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Canonical models of intestinal regeneration emphasize the critical role of the crypt
stem cell niche to generate enterocytes that migrate to villus ends. Burmese pythons
possess extreme intestinal regenerative capacity yet lack crypts, thus providing oppor-
tunities to identify noncanonical but potentially conserved mechanisms that expand
our understanding of regenerative capacity in vertebrates, including humans. Here, we
leverage single-nucleus RNA sequencing of fasted and postprandial python small intes-
tine to identify the signaling pathways and cell—cell interactions underlying the python’s
regenerative response. We find that python intestinal regeneration entails the activation
of multiple conserved mechanisms of growth and stress response, including core lipid
metabolism pathways and the unfolded protein response in intestinal enterocytes. Our
single-cell resolution highlights extensive heterogeneity in mesenchymal cell population
signaling and intercellular communication that directs major tissue restructuring and
the shift out of a dormant fasted state by activating both embryonic developmental
and wound healing pathways. We also identify distinct roles of BEST4+ enterocytes
in coordinating key regenerative transitions via NOTCH signaling. Python intestinal
regeneration shares key signaling features and molecules with mammalian gastric bypass,
indicating that conserved regenerative programs are common to both. Our findings
provide different insights into cooperative and conserved regenerative programs and
intercellular interactions in vertebrates independent of crypts which have been otherwise
obscured in model species where temporal phases of generative growth are limited to
embryonic development or recovery from injury.

BEST4+ cells | lipid metabolism | NOTCH signaling | RYGB | stress response

Some degree of intestinal regeneration and renewal is common across vertebrates, including
humans, and is best understood in birds and mammals in which intestinal stem cells
(ISCs) originating from crypts migrate and differentiate into mature enterocytes (1).
Emerging models of small intestine development and self-renewal emphasize the organ’s
ability to integrate complex signaling pathways and mechanical forces to direct differen-
tiation, maintain homeostasis, and promote function (2, 3). In an extreme example of
vertebrate adaptive intestinal regenerative capacity, snakes like the Burmese python (Pyzhon
molurus) undergo months-long fasts, during which time their intestine atrophies to a
pseudostratified layer (4). Within 48 h of feeding, their small intestine wet mass doubles,
intestinal microvillus length increases fivefold, and their rate of oxygen consumption
increases 44-fold (4-9). These extreme phenotypic shifts return back to states similar to
the fasted condition by 14 days postfeeding (dpf) (9), and gene expression returns to levels
similar to fasted by 10 dpf (8). Despite this extreme regenerative capacity, pythons lack
the heterogenous crypt—villus structure that typifies mammalian intestinal regeneration
(7), making them a valuable model for understanding conserved yet noncanonical mech-
anisms underlying vertebrate intestinal regenerative capacity.

Outside of snakes, few vertebrate examples of extreme intestinal regenerative capacity
exist in nature, such as hibernating mammals that undergo exaggerated cycles of atrophy
and regrowth (10). Despite this rarity, extreme human intestinal restructuring and differ-
entiation has been shown to accompany major surgical intervention: Roux-en-Y gastric
bypass (RYGB) reroutes digestion past the human duodenum and causes regenerative
transformation and redifferentiation of jejunal architecture and metabolism, which can
lead to type 2 diabetes remission (11, 12). Indeed, these findings have prompted interest
in human intestinal regenerative capacity and reinforced the emerging view of the small
intestine as a major center regulating glucose metabolism and homeostasis (13).
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Furthermore, villus atrophy, the inability to regenerate villi, is
associated with severe gastrointestinal conditions such as celiac
disease in humans (14), and mechanisms to promote regeneration
after villus and crypt loss following chemotherapy and radiation
are of major biomedical interest (15-17).

In contrast to mammalian systems, heavy-bodied snakes, includ-
ing pythons, undergo cyclic extreme atrophy and regeneration nat-
urally throughout their lifetime without priming, recovery, or
pathological dysregulation (18). Prior work on snake intestinal
regeneration has integrated multiple tissue-level “-omics” data types
to identify regulatory interactions between conserved stress response,
growth, and metabolic pathways that enable a rapid regeneration
response (Fig. 14) (8, 19-23). To date, many of the core mecha-
nisms identified in snake intestinal regeneration recapitulate growth
and regeneration programs otherwise well understood from mam-
malian models (24-26), despite the lack of crypts (and thus a crypt—
villus axis) in pythons. For example, the NRF2-mediated antioxidant
pathway has been linked to python intestinal regeneration and is
also known to promote human intestinal regeneration after

