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Volumetric compression regulates the phase
separation of AXIN and acts as an
operational amplifier to bidirectionally
modulate Wnt signaling in organoids
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% Check for updates Protein phase separation has emerged as a crucial mechanism for spatio-
temporal regulation of intracellular processes, yet its potential to integrate
and compute diverse extracellular signals is not fully understood. Here, we
show a mechano-biochemical circuit that harnesses phase separation to pro-
cess mechanical and biochemical inputs, modulating cell fate decisions. We
demonstrate that volumetric compression bidirectionally regulates canonical
Wnt/B-catenin signaling, where the presence of Wnt ligands determines the
locations of AXIN phase separation to form either LRP6 signalosomes on the
cell membrane or B-catenin destruction complexes in the cytosol, while the
mechanical stimulus promotes degree of phase separation to amplify either
the positive or negative signal. This circuit enhances healthy intestinal orga-
noid proliferation while suppressing patient-derived colorectal cancer orga-
noid growth, revealing its potential for precise mechanotherapy. Our findings
establish phase separation as a critical component in mechanical signal
transduction and provide a framework for integrating mechanical and bio-
chemical cues in cellular decision-making. This approach opens avenues for
targeted therapies and deepens our understanding of how cells process
complex environmental information.

In multicellular organisms, human cells are subjected to dynamic aggregate through contractility-driven cellular pulling to trigger the
mechanical cues in both healthy and diseased tissues'>. The incor- mechanosensitive activation of B-catenin in adjacent epidermal cells
poration of mechanical cues in biological processes is essential for until follicle pattern formation’; aging-induced niche stiffening hinders
maintaining homeostasis in healthy tissues, while their dysregulated the function of oligodendrocyte progenitors (OPCs) by activating
introduction leads to diseases®. For instance, dermal progenitors PIEZO1 signaling®; tumor-induced compressive stresses reprogram
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adjacent adipocytes via the activation of Wnt/B-catenin
signaling®. Despite of the reported mechanisms in understanding
mechanoregulation', the interplay between mechanical perturbations
and biochemical signaling is still complex and elusive, with both pro-
motional and inhibitory effects reported across different biological
systems" . For instance, pressure from tumor growth induces
tumorigenic -catenin to elevate the expression of Wnt target genes in
the intestinal epithelium', while stretching has been reported to
inhibit Wnt/B-catenin signaling in mineralizing osteoblasts'. This may
be attributed to different forms of mechanical loads and varying bio-
logical contexts, which urges a framework to understand the crosstalk
between mechanoregulation and biochemical signaling pathways as an
integrated system for understanding diverse biological outcomes.

The current paradigm for understanding mechanical signaling
transduction involves exploring the impact of mechanical cues on
classic biochemical signaling pathways, such as Wnt signaling, Hippo
pathway, BMP signaling, and Notch signaling, via specific responsive
proteins* Various patterns or modules in mechanoregulation have
been discovered, including cell surface mechanotransducers',
mechanoresponsive ion channels®, nuclear translocations of tran-
scription factors?, nuclear deformation?’, and changes of chromatin
dynamics®. In addition to these findings, our previous research and a
few other studies present a framework where biomolecular con-
densates via phase separation sense intracellular molecular crowding
caused by water efflux under mechanical stress, altering their phase
separation states to affect signaling transduction*?’. While protein
phase separation has recently been highlighted as a critical player in
cells to spatiotemporally govern intracellular processes, yet the
understanding of its role has mostly been limited to process individual
stimuli. Instead, we propose that a biomolecular circuit built upon
phase separation mechanism is able to process a combinatory of
hybrid stimuli from both biochemical and mechanical environments.

Towards this end, we hypothesize that a framework circuit can
integrate the bi-directional outcomes of a certain mechanical cue on
cell fate decisions via regulating Wnt/(3-catenin signaling, which is one
of the essential pathways controlling cell fate in various biological
systems, including embryonic stem cells, mesenchymal stem cells,
intestinal stem cells, and neuron progenitors®. This is reminiscent of
genetic circuit, which is an application of synthetic biology where
biological parts inside a cell are designed to perform logical functions
mimicking those observed in electronic circuits, which enables cells to
respond and compute multiple informations for cellular decisions® .
Examples of genetic circuits include genetic logic gates, cascades,
bandpass filters, switches, and memory” for regulating circadian
clocks, cell divisions®, and cell fate decision?****°, Whether mechan-
otransduction and biochemical signaling work together in an archi-
tecture similar to circuits in synthetic biology remains elusive. If such a
mechano-biochemical circuit exists, how it performs and its con-
sequences for biological systems still need to be explored.

Here, we report the mechano-biochemical circuit that integrates
mechanical and biochemical signals to modulate cell fate decisions.
Specifically, we demonstrate that volumetric compression interacts
with the Wnt ligand to create an operational amplifier (op amp)-like
function on canonical Wnt/B-catenin signaling. This circuit leverages
the phase separation of AXIN puncta to receive and process informa-
tion from both mechanical cues and biomolecular ligands, leading to
outputs of either promotion or inhibition. Our findings further reveal
that this circuit can differentially regulate the growth of healthy
intestinal organoids (promotion) and colorectal cancer (CRC) orga-
noids (inhibition) with a single input of volumetric compression. This
circuit provides a framework for understanding mechanoregulation
and offers avenues for developing therapies that precisely target cell
fate decisions. By integrating mechanical and biochemical cues, our
study paves the way for potential applications in regenerative medi-
cine and cancer therapy.

Results

Translocated phase separation of AXIN enables the mechano-
biochemical circuit for formation of two distinct membraneless
organelles

Our previous study revealed that volumetric compression, as one of
the mechanical cues, can promote Wnt/B-catenin signaling by stabi-
lizing the LRP6-AXIN signalosome®. The formation of the LRP6-AXIN
complex requires AXIN’s ability to undergo phase separation or head-
to-tail polymerization. In the absence of the Wnt ligand, AXIN still
undergoes phase separation and puncta formation in the
cytoplasm®>*, In the cytoplasm, AXIN co-localizes with adenomatous
polyposis coli (APC) to form the B-catenin destruction complex, which
degrades cytosolic B-catenin to maintain a low basal level of Wnt/[3-
catenin signaling®™™. Given that the promoting effect of volumetric
compression on Wnt/f3-catenin signaling relies on the phase separation
of AXIN with LRP6 at the cell membrane®, we speculate that volumetric
compression can also negatively regulate Wnt/B-catenin signaling in
the absence of the Wnt ligand. Therefore, we hypothesize that volu-
metric compression can bidirectionally regulate Wnt/B-catenin sig-
naling with the assistance of AXIN phase separation (Fig. 1a). This
regulation circuit can be viewed as an op amp, an analog circuit block
that takes a differential voltage input and produces a single-ended
voltage output. Basically, the op amp can amplify weak electric signals
from two different inputs. The difference is that one input inverts the
signal in the opposite direction (i.e.: the signal is out of phase by 180
degrees in output), while the other does not. The operational amplifier
can switch to each of its inputs. In our model, whether the Wnt ligand is
presented determines the switch between two inputs, while the volu-
metric compression amplifies the strength of the signal (Fig. 1a). Given
the involvement of Wnt/B-catenin signaling in many biological pro-
cesses across multiple scales, this op amp-like circuit can be incorpo-
rated into many biological regulations.

