXR or no 

treatment and sacrificed 3 days later. (B) Weight loss over time after DXR injection in the 

two DXR-treated groups. Data are presented as mean ± SD (n=8/group). * p < 0.05; repeated 

measures two way ANOVA followed by Holm-Sidak post hoc test. (C) Representative 

images of Olfm4 in situ hybridization in the indicated experimental groups. Scale bar 20 μm. 

Representative of n=3-5 animals/group.  (D) Representative images and quantification of 

OLFM4 immunofluorescence in the indicated experimental groups. Crypt bases are outlined 

by the white dotted lines. See methods for staining rubric. Scale bar 20 μm. Data are 

presented as mean ± SD. *** p < 0.001; **** p < 0.0001; two-way ANOVA followed by 

Tukey’s HSD post hoc test. (E) Representative images and quantification of Lgr5eGFP+ 

fluorescence in the jejunum of Lgr5eGFP-CreERT2 mice in the indicated experimental groups. 

Crypt bases are outlined by the white dotted lines. Scale bar 50 μm. Data are presented as 

mean ± SD. *** p < 0.001; **** p < 0.0001; two way ANOVA followed by Tukey’s HSD 

post hoc test. (F) Log2 fold change of Olfm4 and Lgr5 expression normalized to Actb in 

jejunal tissue in the indicated experimental groups. Data are presented as mean ± SD. * p < 

0.05; two way ANOVA followed by Tukey’s HSD post hoc test. 
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Pro-inflammatory transcripts Tnfα, IL1β, and Nos2 were variably upregulated after DXR 

in non-AMBx mice (Figure 3A). Control (non-DXR) AMBx mice appeared to have a modest 

downregulation of these transcripts as compared to control non-AMBx mice, and did not exhibit 

an increase in pro-inflammatory transcripts after DXR (Figure 3A). These data suggest that AMBx 

mice already had lower expression of these pro-inflammatory transcripts, and that expression of 

these transcripts was minimally affected by DXR, unlike in mice with an unaltered microbiota. 

Similarly, the chemokine transcripts Ccl2 and Ccl7 were upregulated after DXR in non-AMBx 

mice (Figure 3B). There was more variation in these chemokine transcripts in the AMBx mice 

after DXR, suggesting some potential for recruitment of inflammatory cells such as macrophages 

into the tissues of AMBx mice. Therefore, we assessed macrophage infiltration by 

immunofluorescence of the jejunal tissues collected from all experimental groups. 

Non-AMBx mice after DXR exhibited macrophage infiltration into the lamina propria of 

the jejunum (Figure 3C, bottom left). These macrophages were broadly present throughout the 

lamina propria, not restricted to the crypt base, which suggests they are responding to non-

localized chemotaxis signals along the crypt-villus axis. Tissue macrophages are normally 

observed in homeostasis, as evident in the villi of both non-DXR groups (Figure 3C, top). 

However, after DXR, no increase in this infiltration was observed in AMBx mice (Figure 3C, 

bottom right). These data suggest that AMBx mice lack macrophage infiltration after DXR, 

potentially due to a lack of immune stimulation. Additionally, this absence of immune infiltration 

reduces the secondary tissue damage that occurs from inflammatory cell products, such as ROS.  
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Figure 3. DXR-induced pro-inflammatory transcripts and macrophage infiltration are 

abrogated by pre-treatment with AMBx 

(A) Log2 fold change of Tnfα, IL1β, and Nos2 expression normalized to Actb in jejunal tissue 

in the indicated experimental groups. Data are presented as mean ± SD. * p < 0.05; two way 

ANOVA followed by Tukey’s HSD post hoc test. (B) Log2 fold change of Ccl2 and Ccl7 

expression normalized to Actb in jejunal tissue in the indicated experimental groups. Data are 

presented as mean ± SD. * p < 0.05; two way ANOVA followed by Tukey’s HSD post hoc test. 

(C) Representative images of macrophage infiltration into jejunal tissues identified by F4/80 

immunofluorescence in the indicated experimental groups. Representative of n=3 

animals/group. Scale bar 50 μm. 
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AMBx mice have increased epithelial mass and maintain crypt proliferative activity in vivo after 

DXR 

We observed differences between GF and AMBx treated mice in stem cell preservation, 

therefore we considered that there may be a pro-proliferative response in AMBx mice. Increased 

proliferation has been associated with enhanced stem cell recovery after intestinal damage 15. 

Previous studies have shown that AMBx-treated mice have larger ceca and increased 

transcriptional expression of cell proliferation pathways in cecal enterocytes 13. We examined the 

jejunal histomorphometry and proliferation in the same experimental groups as set forth in Figure 

2A. 

The small intestinal lengths of all AMBx mice were significantly longer than non-AMBx 

mice (Figure 4A). Additionally, the jejunal villi were longer in AMBx mice (Figure 4A) and 

significant jejunal dilation was observed in AMBx mice (Figure 4B). Taken together, these data 

suggest that AMBx treatment increased total epithelial mass in the small intestine. Despite the 

increased diameter and length of the small intestine in AMBx mice, there were limited increases 

in crypt width and depth (Figure 4C), suggesting that the increased epithelial mass was also 

associated with more total crypts/intestine. Cecal length was also increased in AMBx mice 

(Supplemental Figure 1), as demonstrated previously 13. DXR induced small intestinal shortening  

in non-AMBx mice (Figure 4A) which is consistent with the moderate to severe crypt loss 

typically observed in this model 1. AMBx mice were protected from this small intestinal 

shortening. We also evaluated cellular proliferation within the crypt epithelium using KI67 

immunofluorescence, a marker of proliferation that is present during all active phases of the cell 

cycle. No difference was observed between AMBx and non-AMBx mice without DXR treatment  
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Figure 4. AMBX mice exhibit increased epithelial proliferation 

(A) Total length of the small intestine measured at tissue collection in indicated experimental 

groups. Average villus length per animal (n=30 villi/animal) in the indicated experimental 

groups measured on jejunal cross sections. (B) Representative images of cross sectional 

jejunal tissues stained with hematoxylin & eosin from the indicated experimental groups. 

Scale bar 200 μm. Average jejunal circumference measured on cross section images (n=3-5 

sections/animal). (C) Average jejunal crypt depth and width per animal (n=30 crypts/animal) 

in the indicated experimental groups. (D) Representative crypt images of KI67 

immunofluorescence in the indicated experimental groups. Scale bar 20 μm. See methods for 

scoring rubric. (E) Organoid plating efficiency (% crypts growing 1 day after plating/total 

crypts plated) in the indicated experimental groups. For all panels, letters indicate groups that 

are significantly different from each other (p < 0.05, two way ANOVA followed by Tukey’s 

HSD post hoc test). 
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(Figure 4D). However, AMBx mice were protected from the impaired proliferation observed in 

non-AMBx mice after DXR treatment (Figure 4D). 

In spite of the increased proliferation and the retention of aISCs in DXR-treated AMBx 

mice, we found that isolated crypts from AMBx mice after DXR treatment grew poorly (Figure 

4E). Regardless of AMBx treatment, DXR administration impaired the ability of crypts to grow 

in culture. Possible explanations for impaired in vitro growth include: 1) the stresses of isolation 

and culture on DXR-injured cells negates the enhanced survival ability of AMBx-treated aISCs, 

and 2) a pro-survival influence on the aISCs, such as microbial signaling, has been removed by 

transferring to culture. 

