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The intestinal epithelium undergoes fast turnover, and the villus length in the
small intestine gradually decreases from the duodenum to the ileum. However,
the underlying mechanisms remain poorly understood. In this study, we
investigate the regulatory mechanism underlying the regional disparity of
villus length. A progressive strengthening of BMP signaling from the duode-
num to the jejunum and ileum establishes a signaling gradient, resulting in
differences in the rates of cell proliferation and apoptosis. We show that BMP
signaling regulates the survival of the small intestine epithelial cells by inhi-
biting integrin expression and thereby inducing cell apoptosis. Combined with
mathematical modeling, our data reveal that BMP signaling provides posi-
tional cues and antagonizes Wnt signaling to control villus growth, while Wnt
signaling promotes BMP signaling to counteract excessive proliferation, thus
maintaining villus length. Our findings provide insights into the signaling
dynamics governing epithelial turnover and villus length in the small intestine.

The small intestine is a crucial organ for food digestion, nutrient
absorption, and pathogen defense in the body. To carry out these
functions, the intestinal epithelium, which is composed of single-layer
cells, undergoes a rapid renewal process, with a turnover cycle of 3-5
days in most adult mammals'*. The number of cells in the intestinal
epithelium, reflected in villus length, is associated with nutrient
absorption. Elongated villi are associated with obesity®, while abnormal
cell death can lead to villus atrophy and impaired nutrient absorption
in certain pathological conditions®. Different segments of the small
intestine exhibit distinct nutrient absorption preferences’. Interest-
ingly, villi length is gradually shortened from proximal to distal small
intestine, forming a “Villus Length Gradient”, enabling the fulfillment

of varying nutritional requirements®. Additionally, the epithelial cells
of the villi can be regenerated and repaired to form the initial structure
when injured’. Therefore, the intestinal epithelium serves as an
excellent model for studying cell turnover and the processes involved
in cell population size control.

Morphogens control embryonic development and organ for-
mation by providing positional information through the
reaction—diffusion mechanism to determine cell fate'*™ In the small
intestine, the balance between the proliferation of intestinal stem
cells and the apoptosis of differentiated cells regulates both epithe-
lial cell number and villus length™*. Key morphogen signaling,
notably Wnt and BMP, plays crucial roles in this process by
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influencing both proliferation and differentiation of intestinal stem
cells?'. Both Wnt and BMP signaling exhibit a gradient activity along
the villus-crypt axis: high Wnt activity is at the base of the crypt and
low activity is present in the villus, while BMP activity shows the
opposite distribution®*. BMP signaling establishes a gradient
through autocrine and paracrine mechanisms, which are antag-
onized by Greml and Grem2 secreted by the mesenchymal cells
around the crypt*. BMP ligands bind to BMPRI1a (ALK3) or BMPRIB
(ALK6) and BMPR2%, then induce phosphorylation of Smad1/5/8,
which form a complex with Smad4 and activate target genes in the
nucleus. Concurrently, high levels of R-spondin around the bottom
of the crypt potentiate Wnt/B-catenin signaling and play a critical role
in maintaining the stemness and proliferation of intestinal stem
cells***. However, how signaling pathways interplay to govern the
villus length of the intestinal epithelium remains elusive.

Turnover of intestinal epithelial cells is mediated by apoptosis
triggered by cell exfoliation, a process known as anoikis®*. Various
factors such as TGF-B, TNF-o, and fructose regulate cell survival and
shedding>*" ", but the mechanisms by which intestinal epithelial cells
perceive their relative position in the villus, initiate apoptosis, and
maintain a stable turnover rate remain unclear. Our study reveals
distinct apoptosis and proliferation rates of epithelial cells in the
proximal and distal segments of the small intestine, with BMP signaling
establishing a gradient difference from proximal to distal regions.
Through the integration of mathematical models, we discover that the
intensity of BMP signaling is closely associated with cell position and
regulates apoptosis through the integrin family in a concentration-
dependent manner. We find that excessive proliferation of stem cells
does not necessarily lead to changes in villi length, whereas loss of BMP
signaling leads to longer villi. The interaction between BMP and Wnt
signaling also contributes to the steady-state turnover of the epithelial
cells, thereby maintaining the villus length in the small intestine. Our
findings shed light on the homeostatic length control of villi in the
small intestine, offering valuable insights into treating intestinal
absorption disorders.

Results

Distinct proliferation and apoptosis patterns along the villus
axis in different small intestine segments

The small intestinal epithelial cells undergo gradual differentiation to
become mature functional cells along the crypt-villus axis and even-
tually undergo apoptosis when reaching the villus tips?>*°. In agree-
ment with this, we observed that TUNEL (TdT-mediated dUTP Nick-
End Labeling) signal intensity was gradually increased from the base to
the apex of villi (Fig. 1a). We also found that the distal small intestine
exhibited higher TUNEL signal at the base of villi compared to the
proximal small intestine (Fig. 1a). To determine whether the villus
length difference between the proximal and distal small intestines
results from variations in proliferation or apoptosis (cell survival), we
first stained cleaved caspase-3 to assess cell death rate. The results
revealed that most cells underwent apoptosis when reaching the villus
tip, as indicated by cleaved caspase-3 signals that were predominantly
localized at the tips of both proximal and distal small intestines
(Fig. 1b). To quantify apoptotic cells, we employed whole-mount
staining and normalized the cleaved caspase-3-positive cells to the
total cell count in each villus. As shown in Fig. 1c, apoptosis was more
active in the distal small intestine.

To determine cell survival time in different regions of the small
intestine, we conducted lineage tracing experiments using tamoxifen-
induced LgrS<t™%; Rosa26/>¥sp e streen mjce, One day after tamoxifen
treatment, stem cells were labeled green at the bottom of crypts as
green (Fig. 1d). At day 4, we observed that the topmost ZsGreen" cells
in the villi of the distal segment were located close to the villus tip. In
contrast, ZsGreen® cells in the villi of the proximal intestine were
situated further away from the tip, suggesting that the cells derived

from Lgr5-ZsGreen® cells reach the villus tips faster in the distal
intestine compared to those in the proximal intestine.

Moreover, we performed a dual EAU/BrdU pulse-chase experi-
ment to compare the proliferation rates of the proximal and distal
small intestines and quantified the mean duration of synthesis-phase
(Ts) by following the report of Harris et al. *. The results showed that
the proximal intestine has a shorter Ts, indicating faster proliferation
compared to the distal region (Fig. 1e). These results together indicate
that regional differences in the dynamics of proliferation and apop-
tosis correlate with variations in villus lengths along the small intestine,
with the proximal segment exhibiting faster migration and delayed
apoptosis initiation compared to the distal segment.

Distinct BMP signaling activity in different segments of the small
intestine

We then explored whether distinct gene expression programs were
associated with different regions of the small intestine. We analyzed
Wnt, TGF-f3, and BMP signaling pathways in epithelial cells. Wnt signals,
indicated by Axin2-GFP and -catenin intensity, were quantified only in
crypts, as no detectable signals were found in villi. The intensities and
gradients of these signals showed similar trends from the duodenum
to the ileum (Fig. 2a and Supplementary Fig. 1a). TGF-f3 signaling, as
shown by phosphorylated Smad3 levels, exhibited a slight increase in
the ileum (Supplementary Fig. 1b). BMP signaling, measured by phos-
phorylated Smadi/5 levels, BRE-tdTomato signals, and BMP target
gene /dl, increased gradually from the proximal to distal segments
(Fig. 2b-e). Similar BMP signaling patterns were detected in both rats
and monkeys (Supplementary Fig. 1c), suggesting evolutionary con-
servation of BMP signaling between proximal and distal segments
across different species.

By comparing gene expression profiles in different segments of
the small intestine in control and Bmprla knockout mice, we observed
distinct patterns of gene regulation mediated by BMP signaling. Spe-
cifically, genes repressed by BMP signaling were enriched in the
proximal small intestine (Fig. 2f). For instance, Fabpl, which has been
reported to be a marker for the proximal segment®, was upregulated
in Bmprla knockout intestine (Fig. 2f). Dhcr24, which showed higher
expression in the proximal region compared to the distal region, was
found to be suppressed by BMP signaling (Supplementary Fig. 1d).
These results suggest that BMP signaling exhibits a gradient from the
proximal to distal small intestine.

To explore the factors contributing to differences in BMP signal-
ing along the small intestine, we developed a mathematical model
using reaction—diffusion equations to simulate the interactions of BMP
ligands, their receptors, and inhibitors (Fig. 2g). The simulation
focused on the one-dimensional stroma-crypt-villus axis. We tested
varying node densities (41, 64, 128, 256, and 512 nodes) and observed
minimal effects on the simulations, indicating that the model’s beha-
vior was relatively insensitive to simulation nodes within this range
(Supplementary Fig. 2a). In our reaction-diffusion model, we initially
considered mechanisms for BMP gradient formation, including BMP
mRNA transcription, BMP ligand diffusion, and a counter-gradient
regulated by Greml. However, BMP ligand mRNA, such as Bmp2 and
Bmp4, was higher in the proximal region (Supplementary Fig. 2b). We
found that the models, including BMP mRNA transcription (Supple-
mentary Fig. 2c, model 1) and combining BMP ligand diffusion (Sup-
plementary Fig. 2c, model 2), could not fully explain the observed
higher p-Smadi/5 expression in the distal region. Additionally, without
incorporating quantified Bmprla receptor expression, the model failed
to adequately capture BMP activity at the villus tip (Supplementary
Fig. 2c, model 3; Supplementary Fig. 2d). Therefore, we developed a
model (Supplementary Fig. 2c, model 4), which incorporated both
inhibitors and receptors, providing a more accurate simulation of BMP
gradient formation (Fig. 2h). We performed 100,000 computational
simulations in our reaction—diffusion model, testing 11 parameters
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Fig. 1| Regional disparity in the proliferation and apoptosis of the small
intestine. a Cell death in the proximal and distal small intestinal segments of wild-
type mice revealed by TUNEL assay. TUNEL signal intensity was quantified along the
villus epithelium in ten bins per segment, with error bars representing the standard
deviation (SD), visualized as shaded regions in the plots. N=3 mice/group. Scale
bars, 200 um. b Cleaved-caspase 3 staining on paraffin-embedded section in the
proximal and distal small intestine. N = 3 mice/group. Scale bars, 200 um. ¢ Cleaved-
caspase 3 staining in whole mount proximal and distal small intestine. Normalized
cell death probability was calculated by dividing apoptotic cells (cleaved-caspase
3%) by total epithelial cells in each villus. Apoptotic cells (cleaved-caspase 3°) were
counted from the top view, and total epithelial cells were counted from the side
view of agarose sections. The average total count per villus was used for each
intestinal segment. N =3 mice/group. Scale bars, lateral view on the left: 50 um, top
view on the right: 200 um. d Lineage tracing of Lgr5* cells in the proximal and distal
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small intestine of LgrS<™®™; Rosa26!™+stopiorzstren mice on day 1 and day 4. Mea-
surement of length from the villus top end to the ZsGreen front on day 4, indicated
by the distance between two arrowheads in one villus, is shown on the left panel.
Arrowheads indicate two positions: the first marks the true villus tip, and the sec-
ond marks the region where a cluster of migrating ZsGreen" cells is located. Each
individual data point represents one villus measurement. N =3 mice/group. Scale
bars, 200 um (Created in BioRender. Liu (2025) https://BioRender.com/do3glyu).
e Proliferation dynamics revealed by EAU/BrdU dual labeling. Representative ima-
ges show EdU (green) and BrdU (red) labeling, with nuclei counterstained by DAPI
(blue). High magnification images show EdU* (green) and BrdU* (red) cells in the
epithelium. EAU*, BrdU™ cells (arrows) indicate cells exiting S-phase. The quantifi-
cation was presented in the right panel. N =4 mice. Scale bar: 50 um. The data were
analyzed by an unpaired t-test with Welch-correction (two-sided) (c-e). Data
represent mean + SD.

