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Abstract

The gut, encompassing one of the largest epithelial surfaces in the body, interacts with both
biological and non-biological agents that can cause regular injury. Fortunately, the small intestinal
epithelium has a remarkable capacity to repair itself after severe injury, due to the abundance of
highly replicative stem cells housed in the intestinal crypt regions. Much remains to be understood
about the activation processes of the repair mechanisms and to what extent the stem cells
themselves can adapt to certain forms of damage, including molecular mechanisms related to gene
regulation. Here, I show that in response to acute inflammation, chromatin in intestinal stem cells
has increased accessibility around specific loci and that this state is maintained in some regions
even after the epithelium has recovered from damage, suggesting the possibility of memory. Such

epigenetic memory may confer some adaptive resiliency to subsequent damage.
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Introduction

The small intestinal epithelium is the fastest regenerating tissue in the human body (Cheng and
Leblond, 1974). Its turnover rate of 3-5 days is made possible by numerous pools of highly active
intestinal stem cells (ISCs), marked by the Leucine-rich repeat-containing G-protein coupled
receptor 5 (Lgr5), which replicate daily within the crypt regions (Barker et al., 2007). Through
asymmetric cell divisions, these multipotent Lgr5+ ISCs give rise to every other epithelial cell
type in the small intestine (Barker et al., 2007; Clevers, 2013). Located above the crypt base are
transit amplifying (TA) progenitor cells, which divide even faster than their precursor ISCs. As
the TA cells continue to differentiate, they progress upward in a “conveyor belt” fashion from the
crypt, forming the villus (Kaur and Potten, 1986; Barker et al., 2008). The tip of the villus contains
fully differentiated, post-mitotic cells. Because these cells are highly exposed to the digestive
environment of the intestinal lumen, they are prone to abrasion and apoptosis. In a normal mouse
intestine, approximately 1,400 cells are lost from each villus tip every day (Williams et al., 2015).
Thus, a rapid rate of cell renewal ensures that the intestinal epithelium and, more broadly, the

digestive process remain functional.

A further remarkable feature of the small intestinal epithelium is its endurance to severe damage
and infection. A single surviving Lgr5" ISC is capable of repopulating its crypt and subsequently
reforming a villus. The gut can also withstand the specific ablation of Lgr5" ISCs, replenishing
them by reprogramming quiescent Lgr5™ reserve stem cells and even more differentiated
enterocytes and secretory cells (Tian et al., 2011; Tetteh et al., 2016; Jadhav et al., 2017; Santos et

al., 2018). These repair mechanisms are facilitated by highly permissive chromatin regions



common among the different cell types (Kim et al., 2014). That is, despite the diversity of cells
composing the crypts and villi, these cells contain many conserved regions of open chromatin that
can be quickly expressed to differentiate cells. Much remains to be understood about the
mechanisms behind this conversion process, but what is clear is that the epithelium has a large set

of specialized tactics in anticipation of the many ways in which damage can arise.

Inflammation is one of the main causes of intestinal damage. The gut can be infected by many
different types of pathogens, employing immune responses specialized to bacteria, viruses, and
parasites, in addition to more generalized innate responses. Inflammation in the gut absent
infection can even become a chronic condition, indicative of inflammatory bowel disease (IBD),
spanning Crohn’s disease. Elaborating the mechanisms that repair the intestinal epithelium post-
inflammation should aid in our understanding of how to treat IBD. In mouse models, inflammation
is often induced by treatment with dextran sodium sulfate (DSS), which has been well established
as a means to model colitis symptoms in mice (Chassaing et al., 2014). Some healing mechanisms
that specifically trigger in response to damage from DSS-induced inflammation have been
identified in recent years. For example, the Toll-Like Receptor 4 was implicated in intestinal repair
(Shi et al., 2019). Additionally, the ligand Slit2 and its receptor Robol were found to aid in repair

by activating the autophagy of damaged Lgr5™ ISCs (Xie et al., 2020).