 

Antimicrobial administration induces shifts in the fecal microbiota over time  

Given the differences between GF and AMBx mice, we examined the fecal microbiota 

alterations induced by AMBx treatment. We monitored fecal bacterial load and microbiota 

composition over time after initiation of AMBx and after DXR. Samples were obtained as 

indicated in Figure 2A to monitor the bacterial composition of the feces and the jejunal contents.  

Previous studies have indicated a depletion of the microbial load after a similar AMBx 

treatment 12,13. We identified a significant but transient depletion of total bacteria at 1 week post 

initiation of AMBx (Figure 5A, 5B). However, in subsequent weeks, the total bacterial load 

rebounded to similar levels as pre-AMBx, albeit with a modest reduction in culturable anaerobic 

fecal bacteria still present (Figure 5A, 5B). However, visual inspection of the culture plates 

demonstrated that AMBx-treated culture plates exhibited a morphologically uniform appearance 

of the majority of the colonies. This was supportive of an altered microbiota with decreased 

diversity in the AMBx mice.  
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We performed 16S rRNA sequencing to further investigate the apparent alterations in 

microbial diversity induced by AMBx treatment. We identified a loss of species diversity in the 

feces induced by AMBx consistent with the visual conclusions from the culture plates (Figure 

5C). This decrease in species diversity persisted throughout the AMBx treatment, suggesting that 

despite the increased bacterial load at later time points, the fecal bacterial diversity did not increase. 

An expansion of the Proteobacteria and Firmicutes phyla was observed in all AMBx treated mice, 

with nearly complete depletion of Bacteroidota (Figure 5D). Similarly, Zarrinpar et al 

demonstrated that feces from mice treated with a nearly identical broad spectrum antibiotic 

regimen had expansion of Proteobacteria 13.  

We then examined the beta diversity of the samples, which is a measure of the similarities 

between microbial communities. A distance matrix was calculated using the phylogenetic 

distances between the identified operational taxonomic units (OTUs) in the samples, weighted by 

the abundance of these OTUs (weighted UniFrac distance). This matrix was visualized using a 

principal coordinates analysis (PCoA) ordination plot, where the similarity between sample points 

is represented by the distance between them: points close together are more similar in microbial 

community composition than those points that are far apart. The microbial communities observed 

after AMBx initiation were distinct from non-AMBx mice (Figure 5E), as expected from previous 

studies 5,12,13. All mice before treatment clustered together, and the microbial communities in non-

AMBx mice did not undergo a shift over the experimental period (Figure 5E). This suggests that 

the gavage-related stress had minimal impact on microbial communities, thus the shift observed 

in AMBx mice over time was due to AMBx treatment. No consistent shift in fecal microbial 

communities was observed after DXR in either group, although any modest impact may have been 

obscured by individual variation and small sample size (Figure 5E, Groups: No AMBx+DXR  
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Figure 5. AMBX treated mice exhibit altered fecal microbiota 

(A) Log2 fold change of the V2 region of 16S rRNA isolated from feces obtained from mice 

treated with AMBx or vehicle control as per Figure 2A. 16S rRNA signal was normalized to 

host DNA (mouse PlgR). **** p < 0.0001; mixed effects model followed by Holm-Sidak 

post hoc test.  (B) Aerobic and anaerobic bacterial enumeration on feces acquired from 

AMBx mice. * p < 0.05; repeated measures one way ANOVA followed by Holm-Sidak post 

hoc test. (C) Shannon alpha diversity of fecal bacteria over the study period. n=3-4 

animals/group. (D) Relative abundance of bacterial phyla in the feces of each animal in the 

indicated groups over the study period. (E) Principal coordinates analysis (PCoA) derived 

from weighted UniFrac distances among fecal samples of the four experimental groups over 

time. For each axis, the percent of variation explained is reported in square brackets. Only 

feces obtained after DXR administration are identified as DXR in the Groups legend and on 

the plot (purple). 
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(red) vs AMBx+DXR (purple)). There were no apparent pre-DXR differences between the two 

AMBx-treated experimental groups in beta diversity (Supplemental Figure 2). These data 

demonstrate that AMBx treatment produces a dramatic shift in the fecal microbiota. 

Antimicrobial administration alters the local jejunal microbiota 

We next examined the jejunal microbiota to understand local microbial alterations that may 

be directly impacting the aISCs. Due to the difficulty of obtaining this sample ante-mortem, all 

jejunal samples were obtained at the time of sacrifice from the lumen of the intestine (Figure 2A). 

Similar to the fecal samples, alpha diversity was reduced after AMBx treatment in the jejunal 

contents (Figure 6A). Consistent with the lower bacterial diversity present in the small intestine, 

the non-AMBx jejunal samples had modestly reduced levels of alpha diversity as compared to 

fecal samples (Figure 5C).  

Jejunal contents in non-AMBx mice were largely composed of Firmicutes phylum, 

regardless of DXR treatment (Figure 6B). A modest expansion of Proteobacteria was observed in 

non-DXR-treated AMBx mice although the Firmicutes were still the most abundant phylum 

(Figure 6B). Interestingly, after DXR, AMBx mice had an expansion of Cyanobacteria phylum in 

3/4 animals, whereas Proteobacteria was the most abundant in one animal (Figure 6B). In general, 

there was higher individual animal variation in relative phyla abundance in the jejunal contents as 

compared to the fecal samples (Figure 6B). 

A principal coordinates of analysis (PCoA) plot performed with weighted UniFrac 

distances (taking into account the OTU abundance) was used to interrogate the jejunal beta 

diversity. The beta diversity was strongly influenced by the AMBx treatment, similar to the fecal 

communities (Figure 6C). There was no apparent impact by DXR treatment on the community 

beta diversity.  
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We performed pairwise comparisons of the jejunal contents to determine significantly 

different OTUs between experimental groups. First, we examined the interaction between DXR 

and the microbiota by comparing AMBx to non-AMBx groups of DXR-treated mice. We found 

significantly increased OTUs within the phyla Proteobacteria (Burkholderia, Pseudomonas and 

Ochrobactrum) and Firmicutes (Streptococcus, Ureaplasma) in DXR-treated AMBx jejunal 

contents when compared to DXR-treated non-AMBx mice (Supplemental Figure 3A). As 

Ochrobactrum was the only genus significantly increased in DXR-treated AMBx mice as 

compared to non-DXR AMBx mice (Supplemental Figure 3B), it appears that DXR treatment 

specifically in AMBx mice allowed for expansion of Ochrobactrum in jejunal contents. In non-

AMBx animals, DXR treatment was associated with increases in several genera of the phylum 

Firmicutes (Supplemental Figure 3C).  

We hypothesized that the microbiota present at the time of injection would be the most 

influential on the aISCs, as these cells are depleted as early as 24 hours after DXR injection. 