related to BMP signaling, including ligand/inhibitor diffusion, pro-
duction, and decay rates (Supplementary Fig. 2e). By setting a nor-
malized root mean squared deviation (NRMSD) threshold of 0.085 or
lower, we identified optimal parameter sets that aligned the model’s

predictions with observed p-Smadl/5 data (Fig. 2h and Supplementary
Data 1). Notably, a majority of these solutions revealed a higher dif-
fusion rate of the inhibitor in the proximal segment compared to the
distal segment (Fig. 2i). The sensitivity analysis revealed that variations
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Fig. 2 | Distinct signaling activity in different segments of the small intestine.
a Ki67 immunofluorescence staining in Axin2-mGFP knock-in mice across small
intestine segments, showing grayscale and fluorescence intensity. Axin2 intensity
was quantified from stem to TA cells within crypts, with error bars representing the
standard deviation (SD), visualized as shaded regions in the plots. N = 3 mice/group.
Scale bars, 50 pm. b p-Smadl/5 immunofluorescence staining showing BMP sig-
naling intensity along the villus axis. Data is presented by absolute position (left)
and relative position (right) for comparison with error bars representing the
standard deviation (SD), visualized as shaded regions in the plots. N =5 mice. Scale
bars, 500 pum (left); 100 pm (zoomed-in images on the right). ¢ Inmunoblotting of
p-Smadi/5, total Smadl, and B-actin from the villus region of the proximal and distal
small intestine. N =3 mice/group. d tdTomato signals in 4xBRE-tdTomato knock-in
mice, with magnified views in insets. N=3 mice/group. Scale bars, 100 um. e /dI
expression detected by RNAscope, showing punctate signals of /d1 mRNA. Quan-
tification is shown with mean values and standard error of the mean (SEM). N=3

mice. Scale bar, 100 pm. f Expression of BMP-suppressed enterocyte genes in the
proximal and distal small intestine. N =3 mice/group. g Both BMP ligand and
inhibitor undergo generation (& 5, &), diffusion (Dg, D)), and degradation (dec,
dec;). The competitive binding of the inhibitor to the ligand impedes the interaction
between the BMP ligand and receptor (R and decgg) (Created in BioRender. Liu
(2025) https://BioRender.com/7ob2gem). h Spatial distribution of BMP ligand,
receptor, and inhibitor from villus apex to stroma, with BMP distribution in the
proximal and distal small intestine with the model solutions (smooth lines).

i Scatter plots comparing BMP and inhibitor diffusion rates, with model solutions
fitting p-Smadl/5 distribution. j Grem1 protein distribution in the stromal cells and
crypt region of the proximal small intestine, quantified in both regions. N =3 mice/
group. Scale bar: 50 um. k BMP signaling intensity variation from proximal to distal
regions (Created in BioRender. Liu (2025) https://BioRender.com/x1duy74). The
data were analyzed by an unpaired ¢-test with Welch-correction (two-sided) (j). Data
represent mean + SD.

in BMP inhibitor parameters had a greater impact than BMP ligands,
highlighting the crucial role of BMP inhibitors in gradient regulation
(Supplementary Fig. 2f). To determine whether the observed varia-
tions in the BMP gradient between the proximal and distal segments
could be attributed to differences in inhibitor diffusion, we specifically
varied the inhibitor diffusion rate, while keeping all other parameters
constant, to isolate its contribution to the observed proximal-distal
differences in the BMP gradient (Supplementary Fig. 2g). This finding
suggests that in order to establish a BMP signal gradient in the prox-
imal segment, inhibitors expressed in the stroma cells need to diffuse

over a greater distance. In contrast, the remaining biophysical para-
meters, including inhibitor production, did not exhibit distinguishable
patterns (Supplementary Fig. 2h). To further validate our hypothesis
from mathematical modeling, we conducted smFISH analysis, which
revealed that GremI mRNA is predominantly localized to stroma cells
subjacent to the crypts (Supplementary Fig. 2i). Additionally, Greml
protein is primarily found in stromal cells, with diffusion extending
into the crypt region of the proximal intestine. The elevated expres-
sion of Greml in the proximal region also accounts for the compara-
tively lower BMP signaling in this segment (Fig. 2j). Taken together,
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these results suggest that the observed variations in BMP signaling
among distinct small intestinal segments may be attributable to dif-
ferential expression and diffusion of the inhibitors (Fig. 2k).

BMP signaling regulates villus length

Considering the gradient difference of BMP signaling between the
proximal and distal segments of the small intestine, we examined the
involvement of BMP signaling in the regulation of villus length using
genetically engineered mice. Villin-creERT2-driven conditional knock-
out (cKO) of Bmpria led to body weight loss in the early time, which
gradually recovered over time (Supplementary Fig. 3a). Bmprla cKO
and Smad4 cKO mice exhibited increased villus length and cell num-
ber, accompanied by enhanced stem cell proliferation shown by Ki67*
cells and EAU/BrdU tracing (Fig. 3a, b and Supplementary Fig. 3b-d). In
contrast, GremI cKO mice showed reduced villus cell number and a
less organized nuclear arrangement, alongside diminished stem cell
proliferation (Fig. 3c and Supplementary Fig. 3e). Notably, even after
six weeks of Bmprla cKO, the overall villus length was longer than in
the control (Fig. 3d). In addition, Bmprla cKO increased the number of
absorptive epithelial cells as shown by Apoal-mCherry (Supplemen-
tary Fig. 3f). Consistently, the genes related to nutrient absorption
were upregulated in both the proximal and distal segments of the
Bmprla cKO small intestine compared to control groups (Supple-
mentary Fig. 3g, h). These data together indicate that BMP signaling
plays a crucial role in regulating villus length and absorptive function.

BMP signaling promotes anoikis by suppressing integrin
expression

As both cell proliferation and death can contribute to the turnover rate
of the intestinal epithelium, we examined cell death with the TUNEL
assay. Interestingly, TUNEL staining and apoptosis genes were dimin-
ished in the Bmpria cKO small intestine (Fig. 4a and Supplementary
Fig. 4a), confirming the important role of BMP signaling in cell death
control”. To investigate the underlying mechanisms of villus growth
and epithelial cell turnover, we developed a two-stage mathematical
model combining (i) progenitor self-renewal in crypts and (ii) differ-
entiation into terminal cells in the villus. The model captured the
behavior of progenitors and differentiated cells, including cell pro-
liferation, migration, and apoptosis. In the mathematical model, BMP
signaling inhibited stem cell proliferation probabilities (py) using the
Hill equation. BMP modulated apoptosis (d;) through either a
threshold mechanism or the integral mechanism involving cumulative
integration of BMP concentration over time***, We first focused on
testing the integral mechanism, where apoptosis is modulated by the
cumulative effect of BMP concentration over time (Fig. 4b, and see
Results section for model 5). In this model, we incorporated differ-
ential Grem1 expression and its diffusion rates across the proximal and
distal small intestine, based on both the reaction-diffusion model
(Fig. 2h) and experimental data (Fig. 2j). Using the results predicted in
Fig. 2h-j as input, we treated Greml activity as a spatially variable
factor to more accurately simulate how regional variations in Greml
influence BMP gradients (Fig. 4c) and villus growth (Fig. 4d). This
refinement allows the model to predict differing steady-state villus
lengths between the proximal and distal segments, with the villus
length in the proximal segment reaching approximately twice that of
the distal segment (Fig. 4d). This indicates that differential BMP sig-
naling can generate varying villus lengths in silico. The villi in the distal
segment accumulated a similar amount of BMP (t1-t3) as the proximal
villi (t1-17) but reached this level more rapidly (Fig. 4e). This obser-
vation implies that the time required for BMP accumulation correlates
with the time needed to achieve steady-state villus length in both the
distal and proximal segments (Fig. 4d). Given that our mathematical
model indicating that cell death rate depends on BMP concentration
integration, we hypothesize that the accelerated apoptosis observed in
the distal villi is due to the more rapid accumulation of BMP in the

distal small intestine. The caspase-3 activity assay in intestinal orga-
noids confirmed that prolonged BMP exposure induced an increased
time-dependent apoptosis (Supplementary Fig. 4b). The analysis of
p-Smadl/5 and TUNEL signals along the villi confirmed that accelerated
apoptosis in the distal villi was due to more rapid BMP accumulation,
with a corresponding earlier onset and higher intensity of apoptosis in
the different regions along the villus (Fig. 4f).