Topologically akin to the gut, the skin faces similar challenges of damage at a constant pace. A
novel adaptive mechanism observed in the skin may be at play in the gut. Skin epithelial stem cells
can respond to acute inflammation by remodeling chromatin accessibility at key stress response

gene loci, such as the inflammasome activator AIM2, which get expressed during the primary



response to inflammation. These chromatin regions are kept open even after the skin epithelium
has fully recovered, so that in the event of subsequent inflammation, the important response genes
can be activated more quickly. Surviving skin epithelial stem cells carry epigenetic memory of
inflammation as an adaptation to future potential stresses (Naik et al., 2017; Naik et al., 2018).
Remarkably, the relevant loci are maintained in an open chromatin state long after the system has
recovered. When the skin is later reinjured, these open loci allow the system to heal at more than

double the usual rate.

I hypothesized that Lgr5" ISCs may respond to intestinal inflammation in an analogous way, by
maintaining epigenetic memory through open chromatin in key loci and that such an adaptive
mechanism would help account for the small intestinal epithelium’s resiliency. To test this
hypothesis, I induced inflammation in the mouse gut using DSS and profiled chromatin in relevant
cells. I asked whether chromatin regions in gene loci that are expressed in response to DSS-
induced damage maintained in open states after the intestinal epithelium has healed. Such analysis
should help identify faulty repair mechanisms of IBDs and, more broadly, contribute to our

understanding of the dynamics of epigenetic adaptations.



Chapter 1: Physiological characterization of DSS-colitis inflammation and recovery

DSS has a detergent-like effect in the gut, destabilizing the protective mucus layers and
permeabilizing the epithelium to bacterial infection. Acute inflammation reaches its peak after
around 7 days of treatment. Histological imaging of treated tissue reveals erosion of the villi and
extensive damage to the crypts. The loss of enterocytes means that the mouse cannot properly
absorb nutrients in the small intestine. Damage to the colon results in diarrhea and the presence of
blood in the stool. Weight loss of at least 10-15% occurs by the end of the treatment, and excessive
dosing can lead to death (Chassaing et al., 2014). If treatment is halted and the mouse is allowed
to recover, then the remaining ISCs can regenerate the epithelium, and the mouse will regain

weight (Choi et al., 2015).

Because the potency of DSS is affected by several variables, including the mouse strain, sex,
housing conditions, and the quality of the DSS batch (Eichele and Kharbanda, 2017), I first
calibrated the DSS treatment. Typically, 1-3% DSS is used, so I initially opted for the midpoint,
administering 2% DSS over 7 days to a wildtype mouse. However, I observed only 5% weight
loss, suggesting that the treatment was too mild. Indeed, histological imaging of hemataoxylin and
eosin (H&E) stained small intestine and colon samples revealed that the treatment tissue looked
indistinguishable from control tissue. To induce more substantial inflammation, I next increased
the dose to 3% DSS over 7 days, and observed a 13% weight loss, and considerable damage by

histological imaging, with near-complete abrogation of the villi throughout the small intestine.



Next, I used the selected DSS treatment protocol on WT Lgr5-EGFP-IRES-creERT2 mice, and
tracked how male and female mice recover from the treatment symptoms, monitoring weight and
histology during treatment (Figure 1) and recovery (Figure 2) in control (n=2) and treated (n=6)
mice. Overall, male mice responded more strongly to DSS treatment than females (18% vs. 13%
maximal reduction on average), consistent with previous studies (Chassaing et al., 2014; Eichele
and Kharbanda, 2017). By comparison, control mice exhibited little to no weight loss during the
same period (0.9%). Similarly H&E staining of tissue samples from the upper and lower regions
of the small intestine and from the colon (Figures 3-5), revealed damage incurred during DSS:
Small intestinal villi were lost, with only the crypts remaining, and colon crypts displayed
excessive growth and some damage, though the extent of the damage was less than in the small
intestine. Weight was gained back to pre-treatment levels by 10 days after DSS treatment is
stopped, consistent with tissue healing by H&E staining, such that small intestinal villi have
regrown, and all of the crypts more closely resembled healthy ones (Figures 3—5). This speed of
recovery is consistent with the 3-5 day turnover rate of healthy epithelium. Interestingly, the rate
of weight gain was slower than of weight loss. Although the guts of the recovery mice looked
relatively normal, it is possible that the DSS treatment directly or indirectly caused other forms of

damage to the digestive system that, compared to the intestinal epithelium, took longer to heal.