To test our hypothesis, we constructed both phase-separable WT
AXIN-mCherry and AXINADAX-mCherry with compromised phase
separation capability in mammalian AXINI knockout (KO) 293 T cells
and RKO cells (Supplementary Fig. 1a). RKO cells have no intrinsic 3-
catenin transcriptional activity, due to the lack of either endogenous
Wnt ligands or membrane cadherin-catenin complex; meanwhile,
despite the fact that HEK293T cells have membrane B-catenin, their
autocrine WNT ligands are limited, which is confirmed by our ELISA
assays (Supplementary Fig. 1b), making it hard to trigger downstream
signalosome formation and (-catenin accumulation. Then, we tested
the phase separation behavior of AXIN puncta in these cells. The FRAP
assays (Fig. 1b), along with live imaging of AXIN puncta splitting
(Fig. 1c) and fusion (Fig. 1d), confirmed the dynamic exchange of AXIN
proteins within puncta structures and their liquid-like behavior in the
cytoplasm. AXIN puncta were consistently observed in WT AXIN cells,
while AXINADAX-mCherry compromised the formation of AXIN
punctaal,u-%.

Next, we compared the effect of volumetric compression on the
condensate formation of AXIN with or without the DAX domain
(Fig. 1e). For WT AXIN-mCherry, volumetric compression enriched a
larger portion of AXIN into condensates (Fig. 1f) and increased the
number of condensates formed by WT AXIN (Fig. 1g). This effect was
also confirmed with endogenous AXIN using immunostaining (Fig. 1h),
showing a larger portion of AXIN in condensates (Fig. 1i). In contrast,
the impact of volumetric compression on AXIN-ADAX-mCherry con-
densates was limited (Fig. 1e); no significant increase in the number of
AXIN condensates was found (Supplementary Fig. 1c), nor was there a
change in the proportion of AXIN in condensates relative to cyto-
plasmic AXIN (Supplementary Fig. 1d).

Next, we explored whether the effect of volumetric compression
on AXIN condensates directed the formation of functional membra-
neless organelles regulating Wnt/(3-catenin signaling. Without the Wnt
ligand, AXIN mostly localized in the cytoplasm, where it merged with
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Fig. 1| A mechano-biochemical operational amplifier circuit guiding formation
of two distinct membraneless organelles based on translocated phase
separation. a Schematic illustration of a mechano-biochemical operational
amplifier that operates via combinational inputs of Wnt ligand and volumetric
compression. b FRAP assay showing the recovery of AXIN condensates after pho-
tobleaching. Data are presented as mean * s.d. (n =7 biologically independent
experiments). Scale bar, 1 pm. Representative images showing the splitting (c) and
fusion (d) of AXIN droplets formed inside a cell. White arrows indicate the splitting
or fusing droplets. Images are representative of three independent experiments
with similar results. Scale bar, 10 pm. Volumetric compression promotes the for-
mation of AXIN-mCherry condensates inside cells (n = 15 cells) (e), as indicated by
either the fraction of total AXIN in condensates (f) or the number of AXIN con-
densates (g). The effect was suppressed upon DAX domain deletion in the AXIN
protein (e). Scale bar, 10 um. In f and g, data are presented as mean + s.d. and were
analyzed by two-tailed paired t-test. Volumetric compression promotes the

formation of endogenous AXIN condensates inside cells (h) by fluorescent immu-
nostaining, as indicated by the fraction of total AXIN in condensates (n = 16 cells per
group) (i). j-1 Volumetric compression promotes the assembly of the APC
destruction complex (co-localized puncta of AXIN and APC) inside cells (j), quan-
tified by the number of APC destruction complexes per cell (control, n=20;
compressed, n =23 cells) (k). This effect was suppressed upon DAX domain dele-
tion (I). m-o Volumetric compression promotes the formation of

LRP6 signalosomes (co-localized puncta of AXIN and LRP6) inside cells (m),
quantified by the number of LRP6 signalosomes per cell (n =14 cells per group) (n).
This effect was suppressed upon DAX domain deletion (0). In h, j, 1, m, o, dotted
circles indicate the location of the cell nucleus. Scale bars, 10 pm (main field). The
white boxed regions are magnified and shown on the left or right. Scale bar, 2 pm. In
i, k, n, data are presented as mean + s.d. and were analyzed by two-tailed unpaired ¢-
test. Exact p values are shown in the figure. Source data are provided as a Source
Data file.

Nature Communications | (2026)17:1471


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68209-y

APC to form the B-catenin destruction complex®. This complex is a
critical tumor-suppressing membraneless organelle that maintains a
consistently low level of cytoplasmic (3-catenin by triggering its ubi-
quitination. Mutations or deletion of essential components in the [3-
catenin destruction complex can initiate colorectal cancers (CRCs)*.
Stabilizing the B-catenin destruction complex holds the potential for
suppressing tumor growth®*. Our results showed many [B-catenin
destruction complexes with co-localized AXIN and APC forming yellow
dots in the images (Fig. 1j). Under volumetric compression, the number
of [B-catenin destruction complexes, indicated by yellow spots,
increased further (Fig. 1j, k). Quantitative analysis showed a 40%
increase in B-catenin destruction complexes under volumetric com-
pression (Fig. 1k). Meanwhile, without Wnt ligands, AXIN does not
translocate to the membrane, no obvious colocalization between AXIN
and LRP6 can be observed (Supplementary Fig. 2a). We also verified
that the DAX domain mediated the phase separation-like formation of
-catenin destruction complexes (Fig. 1I). Deletion of the DAX domain
disrupted the colocalization of APC and AXIN proteins, and prevented
the promotion effect of volumetric compression on assembly of -
catenin destruction complexes in response to volumetric compression
(Fig. 11 and Supplementary Fig. 1e, f).

In the presence of Wnt, the Wnt ligand triggers the phosphor-
ylation of LRP6, which recruits AXIN from the cytoplasm to the cell
membrane to form the LRP6 signalosome and initiates Wnt signaling
transduction from the cell membrane into the cell’®*, When Wnt3a
ligands were introduced to cultured cells, we observed the formation
of LRP6 signalosomes as yellow condensates beneath the cell mem-
brane (Fig. Im). With additional volumetric compression, the number
of LRP6 signalosomes nearly doubled (Fig. 1n). Interestingly, the effect
of volumetric compression on the LRP6 signalosome was also medi-
ated by the phase separation-like behavior controlled by the DAX
domain within AXIN molecules (Fig. 10); with the DAX domain deleted,
the co-localization between LRP6 and AXIN proteins was weakened
and no promotional effect of volumetric compression on the
LRP6 signalosome formation existed (Fig. 1o and Supplementary
Fig.1g, h). Meanwhile, in presence of WNT ligands, we observe minimal
cytoplasmic condensates showing AXIN-APC colocalization (Supple-
mentary Fig. 2b). Nevertheless, we found that some residual AXIN-APC
interaction persist in the cytoplasm, consistent with other
literatures*®*; this is because the Wnt activation will not recruit all the
cytoplasmic AXIN, but instead to compromise the capability of the
APC destruction complex to degrade (3-catenin to accumulate cyto-
plasmic B-catenin.