Anoikis, the integrin-mediated apoptosis, is important for the
steady-state maintenance of the intestinal epithelium®. However, the
mechanisms controlling integrin expression are not well understood.
We discovered that integrin mRNA levels were upregulated in Bmprla
cKO intestinal epithelium (Fig. 4g and Supplementary Fig. 4c), and that
BMP suppressed their expression (Supplementary Fig. 4d). In control
mice, /tga6 expression decreased from the base to the apex of the villi,
but in Bmprla cKO mice, elevated /tga6 expression persisted (Fig. 4h).
We further found that Smadl and Smad4 bound to the promoters of
the ltgb4 and ltga6 genes, indicating direct regulation of integrin
expression by BMP signaling (Supplementary Fig. 4e and Supplemen-
tary Data 2)"*°, BMP inhibited the expression of /tghb4 and ltga6 in a
concentration-dependent manner (Fig. 4i). This inhibition was
accompanied by increased levels of cleaved caspase-3 and decreased
levels of Bcl2, verifying the prediction of the mathematical model that
BMP promotes apoptosis in the intestinal epithelium in a
concentration-dependent manner (Fig. 4b-f). Supporting this, the
ablation of integrin enhanced cleaved caspase-3 levels (Supplementary
Fig. 4f). Consistently, BMP had no effect on organoid budding num-
ber and survival rates in /tgh4 KO organoids (Supplementary Fig. 4g).
Interestingly, Pyrintegrin, an integrin agonist that enhances
cell-extracellular matrix adhesion-mediated integrin signaling”, upre-
gulated Itga6 and increased villus length in vivo (Fig. 4j and Supple-
mentary Fig. 4h). Next, we tested the threshold mechanism
(Supplementary Fig. 5, Model 6) using a mathematical model. As high
BMP level inhibits villus elongation, the model predicted that the distal
small intestine exhibited a very short villus length due to the high BMP
signaling at the villus base (Fig. 4k). Therefore, the threshold
mechanism would make it difficult for the distal villi to grow, which
contradicts the in vivo observations. Taken together, these results
suggest the integral mechanism by which BMP signaling induces
anoikis by suppressing integrin expression.

BMP signaling exerts dual effects in the intestinal epithelium:
inhibiting cell proliferation while promoting apoptosis”?°. However,
distinguishing their different impacts on the intestinal epithelium
using mouse models poses a challenge. To address this problem, we
utilized mathematical modeling by altering a single variable in the role
of BMP signaling. Initially, we presumed that a constant cell death rate
would be unaffected by variations of BMP concentration to minimize
the impact of BMP gradient differences on cell apoptosis. This resulted
in a reduced discrepancy in villus length between the proximal and
distal small intestine in the model (Fig. 41, i and ii). Subsequently, we
disabled the role of BMP in stem cell proliferation. Simulations showed
that inhibition of stem cell proliferation had a minimal effect on villus
length in the proximal small intestine, where BMP levels were low.
However, in the distal small intestine, where BMP-regulated stem cell
proliferation was disabled, villus length significantly increased, redu-
cing the difference in villus length between the proximal and distal
regions (Fig. 41, iii). Similar proliferating cells in the proximal and distal
segments of the Bmprla cKO intestine validated the mathematical
model (Fig. 41). Therefore, BMP regulates villus length by modulating
both apoptosis and proliferation.

BMP signaling provides positional cues and generates negative
feedback on Wnt signaling

To track the process of villus growth, mice were injected with poly(l:C),
which induces apoptosis in villus epithelial cells and selectively
removes villi in the duodenum and ileum®. Cell proliferation was
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Fig. 3 | BMP signaling regulates villus length. a Immunofluorescence staining of
Ki67 in control and Villin“™*™; Bmpr1a™"* (Bmprla cKO) mice at day 12 post-
tamoxifen injection (dpi). Quantification of villus length and cell number from the
proximal to the distal small intestine and Ki67* cells in the jejunum. N=3 mice/
group. Scale bars, 200 um. b Immunofluorescence staining of Ki67 in control and
Villin“**™2; Smad4"/"* (Smad4 cKO) mice at 12 dpi. Quantification of villus length
and cell number from the proximal to the distal small intestine, and Ki67" cells in
the jejunum. N =3 mice/group. Scale bars, 200 um. ¢ Inmunofluorescence staining
of Ki67 in control and Cagg“*™; Grem1"¥"* (GremI cKO) mice at 12 dpi. Quanti-
fication of villus length and cell number from the proximal to the distal small

1 2 5
Position (Duo to lleum)

3 4

intestine, and Ki67* cells in the jejunum. N =3 mice/group. Scale bars, 200 um.

d Immunofluorescence staining of Ki67 and E-cadherin in control and Bmpria cKO
mice at 42 dpi. Quantification of villus length from the proximal to the distal small
intestine. N=3 mice/group. Scale bars, 500 um. In (a-c) the white arrows indicate
the apex of the villus, and the original blue color of DAPI staining in microscopy
images has been adjusted to green for better visualization. This adjustment applies
uniformly across the entire image. Quantification of villus length and cell number
was analyzed by two-way ANOVA with Tukey’s multiple comparison test; Quanti-
fication of Ki67* cells was analyzed by unpaired t-test (two-sided). Data represent
mean + SD.
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bars representing the standard deviation (SD), visualized as shaded regions in the
plots. N =3 mice/group. Scale bars, 200 um. b Two-stage cell lineage model: pro-
genitor cell proliferation and differentiation leading to cell death (d_1) controlled
by BMP activity (Created in BioRender. Liu (2025) https://BioRender.com/jyzljkj).
¢ Computational modeling shows that BMP signaling progressively amplifies dur-
ing villus elongation (t1-t8). Distal segments, which exhibit lower expression and
diffusion rate of Greml, develop earlier and stronger BMP peaks compared to
proximal regions. d Simulated villus growth (proximal/distal) with progenitor cell
proportions. The dashed line marks the crypt-villus boundary. e Model prediction
of BMP signaling activity in the apical cells of the villi upon reaching a state of
equilibrium in villus growth. f p-Smad1/5 and TUNEL intensity profiles along villus
(proximal P6 vs distal D3 positions). P6, 6th position from a base in the proximal
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active and extended into the villus region at 48 hpi (hours post-injec-
tion) (Fig. 5a). At 72 hpi, the proliferative zone was reduced to the crypt
region. Since both BMP and Wnt signaling play important roles in the
regulation of proliferation and death of intestinal epithelial cells, we
aimed to determine whether they are involved in the rapid cell pro-
liferation in the crypts during early villus growth and the subsequent
deceleration as villi approach steady-state length. Bmpria deletion led
to elevated levels of the Wnt-responsive protein Axin2 in both the stem
cell and transit-amplifying zones (Fig. 5b). Long-term BMP treatment
resulted in the suppression of Wnt signaling targets such as Sox9 and
Cd44, along with a decrease in B-catenin activity in the nucleus in
intestinal organoids (Fig. 5c and Supplementary Fig. 6a). To investigate
the negative feedback of BMP signaling on the Wnt pathway during
villus growth, we employed a mathematical model (Fig. 5d and Sup-
plementary Fig. 5, model 7). In the early stages of villus growth, low
levels of BMP signaling in the crypts did not hinder Wnt activity,
allowing stem cell proliferation (Fig.5e, t1-t4). As the villus elongated,

BMP signaling was intensified, leading to suppression of Wnt signaling
and villus growth deceleration (Fig.5e, t5-t6). BMP antagonists secre-
ted from the stromal cells bind BMP at the base of the villi, preventing
the interaction with its receptors and establishing a stable boundary
beneath the crypts®***°. Mathematical modeling showed that BMP sig-
naling intensity was correlated with cell spatial arrangement during
villus growth (Fig. Se, right). This suggests that BMP signaling carries
positional information, guiding cell proliferation during villus growth.
Consistent with the model, following the poly(l:C) injection, the BMP
signaling indicator p-Smad1/5 was detected only on the villus tips at 48
hpi and increased, extending to the whole villus region at 72 hpi
(Fig. 5f). Additionally, Grem1 expression was initially elevated during
villus regeneration but diminished as the villus elongated (Supple-
mentary Fig. 6b). However, p-Smad3 levels were detected at all the
time points (Fig. 5f), indicating that TGF-f3 signaling remained con-
sistently high during villus regeneration. These dynamic changes
suggest that BMP signaling intensity adjusts with villus length,
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reflecting cellular positioning. To assess villus regeneration, we injec-
ted mice with Poly(l:C). While control mice showed limited villus
regeneration in the duodenum and ileum after 48 h, Bmpria cKO mice
exhibited rapid villus growth, reaching similar villus lengths in both the
duodenum and ileum (Fig. 5g). Taken together, these results indicate
that BMP signaling dynamically modulates its intensity in response to
cellular spatial positioning, and by inhibiting Wnt signaling, BMP sig-

naling regulates the rate of cell proliferation to coordinates the
regeneration and elongation of villi.

Proximal

Positive feedback of Wnt signaling on BMP signaling contributes
to the villus length control

We also investigated the impact of Wnt signaling on villus length using
Apc heterozygous knockout mice. Apc heterozygous knockout led to
higher cell proliferation, reduced villus length in the proximal region,
but had no effect on villus cell number (Fig. 6a). EdU lineage tracing
revealed that faster migration of EAU" cells to the apex of the villus and
shorter survival time for intestinal epithelial cells in Apc heterozygous
mice (Supplementary Fig. 7a), indicating that the activation of Wnt
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Fig. 5 | BMP signaling provides positional cues and generates negative feed-
back on Wnt signaling. a Immunofluorescence staining of Ki67 at O h, 24 h, 48 h,
and 72 h after poly(I:C) injection (hpi). N =3 mice/group. Scale bars, 100 um. The
expression regions of Ki67 were indicated by arrowheads (Created in BioRender.
Liu (2025) https://BioRender.com/mycsfrf). b GFP fluorescence imaging of Axin2-
mGFP in control and Bmprla cKO mice in the proximal segment (left). The images
showed fluorescence intensity of Axin2-mGFP, highlighting the Wnt-responsive
protein expression (middle). Quantification of Axin2 intensity was performed from
the stem cell zone to the transit-amplifying (TA) zone within crypts for both Bmpria
cKO and control mice (right). N =3 mice/group. Scale bars, 50 um. ¢ RT-qPCR of
Sox9, Cd44, Id1, Id2, and Bmprla in control and Bmprla cKO organoids cultured in
ENR and ERB medium for 24 h. E, EGF, 50 ng/mL; N, Noggin, 100 ng/mL; R, R-
spondin, 500 ng/mL; B, BMP, 20 ng/mL. N=3 independent experiments. d A
schematic diagram of a two-stage cell lineage model regulated by Wnt and BMP
signaling. Wnt signaling promotes proliferation of progenitor cells (p,), while BMP

signaling suppresses cell proliferation and Wnt activity (Created in BioRender. Liu
(2025) https://BioRender.com/2tio9zc). e Mathematical model of villus growth with
corresponding spatial distribution of Wnt and BMP activity in the distal small
intestine. t1 through t6 are characterized by identical temporal intervals. The col-
ormap axis represents the proportion of progenitor cells ranging from O to 1 along
the crypt-villus axis. The dashed line demarcates the boundary between the crypt
and the villus. f Immunofluorescence staining of p-Smadl/5 and p-Smad3 at O h,
24 h, 48 h, and 72 h after poly(I:C) injection. N =3 mice/group. Scale bars, 100 um.
g Immunofluorescence staining of Ki67 from the duodenum to the ileum of control
and Bmprla cKO mice at 48 h after poly(l:C) injection. The white arrows indicate the
corresponding position of the duodenum and the ileum. N =3 mice/group. Scale
bars, 500 um. The original blue color of DAPI staining in microscopy images has
been adjusted to green for better visualization (a, g). This adjustment applies
uniformly across the entire image. The data were analyzed by an unpaired t-test
with Welch-correction (two-sided) (b). Data represent mean + SD.

