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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Local soft niches in mechanically heterogeneous 
primary tumors promote brain metastasis via 
mechanotransduction-mediated HDAC3 activity
Kai Tang1,2,3†, Yufan Zheng1,2,3†, Guanshuo Hu1,2,3, Ying Xin1,2,3, Keming Li1,2,3, Cunyu Zhang1,2,3, 
Xi Chen1,2,3, Bai Zhang1,2,3, Xueyi Li1,2,3, Bing Hu1,2,3, Qiong Jia4, Yong-ping Zheng2,3, 
Mo Yang3, Youhua Tan1,2,3*

Tumor cells with organ-specific metastasis traits arise in primary lesions with substantial variations of local niche 
mechanics owing to intratumoral heterogeneity. However, the roles of mechanically heterogeneous primary tu-
mor microenvironment in metastatic organotropism remain an enigma. This study reports that persistent priming 
in soft but not stiff niches that mimic primary tumor mechanical heterogeneity induces transcriptional repro-
gramming reminiscent of neuron and promotes the acquisition of brain metastatic potential. Soft-primed cells 
generate brain metastases in vivo through enhanced transendothelial migration across blood-brain barrier and 
brain colonization, which is further supported by the findings that tumor cells residing in local soft niches of pri-
mary xenografts exhibit brain metastatic tropism. Mechanistically, soft niches suppress cytoskeleton-nucleus–
mediated mechanotransduction, which promotes histone deacetylase 3 activity. Inhibiting histone deacetylase 3 
abolishes niche softness-induced brain metastatic ability. Collectively, this study uncovers a previously unappre-
ciated role of local niche softness within primary tumors in brain metastasis, highlighting the significance of pri-
mary tumor mechanical heterogeneity in metastatic organotropism.

INTRODUCTION
Tumor metastasis is not random but exhibits organ preference or 
organotropism (1), including the brain, bone, lung, and liver. Mul-
tiple types of cancer—such as breast, lung, colorectal, skin, and renal 
cell cancer—choose brain as their common metastatic site (2). Brain 
metastasis arises in ~20% of all patients with cancer and usually 
leads to neurological dysfunctions and devastating prognosis with-
out effective therapeutic options (3, 4). In particular, brain metasta-
ses occur in 10 to 30% of patients with metastatic breast cancer, with 
a median overall survival of 8.7 months (4, 5). Further, primary and 
the matched metastatic tumors share most of the somatic mutations 
and gene expression profiles (6). The gene expression patterns of 
primary lesions can predict the metastatic risk in specific organs (7). 
Transforming growth factor–β (TGF-β) in primary tumors facili-
tates breast cancer lung metastasis via Smad-ANGPTL4 signaling 
pathway (8). The presence of CXCL12 and insulin-like growth fac-
tor 1 (IGF1) in the primary breast tumor promotes Src-dependent 
bone metastasis (9). These findings suggest that tumor cells with the 
ability to colonize specific organs may already exist in the primary 
site before dissemination (1). Therefore, unveiling the molecular 
mechanisms within primary tumor microenvironment is essential 
for the prediction of metastatic pattern and development of thera-
peutic strategies against brain metastases.

Despite the critical roles of biochemical mechanisms in organotro-
pism [e.g., TGF-β (8), Src signaling (9), exosome (10), and cytokines 

(11)], cells can perceive mechanical cues from their microenviron-
ment via integrin-mediated mechanotransduction, and the signifi-
cance of primary tumor mechanics in metastasis has been increasingly 
appreciated (12): Excessive extracellular matrix (ECM) deposition and 
crosslinking increase breast tumor rigidity that promotes invasion 
through integrin-mediated focal adhesion (13); stiff tumors facilitate 
nuclear translocation of Twist1 and epithelial-mesenchymal transition 
(EMT) to promote metastasis (14); breast tumor stiffness regulates the 
expression and splicing of Mammalian Enabled (MENA) and enhanc-
es cancer cell contractility and intravasation (15); tumor mechanics 
activate cellular communication network factor 1 (CCN1)/β-catenin/
N-cadherin signaling in endothelial cells, which facilitate their interac-
tions with tumor cells and promote metastasis (16). Most of these 
studies have ignored the substantial variations of local niche stiffness 
within primary tumors, which could be induced by considerable intra-
tumoral heterogeneity, a hallmark of cancer (17). Yet, the influence of 
primary tumor mechanical heterogeneity on metastasis remains less 
investigated: Soft regions in primary tumors facilitate breast cancer cell 
proliferation, while stiff regions promote angiogenesis and migration 
(18); stiff niches in hepatocellular carcinoma enhance tumor stemness 
and drug resistance, and soft niches promote cell proliferation (19); the 
spatial transcriptomics analysis shows the correlation between local 
niche stiffness and EMT markers in primary breast tumors (20). Fur-
thermore, little attention has been paid to the effects of the mechanical 
microenvironment on organotropism and brain metastasis: The prolif-
eration and migration of breast cancer cells with different organotro-
pism correlate with the stiffness of the metastasized organs (21); the 
organotropism of breast and ovarian cancer cells is maximized on dif-
ferential matrix rigidity, which depends on actomyosin tension (22); 
substrate rigidity affects the cluster size-dependent proliferation of 
breast cancer brain metastatic cells (23); stiff substrates induce the 
transition of tumor cells to an osteoclastic phenotype and promote os-
teolytic bone metastasis (24, 25); stiff and soft matrices facilitate the 
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migration and proliferation of bone and lymphatic metastatic cells in 
prostate cancer (26). Nevertheless, how mechanically heterogenous 
primary tumors influence brain metastasis remains poorly understood.

To address this question, we characterized the stiffness distribution 
in primary breast tumors and explored the influence of local soft and 
stiff niches on breast cancer brain metastasis. The mechanistic study 
unveiled the roles of mechanotransduction-mediated histone deacety-
lase 3 (HDAC3) activity in niche softness-induced brain metastasis. 
Our findings discovered the pivotal impact of local niche softness 
within primary tumors on brain metastasis and elucidated the under-
lying molecular mechanisms, highlighting the significance of mechan-
ically heterogenous primary lesions in metastatic organotropism.

RESULTS
Soft niches induce transcriptomic reprogramming 
reminiscent of neuron and promote brain 
metastatic potential
Primary breast tumors are typically fibrotic with abundant collagen 
and thus have been assumed to become stiffened as a whole in most 
previous studies (27, 28). However, as a hallmark of cancer, intratu-
moral heterogeneity could lead to substantial variations of local niche 
mechanics within primary tumors, varying from around 0.2 to 45 kPa 
as we measured using ultrasound shear-wave elastography (Fig. 1A), 
which recapitulated the stiffness variation within human breast cancer 
biopsies (from ~0.1 to 20 kPa) (29). To determine the influence of 
primary tumor mechanical heterogeneity on organotropism, human 
breast cancer cells were continuously primed on 0.6 and 35 kPa of 
polyacrylamide (PA) hydrogels coated with collagen I that mimicked 
local soft and stiff niches within the primary lesion (fig. S1A). Most 
of brain metastasis-related genes were not significantly altered within 
the first two passages, irrespective of niche stiffness, and notably up-
regulated from passage 5 to 10 (i.e., 30 days) in soft but not stiff 
niches, which resembled the organotropic gene signature of MDA-
MB-231 derivatives with brain metastatic tropism (MDA231-BrM2-831 
or 231-BrM) (Fig. 1, B and C). The levels of these genes were not 
further enhanced after additional priming in soft niches (fig. S1B). We 
thus defined breast cancer cells after mechanical priming on 0.6 and 
35 kPa of gels for 10 passages as soft- and stiff-primed cells. Bone 
metastasis–related genes were down-regulated in soft-primed cells 
compared to parental, bone metastatic (MDA-BoM-1833 or 231-BoM), 
and stiff-primed cells (fig. S1C).

Further RNA sequencing (RNA-seq) analysis identified abun-
dant differentially expressed genes (DEGs) and considerable altera-
tions in transcriptional signature of soft-/stiff-primed breast cancer 
cells (fig. S1, D and E), including the up-regulation and down-
regulation of brain and bone metastasis genes in soft-primed cells 
(Fig. 1D and fig. S1, F to H). Bioinformatic analyses of soft-primed 
cells revealed the enrichment of the pathways related to neuron and 
central nervous system (Fig. 1, E and F, and fig. S2, A and B), brain 
cell–specific signature (fig. S2, C and D), and brain metastases (Fig. 
1G and fig. S2E). Similar transcriptomic reprogramming was also 
observed in another breast cancer cells SUM159 after priming in 
soft and stiff niches (fig. S2, F to I) (25). In addition, mechanical 
priming up-regulated brain metastasis genes in another breast can-
cer cells 4T1 and tumor cells on fibronectin-coated soft gels (fig. S2, 
J and K). This effect was not ascribed to random genetic drift after ex-
tended priming in different mechanical microenvironments because 
similar treatment on tissue culture plastic (TCP) did not have notable 

influence on brain metastasis genes (fig. S2L). These results impli-
cate that soft niches induce transcriptomic reprogramming of tu-
mor cells reminiscent of neuron and this neuronal mimicry may 
potentiate the brain metastatic ability (30, 31), which may not rely 
on specific ligands and cell lines.

We next asked whether soft-primed tumor cells acquired brain 
metastatic ability. To establish overt brain metastases, disseminated 
tumor cells must navigate through multiple metastatic steps, includ-
ing survival in circulation, extravasation through blood-brain bar-
rier (BBB), and outgrowth in the brain microenvironment (2). Upon 
intravasation, circulating tumor cells are required to survive blood 
shear stress. To mimic this milieu, mechanically primed tumor cells 
were circulated in a microfluidic system that could generate pulsatile 
shear stress (32). Soft-primed cells survived better than stiff-primed 
and parental cells under both shear stress and suspension (fig. S3, A 
and B). After survival in circulation, tumor cells need to re-adhere to 
brain microvascular endothelium before extravasation. Soft-primed 
cells adhered better to brain endothelium but not human umbilical 
vein endothelial cell monolayer (Fig. 1, H and I, and fig. S3C), which 
might be elicited by the up-regulation of cell adhesion molecules on 
soft-primed cells that can physically interact with brain endotheli-
um (fig. S3, D and E). Extravasation across BBB limits the success 
rate of brain metastasis (33). To investigate this ability, we developed 
an in vitro BBB model with brain microvascular endothelial cells 
and astrocytes on the top and bottom of a Transwell membrane (fig. 
S3F) (33). Soft-primed cells and 231-BrM exhibited enhanced BBB 
transmigration ability compared to parental and stiff-primed cells 
(Fig. 1, J and K), which was also observed in soft-primed 4T1 cells 
(fig. S3G). Cyclooxygenase 2 (COX2) and its end-product prosta-
glandin E2 (PGE2) critically affect BBB transmigration (33, 34). Soft 
priming up-regulated COX2 and the secretion of PGE2 (fig. S3, H 
and I). Pharmacologic inhibition of COX2 abrogated BBB transmi-
gration of soft-primed tumor cells (fig. S3J). Note that tumor cells 
can generate contractile force to interact with brain endothelium 
(35, 36), which may mechanically alter the endothelial gap by chang-
ing endothelial mechanics to promote extravasation (37). However, 
the potential mechanisms underlying the mechanical cross-talk be-
tween soft-primed tumor cells and brain endothelium remain un-
clear. Upon the arrival at brain site, disseminated tumor cells must 
adapt to the brain microenvironment to generate macroscopic me-
tastases (38). We examined the mechano-adaptation ability of tumor 
cells on soft matrices that recapitulated the softness of brain tissue, 
in which soft-primed tumor cells exhibited enhanced adhesion, 
elongated cell shape, and increased spreading area and proliferation 
(fig. S4, A to E). Further, soft-primed cells had enhanced/reduced 
migration and invasion ability in soft/stiff microenvironments (fig. 
S4, F to H). No significant difference was observed in the survival of 
these cells on soft matrices (fig. S4I). Further, three-dimemsional 
(3D) hyaluronic acid (HA) hydrogels with the stiffness of 1 kPa were 
used to mimic the brain microenvironment (fig. S4J). Soft-primed 
cells exhibited enhanced survival and proliferation ability (Fig. 1, L 
and M, and fig. S4K). Furthermore, multiple cytokines linked to 
brain colonization, including Serpins, were up-regulated in soft-
primed cells (fig. S4, L and M) (39). Serpins are known to promote 
tumor cell survival in the brain (40). Soft-primed tumor cells had 
elevated levels of Serpins (fig. S4, L and M) and secreted more Serpin 
B2 (fig. S4N), which might further support their remarkable brain 
colonization ability after plating in mouse brain slices (Fig. 1, N and 
O). All these results demonstrate that soft priming enhances the 
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Fig. 1. Soft niches induce transcriptomic reprogramming reminiscent of neuron and promote brain metastatic potential. (A) Representative image of ultrasound 
elastography measurement. White dashed line indicated tumor boundary. (B) Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis of brain 
metastasis–related genes in 231 cells after priming in soft/stiff niches for 1, 2, 5, and 10 passages, respectively. n = 3. The symbol (star) represented the statistical signifi-
cance between Soft-P10 and 231. (C) Heatmap of the expressions of brain metastasis-related genes in (B). Colors represented the scaled expression levels after z-score 
normalization. (D) Heatmap of the expressions of brain metastasis–related genes in RNA-seq datasets. (E) Gene Ontology (GO) over-representation analysis (ORA) of up-
regulated DEGs and (F) gene set enrichment analysis (GSEA) result in soft-primed cells compared with stiff-primed cells. Significantly enriched neuron-associated path-
ways were shown. (G) DisGeNET enrichment analysis of up-regulated genes in soft-primed cells compared with stiff-primed cells. Brain tumor–associated terms were 
significantly enriched. (H) Representative images of tumor cells adhering to the brain endothelial layer. Scale bar, 100 μm. (I) Adhesion rate of tumor cells on the brain 
endothelial layer. n = 6. (J) Representative images of BBB transmigration assay in 231, 231-BrM, soft-primed cells, and stiff-primed cells. Scale bar, 200 μm. (K) Quantifica-
tion of transmigrated cells in (J). n = 6. (L) Percentages of live/dead cells and (M) proliferation rate of 231, 231-BrM, soft-primed cells, and stiff-primed cells after seeding 
into 3D soft HA gels for 24 hours. n = 8 (L) and 6 (M). (N) Bioluminescence imaging and (O) quantification of 231, 231-BrM, soft-primed cells, and stiff-primed cells cultured 
on brain slices for 48 hours. n = 4. One-way analysis of variance (ANOVA) with Dunnett test in (B) and Tukey test in [(I), (K) to (M), and (O)]. *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001. Data presented as the means ± SEM. DAPI, 4′,6-diamidino-2-phenylindol.