radiation therapy (17, 21). Taken together, this raises questions
about the mechanisms of regenerative signaling in snake intestines
and the degree to which these mechanisms may be conserved in
vertebrates. Accordingly, pythons represent an attractive alternative
vertebrate model that may provide distinct insights into conserved
modes and mechanisms of intestinal regeneration and differentia-
tion independent of the canonical mammalian crypt—villus axis.
Here, we combine single-nucleus RNA sequencing (snRNAseq)
with tissue-level mRNAseq from Burmese python proximal small
intestine at fasted and multiple postprandial timepoints to char-
acterize tissue-wide and cell type-specific temporal responses to
fasting and feeding. We first compare regenerative responses in
pythons to broad regenerative mechanisms proposed in prior stud-
ies based on a different snake species, and identify core conserved
regenerative programs associated with snake intestinal regenera-
tion using tissue-level mRNAseq (8, 21-23). We then integrate
single-nucleus RNAseq in pythons to investigate how these core
regenerative programs manifest in distinct temporal and cell
type-specific ways throughout the regenerative process and infer
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Fig. 1. Intestinal regeneration in the py-
thon broadly recapitulates known models.
(A) Overview of hypothesized model for
snake intestinal regeneration. Orange in-
dicates upregulated upstream regulatory
molecules and blue indicates downregu-
lated. (B) Overview of experimental design.
(C) Heatmap of significant differentially
expressed genes in the bulk RNAseq. (D)
Activation of top 35 URMs with significant
activation in multiple timepoints from IPA
over the course of the time series, hierar-
chically clustered. Functional annotations
indicate major stress response and inflam-
mation regulators, growth factors or reg-
ulatory molecules, and nuclear receptors
as well as whether the URM was shared
with the boa constrictor. UPR, unfolded
protein response.
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the roles of distinct cell populations in intercellular signaling
linked to regenerative reprogramming. Finally, we compare regen-
erative responses in pythons to those induced by human RYGB
to identify shared signaling mechanisms common to both python
and human intestinal regeneration and redifferentiation. Our
findings collectively highlight unique evidence for the existence
of cellular and intercellular intestinal regenerative signaling mech-
anisms that are conserved across vertebrates with broad relevance
to human disease and regeneration.

Results

Conserved Intestinal Regenerative Signaling in Heavy-Bodied
Snakes. Prior tissue-level studies on a different snake species (Boa
constrictor) (22) have led to a proposed model for the time course
of activation of pathways and processes underlying postfeeding
intestinal regeneration in snakes (Fig. 1A4). Tissue-level mRNAseq
data from Burmese pythons (Fig. 1B) was mapped to the python
reference genome (27) that contains 22,541 annotated genes, and
19,713 of these were detected by our RNAseq data. These data
revealed thousands of differentially expressed genes within the first
day following feeding (Fig. 1C). Consistent with prior studies that
suggest gene expression programs reset to fasted levels around 10
dpf) (8, 9), our 6 dpf sampling shows gene expression is already
converging back toward fasted states (Fig. 1C). Based on these tissue-
level data, we used Ingenuity Pathway Analysis (IPA) (Qiagen Inc.)
to infer activation of upstream regulatory molecules (URMs) and
mechanistic networks, which confirm that Burmese pythons and
boa constrictors exhibit shared patterns of URM activation at early
timepoints, such as of NFE2L2, XBP1, ATF4, TGFBI, PPARA, and
CREBI (Fig. 1D) (22). For example, consistent with the proposed
model (Fig. 14) and with prior inferences of URM:s activated in boa
constrictors (22), our URM analyses (Fig. 1D) identify early activation
of mMTOR (URMs: MTOR) and PPAR signaling (URMs: PPARG
and PPARA), along with stress responses (URMs: ATF4, XBP1,
NFE2L2, IL6) and additional late stage growth signaling (URMs:
EGF and Vegf) that coincides with the decline of stress response
signaling (Fig. 1.D). These similarities between distinct snake species
also agree with prior conclusions that multiple species of snakes share
a core set of intestinal regenerative signaling mechanisms that include
the coordinated activity of growth and stress responses in coordinating
early regenerative growth (Fig. 14) (23).

Regeneration and Epithelial Heterogeneity Despite the Absence
of Crypts. To determine cell-type-specific contributions to python
regenerative growth, we generated snRNAseq of proximal small
intestine samples from Burmese pythons at fasted, 6 hours postfeeding
(hrpf), 12 hrpf, and 1 dpf. This resolved 21,109 high-quality single-
cell inferences with a median of 878 genes per cell, a mean of
51,937 reads per cell, a median of 1,174 unique molecule identifier
counts per cell, and a total of 19,182 genes expressed. These cells
were clustered and assigned to cell types based on the expression
of canonical intestinal cell markers (Fig. 2 A-D and SI Appendix,
Fig. S1) (28-31). We identify most major cell types from the epithelial
monolayer and surrounding connective tissue, consisting of smooth
muscle, stromal cells, and fibroblasts that share a mesenchymal origin
(29). Nonepithelial cell types (such as endothelial and hematopoietic
cells) and secretory epithelial cell types (such as goblet cells) form
singular clusters regardless of timepoint, while absorptive cells tend
to cluster separately by their point in the time series, suggesting that
the absorptive cells undergo more substantial shifts in gene expression
upon feeding (Fig. 2 A and B). Based on our snRNAseq data, we
compared the relative frequencies of distinct cell types across time
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points (S Appendix;, Fig. S2) and found that the relative frequencies
of multiple epithelial cell types vary across time points and that goblet
cells in particular appear to expand in relative frequency from the
fasted to 1 dpf timepoint.

No cluster of cells expresses markers consistent with crypt-localized
ISC:s or Paneth cells (Fig. 2D and SI Appendix, Fig. S1), although
a population of 1dpf-exclusive mesenchymal cells exhibits high
expression of some stemness markers. Also consistent with a lack of
crypts in pythons, neither stromal cells nor lymphatic endothelial
cells express RSPO3—essential to the survival and expansion of the
crypt ISC niche (32)—although other mesenchymal cell types have
high RSPO3 expression (Fig. 2D). The expression level and relative
fraction of cells with any expression of these markers are both stable
across postfeeding time points (S Appendix, Fig. S3). Collectively,
these data support the absence of a structured crypt in the python
intestine responsible for directing regeneration in other vertebrate
systems.