signaling results in an accelerated cell turnover. When mice were
injected with adenovirus overexpressing R-spondinl, they exhibited
elongated crypts and excessive cell proliferation (Supplementary
Fig. 7b, ¢), as early reported*.. Interestingly, R-spondinl overexpression
also increased cell number in villi, but had no effect on villus length in
most parts of the small intestine, even shorter villi were observed in the
most proximal small intestine. These results indicate that Wnt-induced
excessive cell proliferation does not lead to an increase in villus length.

Given the significant role of BMP signaling in regulating villus
length, we investigated whether Wnt signaling has any impact on BMP
activity. Notably, the Wnt signaling target Axin2 and BMP signaling
genes (Bmp2, Bmprla, Pmp22, and Slc34a2) were upregulated in Apc
heterozygous mice (Fig. 6b). In organoids cultured in the ER medium
containing EGF and R-spondinl, Axin2 and the BMP target genes /d1
and /d2 were upregulated compared to those in the E medium con-
taining EGF only (Fig. 6¢). Furthermore, p-Smad1/5 was detected in the
lower half of the villus epithelium in Apc heterozygous mice (Fig. 6d).
These data suggest that elevated Wnt signaling promotes BMP sig-
naling activity. To further explore the effect of Wnt signaling on BMP
signaling, we developed a mathematical model using the Hill equation
to add Wnt-BMP positive feedback regulation based on experimental
findings (Fig. 6a-d) and confirmed its impact on villus growth (Fig. 6e
and Supplementary Fig. 5, model 8). This positive feedback mechanism
enhanced BMP signaling and apoptosis, therefore maintaining villus
sistent with this, in Apc heterozygous mice, TUNEL signals were
detected starting from the base of the villi (Supplementary Fig. 7d),
indicating that cell apoptosis was initiated at an earlier stage of dif-
ferentiation upon excessive Wnt activation. Consistently, proliferation
and pro-apoptosis genes were upregulated in Apc™™* intestinal epi-
thelial cells (Supplementary Fig. 7e).

According to the model, high Wnt signaling activity alone should
lead to longer villi due to increased proliferation (Fig. 6f, (ii)). However,
the positive feedback between Wnt and BMP signaling counteracts this
by inducing cell death, thereby maintaining stable cell numbers and
villus length (Fig. 6f, (iii)). To experimentally validate this, we gener-
ated Apc and Bmprila double conditional knockout (DKO) mice. Both
Bmprla cKO and DKO mice exhibited increased cell number and villus
length, whereas Apc heterozygous mice did not (Fig. 6g). These results
indicate that while Wnt signaling promotes cell proliferation, it also
upregulates BMP signaling, which induces cell apoptosis. This balance
ensures that increased cell proliferation does not lead to excessive
villus elongation. Blocking BMP signaling alone is sufficient to increase
villus length, highlighting the essential role of BMP signaling in villus
length maintenance.

Discussion
Previous analyses of small intestinal segments have primarily focused
on comparative studies of differential genes and cell types using

single-cell and spatial transcriptomic data****’, However, a notable
difference among these segments is the variable length of villi. The
mechanisms underlying the gradient differences in villus length along
the small intestine remain unexplored. By integrating experimental
data and mathematical modeling, we established a framework for
understanding the regulatory mechanism governing villus length. We
observed differential BMP signaling activities in different regions of
the small intestine, which control villus length along the proximal-
distal axis. Our results also revealed the crucial role of the interplay
between BMP and Wnt signaling in regulating epithelial turn-
over (Fig. 7).

Gradually reduced villus length from the proximal to distal small
intestine is associated with the turnover rate of epithelial cells®®. Cell
turnover involves a finely tuned balance between cell proliferation and
apoptosis, which are constrained in different zones along the crypt-
villus axis: cell proliferation occurs in the crypts while apoptosis takes
place in the villus tip’. The turnover time of small intestinal epithelial
cells has been investigated using isotope labeling** and Lgr5-LacZ
tracing methods'. However, the turnover differences along the small
intestine from the proximal to distal segments have not been exam-
ined. We observed faster proliferation rates in the proximal region and
higher apoptotic activity in the distal small intestine. These differences
are in agreement with the change in villus length along the small
intestine, with long villi in the proximal segments and short villi in the
distal segments.

Intestinal segment transplantation showed that villus length
adapts to the surrounding environment: transplantation of a segment
of proximal small intestine to a distal location resulted in shorter villi,
whereas transplantation of a distal segment to a proximal location led
to longer villi*’. This suggests that villus length is dictated by the local
environmental factors at different intestinal segments. This raises the
question of whether distinct molecules are expressed in different
intestinal segments or whether some signaling pathways exhibit dif-
ferential activities in these regions. Our study supports the latter,
demonstrating that BMP signaling is differentially activated, generat-
ing a gradient that controls villus length along the proximal-distal axis
of the small intestine.

The formation and maintenance of organ structure rely on intri-
cate signaling networks that govern cell fate decisions*®. BMP signaling
regulates cell differentiation, apoptosis, and proliferation, which could
be concentration-dependent”’. Previous studies show that cells inter-
pret their spatial positions by sensing and responding to the varying
BMP concentrations in their microenvironment®*, BMP inhibitors
play a crucial role in establishing the gradient of BMP signals'*’.
Consistently, a high Gremlinl level at the base of the crypts establishes
a robust BMP boundary, where cells respond to its spatial gradient
along the villus-crypt axis to regulate cell death.

Anoikis, a major type of cell death that differentiates intestinal
epithelial cells, plays a critical role in maintaining intestinal epithelial
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d Immunofluorescence staining and quantification of p-Smadl/5 in the proximal
region of the small intestine between control and Apc hez mice, with error bars
representing the standard deviation (SD), visualized as shaded regions in the plots.
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BMP signaling inhibits Wnt signaling (Created in BioRender. Liu (2025) https://
BioRender.com/2tio9zc). f The mathematical model shows BMP activity, cell
removal rate, and villus length under three conditions: (i) normal; (ii) Wnt activation
without BMP regulation (y_1= 0); (iii) Wnt activation with BMP regulation (y_1). The
colormap represents progenitor cell proportion along the crypt-villus axis, with a
dashed line marking the crypt-villus boundary. g Immunofluorescence staining of
Ki67 in the proximal small intestine of the indicated mice. Mice were injected with
tamoxifen for five days and then sacrificed 2 days later. N =3 mice/group. Scale
bars, 200 um. The white arrows indicate the apex of the villus. For a, villus length
and cell number were analyzed by two-way ANOVA with Tukey’s multiple com-
parison test; Ki67* cells were analyzed by unpaired t-test with Welch-correction
(two-sided). b, ¢ Analyzed by unpaired t-test with Welch-correction (two-sided);
g was analyzed by one-way ANOVA with Tukey’s multiple comparison test. Data
represent mean + SD.
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Fig. 7 | The interaction between BMP and Wnt signaling establishes the dif-

ferent epithelial turnover rates and villus length in the proximal and distal

small intestine. BMP signaling exhibits a spatial gradient from the proximal duo-
denum to the distal ileum. As BMP signaling increases from the proximal to distal
segment, Wnt signaling activity remains relatively constant. BMP signaling inhibits
cell proliferation, promotes epithelial cell apoptosis by inhibiting integrin expres-
sion, and suppresses Wnt signaling. This gradient of BMP signaling correlates with

the gradual reduction in villus length from the proximal to distal small intestine.
Along the crypt-villus axis, increased BMP signaling coupled with its negative
feedback on Wnt signaling attenuates cell proliferation as villi reach a certain
length. Furthermore, the positive feedback of Wnt signaling on BMP signaling
prevents excessive proliferation to maintain stable villus length (Created in BioR-
ender. Liu (2025) https://BioRender.com/u0fu7hg).

homeostasis®. Integrin proteins prevent anoikis by anchoring cells to
the extracellular matrix®°. Integrin a6B4 subunits are exclusively
expressed in epithelial cells and suppress anoikis in human differ-
entiated intestinal cells®. We demonstrated that BMP signaling
downregulates the expression of integrins, including a6(34. Consistent
with the role of apoptosis in villus length determination, we found that
activation of integrin signaling promoted the elongation of small
intestinal villi. As epithelial cells migrate along the crypt-villus axis
towards the apical tips of villi, they encounter prolonged BMP signal-
ing activation, a result of integration of signal concentration over time
rather than simple concentration-dependent linear effects, leading to
induction of apoptosis. Such phenomena are also observed in the
studies of morphogen transduction®*,

Organ homeostasis critically relies on complex feedback loops
integrating cell proliferation and apoptosis, essential for maintaining
tissue integrity and functionality in various physiological and patho-
logical scenarios™™°. The interplay between Wnt and BMP signaling
plays an important role in the maintenance of intestinal epithelial
homeostasis. BMP is known to antagonize Wnt signaling in controlling
stem cell proliferation’. Here, we observed that BMP generates
negative feedback on Wnt signaling, enabling information transmis-
sion from the villus to the crypt region to regulate the cell number of
the intestinal epithelium. We also found that Wnt signaling upregulates
the expression of BMP ligands and receptors. This reciprocal regula-
tion forms a feedback loop wherein Wnt signaling activation
strengthens BMP activity, contributing to the maintenance of intestinal
villus length. Specifically, Wnt signaling activation promotes cell pro-
liferation, and meanwhile, increases BMP signaling, which limits cell
number by enhancing anoikis to regulate villus length. It will be
interesting to study the regulatory mechanisms that orchestrate the
adaptation of villus length by the interplay between epithelial and
mesenchymal cell signaling pathways, and in response to environ-
mental changes™’.