Together, the results showed that the condensate formation
capability of AXIN via its DAX domain enabled a mechano-biochemical
circuit that bidirectionally controlled the formation of two distinct
membraneless organelles within Wnt/B-catenin signaling. In the pre-
sence of Wnt ligands, volumetric compression promoted the forma-
tion of the LRP6 signalosome, while in their absence, volumetric
compression promoted the formation of the B-catenin destruction
complex instead.

The mechano-biochemical circuit regulates canonical Wnt/p-
catenin signaling

Given the importance of two distinct membraneless organelles
that regulate Wnt/B-catenin signaling, we speculated that the
mechano-biochemical circuit also regulated canonical Wnt/B-catenin
signaling.

To verify our hypothesis, we tested either the activation or inhi-
bition of canonical Wnt/B-catenin signaling generated by volumetric
compression under different conditions. AXIN can bind to either f3-
catenin or LRP6: when AXIN binds with B-catenin, 3-catenin undergoes
ubiquitination and degradation, decreasing Wnt/B-catenin signaling";
when AXIN binds to LRP6, the degradation of -catenin mediated by
the APC destruction complex is inhibited, leading to the accumulation

of B-catenin and an increase in Wnt/B-catenin signaling*®. Thus, the
mechano-biochemical circuit switches to the inverting input to pro-
mote AXIN-B-catenin binding when the Wnt ligand is absent;
while switching to the non-inverting input, when the Wnt ligand is
present, to promote AXIN-LRP6 binding. To test this model, Co-
immunoprecipitation (Co-IP) assays were performed. In the absence of
Whnt ligands, IP assays showed that volumetric compression increased
the amount of B-catenin bound to AXIN (Fig. 2a, b), suggesting more [3-
catenin might be degraded under volumetric compression. In the
presence of Wnt ligands, IP assays showed that volumetric compres-
sion doubled the amount of LRP6 bound to AXIN (Fig. 2¢c, d), sug-
gesting potential accumulation of B-catenin in the cytoplasm;
accordingly, we also confirmed that the binding ratio between AXIN
and APC decreased (Supplementary Fig. 2c, d). These two bidirectional
effects were also dependent on the DAX domain. Deletion of the DAX
domain in AXIN eliminated the observed bidirectional promotion
effects on protein binding (Fig. 2a-d).

Next, we directly assessed the accumulation of (-catenin with
different combinations of volumetric compression and Wnt3a ligand
stimulation using immunostaining assays*”. In most cases, the basal
level of B-catenin is relatively low, and a further decrease might have a
minor impact on cell functions and downstream gene expression.
However, [B-catenin can also be increased independently of Wnt
ligands and phosphorylated LRP6, such as in pathological accumula-
tions of -catenin resulting from mutations in APC, glycogen synthase
kinase-3 (GSK-3), and B-catenin itself****. Suppression of such patho-
logical accumulations of P-catenin can be a therapeutic target for
treating diseases like colorectal cancers (CRCs)*. We used CHIR to
accumulate B-catenin independently of Wnt ligands and LRP6 by
inhibiting GSK3, a kinase that leads to the degradation of B-catenin®.
CHIR99021 is a highly specific GSK-3p inhibitor that prevents -catenin
phosphorylation and subsequent degradation, thereby stabilizing
cytoplasmic B-catenin through a mechanism that completely bypasses
the need for Wnt ligand-LRP5/6 receptor engagement*®*’. In this case,
even though cytosolic B-catenin increased, volumetric compression
still decreased the amount of cytosolic B-catenin in the absence of Wnt
ligands (Fig. 2e, f). This suggests potential applications of volumetric
compression to inhibit the pathological accumulation of -catenin in
diseases.

Additionally, we also tested the impact of volumetric compression
on B-catenin in the presence of Wnt ligands. Indeed, the results showed
that Wnt3A induced the accumulation of cytosolic -catenin, which
was further augmented by volumetric compression (Fig. 2h, i). Thus,
the mechano-biochemical circuit can augment -catenin in the cano-
nical pathway and suppress pathological accumulation of -catenin
with designed combinations of Wnt ligands and volumetric compres-
sion. Again, this mechano-biochemical circuit’s effect on both cano-
nical and pathological accumulations of 3-catenin could be eliminated
by removing the DAX-driven phase separation of AXIN condensates
(Fig. 2e, g, h, j). Western blot assays also supported the DAX domain as
the hub for constructing this mechano-biochemical circuit and pro-
duced consistent results that various combinations of Wnt ligands and
volumetric compression diverted the accumulation or degradation of
B-catenin (Fig. 2k, I).

Since the accumulation of B-catenin leads to the gene expression
of Wnt target genes, which is key to drive long-term cell fate decisions,
we further used RT-qPCR assays to verify the regulation of the
mechano-biochemical circuit at the gene expression level. In the
absence of Wnt ligands, volumetric compression suppressed the basal
expression of key Wnt target genes, including AXIN2, LEF1, and SPS
(Fig. 2m). Conversely, in the presence of Wnt ligands, compression
further enhanced the expression levels of all three genes (Fig. 2n).
Moreover, the effect of volumetric compression in both conditions
(with or without Wnt ligands) was eliminated by the deletion of the
DAX domain in AXIN (Fig. 20, p).
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Fig. 2 | A mechano-biochemical operational amplifier circuit guiding distinct
outputs of AXIN-B-catenin binding, B-catenin accumulation, and Wnt/B-cate-
nin signaling activation. Western blot showing that volumetric compression
promotes AXIN binding (3-catenin (a; quantified in b) and LRP6 (c; quantified in d).
These effects were abolished upon DAX domain deletion. e-g RKO cells treated
with CHIR99021 (3 uM) show B-catenin degradation under compression (e),
quantified in (f) (n =14 cells per group). This degradation was prevented upon DAX
domain deletion (control, n=15; CHIR, n=16; CHIR + 2P, n=15 cells) (e, g). Scale
bar, 20 pm. h-j Immunostaining shows compression leads to -catenin accumu-
lation under Wnt3a stimulation (h), quantified in (i) (control, n =14; Wnt3A, n=14;
Wnt3A + 2P, n=13 cells). This was prevented upon DAX domain deletion (n=15
cells per group) (h, j). Scale bar, 20 pm. Western blot analysis showing that volu-
metric compression results in 3-catenin degradation in the absence of Wnt ligands
but accumulation in the presence of Wnt ligands (k), the bidirectional regulation on
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B-catenin is eliminated upon DAX domain deletion (I). Data are representative of
three independent experiments with similar results. RT-qPCR showing that com-
pression inhibits the expression of Wnt target genes AXIN2, LEFI, and SP5 in the
absence of Wnt ligands (m), while elevating their expression in the presence of Wnt
ligands (n). RT-qPCR showing that the inhibitory (o) or promotive (p) effects of
volumetric compression on Wnt target gene expression are prevented upon DAX
domain deletion. Inb, d, data are presented as fold change relative to the respective
control group (set to 1). Statistical significance was determined using a two-sided
ratio paired t-test on raw densitometry values (n =4 independent experiments for
b; n=3independent experiments for d).Inf, g, i, j, data are presented as mean * s.d.
and were analyzed by one-way ANOVA. In m-p, data are representative of three
independent experiments (n =3 per group); data are presented as mean + s.d. and
were analyzed by two-tailed unpaired ¢-test. Exact p values are shown in the figure.
a.u. arbitrary units. Source data are provided as a Source Data file.