Distinct Mesenchymal Cell Responses Direct Phases of
Intestinal Restructuring. Recent work in mammalian systems
has established roles of distinct mesenchymal cell populations
in directing early embryonic villus development and promoting
regeneration in mammalian crypts (2, 33). Considering these
findings, and the extreme intestinal regenerative capacity of
pythons in the absence of crypts, we investigated cell-type-specific
cell—cell signaling during early phases of the python regenerative
response. At 6 hrpf, the strongest intercellular signaling occurs
from fibroblasts to smooth muscle; bidirectionally among smooth
muscle, stromal, and submucosal cells and from mesenchyme
to endothelia (Fig. 34 and SI Appendix, Fig. S4). Most ligands
expressed among mesenchymal cells are extracellular matrix
(ECM) proteins (nonfibrillar collagen types IV and VI, FNI)
interacting with cell-ECM adhesion receptors (/7GA1/ITGA9
and [7GBI), although ligand-receptor pairs involving
smooth muscle cells also include laminins, key proteins of the
basement membrane (Fig. 3B). These intercellular signaling
patterns recapitulate ECM and adhesion dynamics measured
in the first wave of villus morphogenesis, during which time-
specific PDGFRA™" stromal cells aggregate to initiate villus
extension (34). Python intestinal regeneration exhibits an
expansion of PDGFRA"®" stromal cells (Fig. 3C), which
differentially express genes such as collagen types IV and VII
subunits (COL4A5, COL4A6, and COL7AI), neuregulin-1
(NRGI), and DLLI, while PDGFRA"" fibroblasts express
high amounts of CYR61 and ZEB2 (Fig. 3D). High nonfibrillar
collagen expression is consistent with PDGFRA™" embryonic
mesenchyme, while NRG! is robustly expressed by intestinal
mesenchyme to promote fetal-like stem cell proliferation and
regeneration after damage (35). However, DLLI and CYRG61
are expressed at the intestinal crypts to promote proliferation,
a role that might be instead assumed by mesenchymal cells in
the python (36, 37). Overall, these results suggest that early
python intestinal regeneration involves the joint activation of
pseudoembryonic restructuring and canonical wound healing
mechanisms in the intestinal mesenchymal niche to promote
villus growth.

Distinct Epithelial Cell Lineages Follow Distinct Trajectories
during Regeneration. While the mesenchymal cell populations
are critical to early regeneration, epithelial cells comprise the
majority of intestinal cells and exhibit extensive heterogeneity
and multiple distinct trajectories of responses throughout python
regeneration. To understand the relevance of these distinct profiles,
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Fig. 2. Absence of a stem cell niche in the python small intestine. (A) UMAP visualizations of samples from four time points and (B) major cell types. (C) Overview
of intestinal epithelial cell types and major neighboring tissue layers. Created with BioRender.com. (D) Expression of stem cell and crypt niche markers in python
cell types. Although some cells express stem cell markers, there is no distinct cluster of crypt stem cells as seen in mammalian tissue.

we characterized these shifts for two distinct absorptive epithelial
cell lineages: enterocytes and recently characterized BEST4+ cells
(Fig. 4 A and Band S Appendix, Fig. S5). Over the postfeeding time
course from fasted to 1 dpf, python enterocytes exhibit changes in
metabolic programs, insulin responsiveness, and activation of PPAR
signaling and fatty acid metabolism after feeding, while BEST4+
cells undergo signaling shifts associated with hormone secretion,
inflammatory regulation, and nerve synapses (S Appendix, Fig. S4).
These results highlight that enterocytes and BEST4+ cells diverge
on two distinct trajectories during early regenerative signaling in
response to key differential signaling inputs of nutrient sensing
(in enterocytes) vs. systemic and neuronal inputs (BEST4+) that
affect downstream function and activation of these distinct cell
populations.

Enterocytes Integrate Stress Response and Lipid Metabolism. To
identify signaling programs shared among enterocytes at different
regenerative stages, we used gene—gene correlations to infer coexpression
network modules that characterize the core gene expression programs
among cell populations. Across all cells, the two largest and most
highly expressed gene modules are enriched in epithelial cell types
and centered on the genes APOA4 and CHOP/DDIT3 (hereafter
DDIT3), respectively (Fig. 4 C—F and SI Appendix, Figs. S6 and S7).
The APOA4 network module is expressed among all postprandial
enterocytes, and pathway enrichment of the genes in the APOA4

https://doi.org/10.1073/pnas.2405463121

network highlights central roles of fatty acid metabolism, digestion,
biosynthesis, and transport, with key links to PPARA and retinoids
(Fig. 4F). The two most central genes to the network (other than
APOA4) are RBP2, typically highly abundant in the small intestine
epithelium, and FABP2, considered a classical enterocyte marker.
Both of these are only expressed in postprandial python epithelial cells
and are not observed in fasted epithelial cells (S7 Appendix, Fig. S8).
APOA4, alongside FABP2 and other apolipoproteins, have zonate
expression in mammalian villi and are expressed at villus tips (38),
and the contrast of their absence in fasted enterocytes against high
postfeeding expression is consistent with mesenchymal expression
that indicates extreme growth and extension of villi. In contrast,
the DDIT3 module is primarily present in 1 dpf enterocytes and
shares 29 genes with the APOA4 module, including BMPI, HIFIA,
PIK3C24, and CREB3. While DDIT3 plays well-known roles in the
unfolded protein response (UPR) and apoptosis, we also find that the
DDIT3 module is specifically enriched for genes involved in lipid
metabolism and biosynthesis (Fig. 4 D and E). These results provide
evidence for a noncanonical role of DDIT3 in regenerative growth
through its interactions with lipid metabolism.

