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SUMMARY

Metastatic microenvironments vary widely not only in their biochemical composition but also in their mechan

ical properties. Here, we examined how the mechanical rigidity of the metastatic niche affects metastases 

seeding and the local efficacy of antitumor immunosurveillance. Cancer cells stiffened in response to 

increasing environmental rigidity, a biophysical change that mechanically sensitized them to killing by cyto

toxic lymphocytes. In immunodeficient mice, rigidity sensing by cancer cells yielded robust bone coloniza

tion, accompanied by marked stiffening of the cancer cells themselves. Conversely, in immunocompetent 

hosts, stiffer cancer cells were selectively eliminated, and bone metastasis was suppressed. In patients, met

astatic cell stiffness was associated directly with environmental rigidity and inversely with immune infiltration. 

Expression of Spp1, encoding the secreted glycoprotein osteopontin, defined a subset of cancer cells that 

expanded in the bone, and deletion of Spp1 limited environmentally induced cancer cell stiffening, bone colo

nization, and immune vulnerability. Thus, environmental mechanosensing regulates both metastases seed

ing and antitumor immunity, providing an immunological basis for metastatic site selection.

INTRODUCTION

Metastasis accounts for the majority of cancer-related deaths,1

highlighting the urgent need to understand the mechanisms of 

metastatic progression. A defining feature of metastasis is its po

sitional diversity, with each disease colonizing target organs that 

vary widely in molecular composition, tissue architecture, and 

immune profile.2–5 Much is now known about the cellular and 

biochemical features of metastatic niches and how they influ

ence cancer cell colonization. By contrast, the interplay between 

the mechanical properties of these microenvironments and the 

cancer cells within them remains poorly understood. Rigidity, 

defined as resistance to mechanical deformation, is particularly 

variable between metastatic niches, with organs like the lung 

and brain being very soft and mineralized bone approaching 

the stiffness of steel.6

Adherent cell types, including many cancer cells, engage in 

continuous biomechanical crosstalk with their environment.7–10 

This process, termed mechanoreciprocity, is initiated by cytos

keletally derived force exertion against the extracellular matrix 

(ECM) and other cells in the surrounding milieu. This facilitates 

the activation of integrins and other mechanosensitive recep

tors, which transduce signals that influence the morphology, 

proliferation, polarity, and gene expression of the responding 
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cell. An important consequence of mechanoreciprocity is that 

the responding cell mimics the physical properties of its sur

roundings, becoming stiffer in more rigid environments and 

softer in more pliable ones.11–14 One would therefore expect 

that metastatic tumor cells (MTCs) occupying rigid niches would 

be stiffer than those in softer tissues. The implications of this me

chanical equilibration for the invasiveness and immune vulnera

bility of MTCs are not known.

Metastatic progression is antagonized by cytotoxic lympho

cytes, comprising CD8+ cytotoxic T lymphocytes (CTLs) and nat

ural killer (NK) cells.15,16 CTLs attack transformed target cells ex

pressing neoantigens,17 while NK cells attack targets that exhibit 

indices of stress or immune recognition.18 Target cell engage

ment initiates the formation of a stereotyped cell-cell interaction, 

known as the immune synapse, into which the cytotoxic lympho

cyte secretes toxic granzyme proteases and the pore-forming 

protein perforin to elicit programmed cell death.19 The impor

tance of this pathway for antitumor immunity is underscored 

by the clinical success of immunotherapeutic treatments that 

function by boosting cytotoxic lymphocyte activity.20

Immune synapses respond not only to the biochemical 

composition of the target cell but also to its mechanical proper

ties.21 This mechanosensitive behavior is thought to arise from 

the activating immunoreceptors responsible for synapse forma

tion. A number of these proteins, including the T cell antigen re

ceptor (TCR), certain activating NK receptors, and integrins like 

LFA-1 (lymphocyte function-associated antigen-1, αLβ2), only 

achieve optimal ligand binding and signaling when placed under 

tension.22–24 This requirement imposes physical demands on the 

target cell, which must be rigid enough to counterbalance the 

load placed on mechanosensitive receptors and their ligands. 

Hence, stiffer surfaces bearing stimulatory ligands induce stron

ger lymphocyte activation than softer surfaces coated with the 

same proteins.25–28 Importantly, this type of mechanosensing 

drives the preferential destruction of stiffer cancer cells by cyto

toxic lymphocytes,29–31 a process we call mechanosurveillance.

In this study, we explored the implications of mechanosurveil

lance and mechanoreciprocity for metastatic progression in bio

physically disparate organs. Using murine models of metastasis 

and human patient samples, we found that cancer cells colo

nizing rigid in vivo environments stiffen mechanoreciprocally 

and that this sensitizes them to destruction by cytotoxic lympho

cytes. We also identified the secreted ECM protein osteopontin 

as a critical mediator of environmentally induced cancer cell stiff

ening, metastatic invasion, and immune targeting. These results 

demonstrate how interplay between mechanoreciprocity and 

mechanosurveillance dictates not only the amount of metastatic 

burden but also the sites where outgrowth occurs.

RESULTS

Environmental rigidity controls the stiffness and 

immune recognition of cancer cells

To explore the effects of environmental rigidity on the mechanics 

of metastatic cells, we cultured B16F10 melanoma cells on sub

strates of varying rigidity, ranging from soft polyacrylamide hy

drogels (8 kPa Young’s modulus) to stiffer hydrogels (50 kPa) 

and tissue culture plastic (∼1 GPa). After 24 h, cells were re

plated on glass and their stiffness measured by atomic force mi

croscopy (AFM) (Figure 1A). We observed a progressive increase 

in cell stiffness that reflected the rigidity of the initial substrate 

(Figure 1B). These differences fell short of statistical significance, 

however, likely due to insufficient sample size. To address this 

issue, we turned to the suspended microchannel resonator 

(SMR), a microfluidic device in which suspension cells flow 

through a hairpin-shaped microchannel embedded in a vibrating 

cantilever (Figure 1C). The vibration creates a standing acoustic 

wave within the channel, and as cells flow through the node of 

the cantilever, they induce vibrational frequency shifts that 

depend on each cell’s size-normalized acoustic scattering 

(SNACS), a parameter that increases monotonically with cell 

stiffness.32 SMR is three orders of magnitude faster than tradi

tional AFM, and because it does not require replating, it circum

vents artifacts arising from adaptation to a second substrate. 

Our SMR measurements mirrored our AFM results but with 

larger sample size, additional stiffness regimes, and enhanced 

statistical power (Figure 1D). We conclude that B16F10 cells 

exhibit mechanoreciprocity, becoming stiffer in more rigid 

environments.

Next, we examined the capacity of environmental stiffness 

to sensitize B16F10 targets to cytotoxic lymphocytes. 

B16F10 cells cultured on substrates of increasing rigidity 

were loaded with ovalbumin257–264 peptide (OVA) and then 

mixed with CTLs expressing the OT-1 TCR, which recognizes 

OVA in the context of the major histocompatibility complex 

class I (MHC class I) H-2Kb (Figure 1E). On stiffer substrates, 

B16F10 cells elicited markedly stronger CTL activation, which 

we measured by production of the cytokines IFNγ and TNF 

(Figure 1F). Increased substrate rigidity also enhanced 

B16F10 killing by both CTLs and NK cells (Figures 1E, 1G, 

and 1H). Hence, rigid environments render cancer cells 

more stimulatory to cytotoxic lymphocytes and more vulner

able to their killing responses.

Environmental rigidity sensitizes MTCs to cytotoxic 

lymphocytes in vivo

The capacity of substrate rigidity to dictate the stiffness and im

mune vulnerability of cancer cells in vitro prompted us to hypoth

esize that cancer cells invading stiff organs would be sensitized 

to immunosurveillance in vivo. To address this question, 

we intravenously (i.v.) injected Luciferase-expressing (Luc+) 

B16F10 cells into immunocompetent C57BL/6 mice (wild type 

[WT]) or into perforin knockout (Prf1− /− ) mice, which lack the pre

dominant pathway for cellular cytotoxicity (Figure 2A). Within 

3 weeks, WT recipients exhibited frank metastases that were 

predominantly situated in the lungs (Figure 2B). Prf1− /− animals 

displayed a different outgrowth pattern; not only did metastases 

appear more quickly, but they also manifested in both the lungs 

and in the long bones of the leg (femurs) (Figure 2B). The emer

gence of bone metastasis was not simply the by-product of glob

ally increased outgrowth, as injection of 8-fold more B16F10 

cells into WT animals enhanced lung colonization without seed

ing detectable growth in the bone (Figure S1A). To quantify differ

ential metastatic site distribution, we determined the fraction of 

total bioluminescence coming from the legs (Figures 2C and 

S1B), and we also compared the increase in femoral outgrowth 

observed in Prf1− /− recipients to the increase in total outgrowth 

(Figure 2D). Both approaches confirmed the selective expansion 
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of femoral metastasis in Prf1− /− mice. Enhanced colonization 

was also detected in other rigid locations, including the heart, 

skull, and spine (Figures 2F, S1C, and S1D). Histological analysis 

of femoral tumors highlighted the tendency of cancer cells to 

accumulate in the metaphyseal space, an area enriched in 

trabecular bone (Figure 2E). Within spinal tumors, cancer cells 

occupied the vertebral body and articular processes while also 

invading the epidural space (Figures 2F and S1D). This growth 

pattern would be expected to compress the spinal cord, and 

consistently, we found that most Prf1− /− mice, but not their 

WT counterparts, developed hind-leg paralysis after B16F10 in

jection (Figure 2G). Collectively, these results indicate that per

forin-mediated killing is particularly important for suppressing 

bone metastasis.

Given that previous studies suggesting that perforin defi

ciency can drive generalized immune activation,33–35 we also 

quantified myeloid cells in the lungs and bone marrow. WT 

and Prf1− /− mice had similar numbers of neutrophils, dendritic 

Figure 1. Substrate rigidity stiffens cancer 

cells and sensitizes them to cytotoxic lym

phocytes 

(A–D) B16F10 cells were cultured overnight on 

substrates of differential rigidity, and stiffness 

measurements of individual cells performed by 

AFM (A and B) or SMR (C and D). (A) and (C) show 

schematic diagrams of the approach. 

(B and D) Cell stiffness measurements at the 

indicated substrate rigidities, determined by AFM 

(B) and SMR (D). Violins encompass the entire 

data distribution, with dashed lines denoting the 

median and dotted lines indicating the upper and 

lower quartiles. Samples sizes (n =) are displayed 

above (B) or below (D) each violin. p values 

calculated by one-way ANOVA. 

(E–H) B16F10 cells cultured overnight on sub

strates of differential rigidity were mixed with NK 

cells or with OT-1 CTLs in the presence of OVA, 

followed by quantification of B16F10 killing and 

CTL cytokine production. 

(E) Schematic diagram of the approach. 

(F) CTL cytokine production, expressed as the 

percentage of TNF+IFNγ+ CTLs after 5 h coculture 

with B16F10 cells. 

(G and H) B16F10 killing by CTLs (G) and NK cells 

(H), measured by propidium iodide uptake into 

dead cells after 5 h in the presence or absence of 

OVA (G) or the presence or absence of NK cells 

(H). All results are representative of at least two 

independent experiments.

cells, and monocytes in each organ in 

both the presence and the absence of 

cancer cells (Figure S1E). A slight in

crease in M1 macrophages and a small 

(but statistically insignificant) decrease 

in M2 macrophages was observed in 

Prf1− /− bone marrow after B16F10 injec

tion, likely reflecting the presence of 

bone metastases in tumor-bearing 

Prf1− /− mice and not in WT controls. 

Taken together with the results above, 

these data suggest that cytotoxic lymphocytes kill most 

MTCs directly in this system rather than secondarily via myeloid 

cell activation.