Tang et al., Sci. Adv. 11, eadq2881 (2025)     26 February 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A rt  i c l e

4 of 22

mechano-adaptation of tumor cells to brain-mimicking microenvi-
ronments. In summary, all these findings conclude that soft niches 
induce transcriptomic reprogramming reminiscent of neuron and 
promote brain metastatic potential in vitro.

Soft priming potentiates brain metastatic tropism through 
enhanced BBB transmigration and brain colonization in vivo
We next tested the brain metastatic potential of soft-primed breast 
cancer cells in vivo. After intracardiac inoculation, soft-primed tu-
mor cells developed brain metastasis in 75% of mice, which was re-
duced to 40 and 20% for stiff-primed and parental cells (Fig. 2A), 
respectively. As a positive control (33), 231-BrM cells had the ability 
to initiate brain metastasis. Soft-primed tumor cells not only in-
duced high incidence of brain metastasis but also generated larger 
secondary tumors in the brain (Fig. 2, B and C). Furthermore, the 
analysis of brain metastasis-free survival curve indicated the robust 
brain metastatic potential of tumor cells in vivo after soft priming 
(Fig. 2D). Ex vivo imaging further confirmed that soft priming pro-
moted the growth of brain metastases and the number of metastatic 
foci in the brain (Fig. 2, E and F, and fig. S5A). These results demon-
strate that mechanical priming in soft niches alters organotropic 
preference and promotes breast cancer brain metastasis in vivo.

After intracardiac inoculation, tumor cells can metastasize to the 
brain by disseminating into brain vasculature, transmigrating across 
BBB, and generating brain colonization, the efficiencies of which lim-
it the incidence of brain metastasis. Previous studies report that the 
majority of circulating tumor cells entrapped in the brain capillary 
beds escape the arrest within the first 3 days (41). There was no sig-
nificant difference in initial arrest at the brain site among soft-/stiff-
primed cells and parental cells within the first 3 days after intracardiac 
inoculation (Fig. 2, G and H), which was further confirmed by ex vivo 
bioluminescence signal from mice brain extracted at day 3 (fig. S5B). 
These results suggest that soft priming facilitates brain metastasis 
probably not through preferential arrest of specific tumor cells in 
brain microcapillary beds. We then explored the ability of these cells 
to extravasate across the BBB. Mouse brain tissues were fixed and sec-
tioned to count the number of tumor cells that were arrested within 
brain capillaries and underwent or completed the extravasation at 
day 3 after intracardiac inoculation (Fig. 2, I and J). More parental and 
stiff-primed cells were entrapped in brain microvessels (Fig. 2K), 
while larger portions of soft-primed cells and 231-BrM were extrava-
sating across the BBB and had completed this process and infiltrated 
into the brain parenchyma (Fig. 2, L and M). Last, we investigated 
brain colonization ability of these mechanically primed tumor cells. 
After intracranial implantation (fig. S5C), soft-primed cells and 
231-BrM exhibited much higher brain colonization ability (Fig. 2N) 
and generated larger brain metastases than stiff-primed and parental 
cells (Fig. 2O). Notably, the brain metastases generated by 231-BrM 
and soft-primed cells were visibly vascularized (Fig. 2P), indicating 
increased angiogenesis. These generated brain metastases showed 
much larger colonization areas and increased proliferation (Ki-67 
positive) (Fig. 2, Q to S). All these findings indicate that soft priming 
promotes breast cancer brain metastasis through enhanced BBB ex-
travasation and brain colonization in vivo.

Soft priming alters mechanical phenotypes and instills 
mechanical memory
Cell mechanical phenotype is considerably altered during metastasis 
and associated with malignancy (42). Our latest studies have further 

demonstrated that the reduction of cell mechanics during progres-
sion drives tumor growth, migration, and invasion (43, 44). We thus 
characterized the mechanical phenotypes of these soft-/stiff-primed 
tumor cells. Soft-primed cells showed significantly higher stiffness in 
soft niches compared to other cells (fig. S5D), which was supported 
by the enhanced level of F-actin (fig. S5, E and F). These cells exhib-
ited reduced F-actin on TCP (fig. S5F). Unlike the parental group, 
soft-primed cells had reduced cortical actin filaments in soft but not 
stiff niches (fig. S5G). Compared to parental cells, soft-primed cells 
exhibited higher phosphorylation of myosin light chain in soft niches 
but lower level on TCP (fig. S5, H and I). Consistently, these cells also 
generated enhanced contractile forces than stiff-primed and parental 
cells on soft substrates (fig. S5, J and K). Collectively, these findings 
suggest that soft-primed cancer cells exhibit elevated F-actin and 
myosin activation and thus cellular biomechanics in soft niches.

We next investigated the mechanical plasticity of soft-primed cells 
when being plated on TCP. Starting from day 3, these cells altered 
from less spreading and round shape to elongated and spreading mor-
phology that resembled that of 231-BrM (fig. S6, A to D). Further, the 
stiffness of soft-primed cells was lower than that of 231 cells on TCP at 
day 14 (fig. S6E). We further examined the plasticity of brain meta-
static potential when the mechanical microenvironment was altered. 
The levels of brain metastasis-related genes in soft-primed cells de-
creased gradually but were still higher than that in parental cells after 
14 days on TCP (fig. S6F), indicating that soft priming might instill 
mechanical memory. Notably, soft-primed breast cancer cells after 
culture on TCP for 30 days rapidly up-regulated the brain metastasis 
gene signature within only two passages in soft niches (fig. S6G), 
much faster than the acquisition of this gene pattern in parental cells. 
These cells exhibited advantages in the proliferation on soft matrices 
and propensity to colonize the brain (fig. S6, H and I) despite no dif-
ference in BBB transmigration (fig. S6J). In summary, these findings 
suggest that soft niches prime mechanical phenotypes of breast cancer 
cells and instill mechanical memory, which may enable tumor cells to 
retain brain metastatic characteristics even after experiencing diverse 
mechanical microenvironments during the metastatic process.

In vitro soft priming confers brain metastatic ability through 
phenotypic reprogramming
The acquisition of brain metastatic ability after mechanical priming 
in soft niches could be likely explained by two possible mechanisms: 
clonal selection of a pre-existing subpopulation of tumor cells with 
brain metastatic ability and/or reprogramming of tumor cells with-
out this ability into brain metastatic cells. To test these possibilities, 
we used single-cell cloning technique to generate genetically homo-
geneous progenies with low and high levels of brain metastasis gene 
signature [single cell population (SCP)-Low and SCP-High] (fig. S7, 
A and D). Soft priming significantly up-regulated brain metastasis 
genes in SCP-Low subclones (fig. S7B) and facilitated the transmi-
gration across BBB, brain colonization, and proliferation on soft 
matrices (fig. S7C, E and F). These results indicate that mechanical 
priming in soft niches reprograms a subpopulation of tumor cells 
into brain metastatic phenotype. As expected, SCP-High cells exhib-
ited enhanced ability to transmigrate BBB, colonize brain tissue, and 
proliferate on soft substrates but not TCP compared to SCP-Low 
cells (fig. S7, E and G to I). To consider the reciprocal effects on 
clonal competition, we labeled SCP-High and SCP-Low cells with 
green and red dye, respectively, and cocultured them on soft matri-
ces and TCP. Consistently, SCP-High cells proliferated significantly 
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Fig. 2. Soft priming potentiates brain metastatic tropism through enhanced BBB transmigration and brain colonization in vivo. (A) Radar charts and the table 
showing the incidence of metastasis in different organs at day 28 after intracardiac injection of 231, 231-BrM, soft-primed cells, and stiff-primed cells. n = 10 (231, stiff-
primed cells), 11 (231-BrM), and 12 (soft-primed cells). (B) Representative bioluminescence imaging of tumor metastasis at days 0 and 28 after intracardiac injection. 
(C) Quantification of photon flux in brain tissue in (B). (D) Kaplan-Meier analysis of brain metastasis-free survival in (B). (E) Representative bioluminescence imaging of 
brain metastatic lesions ex vivo in (B). (F) Quantification of photon flux in (E). n = 10. (G) Representative bioluminescence imaging at days 0, 1, 2, and 3. (H) Quantification 
of photon flux in the brain area in (G). (I) Representative confocal imaging (top) and 3D reconstruction (bottom) showing tumor cells trapped in the brain capillaries at day 3 
post-intracardiac injection. Scale bar, 40 μm. (J) Representative 3D reconstruction showing intravascular, extravasating, and extravasated tumor cells at day 3. Scale bar, 
100 μm. Quantification of intravascular (K), extravasating (L), and extravasated (M) tumor cells in (J). n = 10. (N) Bioluminescence imaging at day 28 after intracranial injec-
tion. (O) Quantification of photon flux in the brain area in (N). n = 10. (P) Representative images of brain lesions and (Q) immunofluorescence images of Ki-67 staining of 
coronal brain sections at day 28 after intracranial injection. Scale bars, 1 mm and 100 μm (zoom). (R) Quantification of brain metastatic lesion size in (Q). n = 10. (S) Quan-
titation of Ki-67–positive tumor cells in (Q). n = 30. Kruskal-Wallis test in [(C), (F), (H), (O), and (R)]. Log-rank test in (D). One-way ANOVA with Tukey’s test in [(K) to (M)] and (S). 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Data presented as the means ± SEM.
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faster than SCP-Low cells on soft matrices but not TCP (fig. S7, J and 
K), suggesting the possibility of clonal selection of a subpopulation 
with brain metastatic potential and proliferative advantage in local 
soft niches, which warrants further investigation using the barcode 
lineage-tracking system (45). Collectively, these findings suggest that 
soft niches promote brain metastatic ability in vitro through pheno-
typic reprogramming.

HDAC3 is required for niche softness-induced brain 
metastasis and brain colonization of soft-primed tumor cells
The mechanical milieu can influence gene expression and cellular 
function through epigenetic modifications (46,  47). The RNA-seq 
analysis revealed the enrichment of chromatin and histone modifica-
tion in soft-primed tumor cells, particularly histone deacetylation 
and HDACs (Fig. 3, A and B, and fig. S8, A and B). Further bioinfor-
matic analysis implicated the involvement of class I HDACs (HDAC1, 
2, 3, and 8) in the regulatory networks (fig. S8, C and D), which are 
known to catalyze histone deacetylation, leading to chromatin con-
densation (48). This can be characterized by the chromatin conden-
sation parameter (CCP) within the nuclei (49). Soft-primed cells 
exhibited increased heterochromatin and CCP values compared to 
parental and stiff-primed cells (fig. S8, E and F), which might be me-
diated by higher HDAC activity (Fig. 3C). We further investigated 
the roles of HDAC activity in brain metastasis. Pharmacologic inhi-
bition of HDACs with vorinostat (SAHA) or trichostatin A (TSA) in 
soft-primed cells reduced chromatin condensation (fig. S9, A and B) 
and significantly down-regulated brain metastasis genes, BBB trans-
migration ability, brain colonization, and proliferation on soft matri-
ces (fig. S9, C to H). Similar findings were also observed in soft-primed 
4T1 cells and 231-BrM cells (fig. S9, I to K, and fig. S12, C and D). On 
the other hand, the inhibition of histone acetylases in parental cells 
enhanced chromatin condensation and BBB transmigration but had 
no promotive effects on the brain metastasis gene signature, brain 
colonization, or cell proliferation on soft matrices (fig. S10, A to E). 
These results suggest that histone deacetylation may be required but 
not sufficient in driving brain metastasis.