BEST4+ Cells Coordinate Lymphatic Regeneration via NOTCH
Signaling. The roles of BEST4+ cells in the GI tract are poorly
understood. Our single-cell data identified a population of these
cells in the python intestine, which was confirmed by BEST4
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Fig. 3. Early intestinal restructuring driven by mesenchymal niche. (A) Signaling originating from mesenchymal cell clusters toward other clusters at 6 hrpf.
Chord width indicates strength of signaling. LEC = lymphatic endothelial cells, EC = enterocytes, EEC = enteroendocrine cells, RBC = red blood cells, SM = smooth
muscle, VEC = vascular endothelial cells. (B) Significant ligand-receptor pairs predicted to interact between indicated cell types. (C) Expression of PDGFRA from
fasted to postfed tissue illustrating expansion of PDGFRA+ niche. (D) Top significantly differentially expressed genes between fibroblasts and stromal cells at 6
hrpf highlighting key expression of intestinal structure and regeneration regulators by stromal cells.

antibody staining that further indicates that they are most abundant
in the mucosal epithelial layer (SI Appendix, Fig. S9). Evidence
for their distinct trajectory during regeneration motivated us to
explore intercellular and intracellular interactions associated with
these cells. Other signaling interactions that we identified involving
BEST4+ cells indicate that they are key modulators of inflammatory
cell types (i.e., myeloid and endothelial cells) and exhibit high
levels of intercellular cross talk compared to that observed in
other absorptive epithelial cells (i.e., enterocytes; Figs. 4 and 5 and
SI Appendix, Fig. S4). Through intercellular signaling interactions
(Fig. 5A), BEST4+ cells express DLL4 (Fig. 5 B-D), a NOTCH
signaling ligand with well-established roles in coordinating cell—cell
interactions and tissue patterning (39, 40) (Fig. 5 B and D). At
the 6 hrpf and 12 hrpf timepoints, DLL4 ligands expressed by
BEST4+ cells are predicted to interact with NOTCH1 receptors in
endothelial and myeloid cell types (Fig. 5 4 and B).

Our data and prior models of early signaling in snake intestinal
regeneration (Fig. 14) implicate the roles of early lipid metabolism

PNAS 2024 Vol. 121 No.43 2405463121

(via PPAR and APOA4 activation) and later inflammatory and stress
responses (via the UPR/DDIT3; Fig. 14) in promoting regenerative
growth. Lipids are transported from the intestine by lacteals (intestinal
villus lymphatic vessels) and DLL4 expression activates their regen-
erative cycles separately from other regenerating intestinal tissue (41).
Our results demonstrate upregulation of JAGI-, JAG2-, and
DLL4-NOTCHLI signaling interactions between BEST4+ cells and
lymphatic endothelial cells in postprandial python intestine (Fig. 5
Band (). These interactions coincide with extensive upregulation of
other lipid-relevant metabolic and transport processes, including
DDIT3 (Fig. 5C), that accompany feeding and the early stages of the
regenerative process. With respect to enterocytes, the postfeeding
changes in gene regulatory network activity within BEST4+ cells are
marked by the activity of two genes of note: a NOTCH coactivator
(ZMIZ1) (42) and a transducer of mechanical signals (SRF) (43)
(Fig. 5C). Evidence that BEST4+ cells, compared to enterocytes, also
show greater numbers and higher strengths of interactions with other
cell types between fasted and Ghpf reinforces the conclusion that
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A Cell-cell correlation network reiterates distinct epithelial trajectories
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Fig. 4. Single-cell architecture of epithelial trajectories during regeneration. (A) Cell-cell correlation network of absorptive epithelial cells. Inset plots are KEGG
pathway gene set enrichment ratios colored by cluster. (B) Correlation network-based epithelial cell clusters on the UMAP. (C) Coexpression networks of APOA4
and (D) DDIT3, with Inset showing cells positive for network. (E) Significant functionally enriched pathways of APOA4 and DDIT3 networks.

BEST4+ cells play a role that is distinct from other absorptive cells
during early phases of regeneration (S/ Appendix, Fig. S4). These
results collectively suggest that BEST4+ cells play a central role in
regulation of regeneration via the primary ligand—receptor interaction
DLL4-NOTCH]1 which results in the dynamic reprogramming of
other cells through the NOTCH signaling cascade.

Conserved Transcription Factor Regimes Reprogram Intestinal
Metabolism. To test for evidence for the conservation of signaling
mechanisms between pythons and humans, we compared broad
TF regimes responsible for enterocyte activity changes throughout
intestinal regeneration in pythons with those observed in a
prior study of postgastric bypass metabolic reprogramming and
restructuring in the human jejunum (44). We first used SCENIC
(45) to determine all transcription factor (TF) regulons with
high gene regulatory network activation and specificity among
enterocyte cell clusters (Fig. 6A4). Each phase of intestinal fasting
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and regeneration displays distinct TF regimes in enterocytes.
Fasted enterocytes have high specificity for regulons directed by
KLF8, UBTE KLF15, ARNTL2, and PDX1, which are involved
in regulation of gluconeogenesis (46), intestinal morphogenesis
(47) and insulin sensitivity (48—50). Throughout postfeeding
regeneration, we identified progressive activation of nuclear
receptors (NR1H4, NR1D2, PPARG, PPARGCIA) and regulators
of stress response (NFE2L1, NFE2L2, ATF4, DDIT3, HIF1A)
and intestinal cell identity (KLF6, MAFF) consistent with previous
bulk RNAseq analyses (Fig. 1D). Using this set of TFs of interest,
we next tested for activation of regulons derived from TF networks
that were identified in prior work to be significantly expressed
in postRYGB jejunum relative to normal human jejunum (44),
a section of proximal intestine known for extensive structural
and metabolic remodeling after gastric and duodenal bypass
(11, 12), and identified several suites of responsive TFs shared
between python and human jejunal regeneration with differential
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specificity across enterocyte clusters, including JUN, HIF1A, and
PPARG (Fig. 6B). Two specific TFs—HNF1A and HNF1B—
were inactivated in postprandial pythons, the opposite direction
of their expression in the human jejunum after RYGB. HNF1A is
a regulator of intestinal cell identity, and its loss amplifies mTOR
signaling and crypt proliferation (51), and its downregulation
in pythons might be critical to promoting extreme epithelial
proliferation.