Figure 1: Weights of mice during 3% DSS treatment.
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Weight (y axis, g) of individual DSS-treated mice and control mice during the time-course
following the initiation of DSS treatment at day 0 (x axis). % weight losses depicted to the right
of each curve are calculated by dividing the weight on day 7 by the weight on day 0, regardless of
any temporary weight gain during the first two days of treatment. Weights were recorded every
day from day 0 (November 19, 2019) through day 7 (November 26, 2019).

Figure 2: Weights of mice during recovery.
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Weights of Mice during Recovery
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each curve indicate the percentage of weight at day 10 divided by the initial pre-treatment weight.
Weights were recorded every day from day 1 (November 27, 2019) through day 10 (December 6,
2019). Treatment Male 1 and Treatment Female 1 mice, which were given 30 days of recovery,
completely regained their initial weight by day 30.
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Figure 3: Histology of healthy duodenum, ileum, and colon tissue.

From left: H&E stains of healthy duodenum, ileum, and colon tissue sections from representative
mice. Scale bar: 100pum
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Figure 4: Histology of duodenum, ileum, and colon tissue at peak inflammation.

From left: H&E stains of duodenum, ileum, and colon tissue sections from representative mice at
7 days after initiation of DSS treatment. Scale bar: 100pum

Figure 5: Histology of duodenum, ileum, and colon tissue samples after 10 days of recovery.

From left: H&E stains of duodenum, ileum, and colon tissue sections from representative mice at
10 days after stopping DSS treatment. Scale bar: 100um
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Chapter 2: Chromatin signatures of inflammation

At the peak of acute inflammation, surviving ISCs gain a temporary boost in their proliferative
activity (Richmond et al., 2018). I hypothesized that such changes would be related to changes in
chromatin organization. To test this hypothesis, I compared the chromatin profiles of crypt cells
from mice experiencing severe inflammation against control mice that did not receive the DSS
treatment. As shown in Chapter 1, after 7 days of imbibing DSS water, the treatment mice
experienced significant weight loss and nearly lost all of their small intestinal villi. I harvested the
remaining cells from the crypt regions alongside the crypt cells from healthy control mice. I then
used bulk ATAC-seq (Buenrostro et al., 2015) to sequence specifically the DNA from open
chromatin regions. The resulting sequence data of the treatment and control crypt cells were
contrasted to identify sequence motifs that are more commonly found in the treatment cells. Such
motifs can serve as binding sites for transcription factors that would therefore be potentially
implicated in the crypt cells’ response to inflammatory damage. By searching the sequence data
for the locations of enriched motifs of interest, I was also able to identify genes whose expression
they may regulate. This approach can be extended to establish putative mechanisms for cellular

responsces.

I hypothesized that the increased regeneration of ISCs would be reflected in increased chromatin
accessibility in gene loci activated by relevant regulators. To test this hypothesis, I used HOMER
to identify motifs differentially enriched in inflamed crypt cells relative to control crypt cells
(Figure 6), and found enrichment of motifs for several transcription factors relevant to intestinal

