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CELL BIOLOGY

Compression-induced dedifferentiation of adipocytes

promotes tumor progression

Yiwei Li', Angelo S. Mao*3, Bo Ri Seo*?, Xing Zhao', Satish Kumar Gupta', Maorong Chen®,
Yu Long Han', Ting-Yu Shih?3, David J. Mooney2'3, Ming Guo'*

Dysregulated physical stresses are generated during tumorigenesis that affect the surrounding compliant tissues
including adipocytes. However, the effect of physical stressors on the behavior of adipocytes and their cross-talk
with tumor cells remain elusive. Here, we demonstrate that compression of cells, resulting from various types of

Copyright © 2020

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

physical stresses, can induce dedifferentiation of adipocytes via mechanically activating Wnt/B-catenin signaling.
The compression-induced dedifferentiated adipocytes (CiDAs) have a distinct transcriptome profile, long-term
self-renewal, and serial clonogenicity, but do not form teratomas. We then show that CiDAs notably enhance human
mammary adenocarcinoma proliferation both in vitro and in a xenograft model, owing to myofibrogenesis of
CiDAs in the tumor-conditioned environment. Collectively, our results highlight unique physical interplay in the
tumor ecosystem; tumor-induced physical stresses stimulate de novo generation of CiDAs, which feedback to

tumor growth.

INTRODUCTION

Tumor progression and metastasis not only are driven by the state
of the cancer cells independently but also are notably affected by
its interactions with the complex heterogeneous ecosystem sur-
rounding it, commonly known as the tumor stroma (1, 2). This
microenvironment comprises the extracellular matrix (ECM),
basement membrane, fibroblasts, adipocytes, endothelial cells, and
immune cells, all of which regulate the behavior and coevolve with
cancer cells throughout various stages of cancer progression (2-4).
Among them, adipocytes constitute a major component of the
breast stroma and have garnered attention owing to the significant
emerging evidence demonstrating a reciprocal metabolic adaptation
between them and the breast cancer cells (5, 6). Moreover, previous
studies have also demonstrated that obesity with increasing worldwide
prevalence has been a major risk for several types of cancer by means
of inducing adipose tissue dysfunction (7, 8). They attribute this
correlation to a biochemical interplay where adipocytes interact with
cancer cells through paracrine signals that are released locally within
the tumor microenvironment as well as the endocrine signals that
originate from distal adipose tissue that may significantly disrupt
local metabolic homeostasis (5, 9, 10). Nevertheless, these interesting
studies mostly focus on the biochemical pathways of the interactions
between cancer cells and adipocytes and do not incorporate the
physical changes experienced by the tumor stroma. However, numerous
recent evidence suggests that rapid expansion of solid tumors can
significantly alter the local physical microenvironment by compressing
the surrounding stroma (11, 12), stiffening the matrix (12, 13), and
increasing the osmotic pressure in surrounding tissues (14-16).
These changes result in dysregulated physical stresses that may play
an important role in tumor progression via altering signaling (11, 17),
remodeling surrounding ECM (13, 17), and mediating epithelial-to-
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mesenchymal transition (18-20). Adipocytes in the tumor micro-
environment are subject to these changes, experiencing, for in-
stance, 10 times greater matrix stiffness (21), significantly increased
solid stresses (12), and more than two times greater osmotic pressure
(16). Previous studies have shown that multipotent adipose-derived
stem cells used for soft tissue reconstruction following mastectomy
undergo myofibroblastic differentiation due to soluble factors from
breast cancer cells and correlate it to varied ECM deposition and
contraction, thereby enhancing tissue stiffness (21-24). However,
the impact of dysregulated physical stresses in the tumor micro-
environment on associated adipocytes is not well understood.
Moreover, the cross-talk between the physical and biochemical/
metabolic interactions remains elusive.

Here, we find the effect of physical stresses on adipocytes and
assess whether these changes feedback to the progression of mammary
tumor cells and together alter the evolution of the tumor ecosystem.
Our results demonstrate that compression of adipocytes resulting
from various types of physical stresses can induce their dediffer-
entiation via mechanically activating Wnt/B-catenin signaling. The
compression-induced dedifferentiated adipocytes (CiDAs) have a
distinct transcriptome profile, long-term self-renewal, and serial
clonogenicity (including osteogenesis, adipogenesis, myogenesis,
chondrogenesis, and myofibrogenesis) but do not form teratomas.
We believe that the adipocytes dedifferentiate into a state that is
similar to mesenchymal stem cells (MSCs) but do not go further back
to a more naive state and, thus, do not form teratomas. This is con-
sistent with previous studies that have shown that reprogrammed
stem cells that are more naive than MSCs can form teratoma
(25, 26). Subsequently, we show that CiDAs significantly enhance
human mammary adenocarcinoma MDA-MB-231 cell proliferation
both in vitro and in a xenograft model. We identify myofibrogenesis
of CiDAs in the tumor-conditioned environment, which, in turn,
contributes to the enhanced tumor growth. Collectively, our results
suggest that tumor-induced physical stresses stimulate de novo
generation of CiDAs by physically reprogramming surrounding
adipocytes, which could differentiate into myofibroblasts in the
tumor microenvironment and then feedback to the tumor cells to
enhance their growth.
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RESULTS

Physical compression induces dedifferentiation

of adipocytes

To first study the impact of increased osmotic pressure on adipo-
cytes either generated from a mouse MSCline, OP9s, or primary human
preadipocytes, we culture them in a hypertonic medium (Fig. 1A) to
mimic the elevated osmotic pressure in the tumor microenvironment.
We find that almost half of the adipocytes lose visible lipid droplets
under a hypertonic pressure of 400 mosmol, which simulates the
elevated pressure in the tumor (Fig. 1, B to D). The remaining adi-
pocytes also experience a decrease in lipid droplet size and, furthermore,
adopt a spindle-like shape with an aspect ratio of 5.8 + 0.6. In com-
parison, 90% of adipocytes cultured under isotonic condition retain
lipid droplets and maintain a more spherical morphology, with an
aspect ratio of 2.8 £ 0.5 (Fig. 1E). To evaluate the ability of adipocyte
postexposure to hypertonic medium to undergo multipotent differ-
entiation, further experiments confirm that these cells are capable
of undergoing osteogenesis (Fig. 1, F and G, and fig. S1, A and B),
myogenesis (Fig. 1, H and I), and adipogenesis (Fig. 1, ] and K) via