Therefore, we focused on the influence of AMBx treatment in the jejunum. We compared the 

differential expression of OTUs between non-AMBx and AMBx mice, without the confounding 

influence of DXR (Figure 6D). Several OTUs were significantly decreased in the AMBx mice, as 

expected with reduced species diversity (Figure 6D) and similar to that observed when comparing 

the two DXR treated groups (Supplemental Figure 3C). Significantly increased OTUs in AMBx 

mice without DXR’s influence were identified in Firmicutes and Proteobacteria phyla, 

specificially genera Burkholderia and Ureaplasma (Figure 6D). These two genera were also 

increased in jejunal contents of AMBx mice 3 days after DXR administration (Supplemental 

Figure 3A). As these genera were identified in both groups of AMBx mice, and given that only 

AMBx treated mice retain aISCs after DXR, we suggest that these bacteria may have a pro-survival  
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Figure 6. AMBx mice have an altered jejunal microbiota with significant expansion of 

Ureaplasma and Burkholderia 

(A) Shannon alpha diversity of jejunal contents obtained from the experimental mice at the 

conclusion of the study period. Data are presented as box and whisker plots (min-max). (B) 

Relative abundance of bacterial phyla in the jejunal contents of each animal in the indicated 

groups at the conclusion of the study period. (C) Principal coordinates analysis (PCoA) 

derived from weighted UniFrac distances among jejunal samples of the four experimental 

groups collected at the conclusion of the study period. For each axis, the percent of variation 

explained is reported in square brackets. (D) Antimicrobial influences on the jejunal 

microbiota of non-DXR treated mice. The plot shows significantly different average log2 fold 

change of taxa abundance in AMBx mice as compared to non-AMBx mice. p < 0.01, Wald 

test followed by Benjamini-Hochberg correction for multiple comparisons (n=3-4/group). 
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influence on aISCs. Future studies examining the potential influence of these taxa may illuminate 

therapeutic targets for enhancing aISC survival after injury. 

 

Discussion 

In this study, we have demonstrated that AMBx pre-treatment alters the jejunal microbiota 

and retains the aISCs in the face of DXR-induced damage. We have previously shown that the 

subsequent pro-inflammatory response and immune cell infiltration is dependent on the presence 

of enteric bacteria 5. We confirmed this finding in the current study in addition to demonstrating 

that GF mice have reduced aISC markers due to DXR. Based on the unique retention of aISCs in 

the AMBx model, we demonstrated that jejunal bacteria present after AMBx treatment influence 

aISC behavior in response to chemotherapy.  

Using a similar AMBx protocol, Zarrinpar et al demonstrated that AMBx treated mice 

exhibited an elongated and enlarged intestine, consistent with our findings 13. Cecal tissues isolated 

from AMBx mice expressed increased glucagon-like peptide-1 (Glp-1), an incretin involved with 

management of the enteroinsular axis and proliferation 13. Additionally, AMBx treatment altered 

bile acid metabolism and cellular metabolism within the cecal enterocytes, though it is unclear 

whether these alterations extend to the small intestine 13. There are distinct metabolic differences 

between the small intestinal epithelium and the cecal and colonic epithelium 16. Therefore, 

Zarrinpar et al’s findings in the cecal tissue cannot be directly applied to the small intestine 13. In 

a preliminary experiment (data not shown), we were unsuccessful in identifying enhanced aISC 

survival after DXR in mice treated with a GLP-1 agonist. 

The differences between jejunal and fecal bacterial composition identified here support the 

importance of examining the microbiota associated with the region of interest 17. AMBx resulted 
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in a general decrease in the majority of intestinal microbes, as expected due to the antimicrobial 

administration. Within the jejunal microbiota examined here, we found significant expansion of 

two genera in AMBx treated mice, Burkholderia and Ureaplasma. Members of both genera have 

been associated with antimicrobial resistance and opportunistic infections in immunocompromised 

patients 18,19. AMBx depletion of susceptible bacteria likely allowed for the expansion of these 

antimicrobial resistant taxa within the jejunal contents. 

It is unknown whether these identified genera are a causal factor in the retention of aISCs 

in this model. It is possible that one or both of the identified genera manipulates the balance of 

apoptotic vs pro-survival signaling within the crypt. As mentioned previously, LPS stimulation of 

TLR4 causes aISC apoptosis 11, whereas bacterial-derived lactate and stimulation of NOD2 by 

intracellular MDP are cytoprotective for aISCs 6,8,9. Enteroid yield was enhanced by MDP 

stimulation of enteroids isolated from mice 72 hours after DXR, suggesting that MDP stimulation 

is important for aISC survival after DXR 9. MDP is derived from peptidoglycan from both gram 

positive and negative bacteria, thus both genera could stimulate NOD2. Burkholderia spp. express 

LPS although the pathogenicity varies between species, depending on the lipid A structure 20. Thus, 

this genera could negatively impact aISCs through TLR4 signaling. In contrast, Ureaplasma spp. 

lack LPS and suppress TLR4 expression in monocytes 21. Additionally, Ureaplasma spp. suppress 

inflammatory forms of cellular death (such as pyroptosis) in endothelial cells 22. Therefore, it is 

possible that Ureaplasma in particular could drive microbiota-host signaling towards an aISC-

protective environment. Further investigation of the epithelial host response to these two genera is 

required to determine whether they are associated with the retention of aISCs in this model. 

Approaches such as fluorescence in situ hybridization with taxa-specific probes may identify 
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proximity of these bacteria to aISCs at the base of the intestinal crypts. If identified, this would 

also support a host-microbiota relationship underpinning aISC survival in this model. 

DXR is a chemotherapeutic anthracycline produced by a strain of Streptomyces peucetius. 

DXR has antibiotic activity via induction of DNA damage in bacteria, and thus could have an 

impact on the intestinal microbiota. We identified several taxa that are modestly affected by DXR 

injection, although it is unclear whether this is a direct or indirect (secondary to host response) 

function of DXR treatment. In addition, DXR can be inactivated via deglycosylation by 

environmental Actinobacteriota 23, and by a variety of Enterobacteriaceace found in the human gut 

24. We did not identify expansion of Actinobacteriota in AMBx treated mice, but there was a 

modest increase in Proteobacteria (which include the Enterobacteriaceace family). Burkholderia 

spp. are not in the Enterobacteriaceace family, although it is unknown whether they may share the 

ability to detoxify DXR. Thus, alterations in microbiota, particularly within the 

Enterobacteriaceace family, could alter the concentration of active DXR available to induce 

intestinal epithelial damage.  

We believe that results from AMBx mice are more reflective of clinically relevant host 

responses to intestinal damage. GF mice have an altered development of the immune system, 

including intestinal innate immunity, and the enteric nervous system 25. Broad spectrum AMBx 

administered to adult mice has an advantage over use of GF mice, as AMBx mice have normal 

growth and development associated with microbial signaling prior to microbial depletion 12. The 

ability to manipulate aISC survival or apoptosis via microbial signaling has broad ranging 

implications for intestinal regenerative therapies and cancer biology.  
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Methods 

Mice  

C57Bl6/J mice, bred in-house at North Carolina State University, were used for the 

majority of experiments, except for where indicated. Lgr5eGFP-CreERT2 2 mice were bred in-house at 

North Carolina State University from established lines (all on C57Bl6/J background). Gnotobiotic 

(germ free) C57Bl6 mice were managed and treated with DXR by the Gnotobiotic Core at North 

Carolina State Univerrsity. All animals were cared for under the North Carolina State University’s 

IACUC guidelines. Experiments were performed by B. Sheahan. 