Overall, given its capability for regulation of canonical Wnt/3-
catenin signaling at both the protein and gene expression levels, the
mechano-biochemical circuit functions as an op amp to either inhibit
or elevate Wnt/B-catenin signaling, holding potential for engineering
and diverting cell fate in distinct biological systems.

The mechano-biochemical circuit diverts cell fate of organoids
from intestinal epithelium

Here, we further explored the incorporation of the mechano-
biochemical circuit in engineering multicellular living systems,
including healthy mouse intestinal organoids and human patient-
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derived CRC organoids. In intestinal organoids, Lgr5+ intestinal stem
cells (ISCs) self-renew when maintaining high-level Wnt/B-catenin sig-
naling and further organize cells into crypts and villi in vivo and into
intestinal organoids in vitro*®, The activation of Wnt/B-catenin signal-
ing is maintained by Wnt ligands from either mesenchyme or Paneth
cells in the intestinal epithelium in vivo and by extraneous Wnt ligands
or R-spondin (a Wnt signaling amplifier) in the medium for organoids
in vitro**>.. When canonical Wnt/B-catenin signaling is suppressed,
the intestinal epithelium/organoids undergo differentiation, even-
tually leading to apoptosis™. Given the bidirectional effect of the

mechano-biochemical circuit, we anticipated a potential impact of
volumetric compression on the growth and fate decision of intestinal
organoids.

Since the presence of Wnt ligands is essential for the growth of
intestinal organoids, we suggested that the mechano-biochemical
circuit worked with a non-inverting input switch-on to promote the
growth of organoids (Fig. 3a). We hypothesized that volumetric com-
pression would augment canonical Wnt/fB-catenin signaling and
eventually affected the growth of intestinal organoids. Thus, we
respectively cultured murine ISC organoids and crypt intestinal

Nature Communications | (2026)17:1471


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68209-y

Fig. 3| A mechano-biochemical operational amplifier circuit guides distinct cell
fate decisions in healthy intestinal organoids and colorectal cancer organoids.
a Schematic illustration showing that in healthy intestinal epithelium or organoids,
Wnt/B-catenin signaling is required for cell growth. The operational amplifier
switches to “non-inverting input”, promoting the growth of healthy intestinal
organoids. b-d ISC spheroids were cultured in ISC medium with Wnt ligands.
Representative images showing that volumetric compression generates larger ISC
spheroids (b), consistently supported by quantifications of diameters (c) and areas
(d) (Control, n=199; Compressed, n =175 organoids). Scale bar, 200 pm.

e, f Organoids were cultured in Organoid (Og) medium. Representative images
showing that compression promotes the transition to ISC colonies (e), quantified
by the relative rate of colony formation (f) (n =100 organoids). Scale bars, 100 pm.
g-j Intestinal organoids were cultured in Og medium with CHIR99021. Repre-
sentative images showing that compression promotes organoid growth (g),
quantified by area (h), diameter (i), and roundness (j) (Control, n = 34; Compressed,
n =63 organoids). Scale bar, 100 um. k Schematic illustration showing that in

colorectal cancer (CRC), Wnt/B-catenin signaling is typically hyperactivated with
pathological -catenin accumulation. The operational amplifier switches to
“inverting input”, inhibiting CRC organoid growth. I CRC organoids were cultured
in CRC medium with IWP2 (to exclude possible Wnt ligands) or osmotic com-
pression (3% or 4% PEG 300). Representative images showing that IWP2 does not
affect growth, whereas compression inhibits growth. Scale bar, 400 um. Quantifi-
cations showing that volumetric compression reduces the area (m), diameter (n),
and alters the morphology (0) of CRC organoids, with no significant effect on cell
viability at 3% PEG and only a minimal effect at 4% PEG (p). (Control, n=204; IWP2,
n=201; 3% PEG, n=185; 4% PEG, n=137 organoids). In b, e, g, 1, data are repre-
sentative of three independent experiments with similar results. In ¢, d, h-j, data
are presented as mean +s.d. and were analyzed by two-tailed unpaired ¢t-test. In
m-p, data are presented as mean +s.d. and were analyzed by one-way ANOVA.
Exact p values are shown in the figure. Source data are provided as a Source

Data file.

organoids with or without volumetric compression (supplemented
with 1% PEG 300). Indeed, we observed a promotive effect of volu-
metric compression on the growth of ISC organoids (Fig. 3b), as shown
by both their areas and diameters (Fig. 3c, d). Additionally, this pro-
motion effect was more obvious on crypt intestinal organoids (Fig. 3e)
with Organoid (Og) medium. The reason could be that the Wnt/B-
catenin signaling in ISC organoids is already near saturation due to the
over-supplied Wnt ligands, but the Wnt/B-catenin signaling in intest-
inal organoids is largely dependent on the endogenous Wnt ligand,
leaving space for further augmenting. A result was that the volumetric
compression resulted in a large portion of crypt intestinal organoids
transiting into spherical organoids (Fig. 3f), which is believed to be
more naive with more ISCs presented in ISC organoids. To confirm this
observation, we have therefore performed single-cell RNA sequencing
(scRNA-seq) on both control and compressed organoids to provide a
precise assessment at three levels: cell composition, gene expression,
and signaling pathway activity. Compressed organoids showed
increased proportions of stem cells and transit-amplifying (TA) cells
(cells with the capability to differentiate into different types of
intestinal epithelial cells), while the proportions of terminally differ-
entiated secretory and absorptive cells were decreased compared to
controls (Supplementary Fig. 3a). This demonstrates a clear shift
toward a less differentiated cellular state. In compressed organoids,
stemness-related genes such as Lgr5 and Smoc2, as well as proliferation
markers like Mki67, showed upregulated expression. Conversely,
differentiation-associated genes were downregulated (Supplementary
Fig. 3b, c). This gene expression profile is characteristic of a more
primitive, stem-like state. Additionally, signaling pathways associated
with cell proliferation were activated in compressed organoids, while
pathways driving cell differentiation were inhibited (Supplementary
Fig. 3d). This further confirms that volumetric compression maintains
organoids in a more proliferative, less differentiated state.

Moreover, with additional CHIR in Og medium, the promotion
effect of volumetric compression on the growth of intestinal organoid
was consistently observed (Fig. 3g), due to the presence of endogen-
ous Wnt ligands from Paneth cells in organoids. Practically, volumetric
compression also enlarged both the area (Fig. 3h) and the diameter
(Fig.3i) of the intestinal organoid, as well as led rounder morphology
(Fig. 3j). These results suggested that the volumetric compression
could synergize with other promotive small molecules such as CHIR to
further augment the growth of intestinal organoids. Lgr5+ intestinal
stem cells (ISCs) in organoids depend on active Wnt/-catenin signal-
ing for self-renewal and proliferation. Without exogenous Wnt3a (ISC
medium) or the synergy between R-spondin supplementation (Og
medium) and endogenous Wnt ligands from Paneth cells, healthy
intestinal organoids undergo differentiation and apoptosis within
days. This Wnt dependency is a fundamental characteristic of normal
intestinal epithelium. Thus, for healthy intestinal organoids, only the

ON state of Wnt signaling can guarantee the growth of healthy
intestinal organoids.