Preadipocytes Dedifferentiated cells Sort dedifferentiated

culture under respective differentiation induction media (see the
Supplementary Materials). The adipocytes under hypertonic medium
gradually spread, elongate, and lose intracellular lipid droplets
(Fig. 2A). Moreover, exposure to hypertonic medium enables the
adipocytes to adopt a branched morphology (Fig. 2, B and C),
divide (Fig. 2D), and undergo migration (Fig. 2, E and F), qualities
characteristic of MSCs but distinct from adipocytes. To rule out the
possibility that hypertonicity is selecting for a preexisting popula-
tion of less differentiated adipocytes, we analyze the compression-
induced dedifferentiation of individual adipocytes and their
subsequent characteristics. Human adipocytes are sorted from
nondifferentiated cells via density separation, individual adipocytes
are cultured singly in separate wells, so as to preclude possible paracrine
effects when cells are growing in population, and their behavior
under hypertonic and isotonic media is tracked (Fig. 3, A and B).
Similar to population-level findings, 36.5 + 8.9% and 49.3 + 3.7% of
adipocytes lose visible fat droplets (see the Supplementary Materials)
when cultured in hypertonic medium of 363 and 400 mosmol,
respectively (Fig. 3C).
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Fig. 1. Compression-induced dedifferentiation of adipocytes. (A) Schematic outline of the compression treatment schedule. The adipocytes are compressed in hyper-
tonic medium for 10 days and then incubated in expansion medium for another 2 weeks. The colonies of expanded dedifferentiated adipocytes are further redifferentiated into
myoblasts, osteocytes, and adipocytes. (B) Images showing that the number of adipocytes decreases over time under osmotic compression. Scale bar, 100 um. (C) Images
showing the decreased number of adipocytes as we increase osmotic pressure. Scale bar, 100 um. (D) Quantification of adipocytes losing all their obvious lipid droplets
during 10 days of culture. Osmotic compression significantly increases the ratio of adipocytes that lose all their obvious lipid droplets. Error bars represent SD (n = 3).
(E) Measurements of the diameter of intracellular lipid droplets of adipocytes. Osmotic compression slightly decreases the size of lipid droplets. The size of intracellular
lipid droplets keeps increasing when adipocytes are cultured without osmotic compression. Error bars represent SD (n = 3). (F and G) Images (F) and quantification (G) of
alkaline phosphatase (ALP) showing osteogenic potential of CiDAs. Scale bar, 50 um. Error bars represent SD (n = 3). DAPI, 4',6-diamidino-2-phenylindole. (H and I) Images
(H) and quantification (I) of MyoD showing the myogenic potential of CiDAs. Scale bar, 50 um. Error bars represent SD (n = 3). a.u., arbitrary units. (J and K) Images (J) and
quantification (K) of Oil Red O showing the adipogenic potential of CiDAs. Scale bar, 50 um. Error bars represent SD (n = 3). *P < 0.05 and ***P < 0.001.
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Fig. 2. Biophysical characterization of adipocytes under dedifferentiation induced by compression. (A) Fluorescence images (top) and bright-field images (bottom)
showing that the adipocytes gradually lose their lipid droplets, spread, and elongate under osmotic compression. Green indicates the cytoplasm, while red indicates the
nucleus. Scale bar, 20 um. (B) Images showing significant difference in the cellular morphologies of MSCs, adipocytes, and CiDAs. (C) Quantification of branches per cell
showing that both MSCs and CiDAs have similar numbers of branches, while the adipocytes exhibit a round morphology. n.s., not significant. (D) Measurements showing
that CiDAs regain the ability to proliferate similar to MSCs. (E and F) Cell migration trajectory and corresponding migration rates. CiDAs regain the ability to migrate sim-
ilar to MSCs, while no migration was observed in adipocytes. *P < 0.05 and ***P < 0.001.

To characterize the phenotype of adipocyte postexposure to
hypertonic medium, we further culture cells under standard culture
medium to quantify their colony formation ability (Fig. 3A). Of the
adipocytes exposed to hypertonic medium, 19.9 + 5.4% are found to
be capable of forming colonies with a population larger than 50 cells,
whereas less than 2% of adipocyte postexposure to isotonic medium
form colonies (Fig. 3D). These human adipocyte-derived cells are
capable of undergoing myogenesis (Fig. 3, E and F), osteogenesis
(Fig. 3, Gand H, and fig. S1, C and D), adipogenesis (Fig. 3, Iand J),
and chondrogenesis (Fig. 3, K and L) via culture under respective
differentiation induction media. The cells from colonies that are
generated by hypertonic exposure retain self-renewing capability when
cultured in MSC maintenance medium, with only a small portion of
these cells exhibiting lipid droplet accumulation (less than 1% after
7 days) or alkaline phosphatase (ALP) expression (less than 3% after

Lietal.,, Sci. Adv. 2020; 6 : eaax5611 22 January 2020

7 days) (Fig. 3, G and H). Adipocytes derived from mouse MSCs
show similar reduction in intracellular lipid droplet when cultured
under hypertonic conditions and subsequently exhibit similar charac-
teristics of colony formation and multipotent differentiation compared
to human adipocytes (fig. S2). As adipocytes appear to adopt an
MSC-like phenotype after culture in hypertonic medium, as marked
by long-term self-renewal, multipotent differentiation capability,
and serial clonogenicity, these cells are subsequently termed CiDAs.
With these characteristics and the abundance of adipocytes in tissues,
CiDAs may, thus, serve as a widely accessible resource for tissue
engineering and regenerative medicine (27-29).

Multiple types of physical stresses, beyond elevated osmotic pres-
sure, accompany tumor growth and progression (12, 21), notably
mechanical compression and increased matrix rigidity. To test
whether these stressors can induce similar phenotypic changes in
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Fig. 3. Compression-induced dedifferentiation of single adipocytes. (A) Schematic outline of the compression treatment schedule. The adipocytes are individually
isolated into 96-well plates and then compressed in hypertonic medium for 10 days and then incubated in expansion medium for another 2 weeks. The colonies of ex-
panded dedifferentiated adipocytes are further redifferentiated into myoblasts, osteocytes, and adipocytes. (B) Images showing that the adipocytes gradually lose their
lipid droplets, spread, and elongate under osmotic compression. Scale bar, 20 um. (C) The dedifferentiation ratio is quantified as the ratio of adipocytes that lost all their
obvious lipid droplets to the total number of initial adipocytes. The results show that osmotic compression increases the dedifferentiation ratio of adipocytes. Error bars
represent SD (n = 3). (D) The colony formation ratio increases with increasing osmotic pressure. Error bars represent SD (n = 3). (E and F) Images (E) and quantification (F)
of MyoD showing myogenic potential of CiDAs. Scale bar, 50 um. Error bars represent SD (n = 3). (G and H) Images (G) and quantification (H) of ALP showing osteogenic
potential of CiDAs. Scale bar, 50 um. Error bars represent SD (n = 3). (1 and J) Images (1) and quantification (J) of Oil Red O showing adipogenic potential of CiDAs. Scale bar,
50 um. Error bars represent SD (n=3). (K and L) Images (K) and quantification (L) of Alcian blue showing chondrogenic potential of CiDAs. Scale bar, 50 um. Error bars

represent SD (n = 3). OD, optical density. *P < 0.05, **P < 0.01, and ***P < 0.001.