All experiments were performed on 12-24 week old mice, with approximately equal 

numbers of male and female mice. Prior to receiving antimicrobials, all animals were co-housed 

with same-sex litter mates, which were used as controls whenever possible. The n for each 

experiment is indicated either in the figure legend or graphically represented by symbols in the 

figure panel. 

Antimicrobial administration  

Mice were administered a broad-spectrum mixture of antimicrobials or sterile water for 

four weeks modified from Reikvam et al 12. Mice were administered amphotericin B (1 mg/kg) for 

3 days of twice daily gavage to prevent development of mycotic typhlitis. The amphotericin B was 

diluted in sterile water to administer 10 ul/1 gram BW. Following the 3 days of antifungal, mice 

were gavaged twice daily with the following mixture: 1 mg/kg amphotericin B, vancomycin 50 

mg/kg, metronidazole 100 mg/kg, and neomycin 50 mg/kg, dissolved in sterile water to administer 

a volume of 10 ul/gram BW. Antimicrobial treated mice also received 1 mg/1 mL of ampicillin 

dissolved in drinking water. Control mice were gavaged with sterile water (10 ul/1 gram BW) 

twice daily to keep the gavage-induced stress consistent between groups. Mice were singly housed 
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for 5-7 days prior to initiating the treatment to allow acclimatization, then kept singly housed for 

the duration of the treatment. Gavage treatments were continued until sacrifice. 

Doxorubicin injection  

Mice were injected once with 20 mg/kg doxorubicin HCl (Actavis Pharma, New Jersey, 

USA) intraperitoneally four weeks after initiation of gavage with antimicrobials. Mice were 

monitored for weight loss daily. If mice lost >20% of initial body weight, they were euthanized in 

accordance with IACUC protocol. 

Isolation of jejunum  

Mice were euthanized by cervical dislocation after anesthesia with isoflurane. Small 

intestine was immediately collected after euthanasia and flushed with ice-cold 1x PBS (Ca2+ and 

Mg2+ free) except for when jejunal contents were collected for sequencing. The small intestine 

proximal to the ligament of Treitz (signifying the duodenojejunal juncture) was discarded, and the 

proximal one-half (approximately 10-12 cm) of the remaining intestine was identified as jejunum.  

Quantitative reverse-transcriptase PCR (qRT-PCR)  

Total RNA was isolated from jejunal tissues with the RNeasy Mini kit (Qiagen) per the 

manufacturer’s protocol. Quality of mRNA was verified with a Nanodrop 2000 spectrophotometer 

(Thermo Fisher). 500 ng cDNA was synthesized using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems), with RNase A included in the reaction, following the 

manufacturer’s protocol. qRT-PCR analysis was performed with 25 ng cDNA/well using Taqman 

Universal Master Mix II with UNG (Applied Biosystems), on a QuantStudio 6 PCR system 

(Thermo Fisher) for the following Taqman probes: Actb (Mm02619580_g1), Lgr5 

(Mm00438890_m1), Olfm4 (Mm01320260_m1), Tnfα (Mm00443258_m1), Il1β 

(Mm00434228_m1), Nos2 (Mm00440502_m1), Ccl2 (Mm00441242_m1), Ccl7 



   

161 

 

(Mm00443113_m1). Signals were normalized to Actb for each sample, and relative fold changes 

were calculated via ΔΔCt analysis. 

Jejunal crypt isolation  

Chemical and mechanical dissociation was performed to obtain jejunal crypts as previously 

described with modifications 26. After filleting the length of the isolated jejunum, the jejunum was 

incubated in 30 mM EDTA (pH 7.4) for 30 minutes on ice. Tissue was transferred to 1x PBS (Ca2+ 

and Mg2+ free), and mechanical dissociation (shaking) was performed to exfoliate crypts from the 

underlying lamina propria. Crypts were separated from intact villi by passage through a 70 um cell 

strainer prior to counting. 

Crypt culture  

Approximately 100 isolated jejunal crypts were resuspended in 20 μl Matrigel (Corning) 

and placed in 48 well tissue culture plates. After polymerization of the Matrigel, 250 μl of media 

was added per well. The media consisted of Advanced DMEM/F12 (Invitrogen) containing growth 

factors (50 ng/ml recombinant mouse EGF (R&D Systems), 500 ng/ml R-spondin 1 (R&D 

Systems), 100 ng/ml recombinant mouse Noggin (Peprotech), 1x N2 supplement (Gibco), 1x B27 

(Gibco), 10 uM HEPES (Gibco), 1x Glutamax (Gibco), and 500 ug/ml penicillin-streptomycin 

(Gibco)). Media was changed every other day. Enteroids were imaged and counted one day after 

plating to determine % plating efficiency (# enteroids growing/# crypts plated) using an inverted 

Olympus IX83 microscope. 

Histomorphometry  

For histology, jejunal tissues were fixed in 10% zinc formalin for 12-18 hours, transferred 

to 70% ethanol for < 2 weeks, and embedded in paraffin. 5 μm sections were adhered to Superfrost 

Plus slides (Thermo Fisher, 4951PLUS4) and stained with hematoxylin & eosin by the NCSU 
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Histology Core. At least 3 cross sections of jejunum were imaged with an inverted Olympus IX83 

microscope using brightfield microscopy. 10 villi or crypts were counted per section per mouse. 

Circumference, villi length, crypt depth, and crypt width were measured using FIJI (ImageJ) by a 

blinded observer 27. 

Immunofluorescence  

For immunofluorescence, jejunal tissues were fixed in 4% paraformaldehyde for 12-18 

hours, dehydrated in 30% sucrose for 24 hours, embedded in OCT (optimal cutting temperature 

compound), and stored at -80⁰C until sectioning. 7 μm sections were adhered to Superfrost Plus 

slides (Thermo Fisher, 4951PLUS4) and OCT was removed by immersion in 1X PBS after drying. 

Sections where GFP fluorescence was imaged were then directly mounted with Hard Set mounting 

medium with DAPI (Vector Laboratories, H-1500) and imaged with an inverted Olympus IX83 

microscope. For antibody-tagged sections, staining was performed as described below before 

mounting as for the GFP fluorescence. Control sections were incubated with IgG of the same 

primary species or blocking solution (5% BSA or 10% FBS in 1x PBS) for all immunofluorescent 

experiments.  

For OLFM4 and KI67 immunofluorescence, sections were antigen retrieved in sodium 

citrate buffer (2.94 g sodium citrate, 300 μl Tween 80, pH 6) using a pressure cooker. Sections 

were blocked in 10% FBS in PBS for 1 hour at room temperature, incubated overnight at 4⁰C with 

primary antibodies, washed in 1x PBS, and incubated for 1 hour at room temperature with 

secondary antibodies. Sections were immersed in 1x PBS and mounted as described above. 