To explore the roles of HDAC activity in niche softness-induced 
brain metastasis, parental tumor cells were primed in soft niches 
with TSA. The pharmacologic inhibition of HDACs diminished the 
brain metastatic gene signature, BBB transmigration, brain coloni-
zation, and proliferation on soft matrices (Fig. 3, D to F, and fig. 
S11A), suggesting that HDAC activity is necessary for the acquisi-
tion of brain metastatic ability in soft niches. We then attempted to 
identify the specific HDAC functioning in soft priming. Knockdown 
of individual class I HDAC in soft-primed cells showed that only si-
lencing HDAC3 significantly abolished brain metastatic functions 
(fig. S11, B to F), suggesting the potential roles of HDAC3. More-
over, clinical data showed that the mRNA level of HDAC3 in pri-
mary tumors of breast cancer patients with brain metastasis was 
higher than that in primary tumors of patients without brain metas-
tasis (Fig. 3G). In breast cancer patients, the mRNA level of HDAC3 
in brain metastases was higher than that in bone metastases (Fig. 
3H). To test whether HDAC3 was required for the niche softness-
induced acquisition of brain metastatic capability, a selective HDAC3 
inhibitor, RGFP966, was used to treat parental cells during persis-
tent priming in soft niches. Notably, soft priming enhanced HDAC3 
protein expression, HDAC3 phosphorylation, and activity (Fig. 3, I 
and J). These findings are consistent with several recent reports 
showing the up-regulation of HDAC3 on soft matrices (50, 51). The 

inhibition of HDAC3 abolished the emergence of niche softness-
induced brain metastatic phenotype, represented by the reduced 
BBB transmigration, brain colonization, and proliferation on soft 
matrices (fig. S11, G to J). To exclude the potential off-target effect of 
pharmacologic inhibition, an enzymatic inactive mutant of HDAC3 
(S424A) was constructed. This mutant was validated (fig. S11K) and 
used to transfect breast cancer cells, which were further primed in 
soft niches. Inactivation of HDAC3 enzymatic activity abolished the 
acquisition of brain metastatic potential in soft niches (Fig. 3, K and 
L), which was similar to the findings of pharmacologic inhibition.

The expression and phosphorylation level of HDAC3 were in-
creased in 231-BrM cells (fig. S12, A and B). HDAC3 inhibition also 
disrupted the BBB transmigration and brain colonization of 231-BrM 
cells (fig. S12, C and D). However, the overexpression of HDAC3 
alone did not consistently promote the brain metastatic phenotype 
(fig. S12, E to K). Together, these findings suggest that HDAC3 activ-
ity is required for niche softness-induced brain metastasis.

Previous studies have shown that when patients are diagnosed 
with cancer for the first time, there are varying levels of incidence 
rate of metastasis in different types of cancer (52), suggesting that it 
is likely that tumor cells with organotropic potential may already 
leave the primary lesion and disseminate to secondary sites at the 
time of first diagnosis. We next assessed the therapeutic potential of 
HDAC3 in preventing the formation of macroscopic brain metasta-
ses. In line with the results of HDAC inhibition (fig. S9, C to J), the 
pretreatment of soft-primed breast cancer cells with RGFP966 
compromised BBB transmigration and reduced brain colonization 
in vitro and proliferation on soft substrates (fig. S13, A to C). Because 
RGFP966 has the ability to penetrate BBB (53), we further investi-
gated whether it could effectively reduce the incidence of brain me-
tastasis and inhibit brain colonization in vivo. Toward this goal, 
soft-primed breast cancer cells were inoculated into the left ventri-
cles of nude mice, which were administrated with RGFP966 (Fig. 
4A). We found that RGFP966 treatment significantly increased the 
brain metastasis-free survival in a dose-dependent manner (Fig. 4, 
B and C). High-dose treatment effectively suppressed the outgrowth 
of brain metastases (Fig. 4, D and E). Notably, this treatment re-
duced metastases not only in the brain but also in the whole body 
(Fig. 4E), suggesting a broad inhibitory effect of HDAC3 inhibition 
on metastasis. The suppressive effect was further supported by the 
significant reduction in the proliferation of brain metastatic cells, 
brain tumor burden, and the number of macroscopic lesions (Fig. 4, 
F to H). Together, these results conclude that targeting HDAC3 has 
potential therapeutic effects on preventing the generation of macro-
scopic brain metastases.

The repressed mechanotransduction in soft niches promotes 
HDAC3-mediated brain metastasis
Cells can perceive mechanical milieu through integrin-mediated 
mechanotransduction (12, 13), which may further regulate HDAC3 
activity and cellular functions. We thus explored the roles of 
cytoskeleton-mediated cellular mechanosensing in niche softness-
induced brain metastasis. To intervene in the mechanotransduction 
process, parental breast cancer cells were continuously primed in 
soft niches, while actin cytoskeleton and Rho activity were activated 
by jasplakinolide (Jas) and narciclasine (Narci) (Fig. 5A), respec-
tively. Jas notably antagonized HDAC3 activity, partially rescued the 
brain metastatic gene signature, and significantly impaired BBB 
transmigration, colonization in brain slices, and proliferation on 
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Fig. 3. HDAC3 is required for niche softness-induced brain metastasis and brain colonization of soft-primed tumor cells. (A) GO ORA of up-regulated DEGs in soft-
primed cells compared with stiff-primed cells. The Cleveland plot shows the enrichment of chromatin remodeling–associated pathways. (B) GSEA of deacetylation-
associated gene sets enriched in soft-primed cells compared with stiff-primed cells. RFU, relative fluorescence units. (C) HDAC activity measurement. n = 3. (D) Expressions 
of brain metastasis–related genes in tumor cells on soft gels in the presence and absence of TSA for 5 and 10 passages. n = 3. (E) BBB transmigration of tumor cells with 
or without TSA during soft priming. Scale bar, 200 μm. n = 9. (F) Bioluminescence imaging and quantification of the colonization of tumor cells with or without TSA during 
soft priming on brain slices. n = 6. (G) Expression of HDAC3 in primary breast tumors in patients with or without brain metastasis. n = 143 (No BrM) and 11 (BrM). (H) Ex-
pression of HDAC3 in brain/bone metastases of patients with breast cancer. n = 7 (BrM) and 8 (BoM). (I) Western blotting and quantification of HDAC3 expression and 
phosphorylation in 231, soft-primed, and stiff-primed cells. One-way ANOVA with Dunnett test, n = 3. (J) HDAC3 activity in 231, 231-BrM, soft-primed cells, and stiff-
primed cells. n = 3. (K) BBB transmigration and (L) brain colonization of tumor cells with HDAC wild type (WT) or HDAC3 S424A after soft priming. n = 6. One-way ANOVA 
with Tukey’s test in (C) and Dunnett test in [(D), (I), and (J)]. Two-tailed unpaired t test in [(E), (K), and (L)]. Mann-Whitney test in [(F), (G), and (H)]. *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001. Data presented as the means ± SEM.
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soft matrices (Fig. 5, B to E, and fig. S14A). Further, this treatment 
inhibited brain metastasis in vivo (fig. S16, A to C). Narci had no 
effects on HDAC3 activity or brain colonization but suppressed 
BBB transmigration and proliferation on soft matrices. In contrast, 
transient activation of actin cytoskeleton and Rho activity on TCP 
had no suppressive effects on brain metastasis genes, BBB transmi-
gration, brain colonization, or cell proliferation (fig. S14, B to E). On 
the other hand, persistent not transient disruption of actin cytoskel-
eton in parental cells on TCP elevated HDAC3 activity and promot-
ed the brain metastatic functions (Fig. 6, F to J, and fig. S14F). 
However, the inhibition of ROCK had minimal effects. These results 
suggest that the repressed mechanotransduction is required for 
niche softness-induced brain metastasis and that disruption of actin 
cytoskeleton is sufficient to induce the acquisition of brain meta-
static ability in stiff niches.

Low force from soft niches is transmitted through cytoskeleton into 
nucleus via the linker of nucleoskeleton and cytoskeleton (LINC) com-
plex (54), which may influence HDAC3 activity. To explore the roles of 
nuclear mechanosensing, Nesprin plasmids with dominant-negative 
Klarsicht/ANC-1/Syne-1 homology (DN-KASH) domain were used to 
impair the force transmission into the nucleus (55). The persistent ex-
pression of DN-KASH in parental cells up-regulated brain metastasis 
genes and HDAC3 activity but attenuated BBB transmigration ability 
(fig. S15, A, B, and D to F), which may be due to the essential roles of 
intact LINC complex in motility within confined space (56). This treat-
ment had no significant effects on the brain colonization ability (fig. 
S15G). In comparison, the transient expression of DN-KASH in tumor 
cells on TCP down-regulated brain metastasis genes (fig. S15C). These 

results indicate that robust disruption of nuclear mechanosensing is 
insufficient for tumor cells to acquire brain metastatic ability. We fur-
ther assessed whether niche softness-induced brain metastatic pheno-
type depended on nuclear mechanosensing. Parental tumor cells with 
DN-KASH were persistently primed in soft niches with Jas treatment 
(Fig. 5K). Jas treatment decreased HDAC3 activity and brain meta-
static features (Fig. 5, A to E), which were abolished by DN-KASH. In 
particular, there was no difference in HDAC3 activity, brain metastasis 
genes, BBB transmigration, brain colonization ability, or proliferation 
on soft matrices (Fig. 5, L to O, and fig. S15H). Further, the inhibition 
of Nesprin-mediated nuclear mechanosensing diminished the effects 
of Jas treatment on niche softness-induced brain metastasis in vivo (fig. 
S16, D to F). These results suggest the nuclear mechanosensing medi-
ates soft-primed brain metastasis.

Tumor cells residing in local soft niches of orthotopic 
xenografts are brain metastatic.
We have demonstrated that soft microenvironments that mimic local 
soft niches within primary tumors can induce the acquisition of brain 
metastatic ability in vitro, which is yet to be validated in vivo. We next 
examined whether tumor cells residing in local soft niches of tumor 
xenografts exhibited brain metastatic tropism. To tackle this question, 
we developed a niche softness biosensor (fig. S17A), in which the pro-
moter of a softness-sensitive gene drove mCherry expression in a len-
tiviral vector. The RNA-seq analysis of soft-/stiff-primed breast cancer 
cells from both current and previous studies (GSE1278887) (25) 
screened NDRG1, PPL, KLRC2, and BMF as candidate genes that 
were highly up-regulated in soft niches, while no target genes were 