To further compare python intestinal regeneration to mamma-
lian jejunal restructuring, we identified multiple genes that are
specifically up- or downregulated in the jejunum after RYGB in
mice and humans (52). We found broad similarity with the expres-
sion of upregulated genes in python proximal small intestine
(Fig. 6C), except for a subset of glutamate metabolism genes that
are downregulated in pythons (Fig. 6C). RYGB reprograms lipid
handling among rat enterocytes by downregulation of specific
genes during fasting, including APOA4 (53); all of these that could
be identified in the python snRNAseq data are downregulated
when fasting and upregulated postfeeding (Fig. 6B). These findings
reveal broad similarities between python postfeeding regenerative

PNAS 2024 Vol. 121 No.43 2405463121

responses and RYGB in mammals that suggest a common and
conserved regulatory program across vertebrates.

Prior work has proposed that Wnt signaling may also play key
roles in python intestinal regeneration (8, 21). To explore this
further, we examined patterns of expression for gene associated
with Wnt signaling across cell types and timepoints (ST Appendix,
Fig. S10). We find that LRP5 and LRP6, homologous coreceptors
of Wnt ligands (54), are expressed in the highest fraction of cells
in late postfeeding enterocytes and mesenchymal cells. LRP6
showed the highest expression levels at 1 dfp, and LRP5 showed
the highest expression in fasted cells (S/ Appendix, Fig. S10).
Additionally, we observed expression of a major downstream tran-
scription factor in the Wnt pathway, TCF7L2, across multiple
time points, at its highest levels (average per cell) at 1 dpf, and
expressed in the highest fraction of late postprandial enterocytes
and mesenchymal cells (57 Appendix, Fig. $10). These results rein-
force the evidence for a role of Wnt signaling during python intes-
tinal regeneration that appears most active in late postfeeding
stages (1 dpf) and which appears associated with early activity of
LRP5 and a later increase of LRP6 activity around 1 dpf.

https://doi.org/10.1073/pnas.2405463121 7 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2405463121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2405463121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2405463121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2405463121#supplementary-materials

Downloaded from https://www .pnas.org by 108.82.251.254 on June 4, 2025 from IP address 108.82.251.254.

A Top python enterocyte regulons organized by
timing of maximum expression

fasted
KLFe 4 @
HNF1B - @
KLF15 < @
PDX1 o @ late
HNF1A = @
PRDM16 =
HNF4G
MLXIP =
UBTF = z RSS
YBX1 = 4 ® o1
T T T T T 3
e o 2 0.2
\Qp ’&(\*6 \ra\ed ] ®
@ @ X
o Q& @ o3
early late
SREBF1 o KLF6 =
ZBTB7A = i oo
FOXN2 = NR1D2 { 2N ]
TCF12 o NR1H4 = o0
N ] NFE2L1 ~ o0
FOSL2 - MAFF = oo
E4F1 = NFE2L2 = [ WX )
HDAC6 =
KLF3 o PPARGC1A oo
CDX2 = TCF7L2 = o o0
RFX2 = DDIT3 { 3 J
ATF3 =
PPARG ATF4 o L )
T T T T T T T T T T
@ @
o ot dds @ oy v
o (2432 A o €0k X
K X\ & g N )
) o o‘b o
Q Q Q

B Human RYGB regulons*, and their
activation in python intestinal regeneration

* from Stefater-Richards et al. 2022

ETS1
JUN =~
PPARG =

32

3 3

> >

L1
0000
[ N )

HIF1A -
TTCF7L2 4
VDR =
HNF1A o
CUX1 =
YY1 4
SP3 o
SRF
E2F4 -
HNF1B
IRF8
FOS o
STAT6]

Regulons upregulated in human jejunum after RYGB

(o)
o®

RN
) Ol
K0 ee\,\e

A
&
&

Python enterocyte clusters

C Genes differentially expressed post mammalian RYGB**,
and their expression patterns in python regeneration

** from Ben-Z2vi et al. 2018

Glycogen SREBF

metabolism

Upregulated
after fasting

signaling Glutamate metabolism

T T = = ] e L,

fasted
earlyl
post-fed
28 |
post-fe
AN—Q— [T ELC<T O dS AN RO -ErSENCEONA O
o »n N 4 [ o X N
5352 O e T b oo S R TU B i S
5340 ZT2 <<—('I§9°-o°‘ 025039  §RzY ol Fzagpa
- s [ - J Jm S+Zu oz b
n [I] o z %)
pattern consisten pattern opposite
Z score \i¢ tent tt t
with mammals from mammals
-2-10 1 2
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Discussion