Our current mathematical model focuses on the proliferation and
apoptosis of epithelial cells and their combined effect on villus length.
However, the process of villus formation also involves complex inter-
actions with other cell types, such as mesenchymal and immune cells®,

Future modeling improvements will need to incorporate these cell
types and their signaling pathways to better reflect the complexities of
villus structure and enhance the model’s predictive capacity.

Methods

Mice

Bmprlad™”* mice were kindly provided by Dr. Yuji Mishina®, and
villin™**®™ mice were graciously shared by Dr. Sylvie Robine, Institute
Curie-CNRS®. Smad4™*%** mice originated from Dr. Xiao Yang®.
Cagg™*™ and Grem!™"* mice were purchased from Saiye Biotech
Limited Company (Guangzhou, China). Apc™”* mice were acquired
from Jackson Laboratory. Apc ™* mice were kindly shared by Dr. Wei
Wu. Lgr§®*2 and Rosa26>» <o o»zeen mice from Dr. Xiao-Dong Wang
(National Institute of Biological Sciences, Beijing). Rosa26"swp-lox-Cas>Gfe
mice were provided by Dr. Jianwei Wang (Tsinghua University, Beijing).
Apoal-mCherry mice were commercially generated by Gem Pharma-
tech (Nanjing). Axin2-mGFP mice were kindly provided by Dr. Yi Zeng®.
All mice were systematically backcrossed into the C57BL/6 genetic
background for a minimum of 10 generations. Mice of both genders,
aged between 2 and 4 months, were included in this study. The
determination of sample size was not predicated on statistical meth-
ods. Typically, a minimum of three mice per genotype were utilized in
each experimental assay. No exclusions were made from the study
cohort, and randomization of the animals was not employed. Tamox-
ifen (Sigma) was solubilized in corn oil to attain a concentration of
20 mg/mL, with an administration of 75 mg/kg injected into the mice
over a span of five days. Pyrintegrin (Selleckchem, #E0462) was dis-
solved in DMSO to prepare a stock solution. A volume of 15 pL of the
stock solution (66 pg/pL) was added to 120 pL of PEG300 and mixed
until clear. Subsequently, 15 pL of Tween 80 was added and mixed until
clear. Then, 150 pL of water was added. Each mouse received a daily
injection of 100 pL for five consecutive days, followed by sacrifice on
the sixth day. For the administration of EdU, a dosage of 42.5 mg/kg
was injected at 1h and 24 h prior to sacrifice. In the context of ade-
novirus injections, an adenovirus carrying the full-length human
R-spondinl was generated and purified through cesium chloride gra-
dient centrifugation. A dose of 5x10° pfu of the virus was
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intravenously injected into each mouse via tail vein injection. Mice
injected with adenovirus expressing R-spondinl were sacrificed 5 days
later. One milligram/mL poly(I:C) HMW (InvivoGen, tlrl-pic) was made,
and 20 mg/kg was injected. All procedures involving animals adhered
to the pertinent guidelines and were conducted with the approval of
the Institutional Animal Care and Use Committee of Guangzhou
Laboratory (GZLAB-AUCP-2023-01-A01).

Rat and monkey

Eight-week-old rats were acquired from SJA Laboratory Animal Co.,
Ltd. The small intestine of cynomolgus monkey (Macaca fascicularis)
were obtained from Yunnan Key Laboratory of Primate Biomedical
Research, and the experimental protocols were approved in advance
by the Institutional Animal Care and Use Committee of Yunnan Key
Laboratory of Primate Biomedical Research.

Generation of 4xBRE-tdTomato knock-in mice

DKO-AG-haESCs were obtained by optimizing AG-haESCs®, which can
obtain mice with the genotype of interest more efficiently®*. Plasmid
pX330-mCherry-Rosa26-SG was constructed by inserting the sgRNA
sequence of the Rosa26 gene trap range into the pX330-mCherry
plasmid (Addgene, Plasmid# 98750) containing the sgRNA scaffold and
Cas9 DNA sequence. To obtain the donor plasmid pT-4xBRE-miniP-
tdTomato-PEST, the sequence containing pT-4xBRE-miniP-tdTomato-
PEST and the homologous arm was ligated into pMD19T-Vector.
pX330-mCherry-Rosa26-SG and pT-4xBRE-miniP-tdTomato-PEST were
transfected to DKO-AG-haESCs by lipo2000 (Invitrogen,
Cat#11668019). Cells were then obtained by sorting the haploid cells by
FACS (Fluorescence Activated Cell Sorting) and genotype identification
by DNA sequencing. The cells were injected into mature oocytes, and
semi-cloned mice were obtained by embryo transfer into the uterus of
pseudo-pregnant female mice. Then Rosa26-4xBRE-miniP-tdTomato-
PEST mice were obtained after mating and genotype identification.

Isolation of intestinal crypts and organoid culture

Intestinal crypts were isolated and cultured following established
methodologies®. Briefly, the murine intestine was longitudinally sec-
tioned and subjected to thorough washing with cold PBS. Subsequent
removal of villi was performed with precision, and intestine fragments
of 5-10 mm were immersed in 2 mM EDTA dissolved in PBS. The sus-
pension was incubated at 4 °C for 30 min, vigorously agitated within
cold PBS, and then passed through a 70 um cell strainer (BD Bios-
ciences). The crypt fraction was enriched via centrifugation (3 min at
300-400 g), and then mixed with Matrigel (BD Biosciences) and seeded
onto 24-well plates. Upon solidification of the Matrigel, crypt culture
medium designated as ENR (Advanced DMEM/F12 supplemented with
EGF (50 ng/mL, Novoprotein, C09), Noggin (100 ng/mL, OrganRagen,
807-NOG), and R-spondinl (500 ng/mL, OrganRagen, 861-RS1), as well
as Penicillin/Streptomycin, GlutaMAX-I, N2, B27, and N-acetylcysteine
(Sigma-Aldrich)) was meticulously introduced and replenished at three-
day intervals. For passaging, organoids embedded within Matrigel were
suspended within 1 mL of cold PBS, pelleted via centrifugation (3 min at
300-400 g), and then re-embedded in fresh Matrigel prior to seeding
onto a plate and subsequent medium supplementation. After two
generations, organoids were subsequently maintained in EN (withdraw
Noggin from ENR), ENR, or ERB (ER with BMP4 (20 ng/mL, R&D, 314-BP-
050)) medium for a duration of 24 or 48 h. Five hundred nanometers 4-
OH-tamoxifen (4-OHT, Sigma, H7904) or ethanol was used for 48 h to
induce Bmprla knockout in organoids.

Lentivirus production and ltgb4 knock-out in organoids

HEK293FT were cultured in a 6-cm dish with Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen, 31053028) supplemented with 10%
fetal bovine serum (FBS, Hyclone, SH20074.03), 1% penicillin/strepto-
mycin (Gibco, 15070-063), 0.1 mM MEM Non-Essential Amino Acids

(NEAA, Gibco, 11150-050), 2 mmol/L r-glutamine (Gibco, 25030-081),
and 1mM Sodium Pyruvate (Gibco, 11360-070) under the selection
with Geneticin (500 pg/mL, G418). The cells were transfected with 4 pg
of the plasmids LV0O4-gRNA (Sigma Aldrich) targeting mouse /tgh4
(sgRNA1+PAM:  GAGCTGTACCGAGTGCATCCGG;  sgRNA2+PAM:
TTGTCCACCCGGATGCAC TCGG), 6 pug Pax2.0, and 2pg pMD2.G,
using Polyetherimide (PEI, Polysciences, PT-101-01N), and cultured with
G418-free medium. Three days post-transfection, the supernatant was
passed through a 0.45-um filter, added Lenti-concentin virus pre-
cipitation solution (5X, ExCell Bio, EMB810A), and refrigerated at 4 °C
overnight. After centrifugation at 1500 g for 30 min, the pellet was re-
suspended in 250 pL of infection medium (the ENR medium containing
6.67 UM blebbistatin, 2.5puM CHIR-99021, 10% Wnt3a conditional
medium, and 10 pg/mL polybrene (Macgene, MC032)).

Organoid infection was performed as previously described in
ref. 66. Briefly, organoids derived from the crypts of Rosa26®»sopiowassGie
mice were cultured with the ENR culture medium. After 2.5 uM CHIR-
99021 and 10 mM nicotinamide treatment for 2 days, the organoids were
digested and re-suspended with infection medium containing virus.
Then, infected cells were placed on solidified Matrigel and incubated
overnight at 37 °C. Two days after infection, change the medium with
ENR plus 2 pg/mL puromycin. Once the organoids grew and passed
normally under the puromycin selection, the CAS9 protein was induced
with 4-OHT. Immunoblotting was performed on day 4 after 4-OHT
treatment.

TUNEL staining

The mouse intestine was rinsed with ice-cold PBS, and fixed with 4%
paraformaldehyde at 4 °C overnight. Then the tissues were dehydrated
and embedded in paraffin wax. Freshly cryopreserved intestinal sam-
ples were arranged in a “Swiss-roll” configuration and embedded
within paraffin wax. Embedded tissues were sectioned with a thickness
of 5 um. After deparaffinization, the sections were subjected to TUNEL
staining in accordance with the manufacturer’s guidelines (Roche),
and counter-stained with DAPI.