epithelial maintenance in loci preferentially open in cells from DSS-treated mice. The top two
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most significantly enriched de novo motifs in DSS-treated samples were similar to the binding site
for the SP2 transcription factor, which has been shown to reduce susceptibility to IBD by
enhancing the expression of Cd/4, which in turn enhances intestinal barrier function (Zschemisch
et al., 2016; Buchheister et al., 2017), and to the HNF4a binding site, which regulates fatty acid
oxidation and is critical for ISC renewal (Chen et al., 2020). The most significantly enriched known
motif was a binding site for SP1, which regulates the basal activity of Cdl4 (Zschemisch et al.,
2016). KLF family binding sites, in particular for KLF5, which supports gut epithelial barrier
function by activating the expression of Ascl2, were also highly significantly enriched (Kim et al.,
2017; Liu et al., 2017; Kim et al., 2020). Indeed, peaks around the Asc/2 gene are enriched for the
binding sites of KLF5 and Hnf4a (Figure 7), and those around Cd/4 contain enhancer sequences
for Sp2 (Figure 8). Finally, Gene Ontology (GO) analysis of the top gene functions associated
with the differentially accessible peak inflammation motifs corroborated the HOMER findings
(Figure 9). Regulation of microvillus assembly and regulation of microvillus organization both
showed >100-fold enrichment in the treatment cells. Thus, in response to DSS-induced
inflammation, surviving crypt cells remodel their chromatin to increase the accessibility of several
sequence motifs, potentially facilitating the binding of key transcription factors that promote ISC
turnover and the subsequent regeneration of the microvilli. This supports my hypothesis that the
repair process of the intestinal epithelium is accompanied by a set of epigenetic modifications.
Whether these changes were in effect temporarily during inflammation or remained after recovery

was the question I next sought to answer.
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Figure 6: Motifs significantly

inflammation vs. controls.

associated with loci differentially accessible in peak
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differentially accessible in DSS-treated vs. control mice.
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Figure 7: Motifs for the transcription factors KLF5 (GGGYGKGG) and Hnf4a

(RNDVWGTNYD) in regions that are differentially accessible at the Asc/2 locus in DSS

treated vs. control mice.
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Figure 8: Motifs for the transcription factor Sp2 in regions that are differentially accessible

at the Cd14 locus in DSS treated vs. control mice.
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Chapter 3: Chromatin signatures maintained through recovery

After 10 days of recovery, the intestinal epithelium appears fully healed, and at least one round of
full cellular turnover has occurred, suggesting that many changes in chromatin accessibility will
have reverted to their pre-treatment state. The retention of accessible loci after recovery could
indicate an adaptive utility to protect against future damage. Using the same strategy as described
in Chapter 2, I harvested the crypt cells from mice given 10 days of recovery after concluding the
DSS treatment. I then performed bulk ATAC-seq (Buenrostro et al., 2015) on these cells, so that I
could compare their open chromatin sequence data with the peak inflammation and control data

sets.

To test for the possibility of epigenetic memory maintained after recovery, I used HOMER to
identify differential chromatin accessibility in crypt cells from recovered vs. control mice (Figure
10). Known motifs significantly associated with higher chromatin accessibility in recovered vs.
control mice include the binding sites for the transcription factors SP1, SP2, SP5, KLF3, KLF5,
KLF6, and HNF4a, mirroring those in DSS treated mice, and suggesting that some features of
chromatin accessibility are retained at least 10 days after stopping DSS treatment and when the
tissue appears healed. Indeed, like the cells at peak inflammation, the cells after 10 days of
recovery had peaks around the Asc/2 gene enriched for the binding sites of KLF5 and Hnf4a
(Figure 11) and peaks around the Cd14 gene containing enhancer sequences for Sp2 (Figure 12).
These results support my hypothesis that certain chromatin regions made accessible during
inflammation to bolster epithelial repair remain accessible even after microvilli have been rebuilt

and intestinal function is ostensibly normal. Similarly, de novo motifs significantly enriched in
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accessible loci in recovered vs. control mice include binding sites for SP1, ELF1 (known to
regulate the expression of genes for intestinal growth and homeostasis), and CREM (Figure 13)
(which enhances the expression of IL-21, a well-known IBD marker (Jedlicka and Gutierrez-
Hartmann, 2008; Ohl et al., 2016)). Furthermore, GO analysis of the top gene functions associated
with the differentially accessible regions in recovered vs. control mice showed enrichment in
regulation of microvillus assembly and microvillus organization (Figure 14). Lastly, while there
may be some changes in chromatin accessibility that arise specifically during the recovery period,
there were much less significant differential enrichment between the motifs in cells from recovered
vs. DSS treated mice, particularly among known motifs (Figure 15). Overall, these results suggest
that key changes in the chromatin accessibility in crypt cells that arise during inflammation persist
after the intestinal epithelium regenerates for at least 10 days. This supports my hypothesis that
this chromatin remodeling may serve as a long-term adaptation to help the small intestine recover