Fig. 4. The inhibition of HDAC3 abolishes brain metastasis of soft-primed tumor cells in vivo. (A) Schematic of intervention trials. (B) Bioluminescence imaging of 
tumor metastasis at days 0 and 28 after intracardiac injection of soft-primed cells. The mice were treated with or without RGFP966 as shown in (A). (C) Kaplan-Meier 
analysis of brain metastasis–free survival in (B). n = 12. (D) Quantification of the photon flux in the brain area in (B). n = 12. (E) Quantification of the photon flux in the brain 
area and the rest of body at day 28 in (B). n = 12. (F) Representative immunofluorescence images of Ki-67 staining of coronal brain sections in (B). Tumor cells were labeled 
with green fluorescent protein (GFP). Scale bar, 1 mm. (G) Quantification of lesion size of brain metastases in (F). n = 12. (H) Quantitation of lesion number of brain metas-
tases in (F). n = 12. Log-rank test in (C). Kruskal-Wallis test in [(D), (E), and (G)]. One-way ANOVA with Dunnett’s test in (H). *P < 0.05, **P < 0.01, and ****P < 0.0001. Data 
presented as the means ± SEM.
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Fig. 5. The repressed mechanotransduction in soft niches promotes HDAC3-mediated brain metastasis. (A) Schematic of actomyosin intervention in tumor cells 
during soft priming. A total of 231 cells were cultured on soft gels in the presence of vehicle, 100 nM Jas, or 10 nm Narci for 30 days. (B to E) HDAC3 activity measurement 
(B), RT-qPCR analysis of brain metastasis–related genes (C), BBB transmigration assay (D), and brain colonization assay (E) of the treated cells in (A). n = 3 (B and C), 9 (D), 
and 6 (E). Scale bar, 200 μm in (D). (F) The schematic of actomyosin intervention in tumor cells on TCP. A total of 231 cells were cultured on TCP in the presence of vehicle, 
100 nM cytochalasin D (CytoD), or 2 μm Y-27632 for 30 days. HDAC3 activity measurement (G), RT-qPCR analysis of brain metastasis–related genes (H), BBB transmigration 
assay (I), and brain colonization assay (J) of the treated cells in (F). n = 3 (G and H), 9 (I), and 8 (J). Scale bar, 200 μm in (I). (K) Schematic of cytoskeleton and LINC complex 
intervention in tumor cells during soft priming. A total of 231 cells were transfected with dominant-negative Klarsicht/ANC-1/Syne-1 homology (DN-KASH) plasmids and 
cultured on 0.6 kPa of PA gels in the presence of vehicle or 100 nM Jas for 30 days. HDAC3 activity measurement (L), RT-qPCR analysis of brain metastasis–related genes 
(M), BBB transmigration assay (N), and brain colonization assay (O) of the treated cells in (K). n = 3 (L) and (M), 9 (N), and 4 (O). Scale bar, 200 μm in (N). One-way ANOVA 
with Dunnett test in [(B) to (E)], [(G) to (J)], and (L). Two-tailed unpaired t test in [(M) to (O)]. *P < 0.05, **P < 0.01, and ****P < 0.0001. Data presented as the means ± SEM.
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identified in stiff niches (fig. S17, B to D). The transcriptional depen-
dency of these genes on niche softness was further confirmed (fig. 
S17E). We chose NDRG1 and its associated promoter to construct the 
pNDRG1-mCherry biosensor due to both its expression level and the 
monotonic response to stiffness gradient (fig. S17, D and E). Parental 
cells stably transfected with this softness biosensor expressed higher 

mCherry in soft than stiff niches (fig. S17F). Within the developed 
orthotopic tumor xenografts, the mCherry signal was mainly found 
in the regions with low fibrillar collagen (Fig. 6A). RUNX family tran-
scription factor 2 (RUNX2) is a transcription factor that is typically 
translocated into nucleus in response to high rigidity (25). The nuclear/
cytoplasmic ratio of RUNX2 was negatively associated with the 

Fig. 6. Tumor cells residing in local soft niches of orthotopic xenografts are brain metastatic. Cryostat sections were derived from pNDRG1-mCherry-TGL-SCP orthotopic 
xenografts. (A) Multiphoton imaging of second harmonic generation (SHG) signal and mCherry in cryostat sections. Scale bar, 25 μm. (B) RUNX2 N/C ratio and mCherry level 
in cryostat sections. Scale bar, 25 μm. The relationship between the mCherry level and RUNX2 N/C ratio was evaluated. n = 43. (C) Stiffness of local regions with different levels 
of mCherry in cryostat sections. White dashed line represents the detection area. Scale bar, 100 μm. The relationship between niche stiffness and mCherry level was evaluated. 
n = 60. Insert: The comparison of tissue stiffness between the regions with the top and bottom one-third mCherry signal. n = 20. The levels of SERPIN B2 (D), HDAC3 (E), and 
mCherry in cryostat sections. Scale bars, 25 μm. The relationship between the mCherry level and SerpinB2 or HDAC3 level was evaluated. n = 59 (SerpinB2) and 41 (HDAC3). 
(F) Workflow for isolating tumor cells from soft (mCherry+) and stiff (mCherry−) niches of orthotopic xenografts. HDAC3 activity (G), BBB transmigration (H), and bran coloniza-
tion ability (I) of mCherry+/− cells. n = 3 in (G), 12 (H), and 6 (I). Scale bar, 200 μm. (J) Bioluminescence imaging of tumor metastasis at day 0 and 28 after intracardiac injection 
of mCherry+/− cells. (K) Quantification of the bioluminescence in the brain in (J). n = 10. (L) Brain metastasis–free survival in (J). n = 10. (M) Bioluminescence imaging of brain 
tissues ex vivo and quantification. n = 9. Spearman’s correlation analysis in [(B) to (E)]. Two-tailed unpaired t test in (C). One-way ANOVA with Dunnett’s test in (G). Two-tailed 
unpaired t test in (H). Mann-Whitney test in [(I), (K), and (M)]. Log-rank test in (L). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Data presented as the means ± SEM.
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mCherry signal in the xenografts (Fig. 6B). These findings suggest 
that this biosensor is responsive to niche softness. We further mea-
sured the stiffness of the tumor regions with varying levels of mCherry 
fluorescence. The results showed a negative association between 
niche stiffness and mCherry signal (Fig. 6C). In particular, local nich-
es with high level of mCherry fluorescence within tumor xenografts 
were much softer than the regions with low fluorescence signal. Fur-
ther, the level of F-actin negatively correlated with the mCherry signal 
(Fig. 6D). Collectively, all these results demonstrate the effectiveness 
of the developed biosensor to report local niche softness in situ within 
tumor xenografts.

Further, we explored the association between local niche softness 
and brain metastatic potential. The integration of this biosensor did 
not disturb the up-regulation of brain metastasis genes after prim-
ing in soft niches (fig. S17G). For pNDRG1-mCherry cells cultured 
on TCP, the sorted mCherryhigh cells (10% of the brightest) exhibited 
even lower SerpinB2 than mCherrylow cells (fig. S17H). The distri-
bution of RUNX2 was not correlated with mCherry level, and there 
was no notable difference in the nuclear/cytoplasmic ratio of RUNX2 
between mCherryhigh and mCherrylow cells (fig. S17I). These findings 
suggest that the developed biosensor may not influence organotropism 
independent of local niche softness effect. In tumor xenografts, the 
distributions of SerpinB2 and HDAC3 were significantly correlated 
with mCherry signal (Fig. 6, D and E), suggesting the association 
between niche softness and brain metastasis. We further isolated 
mCherry+/− cells from the developed tumor xenografts, which rep-
resented tumor cells residing in local soft and stiff niches (Fig. 6F). 
mCherry+ cells exhibited lower level of RUNX2 nuclear localization 
and higher levels of SerpinB2 and HDAC3 activity compared to 
mCherry− cells (Fig. 6G and fig. S18, A and B). mCherry+ cells 
showed advantages in BBB transmigration, brain colonization, and 
proliferation in the soft microenvironment in vitro (Fig. 6, H and I, 
and fig. S18C). After intracardiac inoculation, the mCherry+ sub-
population exhibited superior potential in initiating the incidence 
of brain metastasis and promoting the growth of brain metastases 
compared to mCherry− cells (Fig. 6, J to L). These findings were fur-
ther supported through ex vivo bioluminescence imaging of the har-
vested brains (Fig. 6M). In summary, these findings demonstrate 
that local soft niches within tumor xenografts promote brain meta-
static tropism of the residing tumor cells.

Niche softness-induced brain metastasis is clinically relevant
Our in vitro and in vivo results have demonstrated that niche soft-
ness induces breast cancer brain metastasis. To further explore the 
clinical relevance of this study, RNA expression profiles of patients 
with breast cancer from The Cancer Genome Atlas (TCGA) were 
used to determine whether the expressions of BrM gene signature 
were correlated with niche softness. The gene set enrichment analy-
sis (GSEA) analysis showed that BrM gene signature was enriched 
in the primary tumors of breast cancer patients with high NDRG1 
level, while BoM gene signature was not enriched in either NDRG1 
high or low groups (Fig. 7, A and B). The expression of NDRG1 was 
positively correlated with BrM but not BoM gene signature (Fig. 7, 
C and D). Furthermore, NDRG1, PPL, KLRC2, and BMF—which 
were highly upregulated in soft niches (fig. S17, B to D)—were used 
as soft score representing soft niches. Previous studies have shown 
that the gene signatures associated with YAP/TAZ activation are 
significantly overrepresented in the high-stiffness regulated gene 
set (57). Because no specific target genes were identified in stiff 

niches (fig. S17, B to D), five downstream genes of YAP (CTGF, 
CYR61, ANKRD1, AREG, and AXL) were chosen as stiff score repre-
senting stiff niches. Consistent with previous results, soft/stiff gene 
signature was positively correlated with BrM/BoM gene signature 
(Fig. 7, E and F). To further dissect the heterogeneity of local niche 
mechanics and assess the relationship with brain metastasis, we ana-
lyzed single-cell RNA-seq dataset of human breast cancer. Single-cell 
transcriptomes were juxtaposed in uniform manifold approxima-
tion and projection (UMAP) space to identify distinct clusters (Fig. 
7G). The malignant cell cluster with high NDRG1 expression, high 
soft score, and low stiff score was identified to originate from local 
soft niches. Notably, HDAC3 expression and BrM gene signature, 
but not BoM gene signature, were prominent in such cluster from 
soft niches (Fig. 7H). To gain insight into the association between 
spatial stiffness distribution and brain metastatic feature, we ana-
lyzed the spatial transcriptomics dataset of human breast cancer 
(Fig. 7I). We examined the level of NDRG1 expression, soft/stiff 
score, HDAC3 expression, and BrM/BoM gene signature in each lo-
cation. The regions with high NDRG1 level also exhibited high soft 
score, high HDAC3 level, and high BrM gene signature. As expect-
ed, the regions with high soft score complemented the regions with 
high stiff score. Intriguingly, stiff score showed strong positive cor-
relation with BoM gene signature (Fig. 7J). In summary, these re-
sults conclude that brain metastasis gene signature and HDAC3 are 
enriched in local soft niches of human breast cancer biopsies, high-
lighting the clinical relevance of our study.

DISCUSSION
Tumor cells do not randomly but preferentially disseminate to spe-
cific organs for metastatic colonization, which is driven by various 
biochemical factors, including intrinsic genetic mutation and the mi-
croenvironment (1) (e.g., specific mutations, organ-specific niches, 
metabolic reprogramming, and premetastatic niche formation). The 
essential mechanisms and the acquisition of organotropic potential at 
specific metastatic steps profoundly determine the development of 
targeted therapeutic strategies. This study presents compelling evi-
dence to demonstrate that in vitro mechanical priming of tumor cells 
in soft niches that mimic local soft regions of primary tumor xeno-
grafts can promote brain metastasis, which is further supported by 
the finding that tumor cells isolated from local soft niches of xeno-
grafts in vivo exhibit brain metastatic potential. Both results discover 
the regulatory roles of local niche softness within primary tumor mi-
croenvironment in potentiating brain metastasis, highlighting the 
significance of primary tumor tissue mechanics in metastatic organ-
otropism. It is important to further validate the impact of local soft 
niches on organotropism in vivo in the patient-derived xenograft 
model that is closely related to clinical samples (58). However, this 
endeavor remains challenging because there are no methods/tools 
currently available to faithfully track cells from soft niches in vivo.

Our findings indicate that in addition to the importance of stro-
mal cells and different molecules, the mechanical heterogeneity of lo-
cal niches distributed in different spatial locations of primary lesions 
activates distinct signaling pathways via mechanotransduction, which 
facilitate the preferential dissemination of residing tumor cells to dif-
ferent specific secondary sites. Therefore, this study unveils a previ-
ously unappreciated mechanical mechanism underlying metastatic 
organotropism, particularly brain metastasis, but does not exclude 
the significance of other factors, such as biochemical signaling, in the 
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Fig. 7. Niche softness-induced brain metastasis via HDAC3 is clinically relevant in patients with breast cancer. GSEA enrichment plots for BrM (A) and BoM (B) gene 
signature in NDRG1 high expression group (top 30%) compared to low expression group (bottom 30%) of patient samples (TCGA-BRCA). Scatterplot showing the correla-
tion between NDRG1 and BrM (C) and BoM (D) gene signature in patients with breast cancer in TCGA-BRCA. n = 1085. (E) Scatterplot showing the correlation between soft 
score and BrM gene signature in patients with breast cancer in TCGA-BRCA (n = 1085). (F) Scatterplot showing the correlation between stiff score and BoM gene signature 
in patients with breast cancer in TCGA-BRCA. n = 1085. (G) Uniform manifold approximation and projection (UMAP) visualization of scRNA-seq datasets obtained from the 
samples of patients with breast cancer in EMTAB8107. Clusters were annotated for their cell types. (H) Visualization of normalized expression levels of NDRG1, HDAC3, soft/
stiff score, and BrM/BoM gene signature. Red dashed line indicated tumor cell cluster originating from soft niches. (I) Complete H&E images of tissue region analyzed for 
the breast tumor sample GSE210616_GSM6433585. (J) AUCell signature scores of NDRG1, HDAC3, soft/stiff score, and BrM/BoM gene signature. Signature scores were 
computed using the AUCell method. AUC, area under the curve.
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propensity of metastasis to target organs. Instead, these discoveries 
expand our current understanding and support the proposition that 
mechanical cues may play as important roles as biochemical factors in 
metastatic organotropism. In the complex tumor microenvironment, 
these biochemical and mechanical signaling could function indepen-
dently and/or synergistically to facilitate organ-specific metastasis.