Immunofluorescence staining of B16F10 bone metastases 

revealed more pronounced accumulation of NK cells than 

CD8+ T cells (Figure 2H), implying a more important role for 

the former in the surveillance of this cell line in vivo. Consistent 

with this interpretation, mice treated with an NK cell depleting 

antibody exhibited enhanced femoral colonization relative to 

mice receiving an isotype control antibody (Figures 3A–3C, 

S2A, and S2B). Furthermore, NK cell-depleted animals, but 

not isotype-injected controls, developed spine metastases 

and hind-leg paralysis after B16F10 injection (Figures 3D, 

3E, and S2C). By contrast, depletion of CD8+ T cells affec

ted neither metastatic site distribution nor outgrowth 

(Figures S2D–S2F). We conclude that NK cells play the pre

dominant role in limiting B16F10 bone metastasis in this 

model system.
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Figure 2. Preferential suppression of bone metastasis by cytotoxic lymphocytes 

Luc+ B16F10 cells were injected i.v. into wild-type (WT) and Prf1− /− mice, which were then monitored for metastatic colonization. 

(A) Schematic diagram of the experimental approach. 

(B) Representative bioluminescence images of tumor-bearing WT and Prf1− /− mice, with metastatic burden in the lungs and femurs indicated by black and yellow 

arrowheads. 

(C) Quantification of femoral colonization in a representative experiment, expressed as a ratio of bioluminescence signal in the legs to the total bioluminescence 

signal. Error bars denote standard error of the mean (SEM). Sample size is indicated above each bar. p value calculated by unpaired Student’s t test. 

(D) Mean fold change of B16F10 colonization in Prf1− /− mice relative to WT controls, determined for total metastasis and femoral metastasis (legs). Paired values 

were derived from 3 independent experiments. 

(E and F) Representative H&E images of B16F10 bone metastases in the femur (E) and spine (F) of a Prf1− /− mouse. Epiphysis and metaphysis of the femur are 

indicated, with tumor cells denoted by black and yellow arrowheads. Scale bars, 200 μm. 

(legend continued on next page) 
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To extend our findings to another melanoma model, we turned 

to YUMM5.2 cells, which contain driver mutations (oncogenic 

BrafV600E and loss of P53) that are common in human disease. 

Because YUMM5.2 cells expand more slowly than B16F10 cells 

in vivo, we injected them via the intracardiac (i.c.) route, which 

enhances metastatic seeding in organs other than the lungs.36

In WT recipients, YUMM5.2 cells predominantly formed abdom

inal metastases, with some mice exhibiting modest growth in the 

femur (Figure S2G). This femoral colonization increased dispro

portionately in Prf1− /− animals (Figures S2H and S2I), implying 

preferential cytotoxic lymphocyte targeting of bone metastasis. 

Notably, the magnitude of this increase was less pronounced 

than what we had observed with B16F10 cells, consistent with 

prior work indicating that YUMM5.2 tumors are only weakly 

immunogenic.36 To investigate non-melanoma malignancies, 

we employed i.c. injection of MC38 colon cancer cells, which 

are used extensively to study antitumor immunity.37 MC38 

femoral tumor burden was markedly enhanced in Prf1− /− mice 

(Figures S2J–S2L), mirroring our results with B16F10 and 

YUMM5.2 cells. Hence, the preferential suppression of bone 

metastasis by cytotoxic lymphocytes applies to multiple types 

of cancer.

Next, we investigated whether increased environmental rigid

ity is sufficient to enhance antitumor responses, independently 

of other environmental differences. Our studies utilized an 

implantable microenvironment system recently developed 

to study colonization by disseminated cancer cells.38

6 mm × 1 mm hydrogel discs of differential rigidity (15 wt % 

versus 30 wt % polyacrylamide) were implanted subcutaneously 

in opposing flanks of C57BL/6 mice. Following a period of vascu

larization and engraftment, the animals were treated with NK cell 

depleting or isotype control antibodies. Luc+ B16F10 cells were 

then i.v. injected and their relative colonization of soft and stiff 

hydrogel scaffolds evaluated after 3 weeks (Figures 3F and 

3G). Preferential colonization of the stiffer hydrogels was 

observed in 8 out of 9 NK-depleted mice (Figure 3H), suggestive 

of an invasion or growth advantage in more rigid microenviron

ments. This predilection was notably absent in control mice 

(Figure 3H), implying that cancer cells occupying more rigid hy

drogel niches are also more sensitive to NK cells. The observa

tion that environmental rigidity can, on its own, enhance anti

tumor immunity in vivo provides a mechanobiological basis for 

the preferential targeting of bone metastasis by cytotoxic 

lymphocytes.

Immune pressure and the microenvironment dictate 

MTC stiffness in mice and humans

The hypothesis that mechanoreciprocity within the metastatic 

niche dictates the sensitivity of cancer cells to mechanosurveil

lance makes two in vivo predictions. The first of these, ad

dressed above, is that cancer cells colonizing rigid microenviron

ments should be more vulnerable to cytotoxic lymphocytes. The 

second is that MTC stiffness should reflect both environmental 

rigidity and the level of cytotoxic immune pressure; MTCs colo

nizing rigid environments should be stiffer than cells from soft or

gans due to mechanoreciprocity, and MTCs from mice lacking 

cytotoxic lymphocyte activity should be stiffer than cells from 

immunocompetent animals due to mechanosurveillance.

To evaluate these hypotheses, we i.v. injected WT and Prf1− /−

mice with GFP-expressing (GFP+) B16F10 cells, then used SMR 

to profile MTC stiffness after FACS purification from the lungs 

and femurs of Prf1− /− recipients and from the lungs of WT recip

ients (WT mice rarely develop bone metastases after i.v. injection) 

(Figure 4A). Lung MTCs from Prf1− /− animals exhibited signifi

cantly higher stiffnesses than lung MTCs from WT animals 

(Figure 4B), in line with the expectation that stiffer cancer cells 

are preferentially destroyed by mechanosurveillance. Further

more, MTCs from Prf1− /− femoral metastases were markedly 

stiffer than both lung samples (Figure 4B), indicative of mechanor

eciprocity in the bone microenvironment. We observed a similar 

pattern of results in experiments comparing NK cell-depleted 

recipient mice with isotype antibody-treated controls. MTCs 

from NK-depleted lungs were stiffer than MTCs from isotype 

lungs, and MTCs from NK-depleted bone were stiffer than both 

lung samples (Figure 4C). Thus, MTCs from biophysically distinct 

organs exhibit mechanical phenotypes consistent with the effects 

of both mechanoreciprocity and mechanosurveillance.

To extend this line of investigation to human metastasis, we 

developed an approach based on analyzing physically contig

uous spinal metastases spanning both the osseous (bony) re

gions of vertebrae as well as the soft epidural space around 

the spinal cord (Figure 4D). By resecting samples from the 

osseous and epidural components of the same patient metas

tasis, we were able to compare isogenic MTC preparations 

from two mechanically distinct environments. Samples from 

two patients with breast cancer and two patients with non-small 

cell lung cancer (NSCLC) were dissociated and FACS purified to 

isolate EpCAM+ MTCs, which were then subjected to SMR. 

Osseous MTCs from the breast cancer samples were substan

tially stiffer than their epidural counterparts (Figure 4E), consis

tent with mechanoreciprocity in the bone microenvironment. 

Interestingly, this pattern was not observed in the NSCLC sam

ples, where osseous MTCs were actually a bit softer than 

MTCs from the epidural space (Figure 4F). We reasoned that 

these discrepancies might reflect differential cytotoxic lympho

cyte involvement during metastatic colonization. NSCLC is 

generally more immunogenic than breast cancer, reflecting a 

higher mutational load.39,40 Augmented mechanosurveillance 

by cytotoxic lymphocytes would be expected to preferentially 

deplete stiffer MTCs in the bone, thereby reversing the effects 

of mechanoreciprocity in this tissue.

To investigate this possibility, the same patient samples were 

stained for CD45 (a pan-leukocyte marker), CD3 (for T cells), CD8 

(for CTLs), and CD56 (for NK cells). NSCLC metastases were 

(G) Survival and paralysis-free survival of tumor-bearing WT and Prf1− /− mice. 

(H) H&E images of representative metastatic tumors from the indicated tissues are shown above and immunofluorescence staining of adjacent sections shown 

below, with NKp46+ NK cells in red and CD8+ T cells in green. Boxes in the H&E sections indicate the approximate scope of the immunofluorescence images. 

Black and yellow arrowheads denote NK cell clusters in the Prf1− /− tumors and isolated NK cells and CD8+ T cells in the other images. Scale bars, 200 μm. All 

results are representative of at least two independent experiments. 

See also Figure S1.
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Figure 3. NK cells preferentially suppress metastasis in rigid environments 

Luc+ B16F10 cells were injected i.v. into IgG control and NK depleted (NKdep.) mice, which were then monitored for metastatic colonization. 

(A) Schematic diagram of the experimental approach. 

(B) Representative bioluminescence images of tumor-bearing IgG control and NKdep. mice, with metastatic burden in the lungs and femurs indicated by black and 

yellow arrowheads. 

(C) Quantification of femoral colonization in a representative experiment, expressed as a ratio of bioluminescence signal in the legs to the total bioluminescence 

signal. Error bars denote SEM. Sample size is indicated above each bar. p value calculated by unpaired Student’s t test. 

(D) Survival and paralysis-free survival of tumor-bearing control and NKdep. mice. 

(E) Representative H&E image of B16F10 bone metastasis in the spine of an NKdep, mouse. Tumor cells indicated by black and yellow arrowheads. Scale 

bar, 500 μm. 

(F–H) C57BL/6 mice bearing stiff and soft subcutaneous hydrogel implants were treated with IgG control or NK cell depleting antibodies and then i.v. injected with 

Luc+ B16F10 cells. B16F10 colonization of the implants was assessed after 2 weeks. 

(F) Schematic diagram of the experimental approach. 

(legend continued on next page) 
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characterized by marked lymphocytic infiltration. In NSCLC pa

tient #1, this phenotype was driven by robust accumulation of 

CD8+ CTLs, whereas in NSCLC patient #2, roughly equivalent 

numbers of CD8+ and CD56+ cells were detected in the tumor 

(Figures 4F and S3A). By contrast, the breast cancer metastases 

exhibited appreciably lower levels of CTLs and NK cells. Few 

lymphocytes were present in breast cancer tumor #1, and 

although breast cancer tumor #2 contained CD8+ cells, almost 

all of them were segregated in interstitial regions between tumor 

subdomains (Figure 4E). Interestingly, these interstitial domains 

contained clusters of large, CD45+ cells (Figure S3B), not unlike 

the macrophage-based lymphocyte exclusion barriers observed 

in certain metastatic tumors.41–43 We conclude that observed 

MTC stiffness likely reflects the convolution of mechanorecipro

cal stiffening and mechanosurveillance; under conditions of low 

cytotoxic lymphocyte infiltration (breast cancer), stiffened cells 

persist and expand, whereas when cytotoxic lymphocyte activity 

is high (NSCLC), stiffened cells are destroyed and the effects of 

mechanoreciprocity are suppressed.

Spp1 expression defines a subset of bone 

colonizing MTCs

To explore the mechanisms underlying stiffness modulation 

in vivo, GFP+ B16F10 MTCs from the lungs of WT mice and 

from the lungs and bones of Prf1− /− mice were subjected to sin

gle cell RNA-sequencing (scRNA-seq). Uniform manifold 

approximation and projection (UMAP) analysis of the resulting 

data revealed nine populations of cancer cells (Figure 5A). 

Lung metastases from WT and Prf1− /− animals contained all 9 

populations, implying that cellular cytotoxicity does not drasti

cally alter the distribution of cancer cells in this organ. By 

contrast, B16F10 composition differed dramatically in Prf1− /−

bone, with several clusters shifting substantially or disappearing 

altogether. Most striking was the enrichment of cluster 7, 

encompassing ∼25% of cancer cells in Prf1− /− bone and only 

∼2% of the lung samples (Figure S4A).