adipocytes, we develop an approach to mechanically compress adipo-
cytes cultured in three dimensions to mimic the mechanical compression
in a native tissue during tumorigenesis. Density-sorted adipocytes
are encapsulated in three-dimensional (3D) Matrigel covered by a
porous membrane (fig. S3A). These adipocytes retain lipid droplets
after 10 days of culture in 3D (fig. S3B). However, when mechanically
compressed, achieved by the placement of a weight on the porous
membrane (173 Pa, 40% engineering strain), 15.6 + 2.7% of adipo-
cytes lose all their lipid droplets over 10 days of culture (fig. S3,

Lietal.,, Sci. Adv. 2020; 6 : eaax5611 22 January 2020

A and B), compared to 6.1 + 2.2% of adipocytes cultured without
compression. Furthermore, to test the effect of substrate stiffness on
adipocyte phenotype, we culture density-sorted adipocytes on sub-
strates with elastic moduli of either native breast tissue (200 Pa) or
breast tumor (7 kPa) microenvironment. The dedifferentiation
ratio of adipocytes is found to be higher on a stiff substrate as com-
pared to that on a soft substrate; this effect is further augmented by
the simultaneous application of osmotic pressure (fig. S3C), sug-
gesting the synergistic nature of these different physical stimulations.
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Opverall, these results suggest that various types of physical stresses
generated by tumor expansion may cooperatively drive the repro-
gramming of their surrounding adipocytes.

Genetic profiling of CiDAs

To further characterize CiDAs, we perform transcriptome profiling
of established CiDA derived from mouse adipocytes using RNA
sequencing (RNA-seq); we find that CiDAs are distinct from either
adipocytes or MSCs, as shown by principal components analysis
(Fig. 4A and fig. S4). CiDAs have elevated expression of pluripotency-
associated genes such as Sox2 and Myc (30), as well as cell cycling-
associated genes (31) including Cdknlc, Cdkn2d, Ccnel, Cdc25a,
Cdkl1, and Cdc7, as compared to MSCs (fig. S4). These results sug-
gest that CiDAs are different from the MSCs. Furthermore, we also
perform flow cytometry experiments of three different MSC-positive
markers (CD90, CD73, and CD105) (32). We find that the CiDAs
share the surface marker CD105 with the conventional MSCs but
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do not exhibit the expression of CD90 and CD73, which also con-
firm the difference between CiDAs and MSCs (fig. S5).

To determine the transcriptional signatures of adipocytes and
CiDAs obtained through osmotic compression, we perform gene set
enrichment analysis (GSEA) and find several dysregulated Kyoto
Encyclopedia of Genes and Genomes (KEGG)/Gene Ontology (GO)
pathways (33). Analysis of differently expressed genes with respect
to overrepresented GO terms shows up-regulation of processes re-
lated to cell cycling and DNA replication (Fig. 4B and fig. 56), as well
as down-regulation of processes related to cellular lipid metabolism
and stimulus response (Fig. 4B and fig. S6). To explore the underlying
molecular processes that potentially induce the adipocyte dediffer-
entiation, we examine several significantly up-regulated genes associated
with stem cell pluripotency [including sox2 and myc; (30)] and signal
transduction [including Hippo signaling, bone morphogenetic pro-
tein (BMP) signaling, and Wnt signaling], according to the KEGG
pathway database (Fig. 4C and fig. S7). Genes that overlap in these
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Fig. 4. Gene signatures of CiDAs as compared to adipocytes. (A) Principal components (PC) analysis of RNA-seq of CiDAs, MSCs, and adipocytes. Dots represent single
colony. PC analysis results show that all those three cell types are distinct from each other and that CiDAs are more similar to MSCs as compared to adipocytes. (B) ClueGO
analysis of up- and down-regulated genes in mouse adipocytes and CiDAs generated from these mouse adipocytes. RNA-seq is performed, and the significantly ex-
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correlate with the number of terms included in the corresponding group. The key up-regulated pathways (top) in CiDAs compared to the original adipocytes are mainly
associated with cell cycling and DNA replication; the key down-regulated pathways (bottom) are mainly associated with cellular lipid metabolism and response to stimulus.
(C) Up-regulated genes in CiDAs associated with cell pluripotency (left) and signaling transductions (right), including Hippo pathway, BMP pathway, and Wnt pathway,
according to the KEGG pathway database. (D) GSEA enrichment plot of the KEGG/GO pathway of CiDAs compared to adipocytes. Genes show significant enrichment in
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two categories are considered to interconnect these two functional
processes; we find 13 overlapping genes, all of which are canonical
Wnt signaling-related genes such as Wnt7a, Myc, DvI2, Fzd5, Bmp4,
and Sox2 (34, 35), as shown in Fig. 4C. Consistent with significantly
up-regulated genes, GSEA also shows a significant enrichment of cell
cycling pathway and canonical Wnt signaling pathway in CiDAs as
compared to adipocytes without compression (Fig. 4D).