TUNEL signal intensities were quantified by calculating the mean
intensity along the villus axis. Each villus was subdivided into ten
equally sized bins along its length (from base to tip) to assess regional
variations in signal intensity. The decision to use ten segments was
based on optimizing the resolution of intensity gradients along the
villus while maintaining sufficient statistical power for comparison. For
each segment, the mean TUNEL intensity was calculated, excluding
non-positive values. These results, along with standard deviations, are
presented to highlight the trends observed in control and Bmpria cKO
samples. The central line represents the mean, and the shadow regions
depict the standard deviation (SD) for each bin. Additionally, for the
analysis of proximal and distal small intestine regions, we carefully
selected representative sections from both ends of the intestine for
comparison. Each region was delineated based on anatomical land-
marks, ensuring consistent sampling. Improved image presentation
and analysis results are now provided to enhance clarity.

Immunofluorescence and histological staining

For immunohistochemical (IHC) analysis, sections of formalin-fixed
and paraffin-embedded intestine were deparaffinized with iso-
propanol and alcohol solutions. Subsequently, antigen retrieval was
performed, and endogenous peroxidase activity was quenched with
H,0,. The sections were subjected to a blocking procedure involving
3% serum for 30 min and incubated with primary antibodies overnight
at 4°C. The primary antibodies were: rabbit anti-Ki67 (Abcam,
ab15580, used at a dilution of 1:100), goat anti-Gremlinl (R&D, AF956,
used at a dilution of 1:50), and rabbit cleaved caspase-3 (CST, 9664S,
1:300). Then horseradish peroxidase-conjugated anti-rabbit or anti-
goat antibody (Invitrogen, diluted at 1:200) was added for 2 h. Finally,
DAB substrate (Dako) was added. For immunofluorescence (IF)
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analysis, similar antigen retrieval and blocking procedures were per-
formed, and sections were incubated overnight at 4 °C with the fol-
lowing primary antibodies: p-Smad1/5 (CST, 9516, 1:100), p-Smad3
(CST, 9520s, 1:100), B-catenin (Sigma, C7207, 1:100), Gremlinl
(Abmart, PK12814S,1:100), and Itga6 (HUABI, ET1602-1, 1:100), and
rabbit cleaved caspase-3 (CST, 9664S,1:300).

Tyramide signal amplification (TSA)

A Fluorescence kit based on TSA technology (Huilanbio Biologi-
calTechnology, Shanghai, China) was employed to detect p-Smad1/5,
p-Smad3, B-catenin, and Itga6 (HUABI, ET1602-1, 1:100). The intestinal
tissues were fixed in 10% formalin at room temperature for 2 h, fol-
lowed by overnight immersion in 30% sucrose solution. Subsequently,
the tissues were embedded for cryo-sections. For antigen retrieval,
sections were exposed to a pH 6.0 citric acid buffer in a microwave-
enabled retrieval chamber and boiled at 100 °C for 10 min. Following
natural cooling, the sections were washed with PBS (pH 7.4) three
times for 5min. To inhibit endogenous peroxidase activity, sections
were incubated with a 3% hydrogen peroxide solution at room tem-
perature for 15min in a light-protected environment. This was fol-
lowed by three additional 5-min washes with PBS. After drying, a
hydrophobic barrier was outlined around the tissue using a super-pap
pen. A solution of 3% Bovine Serum Albumin (BSA) in PBS was applied
within the outlined area, covering the tissue uniformly. The tissue was
blocked with BSA for 30 min at room temperature. The primary anti-
body was then applied after removing the blocking solution. The
sections were placed horizontally in a humid chamber to prevent light
exposure and incubated overnight at 4 °C for optimal antibody bind-
ing. Subsequently, the sections were washed for 5-min, three times
with PBS (pH 7.4) using a decolorization shaker. After a brief drying
period, the tissue was incubated with a horseradish peroxidase (HRP)-
conjugated secondary antibody for 50 min at room temperature in the
absence of light and washed three times with PBS. Fluorescence
labeling was achieved by treating the sections with TYR570 fluorescent
dye for 10-15 min, followed by PBS washing for visualization.

EdU and BrdU labeling

To assess proliferation rates and cell cycle dynamics in the proximal
and distal small intestine, we performed a dual EQU/BrdU pulse-chase
experiment as previously described in ref. 31. BrdU (10 mg/mL) and
EdU (5mg/mL) were prepared in PBS. Mice were intraperitoneally
injected with EdU (50 mg/kg) at time-point O, followed by BrdU
(50 mg/kg) 1h later. At 1.5 h post-injection, mice were euthanized by
cervical dislocation, and the gravid uterus was removed and placed in
ice-cold PBS for 3 min.

To assess epithelial turnover and cell migration, EAU and BrdU
labeling were performed as follows: mice were injected with EdU
(50 mg/kg) 48 h prior to euthanasia to label cells in the S-phase at this
time point. Twenty-four hours later, BrdU (50 mg/kg) was injected to
label cells in the S-phase at the second time point. After the second
injection, the mice were euthanized 24 h later, and intestinal tissues
were collected for further processing.

Calculation of synthesis phase duration

The synthesis phase duration was calculated based on EdU and BrdU
labeling in epithelial cells of the crypt region. Cells were classified into
two groups based on their EdU and BrdU reactivity: EQU"; BrdU": the
cells that remained in S-phase during the EdU and BrdU injection
interval; EAU'BrdU: the cells that exited S-phase during the EdU to
BrdU injection interval. The synthesis phase duration (7) was deter-
mined using the following formula:

_EdU";BrdU"”
S EdU";BrdU™

This ratio reflects the proportion of cells that remained in S-phase
during the injection interval relative to those that exited S-phase, with
shorter Ts indicating faster cell cycle progression in the crypt
epithelium.

BrdU immunostaining

Tissue sections underwent antigen retrieval with citrate buffer (pH 6.0)
in a microwave for 15 min, followed by cooling and washing with PBS.
Sections were blocked with 3% BSA and 0.1% Triton-X100 in PBS for
1-2h at room temperature, then incubated overnight with APC-
conjugated anti-BrdU antibody (1:200, BD Biosciences, Lot No.
0041156). After washing, secondary antibody incubation was per-
formed for 1 h at room temperature.

EdU labeling

EdU incorporation was detected using the BeyoClick™ EdU-555 Kit
(Beyotime, Cat No. CO075S, Lot No. A018240930) according to the
manufacturer’s instructions. Sections were incubated with the EdU
reagent for 30 min at room temperature, washed with PBS, and
mounted with DAPI-containing medium. Fluorescent images were
captured using a fluorescence microscope.

To quantify EAU" cells in the small intestine, EdU-labeled cells
were manually counted along the villus axis in both proximal and distal
regions of the small intestine from control and mutant mice. Specifi-
cally, EAU" cells were counted along the villus axis between two
designated points: the crypt base (near the stem cell region) and the
point where the highest accumulation of EAU* cells was observed. The
number of EAU* cells within this defined region was recorded for each
crypt-villus unit. The total number of EQU* cells within each crypt-villus
unit was quantified, and data were averaged across biological
replicates.

smFISH staining and quantitative image analysis of mRNA
expression

Bmp2 mRNA (ACD Bio, 406661-C1), Bmp4 mRNA (ACD Bio, 401301-C2),
Id1 mRNA (ACD Bio, 312221-C3), Greml mRNA (ACD Bio, 314741),
Dhcr24 mRNA (ACD Bio, 491361-C2) were detected with RNAscope by
following the protocol (ACD Bio, 323100). After hybridization
according to the manufacturer’s protocols, tissue sections were
washed for 5 min in PBS containing 0.1% Tween-20, blocked for 1h at
room temperature in PBS containing 5% FBS. All the steps were
applied.

For quantifying smFISH mRNA expression, we utilized a sys-
tematic image segmentation approach based on the log filter method
to identify and count mRNA puncta in small intestinal tissue sections
from three mice. The filtered images were normalized to a 0-1 scale,
and a threshold value of 0.1 was applied to create a binary mask. The
binary image was then processed to identify connected components
using bwlabel in MATLAB, where each labeled region was considered a
distinct mRNA punctum. The number of puncta in each region was
recorded as the quantification metric. For GremI mRNA quantification,
to ensure comparable data, mRNA puncta were quantified within a
defined tissue area of 625um? per region, with each region carefully
chosen to represent both proximal and distal sections of the small
intestine. For each mouse, mRNA counts were obtained from ten
corresponding proximal and distal regions, ensuring consistent tissue
area coverage. The selected regions were of uniform size to minimize
variability between samples. The same area was used consistently
across all samples to allow for accurate comparisons between prox-
imal and distal regions within the same mouse, as well as across dif-
ferent mice. To assess the significance of differences in mRNA
abundance between proximal and distal regions, a paired t-test was
performed on the normalized puncta counts for each mouse, with
statistical significance set at p<0.05. Bmp2, Bmp4, and IdI mRNA
expression exhibit clustering of mRNA puncta. Therefore, the method
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for quantifying mRNA expression was consistent with the approach
used to quantify the gradient of p-Smad1/5 signals in villi, both relying
on the measurement of fluorescence intensity.

Villus length measurement

To assess villus length, each individual small intestine was first aligned
in accordance with its initial point (duodenum) and concluding point
(ileum). The aligned intestines were subsequently partitioned into six
equidistant segments to ensure consistent sampling across the entire
length. These villi were chosen based on their proximity to the corre-
sponding division points, ensuring that they were representative of the
segment’s characteristics. To minimize measurement bias, only fully
intact villi, with no visible damage or distortions, were included. For
each selected villus, the length was measured from the base to the tip.
The measured values from positions 1 through 6 were then used to
calculate the mean villus length for the entire small intestine, providing
a comprehensive assessment of villus morphology across different
intestinal regions

Quantitative RT-PCR

Total RNA extraction was carried out using the TRIZOL reagent (Cat-
alog No: 15596026, Thermo Fisher Scientific). Subsequently, 1pg of
total RNA was subject to reverse transcription into cDNA using the
HiScript Il Q Select RT SuperMix (Vazyme). The resultant cDNA was
amplified via real-time PCR employing the ChamQ SYBR Color gPCR
Master Mix (Vazyme). The determination of relative mRNA expression
levels was effected utilizing the 27229 method, with normalization
against GAPDH or f-actin mRNA. The statistical analysis was per-
formed with the Student’s t-test. The specific primer sequences
employed for quantitative PCR are shown in Supplementary Table 1.