Using differential gene expression analysis, we identified 

a suite of genes preferentially expressed in cluster 7 

(Figure S4B). Among these was Spp1, which encodes osteopon

tin, a secreted ECM glycoprotein that is recognized by several 

cell surface receptors, including CD44 and the αvβ3 integrin.45

Osteopontin was intriguing to us because it is highly expressed 

by bone-resident cells and because it promotes osteoclast 

adhesion to bone matrix.46,47 Furthermore, certain transformed 

cell types induce osteopontin in response to substrate 

stiffness48,49 and following entry into the bone microenviron

ment.50 Consistent with these prior data, B16F10 cells produced 

more osteopontin when cultured on higher rigidity hydrogels 

(Figure S4C). In mouse models, osteopontin potentiates osteo

tropic metastases through cancer cell adhesion and migra

tion,51–54 while in human patients, high SPP1 expression is a 

feature of bone metastasis and an indicator of its preva

lence.55–59 Using the Cancer Genome Atlas (TCGA), we found 

that SPP1 amplification events were disproportionately repre

sented in tumors from more rigid tissues (e.g., sarcoma), 

whereas SPP1 deletion was more prominent in cancers origi

nating in softer organs (e.g., glioblastoma) (Figure S4D). These 

observations suggest a role for osteopontin in adapting to rigid 

environments, and in line with this hypothesis, we found that 

cluster 7 B16F10 cells from the bone expressed higher levels 

of Spp1 than did cluster 7 cells in either lung sample 

(Figure 5B). Similarly, bone-derived MTCs from NK-depleted 

mice expressed significantly more Spp1 than did MTCs from 

the lungs of isotype control or NK-depleted animals 

(Figure S4E). Taken together, these results document the selec

tive expansion of a subset of B16F10 cells during bone metas

tasis and identify osteopontin as an index of bone colonization.

Spp1 controls cancer cell stiffness and 

mechanosurveillance

The increased expression of Spp1 by bone MTCs prompted us to 

interrogate its role as a mechanoregulator of metastatic site selec

tion. Using CRISPR-Cas9, we generated two Spp1− /− B16F10 cell 

lines (Figures S5A and S5B), along with a control cell line prepared 

with nontargeting rather than Spp1-specific guide (g)RNA. 

Spp1− /− and Spp1+/+ cells grew comparably in vitro (Figure 

S5C), indicating that osteopontin is dispensable for B16F10 prolif

eration. Both Spp1− /− cell lines, however, were significantly less 

stiff than Spp1+/+ controls (Figures 5C and S5D), and they also con

tained significantly less F-actin (Figures S5E and S5F), which was 

indicative of enhanced deformability and also suggestive of feed

back between osteopontin production and cytoskeletal strength. 

Notably, adding purified osteopontin protein restored the stiffness 

of Spp1− /− cells to WT levels (Figure S5G). Furthermore, we found 

that an additional, ‘‘safe-harbor’’ cell line, prepared by CRISPR- 

Cas9 targeting of the Rosa26 locus, retained WT stiffness 

(Figure S5H). Hence, the mechanical softening of Spp1− /− cells re

sults specifically from loss of osteopontin rather than CRISPR- 

induced DNA damage. Spp1− /− cells were less susceptible than 

controls to CTL-mediated killing in vitro (Figure S6A), suggesting 

that osteopontin-dependent stiffening makes B16F10 cells more 

stimulatory to cytotoxic lymphocytes. In line with this interpreta

tion, CTLs cocultured with Spp1− /− cells produced less IFNγ and 

TNF (Figure S6B). CTL release of cytotoxic proteins, which we 

measured by exposure of the secretory lysosome marker 

Lamp1, was also impaired (Figure S6C). Notably, Spp1− /− cells ex

pressed normal levels of MHC class I, indicating that their dimin

ished stimulatory capacity was not caused by reduced activating 

ligand expression (Figure S6D).

Collectively, these results strongly suggest that osteopontin in

creases the stiffness of cancer cells, thereby making them more 

vulnerable to mechanosurveillance. Accordingly, we reasoned 

that cells expressing more osteopontin would be preferentially 

depleted, or immunoedited, by cytotoxic lymphocytes in vivo. In 

line with this prediction, B16F10 MTCs from Prf1− /− lungs had 

higher Spp1 levels than lung MTCs from WT mice (Figure 5B). 

Similarly, MC38 MTCs from Prf1− /− bones expressed more 

Spp1 than MTCs from control bones (Figure S6E). To further 

(G) Representative images of hydrogel implants 3 weeks after implantation, with black and yellow arrowheads denoting vascularization. Scale bars, 2.5 mm. 

(H) Implant colonization by B16F10 cells in IgG control (left) and NKdep. (right) mice, measured by luciferase luminescence after hydrogel lysis. p value calculated 

by paired Mann-Whitney test. All results are representative of at least two independent experiments. 

See also Figure S2.
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characterize this immunoediting effect, we mechanically profiled 

GFP+ Spp1− /− and Spp1+/+ B16F10 MTCs from the lungs of WT 

and Prf1− /− mice (Figure 5D). Consistent with our initial in vivo 

SMR analysis (Figure 4B), Spp1+/+ MTCs from Prf1− /− lungs 

were significantly stiffer than Spp1+/+ MTCs from WT lungs 

(Figure 5E), indicating that stiffer MTCs in this organ are preferen

tially destroyed by cytotoxic lymphocytes. By contrast, Spp1− /−

MTCs exhibited identical stiffness profiles regardless of whether 

Figure 4. Environmental and immune regu

lation of MTC stiffness 

GFP+ B16F10 cells were i.v. injected either into 

WT and Prf1− /− mice or into IgG control-treated 

and NK cell-depleted (NKdep.) mice. After 2 weeks, 

MTCs from the resulting metastases in the lungs of 

WT or IgG control mice and the lungs and bones of 

Prf1− /− or NKdep. mice were extracted and sub

jected to SMR. 

(A) Schematic diagram of the experimental 

approach. 

(B and C) SMR of B16F10 MTCs isolated from the 

indicated organs of WT and Prf1− /− mice (B) or 

from IgG control and NKdep. mice (C). Violins 

encompass the entire data distribution, with 

dashed lines denoting the median and dotted lines 

indicating the upper and lower quartiles. Samples 

sizes (n =) are displayed below each violin. 

p values calculated by one-way ANOVA. 

(D–F) Comparative analysis of MTCs from the 

osseous and epidural regions of human spinal 

metastases. (D) Schematic diagram illustrating 

anticipated differences in the immunosurveillance 

of breast cancer versus NSCLC metastases. 

(E and F) Left, SMR of epidural and osseous spinal 

MTCs isolated from patients with metastatic 

breast cancer (E) or NSCLC (F). Right, represen

tative IHC images showing CD8 and CD56 stain

ing in epidural breast cancer (E) or NSCLC 

(F) sections. Scale bars, 100 μm. 

In (E) and (F), violins encompass the entire data 

distribution, with dashed lines denoting the me

dian and dotted lines indicating the upper and 

lower quartiles. Samples sizes (n =) are displayed 

below each violin. p values calculated by unpaired 

Student’s t test. 

See also Figure S3.

they were purified from WT or Prf1− /−

lungs (Figure 5E). Hence, to the extent 

that Spp1− /− cells experience immune se

lection in vivo, this selection is not based 

on stiffness.

To explore the relationship between 

SPP1, cancer cell mechanics, and mecha

nosurveillance in human disease, we 

examined publicly available transcrip

tomic datasets profiling human mela

noma. Our efforts focused on a large 

scRNA-seq study of metastatic lesions 

from 23 patients with stage II/III disease.44

All lesions were assessed histopathologi

cally for infiltrating lymphocytes and clas

sified as ‘‘absent,’’ describing a tumor 

devoid of lymphocytes, ‘‘non-brisk,’’ describing a tumor with 

some lymphocyte infiltration and some excluded areas, and 

‘‘brisk,’’ describing a highly infiltrated tumor. This classification 

enabled us to infer the specific impact of immune infiltration on 

cancer cell transcription (Figure 5F). In our initial UMAP analysis, 

cancer cells clustered predominantly by patient (Figures 5G and 

S6F), which was not unexpected, as underlying patient genetics 

was probably the predominant source of variation in this study. 
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Figure 5. Spp1 promotes mechanosurveillance in mice and humans 

(A and B) GFP+ B16F10 cells were i.v. injected into WT and Prf1− /− mice. After 2 weeks, MTCs from metastases in the lungs of WT mice and the lungs and bones of 

Prf1− /− mice were extracted and subjected to scRNA-seq. 

(A) UMAP visualization of scRNA-seq data from the indicated lung and bone MTCs, clustered based on transcriptional similarity and colored by Seurat cluster 

identity. Cluster 7 is boxed in each graph. 

(B) Violin plots showing Spp1 expression levels across Seurat clusters in the indicated lung and bone metastases. Violins represent the distribution of Spp1 

expression within a cluster, with width indicating more cells. 

(C) SMR of the indicated Spp1+/+ and Spp1− /− B16F10 cell lines. 

(D and E) GFP+ Spp1+/+ or Spp1− /− B16F10 cells were injected i.v. into WT and Prf1− /− mice, and after 2 weeks, MTCs from lung metastases were extracted and 

subjected to SMR. 

(D) Schematic diagram of the experimental approach. 

(legend continued on next page) 
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We then evaluated the expression of cytoskeletal genes and SPP1 

as a function of lymphocyte infiltration. This analysis revealed 

increased expression of SPP1 and of gene sets encompassing 

the actin cytoskeleton (Table S1) among cancer cells in ‘‘absent’’ 

tumors, with lower expression in ‘‘non-brisk’’ tumors, and even 

lower expression in ‘‘brisk’’ tumors (Figures 5H–5J and S6G). 

These results suggest that reduced immune pressure allows can

cer cells to reach higher levels of stiffness and SPP1 expression 

without being targeted for destruction, which is consistent with a 

role for SPP1-dependent mechanosurveillance in shaping the bio

physical properties of human melanoma.

Spp1 mediates mechanoreciprocity and bone 

colonization

Having found that osteopontin promotes cell stiffness and mecha

nosurveillance, we next asked whether it might also influence me

chanoreciprocity. Spp1− /− and Spp1+/+ B16F10 cells were plated 

overnight on substrates of increasing rigidity, then subjected to 

SMR (Figure 6A). Whereas Spp1+/+ cells stiffened in response to 

higher rigidity, both Spp1− /− cell lines exhibited little to no mechan

ical change (Figure 6B). These results indicated that osteopontin is 

crucial for B16F10 mechanoreciprocity and suggested a potential 

mechanism by which this protein might facilitate colonization of 

rigid microenvironments like the bone. To evaluate in vivo coloniza

tion directly, we injected Luc+ Spp1− /− or Spp1+/+ B16F10 cells 

into WT or Prf1− /− mice (Figure 6C). As expected, Spp1+/+ control 

cells colonized the lungs of WT recipients and both the lungs and 

femurs of Prf1− /− animals (Figures 6D, 6E, and S7A–S7C), indica

tive of a robust capacity for bone metastasis that is attenuated by 

cytotoxic lymphocytes. In contrast, Spp1− /− cells were unable to 

colonize the bone in either group of recipients. The same pattern 

of results was observed using NK cell-depleted mice and 

isotype antibody-treated controls; mice lacking NK cells 

developed Spp1+/+ B16F10 metastases in the bone but did not 

support Spp1− /− colonization in this niche (Figures 6F–6H and 

S7D–S7F). Given that Spp1− /− B16F10 cells proliferate normally 

(Figure S5C), their inability to colonize the bone is unlikely to be 

caused by impaired post-seeding outgrowth. Rather, our data 

indicate that osteopontin is required for effective infiltration of, 

and biomechanical adaptation to, rigid microenvironments. In 

line with this interpretation, RNA-sequencing of Spp1− /− cells re

vealed decreased expression of genes related to the ECM, cyto

skeletal remodeling, and adhesion (Figures S7G and S7H). Hence, 

Spp1-induced cell stiffening is coupled to a more adhesive and 

architecturally engaged state that may be necessary for bone 

metastasis.