Recent decades have witnessed the rapid accumulation of evidence 
showing the remarkable remodeling of primary tumor microenviron-
ment (12, 42), including the excessive deposition of ECM proteins, 
leading to the overall stiffening of tumor tissue as a whole in multiple 
types of cancer (12). Many previous studies have demonstrated the 
importance of the stiffened primary tumor in different metastatic 
steps (42), such as malignant transformation (59), migration and inva-
sion (14), intravasation (15), the interaction of tumor cells with endo-
thelium (16), and overt metastasis (60). Most of these studies have 
assumed that the entire primary tumor becomes stiffened uniformly 
or only focused on the roles of stiffened niches within primary tu-
mors. However, significant intratumoral heterogeneity, a hallmark of 
cancer, could lead to substantial variations of local niche stiffness 
within the primary tumor microenvironment (29). Yet, the influence 
of primary tumor mechanical heterogeneity on metastasis remains 
poorly investigated. In this study, we propose that the mechanically 
heterogenous primary tumor niches may drive the emergence of 
organ-specific metastatic subpopulation through both clonal selection 
and phenotypic reprogramming. In particular, mechanical priming in 
soft niches confers brain metastatic ability, and cancer cells originating 
from local soft niches of primary tumors exhibit brain metastatic 
traits. Besides, breast cancer cells after priming in stiff niches may ac-
quire bone metastatic potential in vivo, which may be attributed to the 
osteolytic phenotype induced by niche stiffness, as reported in previ-
ous studies (24, 25). Therefore, our results unambiguously support an 
unrecognized notion that the heterogeneous primary tumor stroma 
mechanics could be one determinant of metastatic tropism. Further, 
the recognition of overall tissue stiffening in promoting tumor metas-
tasis has prompted the idea of targeting primary tumor stiffness and 
the mediated mechanotransduction signaling as a promising strategy 
for cancer therapy, such as beta-aminopropionitrile for lysyl oxidase 
(61). However, our findings warrant a revisit into the potential risks 
associated with disruption of tumor tissue mechanics. Instead, the 
complex mechanical heterogeneity should be taken into consideration 
when developing new mechanotherapeutics.

We have shown that soft priming is sufficient to trigger the up-
regulation of neuron-related pathways and induce transcriptomic 
reprogramming of tumor cells with the signature similar to brain 
cell types, which are favorable to brain metastasis. This finding is in 
line with previous studies: Brain metastatic tumor cells undergo 
adaptive transcriptomic transformation to acquire the characteris-
tics similar to nerve cells, a process termed neuronal mimicry (31); 
tumor cells from brain metastases exhibit GABAergic features, pro-
viding an alternative mechanism of malignant adaptation to fuel 
metastatic colonization in the brain (30); the neural glutamate re-
ceptor NMDAR promotes brain metastasis of breast tumor cells 
(62); the gene expression patterns resembling brain cells may already 
exist in primary breast tumors of patients who later develop brain 
metastases, indicating that tumor cells may develop nerve-like charac-
teristics in the primary tumor for the subsequent brain metastasis (63). 
In addition, soft matrix–mediated reduced mechanotransduction 
facilitates neuronal differentiation of stem cells and neuronal repro-
gramming of adult cells (64, 65). Nevertheless, rigorous studies are 

needed to investigate the roles of primary tumor mechanical het-
erogeneity in neuronal mimicry and the molecular mechanisms.

This study has demonstrated that soft niches facilitate the acqui-
sition of brain metastatic ability through the repressed mecha
notransduction-mediated HDAC3 activation (Fig. 8). Pharmacologic 
inhibition of HDAC3 not only abolishes niche softness-induced 
brain metastatic phenotype but also prevents the outgrowth of brain 
micrometastases, which may be instructive for the suppression of 
metastatic colonization in brain, because organtropic cells probably 
have already disseminated to target organs when patients are first 
diagnosed. Aberrant HDAC3 expression is highly related to the 
prognosis of patients with brain metastases (66). HDAC inhibitor 
vorinostat (SAHA) has shown potential in treating brain metastases 
in breast cancer (67). Because HDAC3 affects histone deacetylation, 
chromatin accessibility (68), and the functions of transcription fac-
tors (69), it is of interest to rigorously investigate whether HDAC3 
affects the expressions of brain metastasis-related genes through 
the epigenetic and/or transcriptional mechanisms in the future. 
While the molecular mechanisms by which niche softness-mediated 
mechanotransduction regulates HDAC3 activity require further in-
vestigation, multiple nuclear envelope proteins have been reported 
to modulate HDAC3 activity. For example, Emerin facilitates HDAC3 
localization to the nuclear lamina and increases its enzymatic func-
tion by binding to HDAC3 (70). Lamina-associated polypeptide 2, 
β-isoform (LAP2β) interacts with HDAC3 to promote its histone 
deacetylation (71). These nuclear envelope proteins may play a role 
in niche softness-mediated regulation of HDAC3 activity, which 
warrants further investigation. Collectively, our findings, together 
with earlier studies, shed light on the significance of HDAC3 in 
mechanotransduction-induced brain metastasis and the potential of 
targeting HDAC3 as a promising strategy against brain metastasis.

This study characterizes the mechanical heterogeneity of breast tu-
mor xenografts and finds that mechanical priming in soft niches, 
mimicking local soft regions in primary tumors, induces neuronal-like 

Fig. 8. Summary of niche softness-induced brain metastatic tropism via actin 
cytoskeleton-LINC complex-HDAC3 axis. The primary tumor microenvironment 
is mechanically heterogeneous and contains local soft and stiff niches. Persistent 
priming in soft but not stiff niches represses the actin cytoskeleton-LINC complex-
mediated mechanotransduction, which further enhances HDAC3 activity, leading 
to the up-regulation of brain metastasis–related genes and acquisition of brain 
metastatic tropism.
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transcriptional reprogramming and promotes the acquisition of brain 
metastatic phenotype. Soft-primed tumor cells preferentially dissemi-
nate to brain for the establishment of secondary lesions through en-
hanced transendothelial migration across BBB and brain colonization. 
These findings are validated by the results that tumor cells isolated 
from local soft niches of primary xenografts exhibit brain metastatic 
potential. Further, soft niches repress mechanotransduction signaling 
to promote HDAC3 activity. The inhibition of HDAC3 abolishes both 
niche softness-induced brain metastatic traits and the outgrowth of 
brain micrometastases. In summary, this study discovers an unrecog-
nized role of primary tumor mechanical heterogeneity in metastatic 
organotropism, particularly brain metastasis.

MATERIALS AND METHODS
Cell culture
MDA-MB-231 (231) cell line and its brain metastatic derivative, 
MDA231-BrM2-831 (231-BrM), as well as the bone metastatic de-
rivative, MDA-BoM-1833 (231-BoM), were obtained from Memo-
rial Sloan Kettering Cancer Center. These cell lines were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM; HyClone) sup-
plemented with 10% fetal bovine serum (FBS; HyClone) and 1% 
penicillin/streptomycin (Gibco). The human cerebral microvascular 
endothelial cell line hCMEC/D3 (FuHeng Biology) was cultured 
with EndoGRO-MV complete culture media kit (Sigma-Aldrich), 
which was supplemented with human basic fibroblast growth factor 
(200 ng/ml; Sigma-Aldrich) and 1% penicillin/streptomycin. The 
human umbilical vein endothelial cells (HUVECs) and human as-
trocytes, which were isolated from the cerebral cortex of the human 
brain, were purchased from American Type Culture Collection (ATCC) 
and ScienCell, respectively. HUVECs were cultured in Endothelial 
Cell Medium (ScienCell), and human astrocytes were cultured in 
Astrocyte Medium (ScienCell). Human embryonic kidney–293T 
cell line was a gift from R. Yechun (The Hong Kong Polytechnic Uni-
versity) and was cultured in DMEM supplemented with 10% FBS 
and 1% penicillin/streptomycin. 4T1 cells, which were purchased 
from ATCC, were cultured in RPMI 1640 medium (Gibco) with 
10% FBS and 1% penicillin/streptomycin. All cell lines were cul-
tured in a 5% CO2 incubator at 37°C.

Synthesis of PA hydrogels (PA gels)
The hydrogels were prepared according to an established protocol de-
scribed previously (72): Circular coverslips were treated with amino-
silane (Aladdin) and glutaraldehyde (Aladdin), while glass slides were 
treated with chloro-silane in accordance with the instructions. Acryl-
amide [AA; 40% (w/v)] and bis-acrylamide [BA; 2% (w/v)] were then 
mixed in distilled water to obtain the desired concentrations. Hydro-
gel formulations were as follows

7.5% (v/v) AA + 3% (v/v) BA + 89.5% (v/v) H2O (0.6 kPa);
25% (v/v) AA + 15% (v/v) BA + 60% (v/v) H2O (35 kPa).
The 1:100 total volume of 10% ammonium persulfate (Sigma-

Aldrich) and 1:1000 total volume of tetramethylethylenediamine 
(Sigma-Aldrich) were quickly added and mixed with the gel solution. 
Subsequently, 240 μl (for six-well plates) of the gel solution was pipetted 
onto the chloro-silanated glass slide and covered with an amino-
silanated coverslip. After polymerization, the hydrogel was im-
mersed in phosphate-buffered saline (PBS; Hyclone) and stored 
at 4°C. The gel surface was coated with Sulfosuccinimidyl-6-(4′-
azido-2′-nitrophenylamino) hexanoate (Sigma-Aldrich) under 365-nm 

ultraviolet (UV) light. After washing with PBS three times, the gel 
was coated with either rat-tail collagen type I (0.2 mg/ml; Sigma-
Aldrich) or human plasma fibronectin (10 μg/ml; Sigma-Aldrich) 
and incubated at 4°C overnight. The gel was sterilized by UV light 
for 30 min in a cell culture cabinet and incubated with 1 ml of full 
medium for at least 30 min before use.

Quantitative RT-PCR analysis
Total mRNA was extracted using the E.Z.N.A. Total RNA Kit (Ome-
ga) following the manufacturer’s recommended protocol. RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was 
used to synthesize cDNA from the extracted total RNA. The primers 
for quantitative reverse transcription polymerase chain reaction 
(RT-PCR) were designed on the basis of sequences from the Na-
tional Center for Biotechnology Information (NCBI) database and 
listed in table S1. The Forget-Me-Not EvaGreen qPCR Master Mix 
with Rox (Biotium) and CFX96 Real-Time System (Bio-Rad) were 
used to perform quantitative RT-PCR. The relative gene expression 
was calculated using the 2-ΔΔCT method and normalized to the 
expression of the human glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH).

RNA sequencing
Total RNAs were extracted from each sample using the RNeasy Mini 
Kit (QIAGEN). The sample quality—such as quantitation, integrity, 
and purity—was assessed using Agilent 5400 to ensure that the sam-
ples met the library construction requirements.

mRNAs were purified from total RNA using poly-T oligo-attached 
magnetic beads. After fragmentation, first-strand cDNA was synthe-
sized using random hexamer primers, followed by second-strand 
cDNA synthesis. The quality and quantity of libraries were assessed 
using Qubit and real-time PCR, and the bioanalyzer was used to de-
termine the size distribution. Quantified libraries were pooled and 
sequenced on Illumina platforms based on effective library concen-
tration and data amount. The index-coded samples were clustered 
according to the manufacturer’s instructions, and paired-end reads 
were generated on the NovaSeq PE150 platform by Novogene. All 
downstream analyses were based on clean, high-quality data provided 
by Novogene. FPKM, expected number of fragments per kilobase of 
transcript sequence per millions base pairs sequenced, was calculated 
on the basis of gene length and read count, and differential expression 
analysis was performed using the DESeq2R package (1.20.0). Genes 
with an adjusted P value (Padj) ≤ 0.05 found by DESeq2 and |log2(fold 
change) | ≥ 1 were identified as differentially expressed. In addition, 
RNA-seq data of SUM159 breast cancer cells cultured on 0.5 and 
8 kPa of substrates for 14 days were acquired from GSE127887 
in the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.
nih.gov/geo/).