Chromatin immunoprecipitation PCR (ChIP-PCR)

ChIP assay was performed in Lgr5" ISCs sorted from cultured orga-
noids. One million cells were obtained through FACS and crosslinked
with 1% formaldehyde for 8 min at room temperature. ChIP-PCR was
performed by following the manufacturer’s instructions (iDeal ChIP-
seq kit, Diagenode), and the lysates were incubated with Rabbit Con-
trol IgG antibody (Abclonal, AC005), anti-Smad4*” or anti-Smad1 (CST,
6944, 1:2000) antibodies. Real-time PCR was performed (LightCycler
480 system, Roche). All the primers used were shown in Supplemen-
tary Table 2.

Cytoplasmic/nuclear fractionation

Wash cells twice with PBS and add 250 pL of lysis buffer (10 mM Hepes-
NaOH, pH 7.9, 10 mM KCl, 1.5 mM MgCl,, 0.5 mM (-mercaptoethanol)
supplemented with protease inhibitor mixture and phosphatase inhi-
bitors. Scrape cells, vortex, and incubate on ice for 15-20 min. Add
4-5pL of 10% NP-40 to the lysate, vortex, and incubate on ice for 2 min.
Centrifuge at 16,000 g for 10-15 min. The resulting supernatant con-
tains cytoplasmic proteins, and the pellet is reserved for nuclear pro-
tein extraction. Wash the pellet with ice-cold PBS twice (200 pL each).
Add 60-80 pL of nuclei lysis buffer (10 mM Tris-HCI, pH 7.6, 420 mM
NaCl, 0.5% Nonidet P-40, 1mM DTT, 1mM PMSF, 2mM MgCl,, pro-
tease and phosphatase inhibitors) to the pellet. Disperse the pellet with
pipette tips and incubate on ice for 20 min. Centrifuge at 16,000 x g for
10-15 min. The resulting supernatant contains nuclear proteins. Adjust
the NaCl concentration to 150 mM using lower salt buffer (10 mM Tris-
HCI, pH 7.6, 1mM DTT, 1mM PMSF, 2mM MgCl,,& protease and
phosphatase inhibitors).

Immunoblotting

Protein lysates were prepared from intestinal epithelium, the villus
region, or organoids, as described previously in ref. 68. Antibodies are
as follows: rabbit anti-integrin 34 (Abcam, abl82120, utilized at a
dilution of 1:1000), rabbit anti-integrin alpha 6 (HUABI, ET1602-1,

1:1000), rabbit p-Smadi1/5 (CST, 9516s,1:1000), rabbit Smad1(CST,
6944T, 1:1000), rabbit anti-Bcl2 (CST, 3498s, 1:1000), mouse anti-BAX
(Santa, sc7480,1:1000), rabbit anti-cleaved caspase 3 (CST, 9664L,
1:1000), rabbit anti-total caspase 3 (Proteintech, 19677-1-AP, 1:1000),
rabbit anti active B-catenin (CST, 8814, 1:1000), mouse anti-GAPDH
(Ruikang, RM2002,1:10000), rabbit anti-B-actin (CST, 4970S,1:5000),
and mouse anti-Tubulin (Proteintech, 66031-1-Ig, 1:20000), rabbit anti-
Histone H3(CST, 4499T, 1:5000). Original immunoblots are shown in
Supplementary Fig. 8.

GreenNuc™ caspase-3 activity detection in small intestinal
organoids and CC3" cells quantification in vivo

For GreenNuc™ caspase-3 activity detection in small intestinal orga-
noids, organoids are harvested using 1x PBS, centrifuged, and resus-
pended in 500 pL PBS. After pipetting to separate buds, the mixture is
centrifuged again, and Matrigel is added before plating in a 96-well
plate. Each well receives 2 uL of Matrigel, incubated at 37 °C for 10 min,
followed by the addition of 50 uL ENR medium. Organoids are cultured
for 3-4 days until budding, after which BMP (20 ng/mL)+ER are
applied to five wells, and ENR to five control wells.

At each time point (0 h, 4 h, 8 h, and 24 h), a 96-well plate is col-
lected, and 50 pl of 3uM GreenNuc™ Caspase-3 Substrate (1 mM) is
diluted in 1:300 PBS and added to each well. After 30 min of incubation
at room temperature, images are captured. The GreenNuc™ Caspase-3
Substrate (1mM) used in this protocol is available under catalog
number C1168M (Beyotime, Lot No. Z905241007).

CC3" cells were manually counted from the top view of whole
mount villus images, and the total DAPI* cell count was manually
determined from the side view of agarose sections for each intestinal
segment. The number of CC3" cells per villus was divided by the
average total number of DAPI" cells in the same villus to calculate the
CC3" cell density. The points in the statistical graph represent the ratio
of CC3" cells to DAPI" cells for each villus.

RNA-seq analysis

cDNA libraries were generated using the Ovation RNA-Seq System V2
kit (NuGEN). Sequencing was performed on the Illumina platform,
employing a paired-end 150-base strategy, under the supervision of
Novogene Bioinformatics Technology Co., Ltd (Beijing, China). The
obtained sequencing reads were aligned to the mouse genome refer-
ence (mml0) using STAR (Spliced Transcripts Alignment to a Refer-
ence) with default parameters. Differential expression analysis was
conducted using DESeq2 software (version 1.28.1). To assess functional
enrichment, Gene Ontology (GO) enrichment analysis was performed
using ClusterProfiler software (version 3.16.1).

Quantification of ZsGreen™ cell migration

ZsGreen' cells were quantified by measuring the distance from the true
villus tip to the leading edge of the ZsGreen" cell cluster. The villus tip
was visually identified, and the front of the migrating ZsGreen® cells
was defined as the leading edge of the cell cluster. These two positions
were marked in images, and the distance between them was measured.
Distances were calculated for both the proximal and distal small
intestine. These measurements were manually performed based on the
whole mount images, and the distances between these defined points
were used for subsequent statistical analysis.

Quantification of Axin2-GFP signals along the crypt

After performing frozen tissue sectioning and staining, different seg-
ments of the intestine (duodenum, jejunum, and ileum) were selected
for analysis. To assess the gradient of Axin2-GFP expression along the
crypt, from stem cells to transit-amplifying (TA) cells, the following
steps were carried out: Crypt boundaries were manually delineated
using Fiji's Segmented Line tool, starting from the crypt base (stem cell
region) to the crypt-villus junction. Axin2-GFP signal intensities were
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quantified along the absolute physical length of the crypt, enabling the
analysis of spatial differences in signal intensity along the proximal-
distal axis of the small intestine. Positive Axin2-GFP signals were
identified by applying a threshold intensity level above the back-
ground noise, ensuring consistent identification of positive signals
across all images. Final data were averaged across biological replicates
and presented as relative protein signal profiles.

Quantification of p-Smadl/5 signaling along the villus axis

To quantify p-Smad1/5 signaling, images were acquired using a VS200
microscope (Olympus) and processed using custom MATLAB scripts.
Representative villi were selected based on their integrity and length to
ensure consistent analysis. Each villus was manually oriented vertically
and independently sorted to eliminate interference from adjacent
structures. Signals from the epithelial region were specifically ana-
lyzed, excluding any contribution from mesenchymal cells to ensure
accuracy.

To compare p-Smadl/5 profiles across villi of varying lengths, the
p-Smadl/5 signal was quantified along the physical length of the villus,
allowing for analysis of spatial differences in signal intensity across the
proximal-distal axis of the small intestine. The MATLAB pipeline
incorporated interpolative methods to standardize signal measure-
ments across villi with varying physical lengths. Specifically, villi were
interpolated to the average length of the relative intestinal segment
using a linear interpolation algorithm within each region (i.e., duode-
num, jejunum, or ileum). This allowed uniform signal intensity profiles,
enabling direct comparisons across different samples. For each image,
p-Smadl/5 intensities were summed across interpolated rows, gen-
erating a robust signal intensity matrix for further analysis. Final data
were averaged across biological replicates and plotted as absolute and
relative p-Smad1/5 profiles.

Quantification of Greml protein signals

To analyze Greml signals in the stromal cell regions, 30 regions of
interest (ROIs), each measuring 625um?, were selected from three
mice, from both the proximal and distal areas. For each selected ROI,
the average signal intensity for Greml was quantified. The average
Greml signal intensity within each ROI was calculated, and the differ-
ences in signal intensity between the proximal and distal regions were
compared.

Mathematical modeling

Reaction-diffusion model. The mathematical formulations were
applied to the entire length of the proximal (600 um) and distal
(335 pum) small intestine, spanning from the villus to stroma cells. The
model elucidates the interaction between BMP signaling, inhibitory
factors, and receptors, whereby upon expression of signaling mole-
cules (¢g, ¢;, and R); BMP signaling and inhibitory factors can undergo
diffusion (Dg, D), and Dg,), degradation (decg, dec;, and decgg); k ,,,; and
k oy are the reaction rates for the binding and dissociation of BMP and
its inhibitor, and k; and k, are the reaction rates for the binding and
dissociation of BMP and its receptor. In our reaction-diffusion model,
we explored several potential mechanisms underlying BMP gradient
formation, including: (1) A transcription gradient of BMP ligand mRNA
that directly influences BMP protein distribution (Supplementary
Fig. 2c, model 1);

J[B]
—=¢ 1
at B(x) ( )
(2) Source-sink diffusion, wherein BMP ligands diffuse across the

tissue (Supplementary Fig. 2c, model 2);

a[B] »B] -
at DB ox2 +¢B(X) (2)

(3) A counter-gradient mechanism, involving the diffusion of
Gremlinl across the embryonic tissue to regulate BMP activity without
BMP receptor (Supplementary Fig. 2c, model 3)

B _, 9B
A% 0 %0+ 440 — KonlBIN + K ogplB) — decyiBl, @)
o _, ol
A =0, T+ 900) — konlBI + kogylBN — deci, )
Bl o’[BI
IO — 3y " LB+ konlBN ~ K 51 ©

or with BMP receptor (Supplementary Fig. 2c, model 4)

Bl _,, &’(B]

¢ ~Ds gz * 8500 — konlBIUI+ ko gelBI] — decy(B] — ky[BIIR] + k[BR),
(6)

% (’Z)z)g] +¢,(X) — kon[BIl/1+ k¢ [BI] — decll], @)
aEﬁ” 51 aa“i” +konl[BIIN — ko[BI, (8)

ff ) =k,[B][R] — k,[BR] — decg[BRY, 9)

Reoe =[R1+[BR] (10)

Spatial distribution data aided in determining the production
regions of Bmp2b, Bmprla, and Inhibitor*®. Discretization into 41
equidistant nodes was applied across the entire crypt-villus structure,
and the finite difference method was employed for the resolution of
the second-order spatial derivative. Temporal evolution of the simu-
lation was executed utilizing the adaptive solver odel5s in MATLAB,
employing a relative tolerance threshold of le-9. The model was
simulated over a developmental interval of 2 h, allowing for compre-
hensive molecule interactions and achievement of an equilibrium
state. Evaluation of model performance was facilitated by computing
the NRMSD, comparing the simulated outcomes with the p-Smadl/5
distribution along both the proximal and distal segments of the small
intestine. Model simulations exhibited a favorable agreement with
experimental observations. All parameters were varied, encompassing
all biologically feasible values (Supplementary Fig. 2e).