To better define the role of osteopontin in bone colonization, we 

utilized a reconstitution system in which purified osteoblasts are 

cultured on a thin sheet of bone collagen (called demineralized 

bone paper [DBP]) (Figure 7A).60 Over 7 days, the osteoblasts de

posit mineral onto this substrate, generating a thin layer of optically 

transmissive bone that is amenable to live imaging. When added to 

these cultures after mineralization, B16F10 cells form colonies on 

the bone matrix that physically displace osteoblasts (Figure 7B). 

Under these conditions, Spp1− /− cells exhibited a significant 

growth defect relative to Spp1+/+ controls (Figures 7B–7D). By 

contrast, both cell lines grew similarly on tissue culture plastic, 

indicative of a specific role for osteopontin in the colonization of 

mineralized DBP. These findings strongly suggest that cancer 

cell-intrinsic osteopontin facilitates interactions with the mineral

ized bone microenvironment.

Next, we applied spatial transcriptomics to determine where 

osteopontin might operate within bona fide bone metastases. 

Histological sections from two Prf1− /− bones bearing B16F10 tu

mors and one healthy Prf1− /− bone were analyzed using the Xe

nium 5K panel with custom add-on genes (Figure 7E; Table S2). 

After segmentation, several distinguishable cell types were iden

tified by differential gene expression, including neutrophils, stro

mal cells, and an ‘‘osteolineage’’ group expressing genes char

acteristic of osteoblasts and osteoclasts (Figures 7F and S8A). 

To identify cancer cells, we developed a melanoma module con

taining four characteristic genes (Pmel, Dct, Tyrp1, and Gpnmb). 

By applying a threshold value for this metric that excluded 99.9% 

of cells from healthy bone, we delineated a transcriptomically 

diverse melanoma population (Figure 7G). Strong Spp1 expres

sion was detected within a subset of these cancer cells, which 

we renamed ‘‘Spp1-high B16 melanoma.’’ Mapping cancer cells 

back onto the tissue, we found that Spp1-high melanoma cells 

were more likely than Spp1-low melanoma to colocalize with os

teolineage cells (Figure 7H), an observation that we validated 

using cell neighborhood analysis with permutation testing 

(Figures 7I, S8B, and S8C). Osteolineage cells are key compo

nents of the endosteal niche, which lies at the interface between 

marrow and mineralized bone.61 This niche was readily apparent 

in control sections, where osteolineage cells lined the trabecular 

and cortical bone surfaces, but was disrupted in metastatic sam

ples, with cancer cells and osteolineage cells commingling close 

to several cortical bone surfaces and trabeculae (Figure 7H). To 

probe cell stiffness in this context, we developed a stiffness 

module using a set of established mechanical genes 

(Table S3). This module was elevated in osteolineage cells, as 

expected, but also in Spp1-high melanoma (Figure 7J). In spatial 

maps, high stiffness values were observed among cells lining the 

bone matrix and also where osteolineage cells colocalized with 

Spp1-high melanoma (Figures 7H and S8D), consistent with 

these two cell types engaging in mechanoreciprocal interactions 

(E) SMR of the indicated MTCs from the indicated tumor-bearing mice. In (C) and (E), violins encompass the entire data distribution, with dashed lines denoting the 

median and dotted lines indicating the upper and lower quartiles. p values were calculated by one-way ANOVA, and samples sizes (n=) are displayed below each 

violin. Results are representative of at least two independent experiments. 

(F–J) scRNA-seq analysis of cytoskeletal gene expression in a published cohort of melanoma patients.44 (F) Schematic diagram illustrating the study design: 

melanoma biopsies from patients with the indicated immune infiltration states were analyzed. 

(G and H) UMAP visualization of scRNA-seq data colored by patient ID (G) and immune infiltration state (H). 

(I) SPP1 gene expression in absent, non-brisk, and brisk tumors, calculated using data from pre-treatment samples. 

(J) F-actin cytoskeleton gene expression in absent, non-brisk, and brisk tumors, calculated using data from pre-treatment samples. Module scores were 

generated using the KEGG ‘‘Regulation of Actin Cytoskeleton’’ pathway and a GSEA ‘‘Cytoskeleton’’ gene set (Table S1). In (H) and (I), embedded boxes indicate 

median and interquartile range. p values calculated by Wilcoxon rank-sum test. 

See also Figures S4, S5, and S6.
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in the endosteal niche. Collectively, these data identify osteo

pontin as a critical mechanoregulator of bone colonization.

DISCUSSION

In this study, we integrated biophysical assays, gene expression 

profiling, and in vivo models to demonstrate that environmental ri

gidity influences metastatic outgrowth through the coupled effects 

of mechanoreciprocity and mechanosurveillance. We also identi

fied osteopontin as a critical, cancer cell-derived mediator of 

both processes. Importantly, transcriptional, biophysical, and his

tological analysis of patient samples indicated that the mechanor

egulatory paradigm we established in mice also applies to humans. 

These results expand the scope of mechanobiology in metastasis 

and provide a framework for therapeutically targeting the interplay 

between mechanical adaptation and immunosurveillance.

It is now clear that tissues impose mechanical requirements 

for metastatic colonization.10,62 However, whether these 

Figure 6. Cancer cell-derived Spp1 mediates mechanoreciprocity and bone colonization 

(A and B) Spp1+/+ or Spp1− /− B16F10 cells were cultured overnight on substrates of differential rigidity and then subjected to SMR. 

(A) Schematic diagram of the experimental approach. 

(B) Stiffness measurements at the indicated substrate rigidities. P, plastic. Violins encompass the entire data distribution, with dashed lines denoting the median 

and dotted lines indicating the upper and lower quartiles. Samples sizes (n =) are displayed below each violin. p values calculated by one-way ANOVA. Results are 

representative of two independent experiments. 

(C–H) Luc+ Spp1+/+ or Spp1− /− B16F10 cells were injected i.v. into either WT and Prf1− /− mice (C–E) or into IgG control and NK depleted (NKdep.) mice (F–H), 

which were then monitored for metastatic colonization of the lungs and bone. (C and F) Schematic diagrams of the experimental approach. (D and G) Repre

sentative bioluminescence images of tumor-bearing WT and Prf1− /− mice (D) or of IgG control and NKdep. mice (G) injected with the indicated B16F10 lines. 

(E and H) Quantification of relative femoral colonization, expressed as a normalized ratio of bioluminescence signal in the legs to the total bioluminescence signal. 

In (D) and (G), metastatic burden in the lungs and femurs is denoted by black and yellow arrowheads. In (E) and (H), Legs/Total ratios were pooled from two 

independent experiments. Error bars denote SEM, sample size is indicated above each bar, and p values were calculated by one-way ANOVA. 

See also Figure S7.
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Figure 7. Cancer cell-derived Spp1 enhances bone colonization and in vivo association with osteolineage cells 

(A–D) Spp1+/+ and Spp1− /− RFP+ B16F10 cells were added to reconstituted bone surfaces generated by culturing GFP+ murine osteoblasts on DBP. B16F10 

colony formation and outgrowth were then monitored over time. 

(A) Schematic diagram of the experimental workflow. 

(B) Representative images of B16F10 colonies: (i) representative Spp1+/+ and Spp1− /− colonies imaged at day 0 (above) and again at day 10 (below). Insets show 

magnified images of colonies of interest. (ii) Above, representative images of Spp1+/+ and Spp1− /− B16F10 colonies. Below, magnified images of the regions 

boxed above, showing osteoblast displacement by B16F10 cells. Scale bars, 1,000 μm for main images, 100 μm for day 0 insets and 200 μm for day 10 insets. 

(C and D) Quantification of B16F10 outgrowth by surface area coverage (C) and colony formation efficiency on DBP and tissue culture plastic (TCP) (D). Error bars 

denote standard deviation. N = 3 technical replicates. 

(E–J) Xenium spatial transcriptomic analysis of healthy and tumor-bearing Prf1− /− bones. 

(E) Schematic diagram of the experimental workflow. 

(legend continued on next page) 
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requirements are achieved via adaptation of cancer cells to their 

new environment or by selection of colonization-competent cells 

within the metastatic pool remains a point of contention. We 

have found that B16F10 cells mechanically adjust to substrate ri

gidity within 16 h, before substantial proliferation or cell death 

has occurred. Furthermore, Spp1− /− cells, which fail to mecha

noreciprocate, also fail to colonize bone in vivo. These results 

indicate that mechanical adaptation to environmental rigidity is 

crucial for bone metastasis, at least in the experimental models 

used here. Although this interpretation does not rule out the 

importance of mechanical selection in stiff environments, it 

does imply that if such selection contributes, it is not selection 

for cell stiffness per se but rather for the capacity to stiffen in 

appropriate circumstances. Similarly, our results do not disprove 

the idea that metastatic preferences are imprinted by the bio

physical properties of the primary tumor (termed ‘‘mechanical 

memory’’)48,63,64; they do suggest, however, that mechanical 

memory is not encoded directly in cytoskeletal architecture but 

rather the capacity of that architecture to respond to environ

mental rigidity. Hence, mechanical adaptability itself emerges 

as a critical selectable trait, supported by gene products like os

teopontin, which enable cancer cells to mechanoreciprocate.

Bone is a highly nonuniform mechanical environment, with 

rigid trabeculae closely abutting soft bone marrow. The observa

tion that osteopontin, which drives stiffening on rigid substrates, 

is required for bone colonization strongly suggests that mecha

noreciprocity with its rigid, osseous components is an essential, 

early step in metastatic invasion. However, subsequent expan

sion into the marrow space would be expected to elicit a different 

mechanoreciprocal response, thereby increasing biomechanical 

variation within the metastasis. Our scRNA-seq, SMR, and 

spatial transcriptomic results are all consistent with this 

idea, revealing high transcriptomic and mechanical diversity 

among bone MTCs. Bone metastasis is thought to proceed via 

colonization of the endosteal niche, where cancer cells exploit 

osteoblast-derived signals and ECM components to anchor 

and proliferate.61,65,66 We posit that osteopontin-dependent me

chanoreciprocity enables the integration of Spp1-high cancer 

cells into this microenvironment while concomitantly sensitizing 

them to mechanosurveillance. Thus, while the endosteal niche 

serves as a favorable environment for initial colonization, it may 

also impose biophysical constraints that limit immune evasion.

Although osteopontin has long been associated with bone 

metastasis,50–59 how it promotes colonization of the endosteal 

niche remains unresolved. Our results establish a biomechanical 

basis for osteopontin activity, demonstrating not only that it is 

induced in stiff environments but also that it enables cancer cells 

to sense these environments. Given that osteopontin is secreted, 

it is tempting to speculate that it functions as an ‘‘adhesion 

adaptor,’’ enabling cancer cells that express osteopontin recep

tors to better adhere and respond to bone matrix. A role for 

secreted osteopontin as an adhesion adaptor is consistent with 

prior studies showing that Spp1 promotes osteoclast binding to 

bone matrix and that osteopontin accumulates at the interface be

tween cancer cells and mineral bone in human metastases.46,47,67

The question remains why cancer cells must express their own os

teopontin, rather than exploit the presumably abundant osteopon

tin produced by other bone resident cells. It is possible that cancer 

cell-extrinsic pools of osteopontin are bound by other cells or 

sequestered in microenvironments that are inaccessible or inhos

pitable to cancer cells. Experiments targeting specific sources and 

isoforms of osteopontin will be necessary to address this issue.