from future inflammatory damage more quickly.
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Figure 10: Motifs significantly associated with loci differentially accessible in recovered vs.

control mice.
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Top 10 de novo (top) and known (bottom) motifs significantly associated with loci that are
differentially accessible in recovered vs. control mice.
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Figure 11: Motifs for the transcription factors KLFS5 (GGGYGKGG) and Hnf4a
(RNDVWGTNYD) in regions that are differentially accessible at the Asc/2 locus in recovered

vs. control mice.
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Figure 12: Motifs for the transcription factor Sp2 in regions that are differentially accessible

at the Cd14 locus in recovery vs. control mice.
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Figure 13: Motifs for the transcription factor CREM in regions that are differentially

accessible at the 7/27] locus in recovered vs. control mice.
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Figure 14: Functional categories enriched in genes with loci differentially accessible in

recovered vs. control mice.

Mus musculus (REF) upload 1 ( Hierarchy ) NEW! @)

GO biological process complete # # expected V Fold Enrichment +/- raw P value FDR

regulation of microvillus assembly 8 2 .00 > 100 + 1.19E-05 8.62E-03
regulation of microvillus organization j5) 2 .01 >100 + 3.60E-05 1.97E-02
signal transduction involved in regulation of gene expression 23 2 .01 > 100 + 7.93E-05 3.15E-02
positive regulation of transcription by RNA polymerase Il 1264 8 .68 1.74 + 4.45E-08 3.54E-04
negative regulation of transcription by RNA polymerase Il 866 5 47 10.71 + 5.69E-05 2.51E-02
positive regulation of transcription, DNA-templated 1581 8 .85 9.39 + 2.51E-07 5.71E-04
regulation of transcription by RNA polymerase || 1977 10 1.07 9.39 + 1.74E-09 2.77E-05
positive regulation of nucleic acid-templated transcription 1585 8 .85 9.36 + 2.56E-07 5.09E-04
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negative regulation of transcription, DNA-templated 1204 6 .65 9.25 + 1.77E-05 1.22E-02

Figure 15: Top 10 motifs associated with loci differentially accessible in recovered vs. peak

inflammation mice have limited statistical significance.
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Conclusion

This work reveals that, similar to the skin epithelium, chromatin organization in intestinal
epithelial cells changes in response to inflammatory damage, and that some of those changes
persist for at least 10 days after removal of the inflammatory signal and when the system has healed

by physiological (weight) and histological criteria.

There are several directions in which this project could be extended. It remains to be seen whether
the epigenetic adaptations actually allow a significantly faster repair response to subsequent rounds
of inflammatory damage. First, I hypothesize that adding a second treatment of DSS should result
in a faster weight regain during the second recovery period. Second, there is some heterogeneity
in the types of ISCs that populate the intestinal crypts, so it would be worthwhile to see whether
these different types share the same inflammation-associated open chromatin regions, for example
by using single cell ATAC-Seq (Buenrostro et al., 2015) or SHARE-Seq (Ma et al., 2020). Lastly,
and more broadly, adaptive epigenetic responses similar to those seen in the skin and the gut might
occur in other systems with relatively high regenerative turnover, such as the liver or bone marrow.
Identifying other such responses and comparing their underlying mechanisms would be a great

contribution to advancing regenerative medicine.
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Experimental Methods

Animals

A total of ten WT mice of the Lgr5S-EGFP-IRES-creERT2 strain were used in the experiments
presented. The initial pilot experiment used two 6-month-old male mice, one as a treatment for
calibrating DSS dosing and the other as a negative control. The subsequent time-course experiment
used six treatment mice and two control mice. For this experiment, the treatment mice were evenly
split male/female and housed in cages by their sex. Two of the male treatment mice were
littermates and 5 months old. The third male treatment mouse was 2 months old. All three of the
female treatment mice were littermates and 2 months old. The two control mice were also female

littermates and 2 months old.