As compared to intestinal organoids/epithelium, 70% of CRC
patients display APC mutations within the Wnt/B-catenin pathway,
resulting in constitutive 3-catenin accumulation and pathway activa-
tion independent of upstream Wnt ligands and LRP6 receptors®.
These CRC organoids can survive and proliferate without any exo-
genous Wnt supplementation—a hallmark of their transformed state.
Moreover, there are no Paneth cells in CRC organoids, which means
that there is no endogenous production of Wnt ligands. Thus, the CRC
organoids naturally exist with an OFF state of Wnt signaling upstream
activation. To absolutely confirm our CRC organoids were functioning
independently of Wnt ligands, we have treated CRC organoids with
IWP2 (Porcupine inhibitor that blocks all Wnt ligand secretion). We
also conducted human WNT3A ELISA experiments to quantify endo-
genous Wnt3a in CRC organoid culture supernatant. Results showed
Wnt3a protein concentration was near zero both with and without
IWP2 treatment (Supplementary Fig. 4a). Targeting Wnt signaling and
suppressing pathological 3-catenin has long been viewed as a potential
therapeutic approach for many related diseases, including CRC".
However, due to the widespread effect and essential role of canonical
Wnt/B-catenin signaling in the development and homeostasis of many
cell lineages and tissues, safely targeting Wnt signaling has rarely been
achieved through biochemical or genetic means. Given the precise and
multifaceted effect of volumetric compression on Wnt/f-catenin sig-
naling via mechano-biochemical circuits, we hypothesized that this
mechanical approach could suppress CRC growth without perturbing
or even promoting other healthy tissues. Given the loss of function of
Whnt ligands in CRC organoids due to mutated Wnt pathway, we sug-
gested that the mechano-biochemical circuit switched to inverting
input for inhibiting growth of CRC organoids (Fig. 3k). To test this
hypothesis, we obtained patient-derived CRC organoids with APC
mutations and subjected these organoids to volumetric compression.
To confirm that the growth of patient-derived CRC organoids was
independent of Wnt ligands, we also cultured CRC organoids with
IWP2 treatment, which blocks endogenous Wnt ligand secretion and
therefore prevents signaling upstream of complex formation®. The
IWP2 treatment had no effect on CRC organoids (Fig.3l-p). To ensure
no Wnt ligands were present in the culturing condition, IWP2 was
added when we applied volumetric compression. Indeed, volumetric
compression inhibited the growth of CRC organoids (Fig. 3I), as indi-
cated by both the areas (Fig. 3m) and diameters of the organoids
(Fig. 3n), and affected their morphology by roundness (Fig. 30).
Notably, volumetric compression with 3% PEG 300 solely inhibited the
growth of CRC organoids without affecting the viability of cells in the
organoids (Fig. 3p); a larger volumetric compression with 4% PEG 300
further inhibited the growth of CRC organoids but slightly reduced
viability of cells (Fig. 3p).
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Together, under the framework of mechano-biochemical circuit,
volumetric compression promoted the growth of healthy intestinal
organoids while suppressing the growth of patient-derived CRC
organoids, thereby enabling the safe and precise targeting of Wnt
signaling for cancer inhibition and the potential regeneration of heal-
thy intestinal cells.

Volumetric compression interplays with Wnt/B-catenin signal-
ing for regulation of intestinal epithelium

To further confirm that this regulation induced by volumetric com-
pression is enabled by a phase-separation-driven mechano-
biochemical circuit, we explored the activation of Wnt/f3-catenin sig-
naling and the importance of AXIN phase separation in the regulation
of intestinal systems. First of all, WT AXIN-mCherry was delivered into
CRC organoids via lentivirus to image the phase separation and con-
densate formation of AXIN under volumetric compression. In patient-
derived CRC organoids, the FRAP assay had been conducted to con-
firm the dynamic feature of AXIN condensates (Fig. 4a). Additionally,
we showed that volumetric compression promoted the formation of
AXIN condensates in CRC organoids, with a larger fraction of AXIN
observed in condensates under volumetric compression (Fig. 4b, ¢). In
the next step, we further evaluated whether B-catenin was differen-
tially regulated under volumetric compression between CRC orga-
noids and healthy intestinal organoids. Within the context of CRC,
where volumetric compression inhibited the growth of CRC organoids
(Fig. 3k), our experiments showed that volumetric compression
decreased the accumulated [3-catenin in CRC organoids (Fig. 4d, e). By
quantifying the intensity of total 3-catenin per organoid, we found that
volumetric compression from an additional 3% PEG 300 decreased
total B-catenin by 5-fold, demonstrating its capability to efficiently
inhibit the pathological accumulation of B-catenin in CRC. We also
conducted both bulk and single-cell (sc) transcriptome profiling on
CRC organoids with and without volumetric compression. Our results
clearly showed that Wnt/B-catenin signaling was regulated under
volumetric compression, as indicated by both the signature genes
(Fig. 4f) and enriched GO/KEGG terms (Supplementary Fig. 4b).
Additionally, the sc-seq assays also revealed a decrease in Wnt
signaling-associated or target genes such as AXIN2, MYC, CCND1, JUN,
LGRS, PPARD, CTNNBI1, SOX9, and WNT2B in individual cells within the
population (Fig. 4k, 1). A Gene Set Enrichment Analysis (GSEA) also
confirmed the downregulated canonical WNT pathway (Supplemen-
tary Fig. 4¢).

In healthy intestinal epithelium, where volumetric compression
promoted the growth of healthy intestinal organoids (Fig. 3a), our
experiments showed that volumetric compression increased the
accumulated B-catenin in both mouse healthy ISC spheroids (with ISC
medium) (Fig. 4g, h) and intestinal organoids (with Og medium)
(Fig. 4i, j). Given these evidences, we confirmed that the mechano-
biochemical circuits regulated cell fate in healthy intestinal organoids
and CRC organoid via differentially interfering with activation of Wnt/
[B-catenin signaling.

To further confirm that the phase separation based mechan-
ochemical circuit happens in organoids under the operation of volu-
metric compression, we performed immunofluorescence imaging in
two organoid systems representing distinct Wnt states. For the Wnt-
ON model, the ISC organoids require active Wnt signaling for survival
and represent a canonical Wnt-ON state. Under basal conditions, we
observed AXIN condensates with some localization to the cell mem-
brane. Following PEG compression treatment, AXIN condensates
showed enhanced enrichment at the plasma membrane (Supplemen-
tary Fig. 5a, b), consistent with increased LRP6 signalosome formation
as observed in our HEK293T experiments. For the Wnt-OFF model, the
CRC organoids harbor APC mutations that disrupt the destruction
complex, representing a state where 3-catenin is constitutively accu-
mulated downstream, but the upstream ligand-dependent machinery

is non-functional. We observed AXIN condensates co-localizing with
APC in the cytoplasm. Following PEG compression, the degree of AXIN-
APC colocalization was further enhanced (Supplementary Fig. 5c, d),
indicating increased destruction complex assembly, which is con-
sistent with our observation that compression decreases [-catenin
levels in CRC organoids (Fig. 4d, e).