Osteopontin is known to inhibit CTL activation by engaging 

CD44, a cell surface receptor expressed by both T cells and NK 

cells.68,69 This immunosuppressive mechanism contrasts with 

our results indicating that osteopontin mechanically sensitizes 

MTCs to cytotoxic lymphocytes. Whether the activating or the 

inhibitory mechanism predominates likely depends on contextual 

factors such as environmental rigidity, the abundance of osteo

pontin, and its accessibility to cancer cells and cytotoxic lympho

cytes. The capacity of osteopontin to promote tumor fitness while 

simultaneously modulating cytotoxic lymphocyte function in 

opposing directions will likely complicate efforts to target the pro

tein therapeutically. Mechanistically decoupling the immunosup

pressive and mechanoregulatory activities of osteopontin could 

enable investigators to leverage its immunostimulatory benefits 

while simultaneously avoiding lymphocyte suppression.

Cancer vulnerabilities canonically exhibit two key properties: 

first, they are required for disease progression, and second, 

they are specific to cancer cells. Mechanoreciprocal stiffening in 

rigid microenvironments satisfies the first criterion because it is 

a necessary step in metastatic progression. This behavior is not 

unique to cancer cells, however, raising the question of how it 

might serve as a specific trigger for antitumor immunosurveil

lance. The answer likely lies in the combinatorial nature of immune 

recognition. In metastatic cells, mechanoreciprocal stiffening oc

curs in the context of a permissive constellation of surface ligands 

that is presumably not present in other bone-resident cell types. 

This allows an otherwise normal biophysical feature to become 

a differential index of dysregulation that triggers cytotoxic lympho

cyte attack. Hence, by combining mechanosensing with multi

modal molecular recognition, immune cells expand both the 

scope and the specificity of their surveillance function.

Limitations of the study

We employed young adult mice (6–8 weeks) for our in vivo 

metastasis experiments, which is a standard approach in the 

field because bone colonization is much more challenging to 

(F) UMAP plot containing all segmented cells pooled from all samples, labeled for cell identity. 

(G) Left, feature plot showing expression of a melanoma module score comprising Dct, Tyrp1, Pmel, and Gpnmb. Right, cells with high melanoma module scores 

were reprojected into UMAP space. Seurat clustering is shown above, and an Spp1 feature plot below. 

(H) Representative images of tumor-bearing and control (uninjected) bones showing Spp1-high B16F10 cells (orange), Spp1-low B16F10 cells (green), and 

osteolineage cells (purple). Insets show higher magnification views of the boxed areas above. Scale bar, 500 μm in the main images, 100 μm in the insets. 

(I) The spatial proximity of each cell type to osteolineage cells, expressed as a ratio of observed to expected distance. *** denotes p < 0.001, calculated by 

permutation test. 

(J) A stiffness module score was calculated for each cell based on its expression of 79 stiffness-related genes (Table S3), and the results graphed by cell identity. 

Embedded boxes indicate median and interquartile range. 

See also Figure S8.
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induce in older (e.g., 15 weeks) animals.70–72 The increased sus

ceptibility of younger mice has been attributed to their higher 

levels of bone remodeling,70 which is intriguing in light of 

emerging links between bone destabilization and bone metas

tasis in the clinic.73,74 That being said, bone metastasis typically 

occurs in older patients, and in that regard our experimental 

model may not recapitulate certain aspects of the clinically rele

vant bone microenvironment. While our results strongly suggest 

that cytotoxic lymphocytes are the direct mediators of mechano

surveillance in our model system, we have not exhaustively ruled 

out a contribution from myeloid cells, which could potentially 

shape the survival and mechanical properties of MTCs down

stream of lymphocyte cytokine or chemokine release. Cell stiff

ness is influenced both by the cortical cytoskeleton and by 

plasma membrane mechanics.75 The relative contribution of 

each to MTC mechanoreciprocity remains an unresolved ques

tion, and addressing it will likely require approaches capable of 

experimentally decoupling the plasma membrane from the un

derlying F-actin cortex. Finally, although the inverse correlation 

of immune infiltration with SPP1 and cytoskeletal gene expres

sion that we observed in patient melanoma is consistent with 

the preferential destruction of stiffer cancer cells by cytotoxic 

lymphocytes, other possible explanations, including SPP1 and 

cytoskeletally dependent inhibition of immune infiltration and/ 

or function, have not been ruled out.

RESOURCE AVAILABILITY

Lead contact

Requests for information and reagents should be directed to Morgan Huse 

(husem@mskcc.org).

Materials availability

The materials associated with this study are available upon request, except for 

the patient spinal metastasis samples, which are unique biological resources. 

Histological images of these tissues are, however, available.

Data and code availability

The bulk RNA-seq data generated in this study have been deposited in the 

Gene Expression Omnibus under accession GEO: GSE330079. The single- 

cell RNA-seq data have been deposited under accession GEO: GSE331042, 

and the spatial transcriptomics data have been deposited under accession 

GEO: GSE329415. Single-cell RNA-seq analysis code is available at GitHub: 

https://github.com/ElbannaYassmin/Single-Cell-RNA-sequencing-analysis- 

of-WT-vs-PRF1——B16F10-injected-mice, and spatial transcriptomics anal

ysis code is available at GitHub: https://github.com/ElbannaYassmin/ 

Spatial-Transcriptomics-of-bone-tissue-PRF1——B16F10-injected-mice-vs- 

healthy-controls. The bulk RNA-seq analysis workflow is described at https:// 

soccin.github.io/pwg-docs/methods/rnaSeq.html. All accession numbers and 

code repositories will be publicly accessible upon publication. All other source 

data are available upon request.

ACKNOWLEDGMENTS

We thank Z. Eraslan and J. Zippin for assistance with CRISPR-Cas9-based 

deletion; K. Ganesh and A. Boire for reagents; P. Manoj, A. Shoenfeld, C. Ru

din, N. Socci, X. Xiang, J. Silber, J. Wolchok, and T. Merghoub for help with 

patient data; the MSKCC Flow Cytometry Core for assistance with FACS; 

the MSKCC Molecular Cytology Core for assistance with imaging and AFM; 

the MSKCC Integrated Genomics Operation for assistance with bulk RNA- 

seq, scRNA-seq, and spatial transcriptomics; T. Tammela and A. Boire for crit

ical reading of the manuscript; and members of the M. Huse lab for advice. The 

study was supported in part by the US National Institutes of Health (R01- 

CA286566 to M.H., R01-AI087644 to M.H., P30-CA008748 to MSKCC, P30- 

CA014051 to MIT, F31-CA294974 to Y.A.E., R01-CA237171 to J.L., and 

R35-CA252978 to J.M.), the Alan and Sandra Gerry Metastasis and Tumor 

Ecosystems Center (M.H.), the Ludwig Center for Cancer Immunotherapy 

(M.T.-L. and B.Y.W.), the D. K. Ludwig Fund for Cancer Research (S.R.M.), 

the Tow Center for Developmental Oncology (M.H.), and the Cancer Research 

Institute (B.Y.W.).

AUTHOR CONTRIBUTIONS

Y.A.E., M.T.-L., A.H., Y.Z., C. Li, S.A., E.L., B.Y.W., C. Leslie, J.L., O.B., S.R.M., 

and M.H. designed the experiments. Y.A.E., M.T.-L., A.H., Y.Z., S.A., E. Lee, 

Z.W., A.Y., A.V., M.D., S.V., S.M.D., J.B., N.F., Y.H.K., T.A.B., and M.H. 

collected the data. Y.A.E., M.T.-L., A.H., Y.Z., C. Li, S.A., E. Ladewig, 

Y.H.K., T.A.B., E. Lee, K.K.H.Y., C. Leslie, O.B., and M.H. analyzed the data. 

Z.W., J.-G.K., and J.L. provided critical reagents. C. Leslie, J.M., J.L., 

S.R.M., and M.H. provided research support. Y.A.E. and M.H. wrote the paper 

with input from A.H., Z.W., K.K.H.Y., J.M., J.L., O.B., and S.R.M.

DECLARATION OF INTERESTS

S.R.M. is a founder of Travera and of Affinity Biosensors. J.M. owns company 

stock in Scholar Rock.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include 

the following:

• KEY RESOURCES TABLE

• EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

○ Mice

○ Human studies

○ Cell lines

• METHOD DETAILS

○ Cytotoxic lymphocyte preparation

○ CRISPR-Cas9 targeting

○ Metastasis assays

○ Killing, degranulation, and cytokine production assays

○ In vitro cell growth and proliferation assays

○ Histology

○ Atomic Force Microscopy (AFM) Data Collection

○ Suspended Microchannel Resonator (SMR) Data Collection

○ Immunofluorescence imaging

○ Hydrogel Scaffold Fabrication

○ Subcutaneous Hydrogel Implantation

○ Mouse Tissue Collection and Processing

○ Human Tumor Tissue Processing

○ Single Cell RNA Sequencing Library Preparation

○ Xenium Slide Preparation

○ Demineralized Bone Paper (DBP) Colony Formation Assay

○ Enzyme-linked immunosorbent assay (ELISA)

○ Quantitative real-time PCR

○ Immunoblots

• QUANTIFICATION AND STATISTICAL ANALYSIS

○ Statistics

○ scRNA-seq analysis

○ Spatial Transcriptomic Analysis

○ Bulk RNA-seq analysis

○ Analysis of clinical data

○ SMR analysis

○ AFM analysis

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j. 

immuni.2026.06.025.

ll
OPEN ACCESS Article 

14 Immunity 59, 1–17, August 11, 2026 

Please cite this article in press as: Elbanna et al., Environmentally induced cell stiffening shapes metastatic site selection by tuning the immune vulner-

ability of cancer cells, Immunity (2026), https://doi.org/10.1016/j.immuni.2026.06.025

mailto:husem@mskcc.org
https://github.com/ElbannaYassmin/Single-Cell-RNA-sequencing-analysis-of-WT-vs-PRF1----B16F10-injected-mice
https://github.com/ElbannaYassmin/Single-Cell-RNA-sequencing-analysis-of-WT-vs-PRF1----B16F10-injected-mice
https://github.com/ElbannaYassmin/Spatial-Transcriptomics-of-bone-tissue-PRF1----B16F10-injected-mice-vs-healthy-controls
https://github.com/ElbannaYassmin/Spatial-Transcriptomics-of-bone-tissue-PRF1----B16F10-injected-mice-vs-healthy-controls
https://github.com/ElbannaYassmin/Spatial-Transcriptomics-of-bone-tissue-PRF1----B16F10-injected-mice-vs-healthy-controls
https://github.com/ElbannaYassmin/Spatial-Transcriptomics-of-bone-tissue-PRF1----B16F10-injected-mice-vs-healthy-controls
https://github.com/ElbannaYassmin/Spatial-Transcriptomics-of-bone-tissue-PRF1----B16F10-injected-mice-vs-healthy-controls
https://doi.org/10.1016/j.immuni.2026.06.025
https://doi.org/10.1016/j.immuni.2026.06.025


Received: June 17, 2025

Revised: February 2, 2026

Accepted: June 30, 2026

REFERENCES
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PE conjugated anti-TNF BioLegend Cat#506306; RRID: AB_315427

PE/Cy7 conjugated anti-IFNγ BioLegend Cat#505826; RRID: AB_2295770

PerCP-Cy5.5 conjugated anti-NK1.1 

antibody

eBioscience Cat# 45-5941-82

InVivoMab anti-mouse CD8α Bio X Cell Cat# BE0004-1; Clone: 53–6.7; 

RRID: AB_1107671

Anti-Asialo GM1 Wako Chemicals Cat# 986-10001; RRID: AB_516844

InVivoPlus rat IgG2a isotype control Bio X Cell Cat# BP0089; Clone: 2A3; RRID: 