Antibodies included: rabbit anti-OLFM4 (1:500, 39141S) and rat anti-KI67 eFluor660 (1:250, 50-

5698-82). The secondary antibody was donkey anti-rabbit AF488 (1:500, A21206). Sections were 
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immersed in 1x PBS and mounted/imaged as described above. Sections were pseudocolored during 

processing for improved distinction. 

For F4/80 immunofluorescence, sections were lightly fixed and permeabilized with 

methanol/acetone (50%/50%) for 20 minutes at -20⁰C. After washing with 1x PBS, sections were 

blocked with 5% BSA in PBS for 1 hour at room temperature, incubated overnight at 4⁰C with 

primary antibody, rat anti-F4/80 (1:200, ab6640), washed in 1x PBS, and incubated for 1 hour at 

room temperature with secondary antibody, goat anti-rat APC (1:500, A10540). Sections were 

immersed in 1x PBS and mounted/imaged as described above. Sections were pseudocolored during 

processing for improved distinction.  

In situ Hybridization  

In situ hybridization for Olfm4 probe was performed using RNAscope chromogenic assay 

2.5, with Ppib as positive control probe and Dapb as negative control probe. RNAscope’s 

recommended scoring guideline for positive cells was applied to hybridized slides by a blinded 

observer. Only epithelial crypt cells were considered to be cells of interest.  

Image acquisition  

Images were captured using an inverted fluorescence microscope (Olympus IX83, Tokyo, 

Japan) fitted with a monochrome digital camera (ORCA-flash 4.0, Hamamatsu, Japan) and color 

camera (DP26, Olympus, Tokyo, Japan). The objective lenses used were X10, X20 and X40 with 

numerical apertures of 0.3, 0.45 and 0.6, respectively (LUC Plan FLN, Olympus, Tokyo, Japan). 

OLFM4 scoring  

OLFM4 is difficult to quantify precisely as a secreted protein. Therefore, a blinded scoring 

system was adapted from Besson et al to capture 4 categories of OLFM4 immunopositivity 28. 

These were scored by the intensity of the fluorescence, to approximate the number of cells positive 
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for OLFM4. Only complete jejunal hemicrypts were scored (> 10 crypts/mouse). The scoring 

scheme is as follows: 0: negative; 1: 1-2 positive cells/faint; 2: 3-5 positive cells/moderate; 3: > 6 

positive cells/intense. 

KI67 scoring  

KI67 typically marks many cells in the crypt and is often overlapping, making absolute 

quantification difficult. Therefore, KI67 immunopositivity was quantified using the following 

scoring scheme: 0: < 5 positive cells; 1: 5-10 positive cells; 2: 10-20 positive cells; 3: > 20 positive 

cells. Only complete jejunal hemicrypts were scored (> 10 crypts/mouse). 

Bacterial culture  

Feces were collected directly from mice via defecation into a pre-weighed sterile 

microcentrifuge tube. The feces were diluted in PBS and vortexed to make a slurry. Serial dilutions 

were performed to out to 1 e -8 and plated for enumeration on either 5% Columbia sheep’s blood 

agar (Thermo-Fisher) or anaerobic agar (Thermo-Fisher). The aerobic cultures were placed in a 37 

⁰C 5% CO2 incubator for 48 hours. The anaerobic cultures were placed in an anaerobic jar chamber 

(Mitsubishi Gas Chemical) with AnaeroPack (Mitsubishi Gas Chemical) and an oxygen indicator 

to ensure maintenance of anaerobic conditions for 72 hours (37 ⁰C incubator). All plates were 

quantified by identifying the dilution that had 30-100 individual bacterial colonies present per 20 

μl droplet. The bacterial load was calculated after accounting for the initial fecal pellet weight. 

16S sequencing  

Feces were collected directly from mice via defecation into a sterile microcentrifuge tube. 

Jejunal samples for 16S sequencing were obtained by physically extruding luminal contents from 

the entire jejunum into a sterile microcentrifuge tube. After collection of samples, tubes were then 

placed in liquid nitrogen and kept at -80 ⁰C until analysis.  
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For the jejunal analysis and paired fecal analysis, the University of Michigan Microbiome 

Core completed 16S sequencing of the V4 region. Fecal pellets or jejunal contents were inserted 

into premade microbiota plates prior to shipment to the Core. Microbial DNA was extracted from 

murine feces and jejunal contents using the Qiagen MagAttract PowerMicrobiome DNA/RNA kit 

(Qiagen, catalog no. 27500-4-EP). Extracted DNA was then used to generate 16S rRNA libraries 

for community analysis. The process used for library generation has been previously described by 

Seekatz et al 29. Briefly, barcoded dual-index primers specific to the V4 region of the 16S rRNA 

gene amplify the DNA 30. PCR reactions are composed of 5 µL of 4 µM equimolar primer set, 

0.15 µL of AccuPrime Taq DNA High Fidelity Polymerase, 2 µL of 10x AccuPrime PCR Buffer 

II (Thermo Fisher Scientific, catalog no. 12346094), 11.85 µL of PCR-grade water, and 1 µL of 

DNA template. The PCR conditions used consisted of 2 min at 95°C, followed by 30 cycles of 

95°C for 20 s, 55°C for 15 s, and 72°C for 5 min, followed by 72°C for 10 min. Each PCR reaction 

was normalized using the SequalPrep Normalization Plate Kit (Thermo Fisher Scientific, catalog 

no. A1051001). The normalized reactions were pooled and quantified using the Kapa Biosystems 

Library qPCR MasterMix (ROX Low) Quantification kit for Illumina platforms (catalog no. 

KK4873). The Agilent Bioanalyzer was used to confirm the size of the amplicon library (~399 bp) 

using a high-sensitive DNA analysis kit (catalog no. 5067-4626). Pooled amplicon library was 

then sequenced on the Illumina MiSeq platform using the 500 cycle MiSeq V2 Reagent kit (catalog 

no. MS-102-2003) according to the manufacturer's instructions with modifications of the primer 

set with custom read 1/read 2 and index primers added to the reagent cartridge. The “Preparing 

Libraries for Sequencing on the MiSeq” (part 15039740, Rev. D) protocol was used to prepare 

libraries with a final load concentration of 5.5 pM, spiked with 15% PhiX to create diversity within 

the run. FASTQ files were generated for paired-end reads. 
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Microbiota analysis  

All analysis was performed in Rstudio (version 1.3.959; R version 4.0.2), using the R 

package DADA2 (version 1.16.0) 31 for quality control and trimming, the R packages phyloseq 

(version 1.32.0) 32 and DESeq2 (version 1.28.1) 33 for analysis, and the R package ggplot2 (version 

3.3.2) 34 for graphical representation. Reads were assessed for quality control, trimmed to remove 

low quality sequences and primer sequences, and aligned to a 16S rRNA reference taxonomic 

database (Silva version 138) 35. Silva v138 is based on the Genome Taxonomy Database (GTDB) 

36. All low prevalence phyla (present in 0-1 samples) were removed but no other preprocessing 

(rarefication or normalization) was performed prior to analysis 37. Total reads obtained from feces 

and from jejunal contents are graphically represented in Supplemental Figure 4A and 4B. Alpha 

diversity was evaluated in all samples by Shannon diversity, which weights the number of bacterial 

species by their relative evenness. Beta diversity, or the similarity between samples, was evaluated 

with a weighted UniFrac metric to determine the distance between samples and Principal 

Coordinates Analysis (PCoA) ordination plot was used to visualize the data. AMBx treatment 

resulted in overabundance of a few phyla so the weighted UniFrac metric was used, which takes 

into account the abundance of the OTUs. 