DSS Protocol

Colitis-grade DSS (MP Biomedicals) was dissolved in sterile water at a 3% w/v ratio. This water
was then administered to the treatment mice for 7 days. The treatment mice were observed daily
for weight loss and increased stool liquidity. After the 7 days of treatment, two mice at peak
inflammation were sacrificed. The remaining treatment mice were given normal drinking water
during the recovery phase of the experiment. Two mice were sacrificed after 10 days of recovery,
and the last two treatment mice were sacrificed after 30 days of recovery. During the recovery
period, treatment mice were monitored for weight re-gain and increased solidity in stool

composition.
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Tissue Processing and Cell Isolation

Mice were euthanized individually with CO>. Immediately after each euthanization, the small
intestine and colon were removed and placed in cold PBS. The insides and outsides of the organs
were thoroughly washed in cold PBS. The small intestine and colon were then sliced open, and the
internal mucus was manually cleaned off. Samples of the duodenum, ileum, and colon were

collected, fixed in formalin, and submitted to the Koch histology facility for H&E staining.

The remainder of the small intestine and colon were dissociated into cell suspensions. The organs
were mechanically broken up, and tissue fragments were incubated in 20 mM EDTA-PBS on ice
for 90 min, shaking every 30 min. Tissue fragments were then shaken vigorously and incubated in
fresh 20 mM EDTA-PBS for 30 min. This step was repeated to finally liberate crypt cells. Tissue
fragments were subsequently washed twice in cold PBS to remove EDTA. Crypt cells were
centrifuged at 300 rcf for 3 min. Supernatant was removed, and crypt cells were incubated with
TrypLE Express Enzyme (ThermoFisher) for 1 min at 37°C. Dissociated crypt cells were then run
through a 40 um filter. Cell count and vitality were assessed using a Countess Automated Cell
Counter (Invitrogen). Aliquots of 50,000 crypt cells were collected and stored at -80°C in

Bambanker cryopreservation media (Wako Chemicals).

Microscopy

Tissue images were acquired using an Olympus Fluoview FV1200 confocal microscope on bright-

field setting. Images were visualized and scale bars overlaid using Metamorph.
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ATAC-seq

ATAC-seq was performed on all aliquots by following the Omni-ATAC protocol (Corces et al.,
2017). All aliquots consisted of 50,000 cells. The concentrations of ATAC samples were
quantified using Qubit and TapeStation. Samples were pooled to create 4 nM ATAC libraries, the
final concentrations of which were verified via qPCR. Libraries were denatured and diluted to 1.8
pM prior to sequencing, following Illumina’s guidelines. All experimental samples were

sequenced with Illumina NextSeq 500/550 v2.5 High Output kits (75 cycles).
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Computational Methods

All computational ATAC-seq analyses were performed on the Broad Institute’s Terra platform.
After each sequencing run, BCL files were demultiplexed and converted to FASTQs. FASTQs
were then trimmed of their adapter sequences, aligned to the mm10 reference mouse genome, and
processed using the ENCODE ATAC-seq pipeline. To assess sample quality, ATAC signal
enrichments around transcription start sites were quantified and fragment size distributions were
plotted. Peak calling was performed with MACS2 (Zhang et al., 2008), and where possible, IDR
was enabled to refine the peak sets obtained from duplicate biological samples. Motif analysis was
conducted on local hardware running HOMER (Heinz et al., 2010), and relevant gene function
was determined using the Gene Ontology knowledgebase. Sequencing data tracks and motif

locations were visualized with the Broad Institute’s IGV application.
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