AB_2894744

InVivoPlus mouse IgG2b isotype control Bio X Cell Cat# BP0086; Clone: MPC-11; RRID: 

AB_2894741

Anti-CD8 rabbit monoclonal Cell Signaling Technology Cat# 98941; RRID: AB_2756376

Anti-NKp46 goat polyclonal R&D Systems Cat# AF2225; RRID: AB_355192

Percp-cy5.5 CD45 mouse BioLegend Cat# 103130; Clone: 30-F11; RRID: 

AB_893339

CD45 human eBioscience Clone HI30, cat# 11-0459-42

Mouse osteopontin R&D Systems Cat# AF808; RRID: AB_2194992

human CD3 Leica Cat# NCL-L-CD3-565, clone LN10; RRID: 

AB_563541

human CD8 DAKO Cat# M7103, clone C8/144B

human CD45 DAKO Cat# M0701, clone 2B11

human CD56 Marque Cat# 156R-96, clone MRQ42

MHCII AF700 eBioscience Cat# 56-5321-80

Cd11b PE-FIRE Biolegened Cat#101279

Ly6C BV711 Biolegend Cat#128037; RRID: AB_2562630

CCR2 BV650 Biolegend Cat#150613; Clone: SA203G11; RRID: 

AB_2721553

F4/80 APC-Cy7 Biolegend Cat#123117; RRID: AB_893489

CD80 FITC eBioscience Cat#11-0801-82

CD86 BV605 Biolegend Cat#105037, clone: GL-1; RRID: 

AB_11204429

Cd11c PE-Cy7 eBioscience Cat#25-0114-82

human fc block BD Biosciences Clone Fc1; cat #564219; RRID: 

AB_2728082

CTV Invitrogen cat#C34557

anti-EPCAM-eFluor660 Invitrogen Clone 1B7, cat#50-9326-42

Biological samples

Human metastatic spine samples Department of Neurosurgery MSKCC N/A
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Chemicals, peptides, and recombinant proteins

Dapi Thermo Fisher Scientific Cat#D1306

PI Invitrogen Cat#P3566

D-Luciferin, potassium salt Goldbio Cat#LUCK-1G

Fibronectin, Bovine Plasma Millipore Sigma Cat#341631-5MG

Alexa Fluor 647 Phalloidin Invitrogen Cat#A22287

IL-2 Proleukin, Prometheus Cat#65483011607

NK Cell Isolation Kit, mouse Miltenyi Biotec MACS Cat#130-115-818

BD Cytofix/Cytoperm Plus Kit (with BD 

GolgiPlug)

BD Cat#555028

RNeasy Mini Kit QIAGEN Cat#74106

Luna One Step qPCR NEB Cat#E3005L

4% PFA Electron Microscopy Sciences Cat#30525-89-4

Collagenase IV Gibco Cat#17104019

Dnase Sigma-Aldrich Cat#69182-3

trametinib Selleck Chemicals Cat#871700-17-3

palbociclib Selleck Chemicals Cat#827022-32-2

Brefeldin A Sigma-Aldrich Cat#20350-15-6

RIPA buffer Sigma-Aldrich Cat#20-188

R-OPN R&D Systems Cat#441-OP

Opn Elisa kit Invitrogen Cat#EMSPP1

Opn primer pair OriGene Cat#MP215080

mouse interferon gamma BioLegend Cat#575304

Deposited data

WT vs PRF scRNA seq data GEO GEO: GSE331042

Published Melanoma scRNA seq data 

(Pozniak et al.)

EGA EGA: EGAD00001009291

Bulk RNA seq GEO GEO: GSE330079

Spatial Transcriptomics GEO GEO: GSE329415

TCGA PanCancer Atlas Cohort Hoadley et al.76 N/A

Experimental models: Cell lines

B16F10 Massagué Lab N/A

YUMM5.2 Boire Lab N/A

MC38 Ganesh Lab N/A

Experimental models: Organisms/strains

Mouse:C57BL/6J The Jackson Laboratory Strain#000664

Mouse:OT1:B6.129S6-Rag2tm1Fwa 

Tg(TcraTcrb)1100Mjb

Taconic Farms Strain#2334

Mouse: CByJ.B6-Prf1tm1Sdz/J The Jackson Laboratory Strain#007079

Mouse: B6(Cg)-Tyrc-2J/J The Jackson Laboratory Strain#000058

Mouse:C57BL/6J The Jackson Laboratory Strain#000664

Software and algorithms

Living Image software v.2.50 Perkin – Elmer N/A

FlowJo software v10.7.1 BD N/A

Imaris software v8 Bitplane N/A

CaseViewer 3D Histech N/A

Prism v8 GraphPad N/A

R Studio + R Posit PBC N/A

Xenium Explorer 10x N/A
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EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Mice

The animal protocols used in this study were approved by the Institutional Animal Care and Use Committee of Memorial Sloan Ket

tering Cancer Center. Metastasis experiments employed healthy, 6–8 week old male mice of the following genotypes: C57BL/6J 

(Strain #00064), B6(Cg)-Tyrc-2J/J (B6 Albino, Strain #00058)), or CByJ.B6-Prf1tm1Sdz/J (Strain #007079) (Prf1-/-), purchased from 

the Jackson Laboratory. Males were used as recipients in these studies to minimize sex-based immune responses against male 

B16F10 cells. Mice were assigned randomly into groups for all in vivo experiments. Healthy, 2-6 month old OT-1 αβTCR transgenic 

mice and C57BL/6J mice of both sexes (obtained from Jackson Laboratory) were used to generate OT-1 CTLs and NK cells, respec

tively, for in vitro assays. All animals were housed under specific pathogen free conditions.

Human studies

Spinal metastases containing both epidural and osseous components were collected from breast cancer patients and NSCLC pa

tients indicated for surgery. Breast cancer patients were female, 65 and 48 years old at time of surgery. NSCLC patients were male, 

and female, ages 50 and 64, respectively, at time of surgery. Human tissues were obtained under Memorial Sloan Kettering Cancer 

Center (MSKCC) Institutional Review Board-approved protocol 17-593, titled ‘‘Defining the Immunological Tumor Microenvironment 

on Metastatic and Primary Spine Tumors.’’ Clinical information was abstracted from medical records and de-identified. Informed 

consent was obtained from all patients.

Cell lines

B16F10 cells (male) were cultured at 37 ◦C in RPMI supplemented with 10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 

50 U/mL penicillin, and 50 μg/mL streptomycin. MC38 (female) and YUMM5.2 cells (male) were cultured at 37 ◦C in DMEM medium 

with 10% FBS, 2 mM GlutaMAX, 50 U/mL penicillin, and 50 μg/mL streptomycin. HEK293T cells (used to generate ecotropic lenti

virus) were cultured at 37 ◦C in DMEM supplemented with 10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 50 U/mL penicillin, 

and 50 μg/mL streptomycin. All cell lines were negative for mycoplasma and viral pathogens.

METHOD DETAILS

Cytotoxic lymphocyte preparation

To generate OT-1 CTLs, splenocytes from OT-1 αβTCR transgenic mice were mixed with congenic splenocytes pulsed with 100 nM 

OVA and cultured in RPMI medium with 10% FBS and 0.55 mM β-mercaptoethanol. After 24 hours, cells were supplemented with 30 

IU/mL IL-2 (NIH BRB Repository) and split as needed. Functional assays were performed after 7 days in culture. Murine NK cells were 

isolated from C57BL/6J splenocytes using negative selection (NK cell isolation kit, MACS, 130-115-818) and incubated overnight 

with 1000 U/mL IL-2.

CRISPR-Cas9 targeting

B16F10 cells were genetically modified to generate Spp1-/- and Rosa26-targeted lines using CRISPR-Cas9. Guide RNAs (gRNAs) 

targeting the Spp1 and Rosa26 loci were designed and synthesized by Synthego. Cells were transfected with multiguide gRNAs 

and Cas9 using Lipofectamine, followed by clonal expansion. Successful knockouts were confirmed by Sanger sequencing to 

validate genomic edits and by immunoblot to assess protein loss. Recombinant osteopontin (R&D Systems) was used to rescue 

phenotypic effects in Spp1-/- cells. In these experiments, cells were treated with osteopontin protein at 1 μg/mL for 24 hours before 

functional assays.

Metastasis assays

Unless otherwise stated, 4 × 10⁵ cancer cells were injected into the tail vein of 6–8 week old C57BL/6J mice, and 2 × 10⁵ cancer cells 

into the tail vein of 6–8 week old Prf1-/- mice, both in 200 μL of PBS. For intracardiac injections, 2.5 × 10⁵ cells (YUMM5.2 or MC38) 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Custom code for 

spatial transcriptomics

Github https://github.com/ElbannaYassmin/ 

Spatial-Transcriptomics-of-bone-tissue- 

PRF1——B16F10-injected-mice-vs- 

healthy-controls.git

Custom code for scRNA-seq Github https://github.com/ElbannaYassmin/ 

Single-Cell-RNA-sequencing-analysis-of- 

WT-vs-PRF1——B16F10-injected-mice

Custom code for bulk RNA-seq Github https://soccin.github.io/pwg-docs/ 

methods/rnaSeq.html
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were injected in 100 μL PBS into the left cardiac ventricle. Mouse hair was removed using clippers to prevent interference with biolu

minescent imaging (BLI). Metastatic burden in the lungs and femurs was quantified weekly following retro-orbital injection of 

D-luciferin (150 mg/kg) and imaging using the IVIS Spectrum Xenogen instrument (Caliper Life Sciences) equipped with Living Image 

software v.2.50. For NK depletion experiments, 4 × 10⁵ (IgG control) or 2 × 10⁵ (NK depletion) B16F10 cells were injected into the tail 

vein of 6–8 week old B6(Cg)-Tyrc-2J/J mice (Jackson Labs, 000058). NK cell depletion was performed by intraperitoneal (i.p.) injec

tion of anti-asialo GM1 antibody (Wako Chemicals, 986–10001), as previously described,77 6 days and 1 day before tail vein injection 

of cancer cells and once weekly thereafter. CD8+ T cell depletion was achieved by administering 250 μg of InVivoMab anti-mouse 

CD8α antibody (clone 53-6.7, BioXCell, BE0004-1) or IgG2a control (BioXCell, BE0089) by i.p. injection 2 days and 1 day before tumor 

delivery, followed by weekly injections, as previously described.29 Survival and paralysis-free survival (defined as the time until bilat

eral hind leg paralysis) were tracked for all mice. Mice were euthanized upon reaching the endpoint criteria of paralysis, metastatic 

burden in the lungs, or other signs of significant distress.

Killing, degranulation, and cytokine production assays

For CTL functional assays, cancer cell targets were cultured overnight on fibronectin-coated 96-well plates in the presence of 

20 ng/mL IFNγ (to enhance class I MHC expression), loaded with varying concentrations of OVA for 2 hours, and washed three times 

with medium. To assess killing, OT-1 CTLs were added at a 4:1 effector-to-target (E:T) ratio, and the lysis of target cells (GFP+CD8− ) 

was tracked using the Incucyte S3 (Sartorius). PI (Thermo Fisher Scientific) was used to mark dead cells, and images were taken 

every hour for 8 hours to capture the kinetics of cell death. To assess lytic granule secretion, CTLs were mixed with B16F10 targets 

at a 2:1 E:T ratio and incubated for 90 minutes at 37 ◦C in the presence of eFluor660-conjugated anti-Lamp1 antibody (1 μg/mL, Clone 

1D4B, eBiosciences). Cells were stained with anti-CD8a antibody, and the percentage of Lamp1+ CTLs (CD8+) was quantified by flow 

cytometry. For cytokine production, CTLs were added at a 2:1 E:T ratio and incubated for 4 hours at 37 ◦C in the presence of BD 

GolgiPlug protein transport inhibitor (BD Biosciences). Cells were then stained with anti-CD8a, fixed, permeabilized using the BD 

Cytofix/Cytoperm kit, and labeled with PE-conjugated anti-TNF (BioLegend, 506306) and PE/Cy7-conjugated anti-IFNγ 
(BioLegend, 505826) antibodies. The percentage of cytokine-producing CTLs (CD8+) was quantified by flow cytometry. For NK 

cell functional assays, cancer cell targets were cultured overnight on fibronectin-coated 96-well plates, mixed with NK cells at a 

4:1 ratio, and target cell lysis was measured using the Incucyte S3. PI flux was employed to quantify cell death, with images taken 

every hour for 8 hours to track real-time killing. For assays using hydrogel substrates, hydrogel arrays (Matrigen) were coated with 

10 μg/mL fibronectin (Millipore Sigma) in PBS at 37◦C for 2 hours to allow sufficient protein coating. Following incubation, excess 

fibronectin was aspirated, and the wells were washed once with PBS to remove any unbound fibronectin. B16F10 cells were then 

plated at a density of 30,000 cells per well in complete growth medium and incubated at 37◦C overnight. Subsequent cocultures 

were performed as described above.