A computational model for villus growth coupled with cell lineage
and signaling. We considered a two-stage cell lineage where pro-
genitor cells undergo self-proliferation in the crypt region and differ-
entiate into terminally differentiated (TD) cells. The model
incorporates the regulatory roles of BMP, Wnt, and BMP inhibitor,
whose concentrations are denoted by [B], [W], and [I], respectively.
The crypt-villus axis is characterized by a one-dimensional space with
the cell density distributions of progenitor cells C,, and the cell density
distributions of TD cells C;, in which x =0 represents the crypt base
and x =X, is the position of villus top tracking the growth of
villus®®7°. At the initial time point (¢ = 0), the progenitor cell density C,
is assumed to be concentrated in the crypt region and the TD cell
density C;=0 throughout the crypt-villus axis. The density of
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progenitor cells C, and the density of TD cells C, are governed by.

3Cy , A(VCo) _

-0 11
ot ox )

vo(2Po(x, [Bl. W) — 1)C,

ac, , d(Vey)

12
ot ox @)

=21/0(1 — po(x,[B], [W]))CO —d,C,,
where p,(x, [B], [W)) is the proliferation probability of progenitor cells,
which is spatially dependent and regulated by BMP and Wnt
signaling™, v, is the reciprocal of the cell cycle length multiplied by In
2, d, is the removal rate for TD cells, corresponding to the anoikis of TD
cells, and V is the velocity of cell migration, which is related to the self-
proliferation of progenitor cells in the crypt region and the removal of
TD cell in the villus region, maintaining the uniform cell density along
the crypt-villus axis i.e., Co + C; =1 for x € [0, Xpa0)-

ov_ voCo — dy([B)C; +0(Cy, Cy), (13)

ox

in which 0(Cy,C;) is a cell density constraint defined as Eq. (4) to
penalize the overcrowding of cells along the crypt-villus axis.

+C—1, Co+C>1

14
0, Co+C <1 1)

C
0(Co, C= { 0
The velocity of cell migration at the crypt base is designated as
zero V(0,t)=0, and the dynamics of the crypt-villus length is deter-
mined by the velocity at the villus top,

dxmax

I (). (15)

The proliferation probability of progenitor cells is spatially
dependent and regulated by Wnt and BMP?. To maintain a homeo-
static population of progenitor cells, the proliferation probability p,, is
assumed to be approximately 1 in the crypt region and approximately
0 in the villus region, resulting in differentiation from progenitor cells
into TD cells after the progenitor cells migrate out of the crypt region.
The proliferation probability p, is defined as

Poe, BLIWD= 3 (1-tanh (=) )g 008 W), (6)

where ] (1 — tanh(*32)) represents the spatial range of progenitor cell
proliferation in the absence of regulatory effects of BMP and Wnt
signaling. The parameter w dictates the baseline crypt progenitor zone
x € (0, w), which ensures the crypt retains a finite size. € is a small value
ensuring that p, diminishes sharply from 1 to O for x>w. The reg-
ulatory effects of BMP and Wnt signaling influence the spatial range of
progenitor cell proliferation, represented by Hill functions
@,0(B), [W]) defined in Egs. (20), (27), and (32).

BI o[BI

E)t] =Dy, a[ L+ konlBIN — ko gelB11. 19)
) ([B])=; (20)
P 1 (rglB)”

Each species of molecule assumes individual diffusion rates D,
D,, Dg,. The production of BMP is assumed to be jointly determined by
the regulations and the density of TD cells. The production of BMP
inhibitor in the stroma region is represented by a production term
@,(x)=¢, for x € (—w,, 0) and ¢,(x) =0 for x >0, in which w; indicates
the size of the stroma region adjacent to the crypt base. kon and k o
are the reaction rates for the binding and dissociation of BMP and its
inhibitor. The degradation of molecules is proportional to the con-
centrations with decay rates dj, d,, dg,, respectively. The regulation of
BMP signaling on progenitor cell proliferation is represented by
®,0([B)), where y; is the reciprocal of half maximal concentrations of
BMP inhibiting progenitor cell proliferation, n is the Hill coefficient. All
Hill coefficients n in the model are assigned to 3.

Regarding the BMP-induced apoptosis, we propose two different
models based on two hypotheses. The first is the integral mechanism
(Fig. 4b and Supplementary Fig. 5, model 5), which posits that cell fate
decisions are influenced by the cumulative effect of BMP signaling over
time. The enhancement of TD cell anoikis by BMP signaling is descri-
bed as a removal rate,

dy([B) = d\[Blyotal (1)

that is proportional to the total amount of BMP [B]; ., calculated by
integrating the concentration of BMP molecule [B] over the crypt-villus
axis. The second is the threshold mechanism (Fig. 4k and Supplemen-
tary Fig. 5, model 6), which assumes that the intensity of BMP signaling
determines cell fate, with a specific threshold of signaling intensity
triggering apoptosis. The enhancement of TD cell anoikis by BMP
signaling is calculated by the Hill equation of the concentration of BMP
molecule [B] over the crypt-villus axis.

8
1+ (5,4 18))

In the investigation of the regulation of Wnt-BMP signaling on
villus length, the activation of Wnt signaling on progenitor cell pro-
liferation and the regulation of BMP by Wnt were introduced to the
model (Fig. 5d and Supplementary Fig. 5, model 7). The production of
Wnt is self-activating and a downregulated by BMP. The dynamics of
BMP, Wnt, and BMP inhibitor are described by a reaction-diffusion
system.

d,([B) =d, 22)

In the investigation of the regulation of BMP signaling on villus o[B] aZ[B 23)
length, only the inhibition of BMP signaling on the proliferation ot =Dy 57 ox2 * €1 — Konl[BIl/+ k¢ [BI1 — dglB],
probability and promotion of BMP signaling on the apoptosis rate were
under consideration (Fig. 4b k). BMP and BMP inhibitor are produced 5 P Wi
by TD cells and stroma cells, respectively. The binding of the inhibitor 1 _ w [l/;/] +dy (ew + (nl " ) n> Co — dyW],
to BMP removes BMP from regulation and generates [B/]. The o ox L+ (1[W1)" + (v2[B1)
dynamics of BMP and BMP inhibitor are described by a (24)
reaction-diffusion system.

an _,, ol
2 _ =D + — kon[BIN+k¢¢[BN — d,[1, 25
aa[f] DB aa [B] +¢BC1 _ kOn[B][I] +k0ﬂ:[BI] _ dB[B], (17) at 1 32 ox2 ¢[(X) On[ ][ ] Off[ ] I[I]
BN _, (BN
ol a 1 +konlBIl/ BI. (26)
A=, % L 40,00 konlBUN+kogeiBn ~ i, () “or ~Porgye KonlBl = Kol
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(yww))"

a . 27
1+ (yw W)™ + (vslBl) @7

®po((BL, [W]) =

The regulation of BMP signaling on the proliferation prob-
ability p, reduces the spatial range of progenitor cell proliferation,
while the regulation of Wnt signaling counterbalances the effect of
BMP signaling. D), and d, are the diffusion rates and decay rates
of Wnt, where y,,, vz, Vi, V2, denote the reciprocal of the half
maximal concentrations. ¢, ¢, are the production rates of BMP
and Wnt.

To further study the impact of the positive feedback of Wnt to
BMP on the maintenance of villus length homeostasis, the enhance-
ment of Wnt on BMP production is introduced (Fig. 6e and Supple-
mentary Fig. 5: model 8). The dynamics of BMP, Wnt, and BMP
inhibitor are described by a reaction-diffusion system.

o8] _,, 9[B] (vs[w))"
o Psga +¢B( 1+ (roW))" Cy — konlBIl/+ ko[BI — dlB],
(28)
awl_, &m ()" Co—dy[W]
o v TP T I ) () 0 T Y
(29)
ol Ll
A =0, T+ 900) — konlBI + kogylBN — i, (30)
o[B! d*[BI
AN 05, %50 + konlBI — K81 &
Do (1B, W) = \Z7ILG (32)
L+ (yw[W1)" + (vslB])

The system of Egs. (11-13) and Egs. (17-32) were solved numeri-
cally using the Fourier spectral method for the spatial approximation
and a semi-implicit scheme for the temporal discretization, and
implemented on MATLAB. The parameters involved in the model are
listed in Supplementary Table 3.

Statistical analysis

Each experiment was performed more than 3 times, each with at least
three biological replicates. In instances where the assumption of nor-
mal distribution was tenable, the statistical comparison of disparities
between two groups was performed through either Student’s t-test or
two-way analysis of variance (ANOVA), as denoted in the figure
legends. The statistical evaluations were executed employing the
GraphPad Prism 8 software package. For methodologies encompass-

ing immunoblotting, immunohistochemistry, and immuno-
fluorescence, illustrative images of a representative nature are
showcased.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study have been made publicly
accessible via the Gene Expression Omnibus (GEO) database under the
accession code GSE247044. Source data are provided with this paper.

Code availability

Original Code for reaction-diffusion modeling of BMP gradient for-
mation has been deposited to GitHub: https://github.com/
XuWangYGClab/PDE-modeling_crypt_villus.BMP. https://doi.org/10.
5281/zen0do.15429803. Original Code for the villus growth has
been deposited to GitHub: https://github.com/XuWangYGClab/
computational-model-for-villus-growth-coupled-with-cell-lineage-
and-signaling. https://doi.org/10.5281/zenodo.15429760.
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