Diverse models of vertebrate regeneration provide valuable oppor-
tunities to identify potentially conserved mechanisms that expand
our understanding of vertebrate intestinal physiology and regener-
ative capacity (55-57). Here, we identify molecular and cellular
processes that coordinate extreme intestinal regeneration in pythons,
and we provide unique evidence for conserved cell-type-specific
roles that mediate vertebrate intestinal regeneration and differenti-
ation. Our findings support the existence of conserved intestinal
regenerative capacity that may be common to most vertebrates,
including humans, involving distinct regulation by BEST4+ and
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mesenchymal cells. These regenerative programs recapitulate pro-
grams co-opted from early development and wound healing path-
ways conserved across vertebrates. These findings raise additional
questions about the role of intestinal crypt populations in verte-
brates and whether they are indeed the only source of stem cells for
renewal and differentiation, as well as the degree to which other cell
populations (e.g., BEST4+ enterocytes and mesenchymal cells) also
contribute to vertebrate differentiation and regenerative capacity.
Our findings in pythons also provide a different perspective on
noncanonical functional roles of CHOP/DDIT3 signaling.

The lack of crypts and cyclic villus atrophy unique to python intes-
tinal regeneration provides distinct insight into the degree to which
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nonenterocyte cell types coordinate regenerative programming.
Consistent with emerging evidence for the roles of mesenchymal cells
in mammalian intestinal differentiation (58), our single-cell resolution
implicates key roles for mesenchymal cells, such as fibroblasts and
stromal cells, in orchestrating major tissue differentiation via cell—cell
communication to coordinate growth, axon guidance, inflammation,
and dissue patterning pathways. Our results illustrate that mesenchy-
mal cells operate distinct signaling programs entirely distinct from
the epithelium and engage in the greatest number of intercellular
interactions with other mesenchymal cell types and with the endothe-
lium. The ECM and adhesion dynamics implicated by intercellular
signaling patterns of mesenchymal cells during python intestinal
regeneration parallel similar dynamics observed early in embryonic
mouse villus development. In the mouse, PDGFRA™" stromal cells
are critical for initiating villus extension (34). The high expression of
nonfibrillar collagen genes in python stromal cells observed align with
PDGFRA"®" embryonic mesenchyme in mice (34). The python
mesenchyme also expresses high VRG1, an activator of stem cell
proliferation and tissue regeneration after damage (28). Collectively,
our results indicate that early python intestinal regeneration involves
the joint activation of pseudoembryonic restructuring and canonical
wound healing mechanisms in the intestinal mesenchymal niche to
promote villus growth. This conclusion, together with parallel evi-
dence from mammalian systems (34, 58), motivates future work to
investigate the roles and capabilities of the mesenchyme to direct
regenerative growth in vertebrate systems.

Our single-cell data also provide evidence for distinct roles of
BEST4+ cells in coordinating intestinal regeneration in the
python, and potentially humans, that has otherwise been obscured
by work in mammalian models that lack these cells. While
BEST4+ cells occur throughout the small intestine and colon in
humans, they are found only in the posterior intestinal tract of
zebrafish (59) and are absent from mice (60). Due to their recent
discovery and relatively low frequency, BEST4+ cells in the GI
tract have received limited characterization. They have been
hypothesized to function in pH homeostasis, inflammation, and
proliferation, and their functional roles appear conserved across
model systems in which they have been observed (31, 59, 61,
62). Our single cell and histological data identify a relatively large
population of BEST4+ cells from the proximal small intestine
that show remarkably distinct expression programs from other
epithelial cells throughout regeneration. Postfeeding, python
intestinal BEST4+ cells transcriptional programs resemble con-
served profiles identified from human and zebrafish BEST4+ cells,
including expression of OTOP2, SPIB, GUC2YC, and NOTCH
pathway genes.

Our python single-cell data illustrate how BEST4+ cells act
as a key hub of integration for multiple diverse signals, including
those from hormones and nerve synapses, and communicate
with other cell types while also expressing a portion of the same
metabolic and stress pathways as enterocytes. These results also
indicate that in postprandial python intestine, BEST4+ cells
coordinate cell-cell signaling interactions with lymphatic
endothelial cells to upregulate DLL4-NOTCHI1 signaling.
Lipids are transported from the intestine by lacteals (intestinal
villus lymphatic vessels) and DLL4 expression activates their
regenerative cycles separately from other regenerating intestinal
tissue (41). The significance of NOTCH signaling in gastro-
intestinal regeneration is highlighted by observations from dif-
ferent biological contexts. NOTCH pathway signaling has been
implicated for its role in fostering gastric stem cell proliferation
and the onset of gastric tumors (63). Other work has suggested
that a hierarchical relationship between NOTCH and mTOR
exists, whereby NOTCH can activate mTOR (64, 65). This
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suggests that in pythons, BEST4+ cells are a central regulator of
early regeneration via the NOTCH and potentially mTOR sig-
naling cascades, and they specifically regulate lacteal formation
and lipid metabolism to promote regeneration.

Among epithelial cell types in the python small intestine, only
goblet cells show evidence of an expansion in their number from
fasted to 1 dpf, based on relative fractions of cell types resolved
by snRNAseq (S/ Appendix, Fig. S2). This relative increase in gob-
let cells appears to coincide with an increase in their role in inter-
cellular ligand-receptor signaling at 6 hrpf (S Appendix, Fig. SAE).
This signaling involves their reception of signals related to cell
adhesion and patterning from submucosal, stromal, fibroblast and
smooth muscle cells (S7 Appendix, Fig. S4 B and D). This post-
feeding increase in goblet cell signaling is also associated with an
increase of NOTCH signaling from goblet cells at 12 hrpf
(Fig. 5D). This suggests that, despite making up a small fraction
of all intestinal cells (similar to BEST4+), goblet cells also play
critical postfeeding roles in mucus secretion and signaling during
regeneration.