Wnt/B-catenin signaling is a key regulator of compression-
induced dedifferentiation of adipocytes

The canonical Wnt/B-catenin pathway is known to play a prominent
role in relaying information from extracellular signals during adipo-
genesis (36). Activation of this pathway has been shown to negatively
regulate precursors’ commitment and differentiation along the adipo-
cyte lineage (37) and induce dedifferentiation of mature adipocytes
(38, 39). Given the importance of the Wnt/B-catenin pathway in
adipocyte dedifferentiation, we assess its activity in and importance
to CiDA generation. Western analysis of B-catenin in mouse adipocytes
exposed to hypertonic media reveals a positive correlation between
hypertonicity and cytosolic B-catenin accumulation (Fig. 5A). Consist-
ently, quantitative reverse transcription polymerase chain reaction
(qRT-PCR) assays of Wnt target genes (Axin2, Sp5, Sox2, and Myc)
confirm the downstream elevated Wnt signaling (fig. S8). Furthermore,
immunostaining of B-catenin indicates increased nuclear colocalization
upon osmotic compression (Fig. 5, B to D). To assess whether activation
of the Wnt/B-catenin pathway is required for osmotic pressure-induced
adipocyte dedifferentiation, adipocytes in isotonic or hypertonic
media are exposed to IWP2, a porcupine inhibitor that blocks the
secretion of Wnt ligands. Inhibition of Wnt/B-catenin signaling re-
sulting from IWP2 exposure significantly reduces the dedifferentiation
ratio of mouse adipocytes under osmotic compression (400 mosmol),
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partially restoring lipid droplet accumulation. When canonical
Wnt/B-catenin signaling is rescued via addition of the exogenous
Wnt3a ligand, compression-induced dedifferentiation is recovered
(Fig. 5, E and F). Moreover, when Wnt/B-catenin signaling is enhanced
by exposing adipocytes to exogenous Wnt3a ligand in the absence
of IWP2 under isotonic conditions, the dedifferentiation ratio of mouse
adipocytes is increased (Fig. 5, E and F). In addition, application of
osmotic compression in combination with Wnt ligand stimulation
further elevates adipocyte dedifferentiation compared to exposure
to Wnt ligand or osmotic compression alone (Fig. 5, E and F).
Together, these findings indicate that Wnt/B-catenin signaling mediates
adipocyte dedifferentiation induced by physical compression.

CiDAs promote mammary tumor progression
in xenograft mice model
To investigate the physiological consequences of compression-driven
adipocyte dedifferentiation on tumor progression, we establish a
xenograft model via subcutaneous injection of an mCherry-labeled
human mammary adenocarcinoma cell line, MDA-MB-231, and
CiDA derived from human adipocytes, either alone or in combina-
tion, into NOD/SCID/ ILZY_/_ (NSG) mice (Fig. 6A). Coinjection of
MDA-MB-231 with CiDAs yields a larger tumor than tumor cells
alone over a 4-week period, as quantified by both tumor size and
mass (Fig. 6, B and C). To assess the contribution to tumor formation
due to MDA-MB-231 cells alone, the total fluorescence intensity of
mCherry is measured and found to correlate with tumor size and
mass measurements (Fig. 6, D and E). In addition, injection of CiDAs
alone forms neither tumors nor teratomas (Fig. 6C).

To study the contribution of the CiDAs in promoting tumor
growth, we conduct immunohistochemical analysis on xenograft
tumor cross section and stained for a-smooth muscle actin (a-SMA),
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Fig. 5. CiDAs via modulating Wnt/B-catenin signaling. (A) Western blot analysis shows that osmotic compression increases the level of cytosolic B-catenin. Three independent
experiments are performed to confirm the consistency of the results. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (B) Immunostaining shows that more B-catenin
is accumulated in the nucleus upon osmotic compression. Scale bar, 20 um. (C) Nuclear B-catenin is increased under osmotic compression quantified from the immuno-
staining in (B). Error bars represent SD (n =90 cells derived from three independent experiments for each condition). (D) The ratio of nuclear to cytoplasmic B-catenin is
increased under osmotic compression. Error bars represent SD (n =90 cells derived from three independent experiments for each condition). (E) Bright-field images show
the CiDAs in the control condition, or with IWP2 to inhibit the secretion of endogenous Wnt ligands, or with additional exogenous Wnt3a ligand, respectively. (F) Inhibition
of Wnt/B-catenin signaling using IWP2 suppresses the compression-induced adipocyte dedifferentiation. Activation of Wnt/B-catenin signaling using additional exogenous
Whnt3a ligand further increases dedifferentiation ratio of adipocytes both with and without osmotic compression. Error bars represent SD (n =3). *P < 0.05 and **P < 0.01.
Li etal., Sci. Adv. 2020; 6 : eaax5611
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Fig. 6. CiDAs enhance tumor growth in a xenograft model. (A) Schematic illustration of coinjection of MDA-MB-231 cells and CiDAs or MDA-MB-231 cells alone.
(B) Images show that the larger size of the tumor resulted from coinjection of MDA-MB-231 cells with CiDAs, compared with from tumor cells alone. Scale bar, 600 pm.
(€) The weight of tumors that resulted from the coinjection is significantly larger than those from tumor cells alone. Different symbols represent different mice. The soft
tissue explants generated from injected CiDAs alone are much smaller than the tumors generated. (D and E) Fluorescence intensities of tumors that resulted from
coinjection of mCherry-labeled MDA-MB-231 cells with CiDAs are larger than those from injected mCherry-labeled MDA-MB-231 cells alone. (F) Immunofluorescence images
show that a-SMA levels are greater in the explants that resulted from coinjection of CiDAs and MDA-MB-231 cells as compared with those from MDA-MB-231 cells alone. The
0-SMA expression colocalizes with human mitochondria staining in the explants that resulted from coinjection of CiDAs and MDA-MB-231 cells, which indicates that these
cells expressing a-SMA originate from CiDAs. Vascular development by CiDA-derived a-SMA-positive cells has been observed in the coinjected tumor rather than in the

tumor from MDA-MB-231 cells alone. Scale bar, 30 pm. *P < 0.05. Photo credit: Angelo Mao, Harvard University.

amarker to identify myofibroblasts that are known to modulate tumor
progression (40) by vascular development (41), ECM stiffening (21),
and production of host-derived proangiogenic factors (42). The
intensity of a-SMA is increased in tumors originating from coinjection
of CiDAs with tumor cells as compared to that from tumor cells
alone (Fig. 6F). Staining of human mitochondria shows colocalization
with a-SMA, confirming that the de novo-generated a-SMA-positive
cells are derived from the injected CiDAs and not host murine cells
(Fig. 6F). Furthermore, vascular development by CiDA-derived
0-SMA-positive cells in coimplanted tumors is observed but absent
in tumors developed from MDA-MB-231 cells alone (Fig. 6F). As
tumors coinjected with CiDAs exhibit an increased growth rate and
the presence of intratumoral and peritumoral CiDA-derived myofibro-
blasts, we hypothesize that CiDAs exposed to the tumor microenvironment
differentiate into myofibroblasts and accelerate tumor progression.
In vitro, CiDAs are capable of differentiation into myofibroblasts
upon exposure to transforming growth factor-p (TGF-B) or tumor-
conditioned medium (TCM) (fig. S9, A to L) and, moreover, promote
MDA-MB-231 proliferation in coculture (fig. S9, P to S). Adipocytes
can be directly induced to adopt a myofibroblast phenotype with the
application of osmotic compression and TGF-p stimulation together,
in which the loss of lipid droplets and a-SMA induction occur
simultaneously (fig. S9, M to O). Together, these results suggest that
physical stresses generated by tumor growth may induce dedifferentiation
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of neighboring adipocytes, which subsequently further promote the
growth of tumors via adoption of a myofibroblast phenotype.