Statistical analysis  

All statistics and preparation of graphs were performed in GraphPad 8 (LaJolla, CA). FIJI 

was utilized for image analysis and counting of cells (ImageJ). No a priori calculations were 

performed for sample size analysis. Normality was assessed by Shapiro-Wilk and Q-Q plots prior 

to parametric testing by Student’s t test or ANOVA followed by post hoc testing as appropriate for 

the number of groups. Repeated measures ANOVA was performed for groups that included the 

same mice that were sampled over time. When there were missing values, instead of a repeated 
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measures ANOVA we analysed the data by fitting a mixed model as implemented in GraphPad 8. 

This mixed model uses a compound symmetry covariance matrix, and is fit using Restricted 

Maximum Likelihood (REML). In the presence of random missing values, the results can be 

interpreted like an repeated measures ANOVA. Where this was used, the Geisser-Greenhouse 

correction was applied to correct for non-equal sphericity. DEseq2 fits a negative binomial 

generalized linear model to each OTU abundance and tests differential expression by calculating 

a p-value with a Wald test followed by Benjamini-Hochberg correction for multiple tests. In each 

pairwise comparison, the untreated (either No AMBx or No DXR) group was considered as the 

reference population for calculation of the log2 fold change. 
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Figure S1. AMBx mice have increased cecal length 

Total length of the cecum measured at tissue collection in indicated experimental groups. 

Letters indicate groups that are significantly different from each other (p < 0.05, two way 

ANOVA followed by Tukey’s HSD post hoc test). 

 

Figure S2. Beta diversity of AMBx treated groups do not differ from each other prior to 

DXR treatment 

Principal coordinates analysis (PCoA) derived from weighted UniFrac distances among fecal 

samples of the four experimental groups over time. For each axis the percent of variation 

explained is reported in square brackets. This is the same plot as Figure 5E, but mice are labeled 

with their Group assignment for all time points instead of restricting the DXR label to feces 

obtained post-DXR. 
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Figure S3. AMBx treatment results in decreases across multiple OTUs and DXR is 

associated with an increase in genera belonging to the Firmicutes phylum 

(A) Antimicrobial influences on the jejunal microbiota in DXR treated mice. The plot shows 

significantly different log2 fold change of taxa abundance in AMBx mice as compared to 

non-AMBx mice (n=3-4/group). p < 0.01, Wald test followed by Benjamini-Hochberg 

correction for multiple comparisons. (B) DXR influence on the jejunal microbiota in AMBx 

treated mice. The plot shows significantly different log2 fold change of taxa abundance in 

DXR-treated mice as compared to non-DXR treated mice (both AMBx groups, n=4/group). p 

< 0.01, Wald test followed by Benjamini-Hochberg correction for multiple comparisons. (C) 

DXR influence on the jejunal micriobiota in non-AMBx mice. The plot shows significantly 

different log2 fold change of taxa abundance in DXR-treated mice as compared to non-DXR 

treated mice (both non-AMBx groups, n=3/group). p < 0.05, Wald test followed by 

Benjamini-Hochberg correction for multiple comparisons. 
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Figure S4. Total reads in the 16S V4 region are not different between groups 

Number of raw reads after alignment to the reference genome (Silva version 138) for all 

samples obtained from feces (A) and jejunal contents (B). ns: no significance; (A) repeated 

measures two way ANOVA followed by Holm-Sidak post hoc test, n= 3-4/group; (B) two way 

ANOVA followed by Holm-Sidak post hoc test. 

 



   

173 

 

REFERENCES 

 

1.  Dekaney CM, Gulati AS, Garrison AP, Helmrath MA, Henning SJ. Regeneration of 

intestinal stem/progenitor cells following doxorubicin treatment of mice. Am J Physiol - 

Gastrointest Liver Physiol 2009;297:G461–G470. 

2.  Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M, Haegebarth A, 

Korving J, Begthel H, Peters PJ, Clevers H. Identification of stem cells in small intestine 

and colon by marker gene Lgr5. Nature 2007;449:1003–1007. 

3.  Barker N. Adult intestinal stem cells: critical drivers of epithelial homeostasis and 

regeneration. Nat Rev Mol Cell Biol 2013;15:19–33. 

4.  Rigby RJ, Carr J, Orgel K, King SL, Lund PK, Dekaney CM. Intestinal bacteria are 

necessary for doxorubicin-induced intestinal damage but not for doxorubicin-induced 

apoptosis. Gut Microbes 2016;1–10. 

5.  Carr JS, King S, Dekaney CM. Depletion of enteric bacteria diminishes leukocyte 

infiltration following doxorubicin-induced small intestinal damage in mice. PLOS ONE 

2017;12:e0173429. 

6.  Lee Y-S, Kim T-Y, Kim Y, Lee S-H, Kim S, Kang SW, Yang J-Y, Baek I-J, Sung YH, 

Park Y-Y, Hwang SW, O E, Kim KS, Liu S, Kamada N, Gao N, Kweon M-N. Microbiota-

Derived Lactate Accelerates Intestinal Stem-Cell-Mediated Epithelial Development. Cell 

Host Microbe 2018;24:833-846.e6. 

7.  Nigro G, Sansonetti PJ. Microbiota and Gut Stem Cells Cross-Talks: A New View of 

Epithelial Homeostasis. Curr Stem Cell Rep 2015;1:48–52. 

8.  Levy A, Stedman A, Deutsch E, Donnadieu F, Virgin HW, Sansonetti PJ, Nigro G. Innate 

immune receptor NOD2 mediates LGR5+ intestinal stem cell protection against ROS 

cytotoxicity via mitophagy stimulation. Proc Natl Acad Sci 2020;117:1994–2003. 

9.  Nigro G, Rossi R, Commere P-H, Jay P, Sansonetti PJ. The Cytosolic Bacterial 

Peptidoglycan Sensor Nod2 Affords Stem Cell Protection and Links Microbes to Gut 

Epithelial Regeneration. Cell Host Microbe 2014;15:792–798. 

10.  Naito T, Mulet C, De Castro C, Molinaro A, Saffarian A, Nigro G, Bérard M, Clerc M, 

Pedersen AB, Sansonetti PJ, Pédron T. Lipopolysaccharide from Crypt-Specific Core 

Microbiota Modulates the Colonic Epithelial Proliferation-to-Differentiation Balance. 

mBio;8 . Epub ahead of print October 17, 2017. DOI: 10.1128/mBio.01680-17. 

11.  Neal MD, Sodhi CP, Jia H, Dyer M, Egan CE, Yazji I, Good M, Afrazi A, Marino R, Slagle 

D, Ma C, Branca MF, Prindle T, Grant Z, Ozolek J, Hackam DJ. Toll-like Receptor 4 Is 

Expressed on Intestinal Stem Cells and Regulates Their Proliferation and Apoptosis via the 

p53 Up-regulated Modulator of Apoptosis. J Biol Chem 2012;287:37296–37308. 