In bioinformatic analysis of RNA-seq data, enriched terms and 
pathways in gene ontology (GO), DisGeNET, and PaGenBase data-
bases were analyzed using over-representation analysis (ORA) by 
Metascape (https://metascape.org/gp/index.html#/main/step1). The 
threshold for significant levels was set to Padj ≤ 0.05 for terms and 
pathways. GSEA was performed using easyGSEA (https://tau.cmmt.
ubc.ca/eVITTA/easyGSEA/) with default parameters (minimum 
gene set size: 15, maximum gene set size: 200, and the number of per-
mutations: 1000). The threshold for significant levels was set to Padj < 
0.25 and normalized enrichment score (NES) > 1 for terms and path-
ways. The STRING database (version 10) and the ENCODE ChIP-seq 
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database were used to analyze the generic protein-protein interac-
tions network and gene regulatory network, respectively. The net-
works were visualized using NetworkAnalyst (www.networkanalyst.
ca/). ImageGP (https://www.bic.ac.cn/ImageGP/) was used to gener-
ate volcano plots, bubble plots, and heatmaps.

Bioinformatics analysis
TCGA dataset analysis
The data were obtained from TCGA (www.cancer.gov/tcga) breast 
invasive carcinoma (TCGA-BRCA) containing 1085 individual pri-
mary tumor samples. On the basis of the 30% gene expression val-
ues, the samples are stratified into high and low expression groups. 
The limma package is used to conduct differential analysis, yielding 
the log2 fold change (log2FC) for each gene, which are subsequently 
sorted based on log2FC values. Subsequently, the clusterProfiler 
package conducts GSEA using the BrM/BoM gene signature. The 
enrichment fraction (ES) of gene sets is computed, followed by sig-
nificance testing and multiple hypothesis testing for the ES values 
of the gene sets. The Cor.test function was used to calculate the 
Pearson correlation of genes and/or gene sets.
scRNA-seq and spatial transcriptomics analysis
Breast cancer single-cell RNA sequencing (scRNA-seq) data (EM-
TAB8107) were downloaded from the TISCH2 database. Data were 
processed by Sparkle database (https://grswsci.top/), including qual-
ity control, clustering, cell-type annotation, malignant cell classification, 
area under the curve score calculation of gene sets, and visualization. 
Spatial transcriptomics data were downloaded from GEO database 
(GSE210616_GSM6433585) and analyzed by Sparkle database and 
SpatialTME (www.spatialtme.yelab.site/). In detail, the cellular com-
position was deconvoluted using Cottrazm package (73). Sparkle 
database was used to integrate 10x Visium sequencing data in Spa-
tialTME database and visualize spatial maps.

In vitro circulation system
An in vitro circulation system, consisting of a peristaltic pump 
(Harvard Instruments, P-230), a 10-ml syringe and a 1.5-m-long 
silicone microtube with a diameter of 0.51 mm, was used to generate 
fluid shear force (74, 75). Wall shear stress was modulated by adjust-
ing the flow rate, following Poiseuille’s law: τ = 4μQ/(πR3), where Q 
represents the flow rate, μ = 0.01 dyne/cm2 is the dynamic viscosity 
of the cell culture media, and R = 0.255 mm is the radius of the tube. 
All components of the system were exposed to UV for 15 min. The 
tube and syringe were sterilized with 75% ethanol for 5 min, washed 
with PBS for 5 min, and then pretreated with 1% bovine serum al-
bumin (BSA; VWR Life Science) in PBS for 5 min to prevent unspe-
cific adhesion of suspended cells to the channel wall. Subsequently, 
4 × 105 of suspended cells were plated into the circulation device 
and exposed to a wall shear stress of 20 dyne/cm2 for 6 or 12 hours 
at 37°C in a 5% CO2 incubator.

MTS assay
Initially, 100 μl of cell suspension was obtained from the in vitro 
circulation system and added into a clear 96-well cell culture plate. 
The plate was then subjected to a 12-hour incubation period. Following 
this, 20 μl of a working solution (5 mg/ml) from CellTiter 96 aque-
ous One Solution Reagent (Promega) was added into each well, and 
the plate was incubated at 37°C. After 4 hours, the absorbance of the 
cell solution was measured at 490 nm using a LEDETECT 96 micro-
plate reader (Labexim Products).

Cell adhesion assay
Endothelial cells were cultured until confluency in six-well cell cul-
ture plates, and tumor cells were labeled with CellTracker Green 
CMFDA Dye (Invitrogen) or PKH26 red fluorescent cell linker kit 
(Sigma-Aldrich). Before seeding tumor cells, the endothelial mono-
layers were washed twice with 0.5% BSA in PBS. Next, 1 ml of 
1 × 105 suspended tumor cells was added to each well and allowed 
to attach for either 15 or 30 min. The medium was then removed, 
and the plates were washed with PBS three times for 5 min each. The 
adhered cancer cells were quantified using an inverted fluorescent 
microscope (Nikon).

To perform the substrate adhesion assay, 1 × 105 of suspend-
ed tumor cells were added to the corresponding functionalized 
surface of PA gels and incubated for either 15 or 30 min in the 
cell incubator. The wells were then rinsed three times with PBS 
for 5 min each, and adhered tumor cells were counted under an 
inverted microscope.

In vitro BBB transmigration assay
The Transwell insert with a pore size of 3 μm (Corning, #3415) was 
first treated with poly-l-lysine (1 μg/ml; Sigma-Aldrich) overnight 
and washed with PBS four times before being treated with 0.2% 
gelatin (Sigma-Aldrich) for 30  min. The insert was then inverted 
and placed in a 12-well plate, and 1 × 105 of primary human astro-
cytes were resuspended in 30 μl of culture medium and plated on 
the membrane surface. The astrocytes were fed with media every 
15 min for 5 hours, and then, the insert was flipped and placed in 
24-well plates. Next, 5 × 104 of hCMEC/D3 cells were added to the 
upper chamber of the insert, and the plate was placed in the incuba-
tor for 3 days without any perturbation before use. To label the can-
cer cells, 1  ×  105 of cells were collected and incubated with 
CellTracker Deep Red Dye (Invitrogen) according to the manufac-
turer’s instructions. After being labeled with the cell tracker, cells 
were resuspended with serum-free medium and added to the upper 
chamber of the Transwell insert. After incubation for 48 hours, non-
invading cells were removed. The chamber was washed with PBS 
and fixed with 4% paraformaldehyde (PFA) and then stained with 
4′,6-diamidino-2-phenylindole (DAPI). Immunofluorescence im-
ages were taken in multiple fields from three to six inserts per ex-
periment, and the number of transmigrated cells was counted.

Cell morphology analysis
After treatment, cells were seeded onto their corresponding sub-
strates and incubated for 24 hours. Images were captured using an 
inverted or fluorescence microscope, from which cell boundaries 
were identified. The parameters representative of cell morphology—
such as area, circularity, and aspect ratio—were analyzed using ImageJ 
software (NIH).

Western blotting analysis
Total protein samples were extracted from treated cells using radioim-
munoprecipitation assay buffer (Thermo Fisher Scientific, # 89901) sup-
plemented with protease inhibitor cocktail (Thermo Fisher Scientific, 
# 78430) and phosphatase inhibitor cocktail (Thermo Fisher Scientific, 
# 78420). The proteins were separated using SDS–polyacrylamide 
gel electrophoresis gel electrophoresis and then transferred to methanol 
(Aladdin)–prewetted polyvinylidene difluoride (PVDF) membranes 
(Millipore) using Trans-Blot Turbo (Bio-Rad). Subsequently, the PVDF 
membranes were blocked with Beyotime blocking buffer (#P0252) 
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for 1 hour to prevent nonspecific binding. Primary antibodies—
including COX2 (1:1000; Abcam, ab188183), HDAC3 (1:5000; Abcam, 
# ab32369), and GAPDH (1:2000; Abcam, # ab8245)—were diluted 
in blocking buffer and incubated with the PVDF membranes for 
12 hours at 4°C. The membranes were washed thrice with TBST 
(5  min each time) before being incubated with the appropriate 
horseradish peroxidase (HRP)–conjugated secondary antibody (di-
luted at 1:2000 in blocking buffer) for 1 hour at room temperature. The 
following secondary antibodies were used: goat anti-rabbit antibody 
conjugated to HRP (1:2000; Bio-Rad, #1662408EDU) and goat anti-
mouse igg (H+L)-HRP conjugate (1:2000; Bio-Rad, #1706516). The 
membranes were washed thrice with TBST (5 min each time) fol-
lowing the secondary antibody incubation, then incubated with 
Clarity Western ECL Substrate (Bio-Rad, #1705061), and imaged by 
a ChemiDoc imaging system (Bio-Rad). The immunoreactive bands 
were quantified using ImageJ, and their densities were normalized 
to the density of GAPDH.

ELISA for PGE2
Cancer cells were seeded at a density of 3 × 105 cells per well on tissue 
culture plates or PA gels with varying stiffness. Following a 24-hour 
incubation, we collected the supernatants and measured the level of 
PGE2 using the PGE2 enzyme-linked immunosorbent assay (ELISA) 
kit (Abcam, #ab133021) according to the manufacturer’s proto-
col. The colorimetric signal of the samples was detected using the 
LEDETECT 96 microplate reader.

Cell proliferation assay
To assess cell proliferation, we utilized the 5-ethynyl-2′-deoxyuridine 
(EdU) proliferation kit (Beyotime, #C0078L) as per the manufac-
turer’s instructions. Briefly, cells were incubated in complete culture 
medium, and EdU stock solution was diluted 500 times to obtain 
the 2× working reagent. The working reagent was prewarmed to 
37°C and added to each well along with an equal amount of com-
plete culture medium. After 2 hours of incubation at 37°C, the cells 
were collected and treated with 4% PFA followed by permeabiliza-
tion with 0.3% Triton X-100. The click reaction buffer was then 
added to stain the cells for 30 min in the dark at room temperature. 
DAPI solution was used to stain the nuclei of the cells, which were 
then rinsed with PBS. The percentage of EdU-positive cells was de-
termined by fluorescence microscopy or flow cytometry.

Live/Dead staining assay
The viability of cells was evaluated using the calcein/propidium io-
dide (PI) live/dead viability assay kit (Beyotime, #C2015L) as per 
the manufacturer’s instructions. Briefly, cells were seeded onto the 
corresponding matrix and incubated for 24 hours. Calcein AM/PI 
detection working solution was prepared according to the manufac-
turer’s instructions. After removing the culture medium, 1 ml of cal-
cein AM/PI detection working solution was added to each well of a 
six-well plate and incubated for 30 min. The fluorescence images of 
live/dead staining were captured, and the ratio of live/dead cells was 
calculated by ImageJ.

Wound healing assay
The ibidi Culture-Insert 2 Well (ibidi, # 80209) was used to perform 
the wound healing assay. Cells were adjusted to a concentration of 
3 × 105 cells/ml, and 70 μl of the cell suspension was added to each 
well of the Culture-Insert 2 well. After incubating cells at 37°C and 

5% CO2 for at least 24 hours, the Culture-Insert 2 well was gently re-
moved using sterile tweezers. The cell layer was washed with PBS to 
remove cell debris and nonattached cells, and 2 ml of medium with 
2% FBS was added. Microscopic images were taken at the indicated 
time points, and the healing degree was calculated by dividing the 
healing area at the end time point by the wound area at the start time 
point. The wound and healing areas were measured using ImageJ.

Transwell invasion assay
Matrigel was polymerized in the upper chamber of a Transwell insert 
with 8.0-μm pore polycarbonate membrane. Varying concentrations 
of Matrigel were used to create gels of different rigidities, ranging from 
2 to 4 mg/ml. The full-length fibronectin (FN) was added to the gels at 
a final concentration of 10 mg/ml before polymerization. After the gels 
were formed, 1 × 105 of cells suspended in serum-free medium were 
added to the upper chamber, and the lower chamber was filled with 
500 μl of full culture medium. After incubation for 48 hours, the cells 
on the upper side and Matrigel were removed, and the remaining cells 
on the other side were stained with 0.1% crystal violet solution. The 
number of invaded cells was counted under a 20× objective, and a 
minimum of five representative fields were counted for each condition.

Collagen gel invasion assay
Cell suspension (3 × 105 cells/ml) was added to each well of the ibidi 
Culture-Insert 2 well in a 24-well plate, which produces a scratch 
after 24 hours of incubation. Type I rat tail collagen of different con-
centrations (0.5, 1, and 3 mg/ml) was then added to the top of cells 
after the Culture-Insert 2 well was removed. The pH of the collagen 
was neutralized using NaOH, and the cell layer was covered with 
500 μl of the neutralized collagen solution. After collagen solidifica-
tion, cell culture medium with 2% FBS was added to the top of the 
gels, and images were taken to measure the healing degree of the 
scratches after 24 hours.