Discussion

In summary, we propose a mechano-biochemical circuit via phase
separation where mechanical signaling and biochemical pathways
interplay within a hybrid microenvironment to direct cell fate. Cur-
rently, genetic synthetic circuits are primarily controlled by three
types of triggers: chemical ligands (small molecules, ions, or proteins),
endogenous metabolites, and light. In this paper, we introduce a
mechanical element capable of constructing regulatory networks in
genetic circuits to control biological processes and cell fate decisions.
The mechano-biochemical circuit integrates mechanical and bio-
chemical inputs to bidirectionally regulate Wnt signaling. We describe
this as functionally analogous to an operational amplifier based on
three properties: dual input integration, input-dependent mode
switching (Wnt ligands determine inverting vs. non-inverting beha-
vior), and signal amplification (compression enhances Wnt responses
~2-folds; Fig. 2h, i, n). This circuit-like information processing occurs
through phase separation. The effect of this mechanical element is
achieved through biomolecular phase separation: the degree of phase
separation determines the strength of the signal transduction, while
the subcellular translocation of phase-separated proteins functions as
a switch to determine cellular outcomes. The importance of phase
separation has been highlighted in both essential biological processes,
such as gene expression and signaling transduction, and diverse
pathological diseases, including cancer progression and development
of neurodegenerative diseases. Among these processes, intracellular
phase separations are often triggered by microenvironmental cues and
stresses, such as various morphogens, pathogens, ions, and reactive
oxygen species. In addition, our and others’ previous researches also
highlighted that the phase separable proteins can work as a mechan-
oregulator or transducer towards physical or mechanical perturba-
tions in microenvironment. Since the previous literatures mainly
reporting how protein phase separation responses towards a single
type of stimuli, this study revealed a role of phase separation to pro-
cess and compute complex microenvironmental cues with biochem-
ical and mechanical informations, highlight its importance in
development of organs and organisms, as well as its potential in
engineering synthetic living systems.

Our findings reveal that cells sense mechanical forces not only
through dedicated mechanosensor proteins but also through bulk
physical changes in cellular organization. While classical mechan-
otransduction involves force-induced conformational changes in
specific sensors (Piezo channels, integrins, YAP/TAZ), volumetric
compression operates through altered thermodynamic landscapes
for molecular interactions. Multiple physiological mechanical
inputs—tissue crowding, osmotic gradients, matrix confinement,
and tumor pressure—converge on reduced cellular volume and
increased macromolecular crowding. Our demonstration that
diverse mechanical perturbations (3D compression, substrate
stiffness, stretch) produce similar effects on cell volume and Wnt
signaling supports this convergence model. The mechanism oper-
ates through excluded volume effects: external forces drive water
efflux, constraining macromolecules within smaller physical space
and shifting equilibria for protein-protein interactions to favor
phase separation. This volumetric mechanobiology complements
sensor-based transduction, with phase separation serving as a cri-
tical molecular mediator linking physical constraint to biochemical
outputs. Instead of identifying specific mechanoresponsive bio-
molecules, this study deciphers mechanoregulation from a system
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biology perspective. The mechano-biochemical circuit provides a
framework to integrate currently known mechanical signaling
pathways. In this study, the mechano-biochemical circuit controls
the activation or suppression of Wnt/B-catenin signaling at
the molecular level, induces the formation of either the
LRP6 signalosome or the p-catenin destruction complex at
the organelle level, and results in the growth or suppression of the
intestinal epithelium at the multicellular tissue/organ level. Our
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study highlights the broad spectrum of cellular outcomes in
response to physical or mechanical cues, emphasizing the
urgent need for a systematic model to elucidate the regulatory
network underlying cellular perception and response to mechan-
ical signals.

Furthermore, our circuit specifically modulates the activation and
suppression of Wnt/p-catenin signaling, achieving precise and safe
targeting of this pathway. Wnt/B-catenin signaling is crucial in
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Fig. 4 | The bidirectional regulation of Wnt by the mechano-biochemical
operational amplifier is enabled by AXIN phase separation. a FRAP assay
showing the recovery of AXIN condensates after photo-bleaching. Top panels show
alarger field of view (Scale bar, 20 pm), and bottom panels show magnified views of
the red boxed regions (Scale bar, 5 pum). Data are presented as mean +s.d. (n=7
biologically independent experiments). b Representative images showing AXIN
condensates in the same CRC organoids before and after volumetric compression.
White arrows indicate regions with distinct changes in droplets. Scale bar, 20 pm.
¢ Quantification of fraction of total AXIN in condensates in CRC organoids before
and after volumetric compression (n =13 organoids). Data were analyzed by two-
tailed paired t-test. In CRC organoids, volumetric compression inhibits 3-catenin
accumulation as indicated by representative immunofluorescence images (d) and
quantification of intensity (n =58 organoids per group) (e). f Heatmap of differ-
entially expressed genes (DEGs) in CRC organoids before and after volumetric
compression (n =3 biologically independent samples per group). Color scale

indicates normalized gene expression levels. In ISC spheroids, volumetric com-
pression increases -catenin accumulation as indicated by representative immu-
nofluorescence images (g) and quantification of -catenin intensity (n =42
organoids per group) (h). In intestinal organoids, volumetric compression increa-
ses B-catenin accumulation as indicated by representative immunofluorescence
images (i), and quantification B-catenin intensity (Control, n=79; Compressed,
n=92 organoids) (j). scRNA-seq analysis of CRC organoids showing that Wnt
signaling-associated genes such as AXIN2, MYC, CCND1, JUN, LGRS, PPARD, CTNNBI,
S0X9, and WNT2B are downregulated under volumetric compression, visualized by
UMAP feature plots (k) and quantified by mean gene expression (I). Color scale
represents log-normalized gene expression. In d, g, i, scale bars, 50 um. In

e, h, j, data are presented as mean + s.d. and were analyzed by two-tailed unpaired ¢-
test. Exact p values are shown in the figure. Source data are provided as a Source
Data file.

numerous developmental and homeostatic processes, impacting cell
proliferation, differentiation, migration, genetic stability, apoptosis,
and stemness maintenance. Aberrations in this pathway cause various
diseases, including cancer, fibrosis, and neurodegeneration. Despite
its significance, therapeutic molecules specifically targeting the Wnt
pathway have only recently entered clinical trials, with none yet
approved due to the challenge of precise and safe targeting. Here, we
propose an alternative strategy to chemical ligands (e.g., small mole-
cules, proteins, and ions) by employing mechanical stimuli to interfere
with Wnt/B-catenin signaling in an orthogonal dimension. This
approach simultaneously promotes canonical Wnt signaling and sup-
presses pathological -catenin accumulation. Specifically, volumetric
compression can differentially affect the intestinal epithelium by
promoting the growth of healthy intestinal cells while suppressing the
proliferation of CRC cells, due to the distinct activation mechanisms of
Wnt/B-catenin signaling in these cells. This study highlights the
potential of this mechano-biochemical circuit to enable
mechanotherapy.