DISCUSSION

Because of the consistent reporting of higher ECM stiffness, stresses,
and osmotic compression in the tumor microenvironment (12-17, 43, 44),
the role of physical properties of the microenvironment in tumor
progression has garnered significant attention recently. These proper-
ties are primarily caused by tumor progression and characterized by
increased ECM deposition, fiber alignment, and cross-linking, all of
which promote tumor progression and malignancy (13, 17). Here,
we explore the effect of these physical hallmarks of the tumor micro-
environment on adipocytes that are abundant in the breast stroma
and their interaction with the cancer cells. We demonstrate that
osmotic pressure, mechanical compression, and increased substrate
stiffness can individually and synergistically drive reprogramming
of adipocytes into multipotent cells, termed CiDAs here. We then show
that CiDAs can significantly enhance the proliferation of human mammary
adenocarcinoma MDA-MB-231 cells both in vitro and in a xenograft
model by undergoing differentiation into tumor-friendly myofibro-
blast due to the presence of TGF-f in the cancer microenvironment.
This observation of enhanced tumor growth in the presence of
myofibroblast is consistent with previous studies (21, 40, 41, 45).
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Another aspect of the present work is a new strategy to induce
cellular reprogramming of adipocytes into multipotent cells termed
CiDAs only mediated by local physical stresses. CiDAs are capable
of long-term self-renewal and serial clonogenicity (including osteo-
genesis, adipogenesis, myogenesis, chondrogenesis, and myofibro-
genesis) without forming teratomas. This reprogramming of adipocytes
is consistent with several recent studies on the dedifferentiation of
committed cells into body stem cells in other tissues (46), such as
intestine (47), neuron (48), and airway (49), and together highlights
the cellular plasticity of adult tissues. Moreover, this physical repro-
gramming of adipocytes suggests a previously unknown opening of
cellular reprogramming that could be important for understanding
transdifferentiation in tissues. Mechanical induction of reprogramming,
reported in this paper, leads to adipocytes undergoing a series of changes,
which ultimately result in cells acquiring multipotency or stemness.
The hallmark of adipocyte reprogramming is the loss of adipose lineage-
specific transcripts and gain of stem cell-specific transcripts. We
observe the reduction of genes associated with lipid metabolism, while
the proliferative and pluripotent genes (such as Sox2 and Myc)
increases. We identify that canonical Wnt/B-catenin pathway sig-
naling, which has been suggested to be mechanosensitive, mediates
this adipocyte dedifferentiation induced by physical compression.
This is consistent with previous studies showing that activation of
this pathway negatively regulates precursors’ commitment and differ-
entiation along the adipocyte lineage (37) and induces dedifferentiation
of mature adipocytes (38, 39). The upstream mechanoregulators of
Wnt/B-catenin signaling could be the changes of the intracellular
crowdedness (27, 43) or the deformation of nucleus (50). Our work,
together with other previous research (51-53), highlights the unique
capability of physical cues in activating or promoting cell reprogramming/
dedifferentiation, which adds an extensive complexity to the native
multicellular ecosystems. Last, we anticipate that our results can provide
an entry point for understanding how the physical interplays between
adipocytes and cancer cells affect the evolution of tumor ecosystems
and potentially facilitate a wide range of engineering approaches.

MATERIALS AND METHODS

Cell culture

Clonally derived mouse MSCs (OP9) purchased from the American
Type Culture Collection (ATCC) were expanded subconfluently in
Minimum Essential Medium Eagle Alpha Modification media sup-
plemented with 20% fetal bovine serum and 1% penicillin/streptomycin
(complete tMEM). Viability was assessed by cells with calcein ace-
toxymethyl and ethidium homodimer-1 (Invitrogen, Eugene, OR) or
trypan blue exclusion (Beckman Coulter). Subcutaneous primary
human adipocytes were purchased from Lonza and cultured at sub-
confluence in Preadipocyte Growth Medium-2 (Lonza) following the
manufacturer’s instructions (passage 0). A passage number up to 6
was used for the experiments. MDA-MB-231 cells were obtained
from the ATCC and cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (complete DMEM).

Osmotic stress

Hyperosmotic stress was applied by adding polyethylene glycol 300
(PEG 300) to isotonic culture medium. The correlation between
molarity and osmolality for solutions of PEG in water was taken from
previous measurement (54). The actual osmotic pressure applied to
cells was calculated by summing up the osmotic pressures of PEG
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and isotonic medium (325 mosmol) and was further validated by
measurement using a micro-osmometer (model 3300, Advanced
Instruments Inc.). Cells were incubated for 10 min at 37°C and 5%
CO; in PEG-supplemented culture medium solution. The cell size
and mechanics achieved equilibration within 2 min after adding
PEG 300 based on previous studies (27). In addition to osmolarity,
we also calculated the corresponding osmotic pressure when we
added hypertonic medium using van’t Hoff’s equation © = ¢RT. In
the equation, T represents the osmotic pressure in pascals, ¢ represents
the molar concentration of the solutes, T represents the absolute
temperature, and R represents the gas constant. As calculated,
2% PEG 300 used in hypertonic medium induced an additional
171.9 kPa, while 1% PEG 300 induced an additional 85.9 kPa.

Adipogenic differentiation

To induce adipogenesis, OP9 mouse MSCs (mMSCs) were supple-
mented with aMEM (Gibco) supplemented with 15% KnockOut Serum
Replacement (Gibco) (55). Human preadipocyte adipogenesis was
induced via culture in Preadipocyte Growth Medium-2 (Lonza) sup-
plemented with SingleQuots (Lonza) consisting of insulin, dexa-
methasone, indomethacin, and 3-isobutyl-1-methylxanthine, as per
the manufacturer’s instructions (https://bioscience.lonza.com/lonza_
bs/CH/en/document/download/28861). In experiments where a purer
population of differentiated cells was desired, cells were trypsinized
and sorted by density. Briefly, detached adipocytes were ceiling cul-
tured in a flask for bulk cell experiments and in wells for single-cell
experiments. For histological analysis of adipogenesis specification,
cells were fixed after 10 days of culture with 4% paraformaldehyde
(Thermo Fisher Scientific) in phosphate-buffered saline (PBS) (Gibco)
with 0.1% Triton X-100 (Sigma-Aldrich) for 30 min at 25°C and
washed in PBS. Neutral lipid accumulation was visualized by Oil
Red O (Abcam) staining as a functional marker for adipogenesis.