In vitro cell growth and proliferation assays

To assess proliferation, B16F10 cells were labeled with CellTrace Violet (CTV, Thermo Fisher) as per the manufacturer’s protocol, and 

CTV dilution was measured daily by flow cytometry.

Histology

Murine lung and bone tissue was perfused and fixed overnight at 4◦C with 4% PFA. Fixed bone was then decalcified in 10% EDTA 

(pH 7.4) at 4 ◦C for 2-3 weeks with periodic monitoring to ensure complete decalcification. The tissues were then dehydrated through 

a graded ethanol series, cleared in xylene, and embedded in paraffin. 5 μm sections were stained for NKp46 (R&D Systems, Cat # 

AF2225) and CD8 (Cell Signaling Technology, Cat # 98941). Immunohistochemical staining of human tissue samples was performed 

on the Leica Bond RX automated platform. Heat-induced epitope retrieval (HIER) was conducted using ER2 buffer (Leica, Cat# 

AR9590) at 97 ◦C for 30 minutes, followed by primary antibody incubation for 30 minutes at room temperature using antibodies 

against CD3 (Leica, Cat # NCL-L-CD3-565), CD8 (DAKO, Cat # M7103), CD45 (DAKO, Cat # M0701), or CD56 (Marque, Cat # 

156R-96). Detection was performed using the Leica Bond Polymer Refine Detection DAB Kit (Cat# DS9800). All slide imaging was 

carried out using a Pannoramic Scanner fitted with a 20×/0.8NA objective (3D Histech), and the results visualized using 

CaseViewer software (3D Histech).

Atomic Force Microscopy (AFM) Data Collection

Cells were seeded on glass-bottom Petri dishes (FluoroDish FD5040) coated with fibronectin and maintained in complete RPMI me

dium supplemented with 10 mM HEPES pH 7.0 during the acquisition of stiffness maps. Experiments were conducted at 37 ◦C using 

an MFP-3D-BIO AFM microscope (Oxford Instruments) with cantilevers fitted with 5 μm diameter colloidal borosilicate probes (nom

inal spring constant k = 0.1 N/m, Novascan). The exact spring constant of the cantilever was determined before each experiment 

using the thermal noise method, and its optical sensitivity was calibrated using a PBS-filled glass-bottom Petri dish as an infinitely 

stiff surface. Each session involved testing 10-12 cells from each experimental group. Bright field images of each cell were captured 

during AFM measurements using an inverted optical objective (Zeiss AxioObserver Z1) integrated with the AFM system. Stiffness 

maps of 60 μm × 60 μm (18 × 18 points) were acquired in areas containing both cells and substrate at a rate of 1.5 Hz for a single 

approach/withdrawal cycle. A trigger point of 1 nN was set to ensure a penetration depth of 1-2 μm.
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Suspended Microchannel Resonator (SMR) Data Collection

Single-cell size-normalized acoustic scattering (SNACS) was measured using a previously described SMR-based method.32 Before 

each set of measurements, the SMR was treated with 0.25% Trypsin-EDTA for 30 minutes, followed by a 3-minute wash with 10% 

bleach and a final 5-minute rinse with DI-H2O. After cleaning, the SMR was passivated with 1 mg/mL poly(L-lysine)-graft-poly(eth

ylene glycol) (PLL-g-PEG) in H2O for 10 minutes at room temperature, followed by a 5-minute rinse with PBS + 2% FBS (FACS buffer). 

All measurements were performed at room temperature in FACS buffer. The SMR was briefly rinsed with the same buffer between 

each experiment. During measurements, cells were loaded into the SMR through 0.005-inch inner diameter fluorinated ethylene 

propylene (FEP) tubing. Fluid flow across the SMR was controlled using three independent electronic pressure regulators (MPV1, 

Proportion Air) and three solenoid valves (S070, SMC). A consistent differential pressure was applied across the SMR to maintain 

constant shear forces and data acquisition rate during cell measurement. All regulators, valves and data acquisition systems 

were operated by custom software developed in LabVIEW 2017 (National Instruments). The vibration frequency of the SMR cantilever 

was continuously monitored during measurements.

Immunofluorescence imaging

B16F10 cells were fixed in 2% PFA, washed in PBS, and then labeled with Alexa Fluor 647-labeled phalloidin (1:400, Invitrogen) and 

DAPI (1:1000, Sigma). To quantify F-actin intensity, phalloidin images was subjected to intensity thresholding in Imaris (Bitplane) to 

establish the space occupied by cells, after which the average intensity of phalloidin within the cellular volume was determined.

Hydrogel Scaffold Fabrication

Hydrogel scaffolds were fabricated following previously reported methods.78 Soda lime glass beads were sorted using an Advantech 

Sonic Sifter to ensure a consistent size range, with ∼8% deviation. The beads were dispersed in deionized water and gradually 

loaded into an 8 × 35 mm glass vial to a height of 2–2.5 mm. They were then mechanically packed into a lattice structure using 

an ultrasonic water bath. Preparations were then dried in a 60◦C oven and thermally annealed for 4 hours in a furnace at temperatures 

between 650◦C and 680◦C, depending on the bead size. A hydrogel precursor solution was prepared immediately before use, con

sisting of 15% (soft) or 30% (stiff) acrylamide monomer, 1.5 wt% bis-acrylamide crosslinker, 0.2 vol% N,N,N′,N′-tetramethylethyle

nediamine accelerator, and 0.2 vol% 2-hydroxy-2-methylpropiophenone photoinitiator in nitrogen-purged deionized water. The pre

cursor solution (150 μL) was infiltrated into the glass bead template and centrifuged at 4,000 × g for 15 minutes. It was then 

polymerized under a 15 W ultraviolet light source for 15 minutes. The polyacrylamide hydrogel–glass templates were removed 

from the glass vials the following day to ensure complete polymerization. Any excess hydrogel was removed by scraping the glass 

bead template with a razor blade on all surfaces. Glass beads were selectively dissolved in alternating washes of an acid solution: a 

1:5 dilution of hydrofluoric acid in 1.2 M hydrochloric acid and 2.4 M hydrochloric acid. The washes were performed on a shake plate, 

with solutions being changed every 4 hours until the beads were fully dissolved. Scaffolds were thoroughly washed with deionized 

water to remove any residual acid and then lyophilized. After lyophilization, the scaffolds were resuspended in Cryomatrix embedding 

resin and cut to a thickness of 1 mm using a CryoStar NX70. Following further washing in deionized water, the scaffolds were ster

ilized with 70% ethanol and stored at 4◦C in sterile phosphate-buffered saline (PBS) solution. The final pore dimension of the opti

mized scaffolds used in the study was 300 ± 16 μm.

Subcutaneous Hydrogel Implantation

Mice were anesthetized using 1.5% isoflurane, and their dorsal fur was removed with electric clippers followed by Nair hair removal 

cream. The skin was sterilized using 70% isopropyl alcohol prep wipes and povidone-iodine to minimize the risk of infection. Prior to 

the surgical procedure, each mouse received a subcutaneous injection of meloxicam (2 mg/kg) for analgesia. Two small horizontal 

incisions (2 mm) were made in the left and right flanks of the mouse. A subcutaneous pocket was carefully created at each incision by 

inserting surgical scissors and gently expanding them. Each pocket was then implanted with a single hydrogel scaffold. One scaffold 

was composed of 15% polyacrylamide, and the other scaffold was composed of 30% polyacrylamide, allowing for a direct compar

ison between the two materials within the same animal. The incisions were closed using two Reflex 7-mm wound clips, ensuring 

secure closure and promoting optimal healing. Postoperative care included daily meloxicam treatment for 3 days to provide contin

uous pain relief. The wound clips were removed after 7 days to allow for full tissue recovery.

Mouse Tissue Collection and Processing

All plasticware used in the procedure was precoated with 0.05% BSA, and centrifuges were pre-cooled to 4◦C. Lungs and knees 

were digested in 1 mL of digestion buffer (2 mL Collagenase I [7.5 mg/mL], 1.49 mg DNase I, 8 mL 1% BSA in HBSS++) per mouse. 

For lung tissue, tumors were resected and digested in 10 mL of digestion buffer for 20 minutes at 37◦C with rotation. After digestion, 

the material was strained, washed with 5 mL of SMEM + 2% FBS, and resuspended in 1 mL of SMEM + 2% FBS. Red blood cells 

were lysed with 10 mL of 1× RBC Lysis for 1 minute, followed by neutralization with 10 mL of SMEM + 2% FBS, at which point the 

sample was strained again. Cells were Fc-blocked (1:200) (Clone 2.4G2, cat #70-0161) for 10 minutes at 4◦C, followed by staining 

with anti-CD45-PerCPCy5 (1:200) (Clone 30-F11, cat #103132) and DAPI. Finally, cells were resuspended in 1 mL of PBS + 2% FBS 

for sorting. For knee tissue, the bones were cleaned, crushed in 1 mL of digestion buffer, and transferred to precoated Eppendorf 

tubes. An additional 1 mL of digestion buffer was added, and the samples were incubated at 37 ◦C for 30 minutes, with gentle 
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pipetting every 10 minutes to facilitate digestion. Cells were processed following the same procedure as the lung samples. Both lung 

and knee tissue samples were subjected to FACS on a BD FACSAria to isolate GFP+CD45-DAPI- cancer cells.

Human Tumor Tissue Processing

Tumors isolated from the spine were digested in 5 mL of digestion buffer (2 mL Collagenase I [7.5 mg/mL], 1.49 mg DNase I, 8 mL 1% 

BSA in HBSS++) for 20 minutes at 37◦C with rotation. After digestion, the material was strained, washed with 5 mL of SMEM + 2% 

FBS, and resuspended in 1 mL of SMEM + 2% FBS. Red blood cells were lysed with 10 mL of 1× Pharm Lysis for 1 minute, followed 

by neutralization with 10 mL of SMEM + 2% FBS, at which point the sample was strained again. Cells were Fc-blocked (1:200) (Clone 

Fc1, cat #564219) for 10 minutes at 4◦C, then stained with anti-CD45-FITC (1:200) (Clone HI30, cat#11-0459-42) and anti-EPCAM- 

eFluor660 (1:200) (Clone 1B7, cat#50-9326-42), followed by DAPI staining. Cells were then resuspended in 1 mL of 2% FBS in PBS 

for sorting, which was carried out on a BD FACSAria to isolate EPCAM+CD45-DAPI- cells.