Beyond the intestinal epithelium, with a comprehensive under-
standing of the regulatory network in disease development, mechan-
otherapy can potentially be achieved by designing therapeutic circuits
with mechanical inputs. Our current experimental approach employs
global PEG 300-mediated compression, which differs from the spa-
tially heterogeneous forces in native crypts. Nevertheless, intestinal
epithelium experiences daily osmotic variations with a range of hun-
dreds of mOsm*>*’, validating osmotic manipulation as physiologically
relevant. Future studies incorporating spatial heterogeneity through
microfluidic devices or in vivo imaging of condensate dynamics would
provide valuable complementary insights into whether mechanical
force patterns create cellular heterogeneity beyond biochemical niche
factors. Overall, this proof-of-concept demonstration of a mechano-
biochemical circuit provides a paradigm for understanding mechan-
oregulation from a system biology perspective. Moreover, it offers
promising prospects for mechanotherapy, enabling precise treat-
ments through the design of engineered regulatory circuits with
mechanical inputs.

Methods

Cell culture

HEK293T cells (GNHul7) and RKO cells (TCHull6) were purchased
from National Collection of Authenticated Cell Cultures (NCACC).
Mouse L cells (CRL-2648), L Wnt-3A cells (CRL-2647) and L-WRN cells
(CRL-3276) were obtained from American Type Culture Collection
(ATCC). All cell lines were authenticated by the suppliers using STR
profiling and tested negative for mycoplasma contamination.
HEK293T cells and RKO cells were maintained in DMEM (Gibco) sup-
plemented with 10% FBS (Gibco) at 37°C in a humidified, 5% CO2
incubator. Mouse L cells and L Wnt3A cells were used for preparation
of control and Wnt3A conditioned medium according to ATCC

protocol. L-WRN cells were used to collect WRN conditioned medium
for murine organoid culture.

CRISPR/Cas9 genome editing and plasmid construction
HEK293T and RKO cells were transfected with plasmids encoding Cas9
and a single-guide RNA (sgRNA: 5-TTCGCTGTACCGTCTACTGG-3’;
targeting exon 1 of the AXINI gene) using Lipo8000 (Beyotime C0533).
Following transfection, cells expressing Cas9 and sgRNA were selected
using puromycin. Western blot analysis was performed to assess AXIN1
protein expression levels, and genomic PCR followed by Sanger
sequencing was conducted to verify mutations at the target site. Two
AXINI knockout clones (KO1 and KO2) with high knockout efficiency
were obtained and used in this study. The mCherry-AXINIADAX
mutant plasmid was generated by deleting the DAX domain (amino
acids 746-862) from the full-length AXIN1 plasmid using standard
cloning techniques. All unique plasmids and stable cell lines generated
in this study are available from the corresponding author upon rea-
sonable request.

Lentivirus production and transduction

Lentiviral particles expressing mCherry-AXINI or mCherry-
AXINIADAX were generated in HEK293T cells by co-transfection of
the plasmids with the third-generation lentivirus packaging vectors
(psPAX2 and pMD2.G). Forty-eight hours after transfection, the
supernatant was collected and filtered. When AXIN1-KO RKO cells were
approximately 70% confluence, the supernatant was added to the
medium for 24 h of infection. Stably transduced cell lines were
obtained by 2-3 rounds of puromycin selection. For CRC organoids
stably expressing mCherry-AXIN1, the filtered supernatant was ultra-
centrifuged at 80,000 xg for 2h at 4°C, and the pellet was resus-
pended in CRC medium. CRC organoids were cultured as two-
dimensional monolayers on Matrigel and incubated with the viral
medium for 24 h. Stably transduced CRC organoids were achieved
through 2-3 rounds of puromycin selection.

Fluorescence recovery after photo-bleaching (FRAP)

To investigate the diffusion dynamics of mCherry-AXIN1, FRAP
experiments were performed on a Fluoview FV3000 confocal laser
scanning microscope equipped with a 100xUPLSAPO oil immersion
objective (NA 1.4; Olympus). A region of interest (ROI) within an
mCherry-AXIN1 condensate in HEK293T cells was selected and
bleached using a 594 nm laser at 100% intensity. Time-lapse images
were acquired at an interval of 10.8 ms between frames. In CRC orga-
noids, images were captured every 16.1 ms. To analyze fluorescence
recovery kinetics, FRAP analysis was completed using the Image] FRAP
Profiler plugin (Hardin lab:https://worms.zoology.wisc.edu/research/
4d/4d.html#frap). The FRAP curves were generated using GraphPad
Prism (v9.0), and the half-time of recovery (ti/2) was calculated by
fitting the curve with a one-phase association function.
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Osmotic stress

To induce cellular volume compression, PEG300 was added to the
isotonic culture medium. Generally, we typically used a 2% PEG300 (v/
v) concentration and stimulated cells for short periods (1-2 min) or
prolonged periods (e.g., 12h for gene expression assays, or up to
several days for growth assays). To minimize potential osmotic shock
and cellular damage, the PEG 300-containing hypertonic medium was
added gently and gradually to the culture vessel. For organoid
experiments, human CRC organoids were treated with 3% (v/v)
PEG300, while murine ISC organoid were treated with 1% (v/v) PEG300.
To investigate the dynamic response of AXIN1 condensates to osmotic
stress, a 2D organoid monolayer culture system was established.
Briefly, confocal dishes were pre-coated with 25 puL of Matrigel and
incubated at 37 °C for 30 min for polymerization. CRC organoids were
dissociated and seeded onto the Matrigel to form a confluent mono-
layer. Osmotic stress was induced by adding 3% (v/v) PEG300 to the
culture medium, followed immediately by time-lapse imaging.

Immunoblotting and co-immunoprecipitation (Co-IP)

For immunoblotting, cell lysates were prepared on ice with the RIPA
lysis buffer. For the preparation of cytosolic proteins, cells were lysed
with 0.015% digitonin in PBS containing a cocktail of protease inhibi-
tors. Lysates were centrifuged at 12,000 xg for 10 min, and the
supernatants were collected, separated by 10% SDS-PAGE, and trans-
ferred to polyvinylidene fluoride (PVDF) membranes. After blocking
with QuickBlock buffer for 15min at room temperature, the mem-
branes were incubated with primary antibodies overnight at 4 °C and
followed by secondary antibodies IRDye 800CW goat anti-mouse IgG
and/or IRDye 680LT goat anti-rabbit IgG (LI-COR Biosciences; 1:10,000
dilution) for 1 h at room temperature. Signals were detected using the
Odyssey CLx Imaging System (LI-COR Biosciences) and analyzed with
Fiji (ImageJ v1.54f). For Co-IP, HEK293T cells were lysed on ice with
NP40 lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.5% NP-
40,1.5 mM MgCl2, 10% glycerol and protease inhibitors). Lysates were
centrifuged at 12,000 x g, and after taking an aliquot for total protein
expression analysis, immunoprecipitation was performed by adding
BeyoMag™ Anti-Flag Magnetic Beads to the remaining cell lysate fol-
lowed by incubation at 4°C overnight with gentle rotation. The
immune complex was isolated by 16-Tube SureBeads™ Magnetic Rack
(Bio-Rad), washed three times with lysis solution, eluted by boiling in
SDS sample buffer, and analyzed by SDS-PAGE and immunoblotting.
Uncropped scans of blots are provided in the Source Data file. Detailed
information regarding antibody sources, catalog numbers, and dilu-
tions is provided in Supplementary Table 1, while commercial reagents
and their corresponding supplier details are listed in Supplementary
Table 2.