Myogenic differentiation

To induce myogenesis, the CiDAs were cultured with myogenic
medium for more than 10 days in complete DMEM supplemented
with 5% horse serum (HS) (Gibco), 0.1 uM dexamethasone (Sigma-
Aldrich), and 50 pM hydrocortisone (Sigma-Aldrich), cycling every
2 days (56-58). To assess myogenesis efficiency, immunofluorescence
staining of the muscle-specific transcription factor MyoD1 was per-
formed. Cells were rinsed twice with PBS, fixed with 4% para-
formaldehyde for 20 min, and washed three times with PBS. The cells
were incubated with 3% hydrogen peroxide (Sigma-Aldrich) in PBS
for 10 min to quench endogenous peroxidase enzyme activity, and
nonspecific sites were blocked by incubation in blocking buffer (PBS,
10% HS, and 0.1% Triton X-100) for an additional 60 min. The cells
were washed three times for 5 min each in blocking buffer and incubated
for 1 hour in blocking buffer containing anti-MyoD1 (Abcam). The
cells were rinsed extensively in blocking buffer and the secondary
antibody donkey anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific)
according to the manufacturer’s manual.

Osteogenic differentiation

To induce osteogenesis, the CiDAs were cultured with complete DMEM
supplemented with 10 mM B-glycerophosphate and 250 uM L-ascorbic
acid, cycling every 2 days (59). mMSCs were fixed after 3 days of culture,
stained, and permeabilized with Triton X-100. To assess ALP activity,
mMSCs were fixed 6 days after osteogenic induction and stained with
ELF 97 (Thermo Fisher Scientific) following the manufacturer’s instructions.
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Myofibrogenic differentiation

To induce myogenesis, the CiDAs were cultured with either myofibro-
genic medium or TCM. Myofibrogenic medium was made by sup-
plementing complete DMEM with TGF-B (2 ng/ml; Abcam) (21, 60).
TCM was harvested from the MDA-MB-231 cells. After MDA-
MB-231 reached confluence, fresh medium was added and then
harvested after 24 hours. To assess the myofibrogenesis ratio,
immunostaining of a-SMA was performed. Cells were incubated
with 3% hydrogen peroxide in PBS for 10 min to quench endoge-
nous peroxidase enzyme activity, and nonspecific sites were blocked
by incubation in blocking buffer (PBS, 10% HS, and 0.1% Triton
X-100) for an additional 60 min. The cells were washed three times
for 5 min each in blocking buffer and incubated for 1 hour in block-
ing buffer containing anti-a-SMA (Abcam). The cells were rinsed
extensively in blocking buffer and subsequently incubated with
donkey anti-rabbit Alexa Fluor 488 secondary (Thermo Fisher
Scientific).

Morphology analysis and quantification of dedifferentiation
ratio of adipocytes in bulk experiments

After seeding adipocytes, up to nine areas were randomly selected,
and their locations were marked using Leica SP8 confocal software.
In each well of different experimental conditions, nine fields of view
were collected using Leica SP8 confocal software at randomly dis-
persed locations. Practically, the area of the well was divided into a
3 x 3 subarea, and each field of view was randomly selected and re-
corded in each corresponding subarea. Cells in these nine fields of
view were picked up for the following measurements. Every 2 days,
the images of the same selected locations were obtained using a Leica
SP8 confocal microscope. Individual cells were tracked in each image
every 2 days over 10 days. The dedifferentiation ratio was quantified
as the number of adipocytes that lost all visible lipid droplets over
the total starting number of adipocytes. The aspect ratios of individual
adipocytes were calculated as the length of the longest axis of each
cell divided by the length of its perpendicular axis. The lipid sizes in
adipocytes were measured as the diameter of individual lipid droplets.
Images were analyzed using Image].

Adipocyte dedifferentiation ratio (the ratio of cells

losing all lipid droplets)

The intracellular lipid droplet is one of the most widely used markers
for adipocyte. Here, the ratio of cells losing the obvious intracellular
lipid droplets was defined as the dedifferentiation ratio of adipocyte.
We measured the size of the lipid droplets from the bright-field images
using TrackMate in Image] to measure the size of the spherical
droplet, and if it was either smaller or equal to ~1 pum, then we say
that the cells have lost the lipid droplets. Previous studies (38, 39, 61-64)
have made similar arguments about the adipocytes losing lipid
droplets based on just observation; however, we followed a more
quantitative approach based on the size of the lipid droplet, making
the process more consistent and deterministic. For each dish, a field
of view of 10 mm by 7 mm was recorded using a Leica SP8 confocal
microscope with the function called tiling, in which the confocal
microscope automatically imaged everywhere in that predefined
field and stitched images to form a final image. The field of view had
a comparable size to the whole area of culture dish (40%), which
was selected basically at the center of the dish. For each condition,
more than 1000 cells were counted for the final calculation in the
selected field.
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Single adipocyte colony formation assay

The adipocytes sorted by density were diluted and isolated into each
well of the 96-well plate according to the nature of Poisson distribution.
Because of the lower density of adipocytes in comparison to the cul-
turing medium, the adipocytes floated in the top layer of the medium.
Then, we turned the well plate upside down to allow the adipocytes
to fully attach to the well plate. After overnight incubation, the well
plates were flipped back, and the medium was exchanged with
hypertonic medium to induce osmotic compression. Then, individual
wells containing exactly one adipocyte were confirmed under a
microscope and marked. The hypertonic medium was exchanged
every 2 days. After 10 days of culturing, the well plates were imaged
under the microscope to find out the well-contained cells that had
already lost all their obvious lipid droplets. Then, the medium in
each well was exchanged with MSC expansion medium, which was
exchanged every 2 days for 2 weeks of culture. Last, the wells con-
taining a cell colony (more than 50 cells) were counted. The colony
formation ratio was calculated by the ratio of wells containing colo-
nies to the total number of wells containing single adipocytes at the
beginning.

Characterization of CiDA proliferation and migration

To assess proliferation, adipocytes, MSCs, and CiDAs were seeded
in well plates at a consistent number. We quantified the cell numbers
before and after 2 days of culturing. The fold increase of the cell
number was calculated to indicate their proliferation capability. After
CiDAs, MSCs and adipocytes were attached on the well plate, and
videos were taken on a Leica SP8 confocal microscope for 24 hours.
The total length cell migration was measured, and the average
migration speed was calculated for comparison.