Single Cell RNA Sequencing Library Preparation

GFP+CD45- B16F10 MTCs were FACS-purified from wild type lung, Prf1-/- lung, and Prf1-/- bone, then hashed using oligonucleotide- 

conjugated antibodies (TotalSeq B, hashes 1, 2, and 3) to uniquely label individual samples. The cells were then pooled together in 

equal proportions to enable multiplexed scRNA-seq. Single-cell gel bead-in-emulsions (GEMs) were generated using the 10x Geno

mics Chromium platform. Reverse transcription and cDNA amplification were performed according to the 10x Genomics 3’ v3 pro

tocol. Separate libraries were generated for the gene expression and hashing data. Libraries were sequenced on an Illumina platform 

to achieve a minimum of 50,000 reads per cell for gene expression and 5,000 reads per cell for hashing.

Xenium Slide Preparation

Sections for Xenium were prepared according to the Xenium In Situ for FFPE − Tissue Preparation Guide (CG000578 Rev D; 10x 

Genomics) protocol. For spatial transcriptomics, a series of 5 μm-thick longitudinal sections were cut across the femur, floated in 

an RNase-free water bath, then carefully mounted within the probe field of Xenium slides containing the Prime 5K Mouse panel 

with custom add-ons (Table S2).

Demineralized Bone Paper (DBP) Colony Formation Assay

Bovine femurs were sourced locally, cleaned, and cut into cortical bone blocks, then lipid-extracted with 1:1 chloroform:methanol. 

Decalcification was enhanced by exposing femur segments to 1.2 N HCl under hydrostatic pressure, with solutions replaced daily for 

5-7 days. Post-demineralization, bone segments were cryosectioned into 20 μm sheets of demineralized bone paper (DBP). Trans

mission imaging confirmed preserved lamellar collagen structures. Murine osteogenic cells were isolated from eGFP mice, with fe

mur and tibia marrow removed by centrifugation. Bones were chopped (∼1–2 mm), enzymatically digested in α-MEM with 10% FBS, 

1% P/S, and collagenase (800 U), then rinsed three times with PBS and cultured in α-MEM. After five days, osteoprogenitor cells 

migrating from bone fragments were harvested and expanded on tissue culture plastic. Cells at passages 3–5 were used for exper

iments. For differentiation, 104 osteoprogenitors were seeded onto DBP and cultured in osteogenic medium with 10 mM 

β-glycerophosphate and 200 μM L-ascorbic acid. Osteoblasts (104) were seeded onto DBP in 96-well plates and cultured in osteo

genic medium for seven days to induce remineralization. RFP-labeled melanoma cells (control and Spp1-/-) were added at 25 cells/ 

well in α-MEM with 10% FBS and P/S. Cocultures were imaged every two days over 12 days using a fluorescent microscope (EVOS). 

Melanoma cell area, colony number, and colony size were quantified with ImageJ.

Enzyme-linked immunosorbent assay (ELISA)

To assess osteopontin secretion in relation to environmental stiffness, B16F10 cells were cultured on hydrogel substrates of differ

ential stiffness, and culture supernatants were collected after 24 hours. Osteopontin levels were measured with the mouse Osteo

pontin Elisa Kit (Invitrogen, EMSPP1) using the manufacturer’s recommended protocol.

Quantitative real-time PCR

Total RNA was isolated from cell samples using the Qiagen RNeasy Plus Mini Kit according to the manufacturer’s standard protocol. 

RNA concentrations were quantified with a NanoDrop spectrophotometer. For cDNA synthesis, 2 μg of RNA was reverse transcribed 

using the Luna One-Step RT-PCR Kit (New England Biolabs) according to the manufacturer’s instructions. Relative gene expression 

levels were quantified using Gapdh as the housekeeping gene for normalization.

Immunoblots

B16F10 cells were cultured for 7 days in 25 nmol/mL trametinib and 500 nmol/mL palbociclib (both from Selleckchem) to induce 

senescence, which has been reported to enhance osteopontin expression.79 To trap osteopontin in intracellular compartments, 

certain samples were treated with 1 μg/mL Brefeldin A at 37◦C for 8 hours prior to harvest. Cells were lysed in RIPA buffer containing 

protease inhibitors (cOmplete mini cocktail, EDTA-free, Roche) and the soluble fractions subjected to SDS-PAGE, followed by trans

fer to nitrocellulose. Osteopontin was detected using a polyclonal antibody (R&D Systems AF808), with Gapdh (Cell Signaling Tech

nology, clone D16H11) as a loading control.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Analyses were carried out using either representative experiments or pooled data as indicated (n is defined in the figure legends for 

each experiment). Statistical tests (two-tailed Mann-Whitney, two-tailed ANOVA, paired and unpaired two-tailed t-tests and Log- 

rank Mantel-Cox tests) were performed using GraphPad Prism. Unless otherwise indicated, error bars denote SEM. No statistical 

methods were used to determine sample size prior to experiments.

scRNA-seq analysis

B16F10 MTCs

Raw sequencing data were demultiplexed and aligned to the mouse reference genome using Cell Ranger (v6.1.2) from 10x Geno

mics, which was then used to generate gene expression matrices and hashtag oligonucleotide (HTO) counts for downstream anal

ysis. Cell hashing data were demultiplexed using the Seurat (v4.3.0) HTODemux function to assign sample identity to individual cells. 

The data were filtered based on mitochondrial content (>10%), unique feature counts, and total RNA counts to remove potential dou

blets and dead cells, followed by normalization and scaling using the SCTransform function in Seurat. Principal component analysis 

(PCA) was carried out, followed by UMAP projection for dimensionality reduction. Clustering was performed using the Louvain algo

rithm, and clusters were annotated based on canonical marker gene expression. Differential gene expression analysis was conduct

ed between samples using the FindMarkers function in Seurat with the Wilcoxon rank-sum test. Genes with an adjusted p-value < 0.05 

were considered statistically significant. Reanalysis of patient melanoma: scRNA-seq data were obtained from a cohort of pre-treat

ment melanoma patients after post-filtering of low-quality cells and annotation of malignant cells using inferCNV.44 Normalization and 

scaling were performed using Seurat (v4.3), and gene expression data were log-normalized using Seurat’s NormalizeData() function. 

To assess cytoskeletal regulation, gene lists were compiled from KEGG and GSEA sources (Table S4). Module scores were calcu

lated using Seurat’s AddModuleScore() function across the full dataset as well as a subset of pre-treatment cells. These scores were 

used to evaluate pathway-level expression in relation to immune infiltration. Module score distributions were visualized using violin 

plots. Statistical significance between groups was assessed using Wilcoxon rank-sum tests unless otherwise stated.

Spatial Transcriptomic Analysis

Spatial transcriptomics data was generated using the 10x Genomics Xenium platform with a 5K panel containing custom add-ons 

(Table S2). Analyses were performed in R (v4.4.3) with Seurat (v5.3.0) and SeuratObject (v5.2.0) on Red Hat Linux 8.6. Molecule 

filtering was applied using a QV threshold of 20 to create the cell-gene expression matrix. Six datasets (2 tumor and 1 healthy control 

mouse, duplicate samples) were merged into a single Seurat object with sample-specific cell IDs. Cells with fewer than 10 transcripts 

were excluded to remove low-quality cells and extreme outliers. Filtered data was normalized with SCTransform, selecting 3,000 var

iable genes. PCA was performed on normalized data, followed by graph-based clustering (resolution 0.07). Clusters were manually 

annotated using marker gene expression, spatial, and histological context, guided by canonical markers, transcriptional profiles, and 

H&E images. Differential gene expression analysis further enabled identification of Spp1-high melanoma cells. To characterize the 

local cellular microenvironment around melanoma cells, we conducted a spatial neighborhood analysis using cell centroid coordi

nates from Xenium segmentation. Cell-type annotations were combined with 2D centroid positions to define neighborhoods. For 

a selected population (e.g. Spp1-high melanoma), the nine nearest neighbors were identified via a k-nearest neighbors (KNN) 

approach, excluding self-neighbors. Neighbor identities were recorded and aggregated across query cells, then normalized to pro

portions to create neighborhood profiles. Analyses were done separately for Spp1-high melanoma and Spp1-low melanoma cells for 

direct comparison. Permutation testing assessed whether certain cell types were enriched or depleted beyond chance by shuffling 

labels 1,000 times while keeping positions and structure. Null distributions were generated for each cell type, and enrichment ratios 

and p-values were calculated. Low-abundance or biologically irrelevant cell types were excluded from visualization. The same 

approach was applied to osteolineage cells to evaluate spatial colocalization.

Bulk RNA-seq analysis

FASTQ files were generated from bulk RNA sequencing and mapped to the UCSC mm10 mouse genome (GTF: Mus_muscu

lus.GRCm38.80) using STAR (v2.5.0a).80 The two-pass alignment method was used, where reads were first aligned using known an

notated junctions from Ensembl. Novel junctions identified in the first pass were included in the second pass, during which the 

RemoveNoncanonical flag was applied. Aligned reads were post-processed with PICARD (v1.124) to add read groups and convert 

SAM files to sorted, compressed BAM files. Gene expression quantification was performed using HTSeq (v0.5.3) with default param

eters. Raw count matrices generated by HTSeq were normalized and analyzed for differential expression using DESeq (R/Bio

conductor, v3.2.0). Differential gene expression was assessed using DESeq, applying the Wald test and correcting for multiple 

testing using the Benjamini-Hochberg method. Genes with an adjusted p-value < 0.05 were considered significant. Normalized 

log2 expression values were used to perform hierarchical clustering with the Pearson correlation distance metric. Additional dimen

sionality reduction was performed using multidimensional scaling (MDS) and principal component analysis (PCA). Heatmaps were 

generated using the heatmap.2 function from the gplots R package, displaying the top 100 differentially expressed genes with 
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mean-centered, normalized log2 expression values. Gene set enrichment analysis (GSEA) was conducted using gene sets from the 

Broad MSigDB. For groups with fewer than three samples, GSEAPreranked was applied using log2 fold changes generated 

by DESeq.

Analysis of clinical data

The TCGA PanCancer Atlas Study was accessed through the cBioPortal (https://www.cbioportal.org/). The gene Spp1 was queried 

and copy number alteration (CNA) profiles were examined using the ‘‘Cancer Types Summary’’ view. This analysis was used to 

assess the distribution of Spp1 copy number gains (amplifications) and losses (deletions) across cancer types. The relative fre

quencies of amplifications and deletions were compared across tumor types to evaluate cancer type-specific patterns of Spp1 

genomic alteration within the TCGA PanCancer Atlas cohort.76

SMR analysis

Cell-induced SMR frequency shifts were used to quantify the node deviation (ND), which reflects acoustic scattering of individual 

cells, and the buoyant mass (BM) of the cells. ND is size-dependent, so it must be normalized to enable comparison across cells 

of varying volumes. We applied a normalization method as described in ref32. To determine cell volume (V), we first we first measured 

the average cell volume (V ) using a Coulter Counter (Beckman Coulter). Individual cell volumes were then inferred using the 

relationship:

V =
BM

BM
V 

where BM is the mean buoyant mass, estimated by fitting the distribution of buoyant mass measurements to a log-normal function. 

We then computed the size-normalized acoustic scattering (SNACS) value for each cell using the equation:

SNACS = NV − m(Vref − V)

Here, NV = ND=V is the volume-normalized node deviation, and m is the slope obtained from a linear regression of NV versus V 

across the population. The reference volume Vref was defined as the median cell volume.

AFM analysis

Force curves for each map were fitted using the Hertz model (Igor Pro, Wavemetrics). Data fitting was performed within the first 1 μm 

of indentation, specifically in the range of 0 to 50% of the maximum applied force. The following settings were used for the fitting: tip 

Poisson’s ratio ν_tip = 0.19, tip Young’s modulus E_tip = 68 GPa, and sample Poisson’s ratio ν_sample = 0.45. Stiffness histograms 

were obtained by identifying the stiffness values associated with each individual cell (excluding the substrate values). Data from each 

sample were pooled as a single population. Measurements made < 500 nm above the substrate were excluded from the analysis.
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