Our findings in pythons have broad relevance for understanding
the roles of lipid metabolism, insulin, and stress response in mod-
ulating both intestinal regeneration and metabolic and cellular
reprogramming in vertebrates. Our results expand upon prior
suggestions for a role of Wnt signaling in python intestinal regen-
erative reprogramming (8, 21) and identify Wnt activity primarily
driven by the high-level transcription factor TCF7L2, which is
associated with especially high expression in late postfeeding
enterocytes and mesenchymal cells. Wnt ligands LRP5/6 have
established functions in glucose and cholesterol metabolism and
homeostasis (66), and the contrasting temporal patterns of expres-
sion during python regeneration suggest distinct roles for these
ligands under fasting vs. postfeeding regenerative states in the
python intestine. Although LRP6 expression is not typically asso-
ciated with the small intestine, the high expression of LRP6 and
TCF7L2 at 1 dpflikely contributes to transformations in glucose
metabolism, mTOR signaling, and insulin responsiveness we
observe in the late postfeeding regeneration response (67, 68).
These findings reinforce other previous conclusions (8, 21-23)
that rapid switches in growth and stress pathway signaling coor-
dinate snake intestinal regeneration and provide insight into the
critical role for lipid metabolism-focused signaling and the closely
linked activation of DDIT3. The strongest eatly postfeeding
response we observed was the upregulation of lipid metabolism
in enterocytes, driven by PPAR and apolipoprotein signaling, and
the subsequent activation of DDIT3. Our results suggest that this
early response plays a critical role in directing major metabolic
and proliferative regulatory genes in a manner typically associated
with pathological and not physiological contexts (69), highlight-
ing perspectives on the potential roles of DDI73 signaling in
regeneration. Specifically, DDIT3 is traditionally viewed as the
pro-apoptotic branch of the UPR (70), with some evidence that
it plays a role in lipid metabolism through activation by its
upstream effector, PERK (71). In the python regenerative intes-
tinal model, it appears to promote rapid metabolic switches and
cell survival under extreme stress, analogous to that observed in
tumors in response to glutamine starvation and metabolic stress
(69). This evidence for the functional roles of DDIT3 signaling
that conflict with canonical views of its activity would be a priority
to investigate in follow-up studies.

Expression of APOA4, a key component of postprandial
enterocyte responses in our data, occurs at the center of a massive
lipid regulatory pathway connected to nuclear receptors previ-
ously identified as playing critical roles in snake organ regener-

ation (e.g., PPAR, LXR/RXR, and FXR) (21, 22, 72). Consistent
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with a conserved role in early-phase regenerative intestinal repro-
gramming, APOA4 has also been implicated in postgastric bypass
metabolic remodeling in mammalian jejunum (52). APOA4 has
broad antioxidant and anti-inflammatory functionality and
influence over glucose homeostasis and insulin secretion (73).
Our findings suggest that RBP2 and FABP2 coordinate the activ-
ity of APOA4 underlying the early postprandial lipid response.
Interestingly, while these proteins are thought to be critical for
small intestinal epithelial growth and metabolism (74, 75), they
are not expressed in fasted python small intestine enterocytes
(ST Appendix, Fig. S8). This suggests that fasted python entero-
cytes undergo fundamental changes to their physiology (distinct
from typical enterocyte function) that is restored and regulated
by APOA4 in the early postfeeding response phase. These find-
ings collectively suggest a key role for lipid metabolism-focused
signaling and the closely linked activation of DDIT3, with con-
nections to widely conserved signaling regimes that involve
nuclear receptors (PPARA, PPARG, NR1H3, and NR1H4), PI3K
(PIK3C2A), CREB3 metabolic pathways, and stress responses
(HIF1A, HSPAS8, and CHOPIDDIT3).

Taken together, python postprandial and human RYGB data
reinforce emerging evidence for the intestine as a secondary hub
of metabolic regulation that interacts with both insulin sensitivity
and blood glucose (12). Our findings in pythons uncover trans-
formative metabolic reprogramming in enterocytes via multiple
conserved lipid, glucose, and stress response regulatory pathways
that, in mammals, broadly regulate glucose tolerance and insulin
responsiveness and are only achieved after extensive surgical inter-
vention (11, 12). The mechanisms that manage cyclic metabolic
stress and nutrient overload in python intestine provide insight
that may finally explain the otherwise poorly known mechanisms
leading to RYGB. Our findings suggest that nutrient overload may
trigger highly conserved regenerative and redifferentiation mech-
anisms that explains both the human RYGB redifferentiation as
well as its profound effectiveness in curing type II diabetes. Indeed,
during regeneration, python enterocytes also express key markers
and transcription factor regulons that recapitulate mammalian
intestinal and metabolic reprogramming after RYGB. Python
intestinal regeneration shares many key features with human
RYGB, suggesting that these regenerative mechanisms may be
highly conserved across vertebrates.