Soft agar assay
For the soft agar colony formation assay, a base agar layer was first 
prepared. Low melting point agarose (Sigma-Aldrich, #39346-81-1) 
was diluted in 1% agarose with DMEM to make 3% agarose solu-
tion. A 2 ml of 1% agarose solution was pipetted into each well of a 
six-well cell culture plate and allowed to solidify at room tempera-
ture for at least 30 min. For the top agar layer containing cells, 0.8% 
agarose solution was prepared by mixing full cell culture medium, 
3% agarose, and FBS in a 6.3:2.7:1 ratio and stored in a 42°C water 
bath. Cells were resuspended in full culture medium at a concentra-
tion of 2.5 × 103 cells/ml and mixed with an equal volume of the 
0.8% agarose solution. A total of 2 ml of the cell-agarose mixture was 
added to each precoated well and incubated at 4 °C for 15 min to 
allow for solidification. Afterward, 300 μl of full cell culture medium 
was added to the top of the agar, and the plate was incubated at 37°C 
with 5% CO2. A total of 200 μl of full culture medium was added to 
each well every 3 days. After 28 days of incubation, the plate was 
stained with 0.5 ml of 0.1% crystal violet (dissolved in 10% ethanol) 
for 1 hour. Colonies from at least three wells were imaged using a 
ChemiDoc imaging system and counted using ImageJ software.

AFM measurement
In this study, we used an atomic force microscope (AFM; BioScope 
Catalyst, Bruker) in combination with an inverted fluorescence micro-
scope (Nikon) equipped with a 20× objective to visualize the probe 
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and facilitate precise control of tip and sample position. Cells were 
seeded on PA gels or TCP for 24 hours with a density below 30% con-
fluency before measurement. Cryostats tumor sections were attached 
to coverslips with poly-l-lysine. We selected silicon cantilevers (MLCT, 
Bruker) with a spring constant k of 0.02 and 0.03 N/m for the stiffness 
measurement for cell and tissue sample, respectively. AFM calibration 
was performed in accordance with the user manual. Specifically, we 
chose the contact mode and ScanAsyst in Fluid mode to detect cell and 
tissue stiffness in the medium. Subsequently, we performed laser posi-
tioning, AFM positioning, and cantilever calibration in sequence. The 
force F between the probe and the sample was calculated by the for-
mula F = k × δ, where k is the spring constant of the cantilever and δ 
is the indentation, which is equal to the sample height minus the 
deflection. To obtain Young’s modulus E of the sample, we used the 
Sneddon model to fit force-indentation curves for a pyramidal probe: 
F = 2/π × tan(α) × E/(1 − v2) × d2, where d is the depth of indentation, 
α is half of the tip angle, and v is the Poisson ratio (e.g., 0.5). We set d 
below 500 nm to avoid cell damage. The perinuclear area was probed 
to minimize the effect of substrate-induced outliers.

Ultrasound shear-wave elastography
The methods of using B-mode ultrasound and shear wave elastogra-
phy on orthotopic xenograft were previously described (76). Mice 
were anesthetized at 8 weeks after orthotopic injection. Ultrasound 
coupling gel (Aquasonic CLEAR, AquasonicGel, MI, USA) was 
smeared on the skin outside the primary lesion, when tumor mar-
gins were then determined by B-mode ultrasound. Tumor stiffness 
was detected using shear wave elastography imaging with an Aix-
plorer Scanner (SuperSonic Imagine, France) incorporating a SL22-
7 linear array transducer (SuperLinear, SuperSonic Imagine, France).

HA hydrogel fabrication
To synthesize methacrylated hyaluronic acid (MeHA), we prepared a 
1 weight % (wt %) solution of sodium hyaluronate in deionized water 
(DI water). We added methacrylic anhydride (MA) (2 ml per g HA) 
dropwise at 4°C with stirring and maintained pH at 8.5 through con-
tinuous addition of 2 M NaOH solution for approximately 8 h. Sub-
sequently, we further added MA (2 mL per gram HA), maintained 
pH at 8.5 for approximately 4  hours and then left overnight at 
4°C. After dialyzing against NaCl solution and DI water for 2 days, 
we froze MeHA at −80°C, lyophilized, and stored it at −20°C as pow-
der. For cell encapsulation, we prepared a HA hydrogel solution to a 
final concentration of 2 wt % MeHA and 0.5% wt lithium phenyl-
2,4,6-trimethyl-benzoyl phosphinate photo-initiator in PBS. Cells were 
harvested and resuspended in full culture medium at 2 × 106 cells/ml. 
We mixed the HA hydrogel solution with the medium containing 
cells at a 1:1 ratio and exposed it to 365-nm UV light for 1 min. The 
polymerized HA gel was then placed on a 96-well culture plate and 
soaked with full culture medium.

Dot blot assays
Cells were seeded in a six-well plate at a density of 2 × 105 cells per 
well and allowed to grow for 24 hours. Next, 100 μl of supernatant 
medium was transferred onto a nitrocellulose membrane with a 
pore size of 0.45 μm (Millipore) and allowed to adsorb for 1 hour at 
room temperature. The remaining liquid was aspirated, and the mem-
brane was blocked with 5% dry milk in 0.1% Tween-TBS (TBST) 
for 1 hour. Subsequently, the membrane was incubated overnight at 
4°C with an anti-SERPINB2 antibody (1:500 in blocking solution; 

Abcam, # 47742). After washing three times with TBST for 5 min, 
the membrane was incubated with an anti-rabbit HRP-coupled IgG 
(1:2000 in blocking solution) for 1 hour, followed by repeated wash-
ing. Last, the signal was detected using ECL solution (Bio-Rad).

Brain slice assay
Brain slices from the adult mouse brain were prepared following the 
method previously reported (77). Brains were obtained from female 
BALB/c nude mice aged 6 to 8 weeks and embedded in preheated 
low-melting agarose at a temperature of 42°C. The agarose-
embedded brains were then sectioned into 250 μm slices using a 
vibratome (Leica, VT1200S). Subsequently, brain slices were trans-
ferred to 0.8-μm pore membranes (Millipore), and slice culture me-
dium (DMEM supplemented with Hanks’ balanced salt solution, 5% 
FBS, 1 mM l-glutamine, and 1% penicillin/streptomycin) was sup-
plied. After brain slices were incubated at 37°C with 5% CO2 for 
1 hour, 2 μl of medium containing 3 × 104 tumor cells was added 
onto each slice and incubated for 48 hours. To assess the coloniza-
tion of tumor cells on brain slices, brain slices were gently washed 
with PBS. Then, 1 ml of d-luciferin (300 μg/ml; Abcam) was added 
into each well to cover the slice, and bioluminescence signals were 
measured using the IVIS Lumina Series III preclinical in vivo ani-
mal imaging system (PerkinElmer).

Animal experiments
In all the animal experiments, we followed the National Institutes of 
Health’s Guide for the Care and Use of Laboratory Animals and ob-
tained approval from the Animal Subjects Ethics Subcommittee of 
Hong Kong Polytechnic University for all experimental protocols 
(ethics approval #23-24/671-BME-R-CRF). Throughout the experi-
ments, analgesic buprenorphine was administrated through drink-
ing water to minimize the suffering if signs of pain or discomfort 
were observed. Animal were terminated humanely after the experi-
ments, which complied with the 5 Freedoms in animal welfare and 
the 3Rs (Reduction, Replacement, and Refinement) principles.
Cell preparation for animal experiments
Cells were trypsinized and resuspended at 1 × 106 cells/ml for intra-
cardiac injection, 2 × 104 cells/3 μl for intracerebral injection in 1% 
BSA (IgG-free) in ice-cold PBS, and 1.5 × 106 cells/50 μl mixed with 
50 μl of Matrigel on ice for orthotopic injection. The mixture was 
kept on ice and gently mixed by finger flicking before injection. Ex-
periments were carried out on 6- to 8-week-old female BALB/c 
nude mice.
Intracardiac injection
Mice were anesthetized by intraperitoneal injection with (8.7 mg of 
ketamine + 1.3 mg of xylazine)/100 g. The injection site was located 
in the middle between the sternal notch and the top of the xiphoid 
process and on the left side of the sternum (anatomical position). A 
100 μl of cell suspension was injected with needle upright and in-
serted into the left ventricle with bright red pulse in the syringe. 
After injection, pressure was applied lightly at the injection site to 
reduce bleeding, and the mouse was placed on a heating pad until it 
was fully conscious. The entire experimental process lasted 28 days for 
long-term in vivo organotropic metastasis assay, and bioluminescence 
imaging was conducted every 7 days to monitor the metastatic 
pattern. For in vivo BBB penetration assay, bioluminescence imag-
ing was performed every day until 3 days. At the end of the experi-
ment, mice were euthanized by carbon dioxide asphyxiation and 
brains were collected for further analysis.
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Intracranial injection
Mice were anaesthetized by intraperitoneal injection with (8.7 mg of 
ketamine + 1.3 mg of xylazine)/100 g. The mouse was then placed in 
the stereotaxic frame and fixed. Eye ointment was used to keep the 
mouse’s eyes moist during the operation. The scalp was wiped sev-
eral times with a sterile gauze soaked in chlorhexidine solution. A 
sagittal incision over the parieto-occipital bone (approximately 1-cm 
long) was completed using a sterile scalpel. The exposed skull sur-
face was then cleaned using a cotton swab soaked in a 3% hydrogen 
peroxide solution. The micro-syringe (26 gauge, Hamilton) was 
positioned directly over the bregma after it was secured onto the 
micro-syringe pump (Harvard Apparatus, 11 Elite Nanomite). Be-
fore tumor cell injection, control knobs on the stereotaxic unit and a 
sterile variable speed rotary drill were used to puncture the skull at 
2 mm to the right of the bregma and 1-mm anterior to the coronal 
suture, creating an opening for the injection of tumor cells. The cell 
suspension was gently mixed and drawn into the syringe using the 
pump controller while avoiding bubbles and clumps. The needle was 
inserted slowly to a depth of 4 mm. The injection volume was 3 μl, 
and the injection rate was set to 0.25 μl/min. After being in the brain 
for 1 to 2 min, the needle was gently removed from the tissue (for 3 
to 4 min). Postoperative wound care and pain management were 
implemented, including wound closure and pain relief measures.
Orthotopic injection
Mice were anesthetized by intraperitoneal injection with (8.7 mg of 
ketamine + 1.3 mg of xylazine)/100 g. The operation area was disin-
fected with 2% chlorhexidine solution. The cell and Matrigel mix-
ture were injected into the fat pad. The growth of primary tumors 
was monitored using bioluminescence imaging until surgical resec-
tion. The average time of this experiment was about 8 to 12 weeks. 
At the end point of the study, mice were euthanized by carbon di-
oxide asphyxiation, and primary tumors were harvested for follow-
ing experiments.

Bioluminescence imaging
Mice were administrated intraperitoneally with 300 μl of 25 mM d-
luciferin sodium salt (Abcam) in Dulbecco’s PBS (Hyclone), anes-
thetized, and imaged at 20 min after injection using the IVIS Lumina 
Series III preclinical in vivo animal imaging system (PerkinElmer). 
For ex vivo imaging of bioluminescence signals in the brain, mice 
were administrated intraperitoneally with 300  μl of 25 mM d-
luciferin and then euthanized with sodium pentobarbital. Brains 
were retrieved and placed in separate wells of a 12-well plate. Images 
were captured 1 min after adding 1 ml of d-luciferin (300 μg/ml) 
into each well to cover the tissue.

Cryostats section
For xenograft tissue cryostats section, the harvested tumor was washed 
with PBS, then embedded with optimal cutting temperature compound 
(Sakura), and frozen in the liquid nitrogen. Leica CM1950 cryostats 
was used to cut frozen sample blocks into 10-μm sections at −20°C, 
after that tissue sections were transferred to poly-l-lysine–coated glass 
bottom dish or positively charged glass slides and immersed in PBS 
with 1% proteinase inhibitors (Beyotime) for following analysis.

Magnetic-activated cell sorting
Magnetic-activated cell sorting (MACS) was adopted to select cancer 
cells from digested xenograft cells. Mouse Cell Depletion Kit (Milte-
nyibiotec) and MACS platform consisting of MidiMACS Separator, 

MACS MultiStand, and LS columns were used strictly following the 
manufactory’s instructions. In detail, centrifuged cell mixtures were 
resuspended in 0.5% BSA-contained PBS buffer, and then mouse 
cell depletion cocktail was added and incubated at 2° to 8°C. After 
incubation, cell mixtures were added into buffer-prerinsed LS col-
umns installed on MACS Separator and MultiStand for isolation 
and collection.