Fabrication of polyacrylamide gel substrate

Polyacrylamide gels of various stiffnesses were fabricated on 35-mm
glass-bottom culture dishes (MatTek, Ashland, MA). Briefly, the bottom
no. 1 coverslip was aminosilanized to enable polyacrylamide attach-
ment. Gel stiffness was varied by adjusting the concentrations of the
monomer acrylamide (Bio-Rad) and the cross-linker bis-acrylamide
(Bio-Rad, Hercules, CA). Gels with a shear modulus of 7 kPa con-
sisted of 7.5% acrylamide and 0.1% bis-acrylamide, while those of
200 Pa consisted of 3% acrylamide and 0.08% bis-acrylamide. The
polymerization was initiated by the addition of ammonium persulfate
and N,N,N',N’-tetramethylethylenediamine (TEMED). Immediately
after initiating polymerization, a controlled volume was added to the
glass-bottom dishes. Then, another unmodified coverslip was placed
on top to cover the polymerizing gel to ensure a flat gel surface.
After polymerization, the top coverslip was removed, and the gel
surface was functionalized with collagen I (0.1 mg/ml; Invitrogen;
Cohesion Technologies, Palo Alto, CA) using the sulfo-SANPAH
(Pierce Biotechnology, Rockford, IL) activation method (65). Collagen
attachment and uniformity were confirmed using fluorescent collagen
(Elastin Products, Owensville, MO). The gel thickness was found to
be 70 to 100 pm by confocal microscopy. The shear modulus G’ of
macroscopic polyacrylamide gel samples was measured using a rheometer
(AR-G2; TA Instruments, New Castle, DE).

Mechanical compression of cells cultured in 3D Matrigel

To mechanically compress cells in 3D culture, adipocytes were en-
capsulated in Matrigel covered by a porous membrane. A weight was
placed on the top glass slide to introduce a vertical compression of
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173 Pa. Then, the adipocytes were cultured with either isotonic or
hypertonic stem cell maintenance medium for 10 days.

Quantitative reverse transcription polymerase

chain reaction

The RNA of treated adipocytes was extracted on the ninth day after
compression. RNA extraction was performed using TriPure Isola-
tion Reagent (Roche) according to the manufacturer’s instructions.
Complementary DNA (cDNA) was synthesized from 1 pug of RNA
using the iScript Select cDNA Synthesis Kit (Bio-Rad). Real-time
qRT-PCR was carried out with the primer sets listed below using iQ
SYBR Green Supermix (Bio-Rad) with the Applied Biosystems 7900HT
System. The expression of genes of interest was normalized to that
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in all samples.
The primers used for PCR amplification are as follows: Sox2, 5'-GGT-
TACCTCTTCCTCCCACTCCAG-3’ (forward) and 5'-TCACAT-
GTGCGACAGGGGCAG-3' (reverse); GAPDH, 5'-CCATGTTTGT-
GATGGGTGTGAACC-3' (forward) and 5'-TGTGAGGGAGATGCTCA
GTGTTGG-3' (reverse); Axin2, 5'-TAGGCGGAATGAAGATG-
GAC-3' (forward) and 5'-CTGGTCACCCAACAAGGAGT-3' (reverse);
Sp5, 5'-TCCAGACCAACAAACACACCA-3’ (forward) and 5-AGTTTG-
CCGCTACCCAATCA-3’ (reverse); Myc, 5'-CAGCTGCTTAGAC-
GCTGGATT-3’ (forward) and 5'-GTAGAAATACGGCTGCAC-
CGA-3’ (reverse).

Gene expression profiling using RNA-seq

The RNA was extracted on the 25th day (10 days of osmotic com-
pression and 14 days of colony expansion) for RNA-seq. Library
construction of digital gene expression sequencing generated tags
with 21 base pairs (bp) from the 3’ ends of each transcript, and these
tags were used to represent the expression levels of transcripts.
Sequencing libraries were prepared following the established protocols
(66). Briefly, after extraction of total RNA, double-stranded cDNA
was synthesized from RNA using oligo(dT),s beads (Invitrogen).
Afterward, cDNA product was digested with Nla IIT and then linked
to the first sequencing adapter. The product of ligation was digested
with Mme I and linked to the second adapter. Then, the double
adapter-flanked tags were amplified, and the products were purified
using Spin-X filter columns. Last, mRNA libraries were sequenced
on a BGI-500 system following the manufacturer’s protocol.

Analysis of sequencing data

Details of primary analysis of sequencing data were described in a
previous publication (67). Briefly, all the 17-bp DNA sequence next
to Nla III restriction sites on a mouse reference genome along with
the 4-bp CATG recognition site were extracted and concatenated as
a new reference. Tags were mapped to construct reference using
SOAP?2, allowing no more than one mismatch. Normalized TPM
(transcripts per million clean tags) values and fold change (absolute
value of log, ratio, either CiDAs versus mMSCs or CiDAs versus
adipocytes) were calculated using uniquely mapping tags. Subse-
quently, candidates for differentially expressed genes were identified
using the statistical test developed by Audic and Claverie (68), and
a P value for each gene was calculated for each of the 10 cancer-
normal pairs. We then calculated the false discovery rate (FDR) to
control the proportion of false-positive results. Differential expres-
sion FDRs were calculated according to the method proposed by
Storey and Tibshirani (69) implemented in the R package q value
(version 2.6.0). The differently expressed genes shown in Fig. 4C
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were selected as those genes with an FDR of <0.001 between the two
categories as indicated in the figure. The same group of genes with
an FDR of <0.001 was used for GO enrichments.

For the comparison with RNA-seq data, statistical significance of
overlapping was calculated using hypergeometric test by R (www.R-
project.org). A two-way unsupervised hierarchical clustering was
performed using average linkage and uncentered Pearson correlation
metric by Gene Cluster 3.0, and results were visualized using TreeView.