Materials and Methods

Animal Care and Feeding Experiments. All animal care and experimentation
were conducted at the University of Alabama under an approved IACUC protocol
in AMALAC-accredited facilities (14-06-00075). Burmese pythons were obtained
captive-bred and maintained in a standard rack housing system. They were fasted
to a postabsorptive Phase Ill fasted state prior to experimentation, then fed meals
sized to 25% of their body mass. Snakes were randomly assigned time point-based
sample groups of fasted (n = 5), 6 hrpf (n = 3), 12 hrpf (n = 4), 1 dpf (n = 3), 3 dpf
(n=4),and 6 dpf (n = 4; total n = 23) and were euthanized via severing of the
spinal cord at the base of the skull, according to the approved procedure by the
University of Alabama Institutional Animal Care and Use Committee (IACUC). Small
intestine tissue was immediately dissected and snap-frozen for downstream use.

RNAseq and Gene Expression Analysis. \We used a standard Trizol Reagent
(Invitrogen) protocol to extract total RNA from approximately 50 mg of snap-
frozen tissue. RNAwas sent to Novogene Co (Davis, CA), who constructed libraries
for mRNA sequencing with the TruSeq Stranded mRNA kit (lllumina). Libraries
were then pooled and sequenced on an Illumina NovaSeq to produce 150 bp
paired-end reads. Reads were de-multiplexed prior to data receipt. Raw reads
were quality filtered with Trimmomatic 0.36 (76) then mapped and quantified
against the Burmese python reference genome (27) with STAR 2.7.10a (77).
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Counts were normalized and pairwise tests between consecutive time points
(e.g., fasted vs. 6 hrpf) were conducted with DESeq2 1.36.0(78) in R. Differentially
expressed genes were hierarchically clustered and visualized by pheatmap 1.0.12
(79). We imported these results to Ingenuity Pathway Analysis (IPA) (Qiagen Inc.)
using the core analysis function to estimate URM activation and construct mech-
anistic networks.

Single-Nucleus RNAseq and Analysis. We sent 200 mg of snap-frozen small
intestine each from snakes from fasted, 6 hrpf, 12 hrpf, and 1 dpf (n = 1 each;
total n = 4) to SingulOmics Corporation (Bronx, NY). There, nuclei were isolated
and partitioned, and libraries were prepared for single nucleus RNAseq via the
10x Genomics Chromium platform.The 1 dpf samples was sequenced in advance
to validate the method in snake intestinal tissue, and subsequently the fasted,
6 hrpf, and 12 hrpf were multiplexed and sequenced together. We mapped the
de-multiplexed reads to the Burmese python reference genome with 10x Genomics
Cell Ranger 6.1.1. Counts and metadata were imported into Seurat 4.2.0 (80) for
quality filtered, normalization and scaling, and clustering following standard pro-
tocol. Cells were clustered using the top 16 principal components, as determined
froman elbow plot, and visualized with Universal Manifold Approximation (UMAP).
Cluster cell type identity were determined by marker gene expression: enterocytes
(EPCAM, APOB), BESTA4+ cells (BEST4, OTOP2), goblet cells (AGR2, SPDEF, MUC2),
enteroendocrine cells (CHGA, CCK, GCG), fibroblasts (VIM, FAP), smooth muscle
(DES, MYH11), mesenchymal cells (PDGFRA, OGN, COL3A1), stromal cells (PDGFRA,
BMP5), lymphoid lineage cells (PTPRC), myeloid lineage cells (CSF1R), erythrocytes
(ANK1, HEMGN), vascular endothelium (FLT1, PECAM1), and lymphatic endothelium
(LYVE1, PECAM1). Cell-cell networks were constructed with Graphia (81) from the
Pearson correlations of the top 50 PCs and the Louvain method for clustering. These
were analyzed for differential expression with Seurat and functional enrichment
with WebGestalt(82). We calculated intercellular networks, identified their presence
in cells, and performed functional enrich with fcoex 1.10.0 (83) in R. Intercellular
signaling was measured and analyzed with cellchat 1.5.0 (84). and transcription
factor regulons were inferred and analyzed with the SCENIC 1.3.1 (45, 85) pipeline.
Gene lists for genes expressed post-RYGB in humans (44) and for differentially
expressed mammalian (human and mice) genes pre- and post-RYGB (52) (NCBI
GEO: GSE112823) were obtained from prior studies.

Cryosectioning, Immunohistochemistry, and Microscopy. Sections of
python fasted and 1 dpf small intestine tissue that had been everted and flash-
frozen were sectioned on a cryostat and embedded in 50/50 OCT/Tissue Freezing
Medium solution. Sections were cut serially and either stained with H&E or with
BEST4 polyclonal antibody (ThermoFisher Scientific [catalog# BS-11043R], Bioss,
1:400) and counterstained with hematoxylin. BEST4 stained tissues were washed
three times in TBS and blocked for 1 h using 10% normal goat serum in TBS. BEST4
antibody inTBS + 10% normal goat serum was then added, and the sections were
incubated overnight at 4 °Cin a humidified chamber. After incubation, sections
were washed three times in TBS and incubated with a secondary antibody for 1 h.
Sections were then washed three times in TBS and incubated for 30 min with
ABC solution. We then washed the sections three times in TBS and added DAB
solution (Vector, SK-4100) for 5 min and quenched the reaction in ddH,0. All
samples were washed three times in TBS and mounted in 50% glycerol. Samples
were then imaged using a NanoZoomer S60 at the UT Southwestern Whole Brain
Microscopy Facility.

Data, Materials, and Software Availability. Scripts used for data analysis are
available on GitHub at https://github.com/akwestfall/PythonSingleNucleus (86).
Raw single-nucleus and bulk RNAseq have been deposited to the NCBI SRA under
the BioProject accession PRINA1080230 (87).
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