   

174 

 

12.  Reikvam DH, Erofeev A, Sandvik A, Grcic V, Jahnsen FL, Gaustad P, McCoy KD, 

Macpherson AJ, Meza-Zepeda LA, Johansen F-E. Depletion of Murine Intestinal 

Microbiota: Effects on Gut Mucosa and Epithelial Gene Expression. PLoS ONE;6 . Epub 

ahead of print March 21, 2011. DOI: 10.1371/journal.pone.0017996. 

13.  Zarrinpar A, Chaix A, Xu ZZ, Chang MW, Marotz CA, Saghatelian A, Knight R, Panda S. 

Antibiotic-induced microbiome depletion alters metabolic homeostasis by affecting gut 

signaling and colonic metabolism. Nat Commun 2018;9:2872. 

14.  Schuijers J, van der Flier LG, van Es J, Clevers H. Robust Cre-Mediated Recombination in 

Small Intestinal Stem Cells Utilizing the Olfm4 Locus. Stem Cell Rep 2014;3:234–241. 

15.  Beyaz S, Mana MD, Roper J, Kedrin D, Saadatpour A, Hong S-J, Bauer-Rowe KE, Xifaras 

ME, Akkad A, Arias E, Pinello L, Katz Y, Shinagare S, Abu-Remaileh M, Mihaylova MM, 

Lamming DW, Dogum R, Guo G, Bell GW, Selig M, Nielsen GP, Gupta N, Ferrone CR, 

Deshpande V, Yuan G-C, Orkin SH, Sabatini DM, Yilmaz ÖH. High-fat diet enhances 

stemness and tumorigenicity of intestinal progenitors. Nature 2016;531:53–58. 

16.  Aidy SE, Merrifield CA, Derrien M, Baarlen P van, Hooiveld G, Levenez F, Doré J, 

Dekker J, Holmes E, Claus SP, Reijngoud D-J, Kleerebezem M. The gut microbiota elicits 

a profound metabolic reorientation in the mouse jejunal mucosa during conventionalisation. 

Gut 2013;62:1306–1314. 

17.  Zoetendal EG, Raes J, van den Bogert B, Arumugam M, Booijink CC, Troost FJ, Bork P, 

Wels M, de Vos WM, Kleerebezem M. The human small intestinal microbiota is driven by 

rapid uptake and conversion of simple carbohydrates. ISME J 2012;6:1415–1426. 

18.  Rhodes KA, Schweizer HP. Antibiotic Resistance in Burkholderia Species. Drug Resist 

Updat Rev Comment Antimicrob Anticancer Chemother 2016;28:82–90. 

19.  Beeton ML, Spiller OB. Antibiotic resistance among Ureaplasma spp. isolates: cause for 

concern? J Antimicrob Chemother 2017;72:330–337. 

20.  Sengyee S, Yoon SH, West TE, Ernst RK, Chantratita N. Lipopolysaccharides from 

Different Burkholderia Species with Different Lipid A Structures Induce Toll-Like 

Receptor 4 Activation and React with Melioidosis Patient Sera. Infect Immun;87 . Epub 

ahead of print December 1, 2019. DOI: 10.1128/IAI.00692-19. 

21.  Glaser K, Silwedel C, Fehrholz M, Waaga-Gasser AM, Henrich B, Claus H, Speer CP. 

Ureaplasma Species Differentially Modulate Pro- and Anti-Inflammatory Cytokine 

Responses in Newborn and Adult Human Monocytes Pushing the State Toward Pro-

Inflammation. Front Cell Infect Microbiol;7 . Epub ahead of print November 28, 2017. 

DOI: 10.3389/fcimb.2017.00484. 

22.  Silwedel C, Haarmann A, Fehrholz M, Claus H, Speer CP, Glaser K. More than just 

inflammation: Ureaplasma species induce apoptosis in human brain microvascular 

endothelial cells. J Neuroinflammation 2019;16:38. 



   

175 

 

23.  Westman EL, Canova MJ, Radhi IJ, Koteva K, Kireeva I, Waglechner N, Wright GD. 

Bacterial Inactivation of the Anticancer Drug Doxorubicin. Chem Biol 2012;19:1255–1264. 

24.  Yan A, Culp E, Perry J, Lau JT, MacNeil LT, Surette MG, Wright GD. Transformation of 

the Anticancer Drug Doxorubicin in the Human Gut Microbiome. ACS Infect Dis 

2018;4:68–76. 

25.  Kennedy EA, King KY, Baldridge MT. Mouse Microbiota Models: Comparing Germ-Free 

Mice and Antibiotics Treatment as Tools for Modifying Gut Bacteria. Front Physiol;9 . 

Epub ahead of print October 31, 2018. DOI: 10.3389/fphys.2018.01534. 

26.  Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, van Es JH, Abo 

A, Kujala P, Peters PJ, others. Single Lgr5 stem cells build crypt villus structures in vitro 

without a mesenchymal niche. Nature 2009;459:262–265. 

27.  Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, 

Rueden C, Saalfeld S, Schmid B, Tinevez J-Y, White DJ, Hartenstein V, Eliceiri K, 

Tomancak P, Cardona A. Fiji: an open-source platform for biological-image analysis. Nat 

Methods 2012;9:676–682. 

28.  Besson D, Pavageau A-H, Valo I, Bourreau A, Bélanger A, Eymerit-Morin C, Moulière A, 

Chassevent A, Boisdron-Celle M, Morel A, Solassol J, Campone M, Gamelin E, Barré B, 

Coqueret O, Guette C. A quantitative proteomic approach of the different stages of 

colorectal cancer establishes OLFM4 as a new nonmetastatic tumor marker. Mol Cell 

Proteomics MCP 2011;10:M111.009712. 

29.  Am S, Cm T, Ct M, Kl W, Il B, Vb Y. Fecal Microbiota Transplantation Eliminates 

Clostridium Difficile in a Murine Model of Relapsing Disease. Infection and immunity;83 . 

Epub ahead of print October 2015. DOI: 10.1128/IAI.00459-15. 

30.  Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of a Dual-

Index Sequencing Strategy and Curation Pipeline for Analyzing Amplicon Sequence Data 

on the MiSeq Illumina Sequencing Platform. Appl Environ Microbiol 2013;79:5112–5120. 

31.  Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: High 

resolution sample inference from Illumina amplicon data. Nat Methods 2016;13:581–583. 

32.  McMurdie PJ, Holmes S. phyloseq: An R Package for Reproducible Interactive Analysis 

and Graphics of Microbiome Census Data. PLOS ONE 2013;8:e61217. 

33.  Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for 

RNA-seq data with DESeq2. Genome Biol 2014;15:550. 

34.  Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlag . 

Epub ahead of print 2009. DOI: 10.1007/978-0-387-98141-3. 

35.  Michael R. McLaren. Silva SSU taxonomic training data formatted for DADA2 (Silva 

version 138) . Epub ahead of print March 27, 2020. DOI: 10.5281/zenodo.3731176. 