Fluorescence-activated cell sorting
Fluorescence-activated cell sorting (FACS) was used to separate cell 
populations based on fluorescence level. For preparation, cell sus-
pensions were filtered with cell strains into single cells. After that, 
cell samples resuspended in PBS were loaded into BD FACSAria III 
Cell Sorter (BD Biosciences) following the instruction of the instru-
ment. The sorted cells were collected into DMEM for later analysis. 
For some specific experiment design, mCherryhigh/low pNDRG1-
mCherry cell harvested from TCP were defined as the 10% of the 
brightest/darkest populations; mCherry+/− pNDRG1-mCherry cells 
obtained from xenografts were gated on the basis of the expression 
level of mCherry of the same clone harvested from 0.6/35 kPa 
of PA gel.

Immunofluorescence staining
The cells or tumor cryostats sections were fixed with prechilled 4% 
PFA for 20 min at room temperature, followed by permeabilization 
with 0.3% Triton X-100 in PBS for 20 min. After being washed with 
PBS, cells were blocked with 1% BSA and glycine (22.52 mg/ml) in 
PBS containing 0.1% Tween 20 (PBST) for 1 hour at room tempera-
ture. Next, the cells were incubated with diluted primary antibodies 
in 1% BSA in PBST overnight at 4°C, washed three times with PBST 
for 5 min each time, and incubated with diluted secondary antibod-
ies in 1% BSA in PBST at room temperature. After decanting the 
solution and washing the cells three times with PBST, nuclei were 
stained with DAPI. The imaging of cells was performed with a con-
focal microscope (Leica, TCS SPE) using 40× and 63× objectives. 
For F-actin staining, the CytoPainter F-actin labeling kit (Abcam, 
#ab112125) was used as per the user guidebook. Images were taken 
using the confocal microscope or the inverted fluorescence micro-
scope. Quantification of fluorescence intensity was analyzed using 
the ImageJ software.

For the staining of brain slices, mice were euthanized after being 
anesthetized and then immediately perfused with PBS and 4% PFA 
and fixed overnight at 4°C. The brain was sectioned into 40- or 80-μm 
slices using a vibrating microtome. The prepared brain slices were 
treated with blocking buffer (0.3% Triton X-100 and 5% goat serum 
in PBS) for 1 hour at room temperature. Then, the brain slices were 
incubated with primary antibodies diluted in blocking buffer over-
night at 4°C with or without Lectin-DyLight 649 (10 μg/ml; Thermo 
Fisher Scientific, #L32472). Following extensive washing with PBS, 
the fluorophore-conjugated secondary antibodies were diluted in 
blocking buffer and incubated for 2 hours at room temperature. After 
nuclei were stained, the brain sections were scanned or visualized 
with the inverted fluorescent microscope and confocal microscope 
using 10×, 20×, and 40× objectives. For 3D reconstruction, confocal 
images were captured every 2-μm interval for a total of 60-μm maxi-
mum at depth. ImageJ was used to analyze images, and Imaris was 
used to generate 3D reconstruction images.

The primary antibodies used in the study included p-MLC (1:50; 
Cell Signaling Technology, #3671), HDAC3 (1:500; Abcam, #ab32369), 
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Runx-2 (1:200; Abcam, #ab23981), SerpinB2 (1:200; Abcam, 
#ab47742), mCherry (1:100; Invitrogen, #m11217), and Ki-67 (1:200; 
Abcam, #ab15580). The secondary antibodies included Alexa Fluor 
594 goat anti-mouse IgG H&L (1:400; Abcam, # ab150116), tetramethyl 
rhodamine isothiocyanate goat anti-rat IgG H + L (1:1000; Invitrogen, 
#26-4826-82), and Alexa Fluor 647 goat anti-mouse IgG H&L (1:400; 
Abcam, #ab15011).

Traction force microscope
The traction force of cells was measured using a protocol based on 
previous studies (78, 79). First, an amino-silanated glass bottom of a 
confocal dish (NEST Scientific) and PA gels mixed with 0.2-μm di-
ameter red fluorescence microspheres (Invitrogen, #F8763) were 
prepared as per PA gel preparation protocol. Next, cells were seeded 
on the PA gels and incubated for 24 hours. The prestressed state of 
the PA gel was captured by an inverted fluorescence microscope with 
a 20× magnification at the red fluorescence channel, and the bound-
ary of cells was recorded by changing the imaging mode to bright 
field without moving the microscope stage. Then, the cells were lysed 
by adding TRK lysis buffer (Omega, #PR021) carefully and gently, 
and the image of microspheres beneath the cell was captured to rep-
resent the null-stress state of the PA gel. The images of prestressed and 
null-stress states were used to calculate the displacement maps of mi-
crospheres due to cellular contractility. The value of cell traction force 
was computed using the inverse Boussinesq mathematical model-
based MATLAB algorithm based on the displacement map.

CCP measurement
To assess chromatin condensation, cells were seeded on the corre-
sponding substrate for at least 24 hours and then fixed in precold 4% 
PFA for 15 min at room temperature. After being washed three times 
with PBS, nuclei were stained with DAPI and imaged at their mid-
section using confocal microscopy with 63× objectives. The gradient-
based Sobel edge detection algorithm in MATLAB was used to process 
images to produce an edge map and calculate edge density representing 
the CCP, as described in a previous study (49). To reduce the impact of 
different fluorescence intensities of each nuclear image, the intensity of 
each pixel of the image was divided by the highest intensity of the im-
age and multiplied by 255, after converting the image to an 8-bit image. 
The gradient-based Sobel edge detection algorithm was conducted to 
find the hasty reduction in intensity or strong edges associated with the 
degree of chromatin condensation. The thinning morphological algo-
rithm was processed to count the number of sharp edges in the nucle-
us. The CCP of the nucleus was calculated by dividing the number of 
edges by the area of the nucleus. The images of heterochromatin re-
gions in the nucleus were obtained following the adjusted threshold 
method reported in a previous study (80). The formula used to com-
pute the adjusted threshold of heterochromatin was Mean of (0.4 × 
max) and min + [0.35 (max − min)], where max and min represented 
the maximum and minimum value of the pixel intensity of images, re-
spectively. After this process, images of heterochromatin were convert-
ed into green color and then stacked with nuclear images marked by 
red color. All the image processing was conducted using ImageJ.

HDACs activity measurement
The activity of HDAC enzymes in cells was measured using an in 
situ HDAC activity fluorometric assay kit (EPI003, Sigma-Aldrich) 
according to the manufacture’s protocol. A total of 50,000 cells per 
well were seeded in a 24-well plate with or without PA gels. After 

incubation for 24 hours, the culture medium was removed, and 300 μl 
of reaction mixture was added to each well. Following incubation at 
standard cell culture conditions for 2 hours, 300 μl of developer so-
lution was added, and cells were further incubated for 30 min. The 
supernatant was then transferred to a black 96-well plate with a 
transparent bottom, and fluorescence was detected using a Varios-
kan LUX multimode microplate reader (Thermo Fisher Scientific) at 
an excitation/emission wavelength of 368/442 nm.

HDAC3 activity measurement
For immunoprecipitations, cells were washed with ice-cold PBS and 
then lysed in a nondenaturing lysis buffer (Solarbio, #R0030) sup-
plemented with a cocktail of protease inhibitors. The protein con-
centrations in the cell lysates were measured using bicinchoninic 
acid (BCA) assay and then adjusted to the same level for consistency 
among samples. The cell lysates were subjected to immunoprecipita-
tion using the HDAC3 primary antibody (Abcam, #ab13770) over-
night at 4°C with gentle rotation. The immunocomplexes were 
subsequently collected by incubating the lysates with protein-A/G 
beads (Abcam, #ab193262) for 2 hours, followed by four washes to 
remove nonspecific binding. HDAC3 activities were measured from 
the immunoprecipitated samples using a HDAC fluorometric kit 
(Abcam, #ab156064).

Pharmacologic treatment
For pharmacologic treatment, cells were grown until 50 to 70% con-
fluency and then treated with various compounds. Y-27632 (Selleck 
Chemicals) at 2 or 6 μM, blebbistatin (Sigma-Aldrich) at 2 or 6 μM, 
vorinostat (SAHA; Selleck Chemicals) at 2 μM, anacardic acid (Selleck 
Chemicals) at 50 μM, TSA (MedChemExpress) at 100 nM, cytochala-
sin D (Tocris Bioscience) at 0.1 or 0.3 μM, Narci (Selleck Chemicals) 
at 5, 10, or 50 nM, Jas (Selleck Chemicals) at 30 or 100 nM, and 
RGFP966 (MedChemExpress) at 1 μM or 10 μM were used for the 
indicated time periods. All compounds were obtained as stock solu-
tions in dimethyl sulfoxide (DMSO) according to the manufacturer’s 
recommendations and then diluted with full cell culture medium to 
obtain the working solutions. DMSO was used as the vehicle for 
the control treatment. For the animal study, mice were treated every 
2 days with vehicle and RGFP966 (10 mg/kg or 40 mg/kg) intraperito-
neally. RGFP966 was dissolved in a vehicle solution consisting of 
10% DMSO and 45% PEG 400 in water.

Ex vivo luciferase activity assay
A total of 200 mg of freshly resected brain was snap-frozen and 
individually homogenized with Precellys Evolution Homogenizer 
(Bertin Technologies). A total of 200 μl of reporter lysis buffer (Pro-
mega) was added into sample tubes and mixed well. Alternating 
freeze and thaw was performed three times with liquid nitrogen and 
37°C water bath. Then, the samples were centrifuged at 14,000 rpm 
for 10 min at 4°C. Each 20 μl of supernatant was mixed with 100 μl 
of luciferase assay reagent (Promega), and the luciferase activity was 
measured by Varioskan LUX multimode microplate reader (Thermo 
Fisher Scientific).

Transfection with siRNAs and plasmids
Small interfering RNAs (siRNAs) and plasmids were transfected into 
the cells using Lipofectamine 3000 transfection reagent (Invitrogen) 
according to the manufacturer’s instructions. Briefly, cells were tryp-
sinized and seeded until they reached 70 to 80% confluency on the 
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day of transfection. The Lipofectamine 3000 reagent was thorough-
ly mixed with Opti-MEM reduced serum medium (Gibco) at the 
recommended ratio. Then, the siRNA or plasmid was diluted in 
Opti-MEM–reduced serum medium with or without the P3000 re-
agent and then mixed with equal volume of the prepared Lipo-
fectamine 3000 solution. After 15 min at room temperature, this 
mixture was added to the cells for transfection (250 μl for one well 
of six-well plate). All siRNAs were designed and produced by Gen-
eral Biosystems, and their efficiency was verified by quantitative 
PCR (qPCR). The HDAC3-Flag plasmid (Addgene, #13819) was ob-
tained from Addgene.

Lentiviral transduction and stable cell line establishment
293T cells were cotransfected with the target plasmid, the psPAX2 
packaging plasmid (Addgene, #12260), and the pMD2.G envelope plas-
mid (Addgene, #12259) using Lipofectamine 3000. Culture supernatant 
containing virus was collected at 48 and 72 hours post-transfection, fil-
tered through a 0.45-μm filter, and concentrated using a virus concen-
tration kit (Beyotime, C2901S). Tumor cells were then transduced by 
adding the concentrated lentivirus solution to the complete medium 
containing polybrene (8 μg/ml) overnight. After 48 hours, stable cell 
lines were selected using G418 (500 μg/ml; Sigma-Aldrich) or puromy-
cin (2 μg/ml; MedChemExpress) and then further sorted using a 
FACSAria III Cell Sorter (BD).

The used plasmids included (i) pLV-mCherry: T2A: Puro-EF1A > 
hHDAC3 (VectorBuilder), (ii) pLV-mCherry/Puro-EF1A > ORF 
(VectorBuilder); (iii) pinducer 20 DN-KASH (Addgene, #125554); 
and (iv) pinducer 20 DN-KASHΔPPPL (Addgene, #129280). HDAC 
S424A and pNDRG1-mCherry plasmid was synthesized by Yanming 
Biotech. The promoter of the NDRG1 gene was defined as the 2000–
base pair upstream of the start codon based on NCBI database, and the 
NDRG1 promoter was recombined into the upstream of mCherry gene 
in pLVX-mCherry-C1(Cla l–Xho l) vector to drive the transcription.

Statistical analysis
All results were presented as means ± SEM from at least three inde-
pendent experiments. Comparisons between two groups were ana-
lyzed using an unpaired two-tailed Student’s t test or Mann-Whitney 
test. For comparisons of more than two groups, Welch and Brown-
Forsythe one-way analysis of variance (ANOVA) with a relevant 
post hoc test or Kruskal-Wallis test was performed. Differences in 
Kaplan-Meier curves were evaluated using the log-rank test. All sta-
tistical analyses were conducted using GraphPad Prism 8.0 software, 
and P value less than 0.05 was considered statistically significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S18
Tables S1 and S2
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