Immunofluorescence (IF)

For cell immunofluorescence, cells were fixed in 4% paraformaldehyde
(PFA) for 15 min at room temperature, washed three times with cold
PBS (5min each time), blocked in 5% BSA in PBS containing 0.3%
TritonX-100 at room temperature for 1h, and incubated with primary
antibodies at 4 °C overnight. After removing primary antibodies and
washing with PBS, cells were treated with secondary antibodies for 1h
at room temperature. After thorough washing, the stained cells were
visualized using a spinning disk confocal microscope. For organoid
immunofluorescence, murine ISC colonies or human CRC organoids
embedded in Matrigel were fixed in 4% PFA for 30 min at room tem-
perature. Suspended tissues were collected and centrifuged 500 x g
for 5min to remove the PFA, washed with ultra-pure water and pel-
leted. Following resuspension in water, the organoids were spread on
20-mm glass-bottom culture dishes and allowed to attach by air-
drying. Attached organoids were rehydrated and blocked in 5% BSA in
PBS containing 0.3% Triton X-100 at 4 °C for 48 h, and incubated with
primary antibodies at 4°C for 48h. After removal of primary

antibodies and washing with PBS for at least 3 h, samples were incu-
bated with secondary antibody at 4 °C for 24 h. Following extensive
washing, the samples were imaged with confocal microscopy. Detailed
information regarding antibody sources, catalog numbers, and dilu-
tions is provided in Supplementary Table 1.

Reverse transcription quantitative PCR (RT-qPCR)

Total RNA was extracted from RKO cells using Qiagen RNeasy mini kit
and converted to cDNA with HiScript Ill All-in-one RT SuperMix Perfect
for qPCR. RT-qPCR was performed on an Agilent AriaMx 96 Real-Time
PCR System using Taq Pro Universal SYBR qPCR Master Mix. The
relative expression levels of target genes (AXIN2, LEF1, and SP5) were
normalized to that of the housekeeping gene GAPDH using the 274
method. The sequences of all primers used in this study are listed in
Supplementary Table 3.

Intestinal crypt isolation

Murine intestinal crypts were isolated from 6-week-old male C57BL/6)
mice obtained from Shulaibao (Wuhan) Biotechnology Company. Mice
were housed in a specific pathogen-free (SPF) facility under a standard
12-h light/12-h dark cycle, with a controlled ambient temperature of
22 +2°C and relative humidity of 40-60%. Male mice were selected to
minimize potential experimental variability, although the isolation
protocol is applicable to both sexes. Briefly, the proximal part of the
intestines was isolated, opened longitudinally, and gently scraped to
remove luminal contents and villi using a glass slide. The intestinal
tissue was chopped into 1 to 2 mm pieces and washed 12-15 times with
ice-cold PBS until the supernatant was clear. Crypts were released by
incubating intestinal pieces in ice-cold 2 mM EDTA in PBS for 30 min at
room temperature. The digested tissue was then resuspended and
shaken vigorously to liberate the crypts. The supernatant was collected
and passed through a 70-pum strainer for enrichment. The crypt frac-
tion was centrifuged at 290 x g for 5 min at 4 °C to remove single cells
and debris. The enriched crypts were embedded in Matrigel.

Organoid culture

Murine intestinal crypts and human CRC organoids were embedded in
Matrigel and dispensed as 50 puL droplets in 24-well plates. After
polymerization for 30 min at 37 °C, the gels were overlaid with 500 pL
of culture medium. For murine organoids, the culture medium con-
sisted of Advanced DMEM/F12 supplemented with Glutamax, HEPES,
penicillin-streptomycin, B27, N2, and N-acetylcysteine, as well as
growth factors including EGF, Noggin, Wnt3a, and R-spondin (condi-
tioned medium from mouse L-WRN cells). To generate differentiated
intestinal organoids, Wnt3a was omitted from the culture medium to
induce maturation. For human CRC organoid culture, the complete
medium consisted of Advanced DMEM/F12 supplemented with Glu-
tamax, HEPES, penicillin-streptomycin, B27, N2, N-acetylcysteine, EGF,
A83-01, SB202190, and [Leul5]-Gastrin I. Detailed information includ-
ing supplements and inhibitors are listed in Supplementary Table 2.

Transcriptome and single-cell sequencing

Bulk RNA-seq was performed on human CRC organoids, and scRNA-
seq was performed on both human CRC organoids and murine small
intestinal organoids. In all experiments, organoids were treated with or
without PEG 300. Sequencing services were provided by Tsingke
Biotechnology for bulk RNA-seq, Mozhuo Biotech for human scRNA-
seq, and Seek Gene for murine scRNA-seq. Differential expression
analysis for bulk RNA-seq was performed using DESeq2 in R. Single-cell
data matrices were processed and analyzed using Scanpy in Python,
including quality control, dimensionality reduction, and clustering,.

Statistics and reproducibility
Statistical analyses were performed using GraphPad Prism (v9.0). Data
are presented as mean + standard deviation (s.d.) with individual data
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points shown where applicable. Comparisons between two groups
were performed using unpaired or paired two-tailed Student’s ¢ test,
ratio paired t-test, or one-sample t-test for normalized data, as indi-
cated in the figure legends. For comparisons among more than two
groups, one-way analysis of variance (ANOVA) or the Kruskal-Wallis
test (for non-normally distributed data) was employed, followed by
Tukey’s or Dunn’s multiple comparisons test, respectively. Exact p
values are indicated on the figures, and values less than 0.05 were
considered statistically significant. For Western blot analysis, band
intensities were quantified using Fiji (ImageJ v1.54f). For Co-IP experi-
ments, densitometry data were analyzed using raw ratios or normalized
values as specified. Source data are provided as a Source Data file. No
statistical method was used to predetermine sample size. No data were
excluded from the analyses. The experiments were not randomized.
The Investigators were not blinded to allocation during experiments
and outcome assessment. All experiments were repeated at least three
times independently with similar results, unless otherwise stated.

Ethics statement

The study involving human participants was conducted in strict
accordance with the Declaration of Helsinki. Ethical approval was
granted by the Medical Ethics Committee of Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology
(Approval No. 2024-0112) and the Medical Ethics Committee of Tongji
Medical College, Huazhong University of Science and Technology
(Approval No. 2024-S163). Written informed consent was obtained
from all patients.

All animal experiments were performed in strict accordance with
the relevant ethical regulations and were approved by the Animal Care
and Use Committee (IACUC) of Huazhong University of Science and
Technology (Protocol No. 4151).

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

Data availability

The raw sequence data reported in this paper have been deposited in
the Genome Sequence Archive in the National Genomics Data Center,
China National Center for Bioinformation/Beijing Institute of Geno-
mics, Chinese Academy of Sciences. Specifically, the single-cell RNA-
seq data for human colorectal cancer organoids are accessible in GSA-
Human under accession codes HRA015319 and HRA013862, and the
bulk RNA-seq data are accessible under accession code HRA013863.
The single-cell RNA-seq data for murine organoids are accessible
under accession code CRA032833. All unique materials and stable cell
lines generated in this study are available from the corresponding
author upon reasonable request. All other data supporting the findings
of this study are available within the article and its Supplementary
Information. Source data are provided with this paper.
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