   

176 

 

36.  Parks DH, Chuvochina M, Chaumeil P-A, Rinke C, Mussig AJ, Hugenholtz P. A complete 

domain-to-species taxonomy for Bacteria and Archaea. Nat Biotechnol 2020;1–8. 

37.  McMurdie PJ, Holmes S. Waste Not, Want Not: Why Rarefying Microbiome Data Is 

Inadmissible. PLOS Comput Biol 2014;10:e1003531. 

 

  



   

177 

 

CHAPTER 5 

 

 

 

 

 

 

 

 

 

Dissertation Summary and Future Directions 

  



   

178 

 

Dissertation summary 

The intestinal epithelium is continually renewed in homeostasis.  Near complete turnover 

of all epithelial cells occurs every 4-7 days from the active intestinal stem cells (aISCs) present at 

the base of the intestinal crypts 1. aISCs are long lived and highly proliferative, thus their sensitivity 

to DNA damage is of particular interest in the intestinal stem cell research field. Damage to the 

intestinal epithelium and aISCs often results in clinically relevant gastrointestinal side effects 

including vomiting and diarrhea, and can precipitate severe systemic derangements including 

sepsis and death. Doxorubicin (DXR) is a potent chemotherapeutic agent, which has several 

deleterious effects on DNA. The primary mechanisms which cause DNA damage include 

production of reactive oxygen species (ROS), intercalation into nuclear and mitochondrial DNA, 

and poisoning of topoisomerase II 2,3. The purpose of the studies presented in this thesis was to 

identify DXR’s effects on the intestinal epithelium, particularly its impact on aISCs, and how this 

damage is modulated by the intestinal microbiota. 

Chapter 2 describes DXR’s effect on intestinal epithelium in relationship to clearance of 

the drug, and presents a multidose chronic DXR model for epithelial damage. A repeated dosing 

strategy of DXR is more reflective of current clinical practice in chemotherapeutic administration. 

We found that DXR is packaged into vesicles within the crypt epithelium, which are 

phenotypically similar to those identified in tumor cells exhibiting mitophagy and formation of 

autophagosomes after DXR 4. DXR-induced damage to DNA results in accumulation of double 

stranded breaks (DSBs) in the intestinal epithelium. In response to the accrual of DSBs, epithelial 

cells undergo apoptosis as well as transient cell cycle arrest. Enteroid survival from crypts isolated 

from DXR-treated mice is impaired for several days after treatment. Repeated DXR injections 

result in weight loss, intestinal shortening, and impaired epithelial proliferation in the intestine. As 



   

179 

 

epithelial damage occurs in the chronic DXR model and the dosing regimen is similar to that used 

in clinical practice, this may provide a more accurate model for studying therapeutic interventions 

targeted at chemotherapy patients. 

Chapter 3 determined which epithelial cell population primarily contributes to intestinal 

regeneration in the setting of DXR-induced aISC depletion. After damage, the majority of 

epithelial regeneration is provided by early progeny of aISCs, present in the lower transit 

amplifying zone. Other previously reported cell populations with regenerative capacity did not 

have a substantive contribution to regeneration 5. Work performed in this chapter suggests that 

early progeny cells are a chemoresistant, highly plastic, and transient population within the crypt 

epithelium. Early progeny cells demonstrated a unique pattern of DNA damage response 

transcripts as compared to aISCs prior to and shortly after DXR-induced epithelial damage. This 

differential expression of DNA damage response genes likely contributes to early progeny cell 

survival and subsequent contribution to epithelium regeneration. 

Chapter 4 demonstrates that the effect of DXR on aISCs is modulated by the enteric 

microbiota. In mice with a complete absence of the microbiota (germ free), aISCs were still lost 

after DXR. However, this loss of aISCs was prevented in mice pre-treated with broad-spectrum 

oral antimicrobials (AMBx). Additionally, these AMBx mice exhibited increased total epithelial 

mass, suggesting the presence of a proliferative signal. After DXR damage, in vivo proliferative 

activity was maintained, but enteroids from isolated crypts had severe survival impairment 

suggesting that persistent signaling from microbiota is important for continued proliferation after 

DXR. While most taxa were depleted in AMBx mice, there was a significant expansion of both 

Ureaplasma and Burkholderia. Manipulation of the enteric microbiota presents a therapeutic target 

for reducing the severity of chemotherapy-associated mucositis. 
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Together, these three studies extend our understanding of epithelial sensitivity to 

chemotherapeutic damage, epithelial repair after chemotherapeutic-induced loss of aISCs, and the 

modulation of this aISC loss by the enteric microbiota.  

 

Future directions 

The findings in this thesis have a broad range of potential implications for future studies. 

DXR+ vesicles identified in Chapter 2 may indicate macroautophagy of DXR-damaged 

mitochondria and DNA. This mitophagy could then play an important role in epithelial cell 

survival by minimizing continued ROS generation by defective mitochondria. Further 

characterization of these vesicles and understanding the mechanisms underlying their appearance 

in the crypt epithelium is necessary to understand their role in DXR response and clearance. 

Furthermore, manipulation of the ability of stem cells to effectively remove DXR using this 

pathway may present a therapeutic target to reduce aISC loss after chemotherapy.  

Chapter 3 substantiates recent developments within the intestinal stem cell field which 

conclusively identify cellular plasticity, particularly a reversion of cells in the transit amplifying 

region to a stem-cell like state, as the primary mechanism by which the intestinal epithelium is 

repaired after aISC loss. Those studies used irradiation to damage aISCs, whereas my study 

focused on DXR. However, I suspect there may be a shared KLF5-ASCL2 mediated regenerative 

pathway between the models. There are a number of differences in the DNA damage response 

between early progeny cells and aISCs. Further studies are needed to dissect the underpinnings of 

this differential DNA damage response in these early progeny cells, and whether these cells are 

also responsible for repair in the colon.  
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The findings from Chapter 4 require further study to understand the mechanism of aISC 

retention after DXR damage by AMBx-altered microbiota. A possible mechanism includes 

stimulation of MDP/NOD2 signaling, which would enhance mitophagy in aISCs, protecting them 

from excessive ROS generation. Alternatively, generation of bacterial derived lactate may 

stimulate aISC proliferation in the face of DXR damage. It is possible that AMBx alterations drive 

microbiota-host signaling towards an aISC-protective environment. Further investigation of the 

epithelial host response is required to determine how microbial alterations are associated with the 

retention of aISCs in this model. Approaches such as fluorescence in situ hybridization with taxa-

specific probes may identify proximity of the identified AMBx-associated genera, Burkholderia 

and Ureaplasma, to aISCs at the base of the intestinal crypts. If identified, this would also support 

a host-microbiota relationship underpinning aISC survival in this model. 

A final mechanism by which DXR toxicity could be reduced that would not necessarily 

depend on microbiota-host crosstalk is the detoxification of DXR by enteric microbiota. 

Alterations in microbiota, particularly within the Enterobacteriaceace family, which have been 

shown to metabolize DXR 6, could modify the concentration of active drug available to induce 

intestinal epithelial damage. Assessment of bacterial activity against DXR in the AMBx-associated 

microbiota should be performed to study this potential mechanism of epithelial protection. 
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