For pathway enrichment, we took all the recurrently deregulated
genes as input for Cytoscape with ClueGO plug-in. To mine out the
relevant genes, we performed leading edge analysis of GSEA tool
(33). GSEA v3.0 was used to generate (Fig. 4D and figs. S4C and S6),
calculate the enrichment score (ES), and test the hypothesis. Briefly,
the genes from mRNA expression profiles were ordered in a ranked
list L according to their differential expression between the classes.
Given an a priori defined set of genes S, such as GO category, we then
determined whether the membrane of gene category was randomly
distributed throughout L or primarily found at the top of bottom.
The software calculated an ES that reflects the degree to which a gene
set S was overrepresented at the extremes of the entire ranked list of
functional gene set L. The score was calculated by walking down the
list L, increasing a running-sum statistic when encountering a gene
in S and decreasing it when encountering genes not in S. The ES was
the maximum deviation from zero encountered in the random walk;
it corresponded to a weighted Kolmogorov-Smirnov-like statistic.
We further estimated the statistical significance (nominal P value)
of the ES by using an empirical phenotype-based permutation test
procedure that preserved the complex correlation structure of the gene
expression data. When an entire database of gene sets was evaluated,
we adjusted the estimated significance level to account for multiple
hypothesis testing. We normalized the ES for each gene set to account
for the size of the set, yielding a normalized ES. Core genes ranked
at both ends on the heat map of each gene set were most significantly
discrepant between either CiDAs and mMSCs or CiDAs and adipo-
cytes. In our study, all the deregulated genes were interrogated in
the gene sets by the KEGG database and GO database.

Coculturing of MDA-MB-231 cells and CiDAs in vitro
mCherry-transduced MDA-MB-231 cells were cultured either alone
or with equal numbers of CiDAs. After 2 days of culture, the number
of MDA-MB-231 cells, the total intensity of mCherry, and the total
area of MDA-MB-231 cells were quantified to assess the impact of
CiDAs on the growth of MDA-MB-231 cells.

Animal experiments

All animal experiments were performed in accordance with the
institutional guidelines approved by the ethical committee from
Harvard University. Animals were housed and provided with food
and water ad libitum. For xenograft experiments, mCherry-transduced
MDA-MB-231 were subcutaneously injected alone or together with an
equal number of CiDAs into NOD.Cg-Prkdc*™ 112rg™Wi/Sz] or NSG
mice between 3 and 4 weeks of age. Matrigel was used as a carrier to in-
crease localization of cells at the side of injection. Animals were euth-
anized after 4 weeks, and tumors were dissected out, weighed, and
imaged using the IVIS Spectrum In Vivo Imaging System (PerkinElmer).

Staining procedure
For immunocytochemistry, formalin-fixed cells were rinsed with
0.05% Triton X-100 in PBS (PBS-1x) followed by incubation with
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2% bovine serum albumin (BSA) in PBS-1x (PBS-1x/BSA) for blocking.
Afterward, the cells were incubated with the desired primary anti-
body diluted in PBS-1x/BSA overnight at 4°C. Following two washes
in PBS-1x, samples were incubated with secondary antibodies diluted
in PBS-1x/BSA for 1 hour at room temperature. The following primary
antibodies were used: rabbit anti-mouse MyoD (Invitrogen), rabbit
anti-human MyoD (Invitrogen), and rabbit anti-mouse a-SMA
(Abcam). 4',6-Diamidino-2-phenylindole (DAPI) was used as a nuclear
counterstain, and Alexa Fluor 488 or 568 served as the secondary
antibody (all from Invitrogen). Imaging was performed by epifluorescence
microscopy, consisting of a Xenon lamp, an Axio Zoom V16 micro-
scope, and a Hamamatsu Flash 4.0 v3.

Western blot analysis

Western blotting was performed using standard protocols. We used
primary antibodies against a-SMA, B-actin, and GAPDH. We used
goat antibodies to mouse and rabbit conjugated with horseradish
peroxidase as secondary antibodies (Jackson ImmunoResearch) and
developed the blots using enhanced chemiluminescence (Dura, Pierce).

3D volume measurement

3D stained cell images were obtained using 63x/1.2-numerical
aperture water immersion lens on a confocal microscope (Leica SP8,
Germany). Cells were randomly picked to be imaged. In each well
of different experimental conditions, nine fields of view were collected
using a Leica SP8 confocal microscope at randomly dispersed loca-
tions. Practically, the area of well was divided into a 3 x 3 subarea,
and each field of view was randomly selected and recorded in each
corresponding subarea. Cells in these nine fields of view were picked
for the following measurements. The optical cross sections were re-
corded at 0.15-um z axis intervals to show intracellular, nuclear, and
cortical fluorescence. The x-y pixel size was chosen to be comparable
to the z axis interval to achieve better voxel resolution and better
deconvolution results. The 3D image was deconvolved using Huygens
Software before 3D visualization. 3D visualization was carried out
using ImageJ, Amira software, and LAS X 3D Visualization from Leica.
The volume of cells and cell nuclei were calculated by counting the
voxel number after thresholding the stack using a custom MATLAB
algorithm. The threshold was selected as the fluorescence intensity
on the bottom interface of the cells that could be identified from the
confocal reflection imaging. The confocal measurement of cell volume
had been previously compared with measurement using atomic force
microscopy and superresolution structured illustration microscopy,
showing consistent results for both the cell height and cell volume
(27, 70).

Statistical analysis and sample information

Statistically significant differences between the means of two groups
were assessed using Student’s ¢ test, whereas data containing more
than two experimental groups were analyzed with a one-way analysis of
variance (ANOVA) followed by Bonferroni’s multiple comparisons
test. All statistical analyses were performed in the Origin 9.0 software.
*P < 0.05, **P < 0.01, and ***P < 0.001.

Data availability

All primary data will be included in the source data associated with
each figure accompanying this paper. All other data that support
the findings of this study are available from the corresponding
author upon reasonable request.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/4/eaax5611/DC1

Fig. S1. Alizarin Red assays confirm the osteogenic differentiation of mouse CiDAs.

Fig. S2. Compression-induced dedifferentiation of single mouse adipocytes.

Fig. S3. Physical cues induced dedifferentiation of adipocytes.

Fig. S4. Comparison of gene expression between CiDAs and MSCs.

Fig. S5. Flow cytometry to test the potential surface markers of CiDA cells.

Fig. S6. GSEA enrichment plot of the KEGG/GO pathway of CiDAs compared to adipocytes.
Fig. S7. Up- and down-regulated genes in CiDAs compared to adipocytes.

Fig. S8. gRT-PCR analysis of Wnt target genes in adipocytes cultured with or without osmotic
compression.

Fig. 9. In vitro myofibrogenesis of CiDAs promotes the growth of MDA-MB-231 cells.

Movie S1. Video shows that adipocyte gradually loses its intracellular lipid droplet in 10 days
under osmotic compression.

Table S1. Reagent and resource.

View/request a protocol for this paper from Bio-protocol.
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