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Abstract

Despite decades of effort, little progress has been made to improve the treatment of cancer 

metastases. To leverage the central role of the mechanoenvironment in cancer metastasis, we 

present a mechanoresponsive cell system (MRCS) to selectively identify and treat cancer 

metastases by targeting the specific biophysical cues in the tumor niche in vivo. Our MRCS uses 

mechanosensitive promoter-driven mesenchymal stem cell (MSC)-based vectors, which selectively 

home to and target cancer metastases in response to specific mechanical cues to deliver 

therapeutics to effectively kill cancer cells, as demonstrated in a metastatic breast cancer mouse 

model. Our data suggest a strong correlation between collagen cross-linking and increased tissue 

stiffness at the metastatic sites, where our MRCS is specifically activated by the specific cancer-

associated mechano-cues. MRCS has markedly reduced deleterious effects compared to MSCs 

constitutively expressing therapeutics. MRCS indicates that biophysical cues, specifically matrix 

stiffness, are appealing targets for cancer treatment due to their long persistence in the body 

(measured in years), making them refractory to the development of resistance to treatment. Our 

MRCS can serve as a platform for future diagnostics and therapies targeting aberrant tissue 

stiffness in conditions such as cancer and fibrotic diseases, and it should help to elucidate 

mechanobiology and reveal what cells “feel” in the microenvironment in vivo.

INTRODUCTION

Cancer metastases account for more than 90% of cancer deaths. However, there are currently 

no effective and selective treatments that directly target metastatic cancer. In particular, 

about 20 to 30% of women worldwide will develop invasive breast cancer during their 

lifetime, leading to more than 500,000 deaths a year due to metastasis from the breast to 

other organs (1,2), with a median survival of only 2 to 3 years (3,4). Surgical resection of 

widespread metastases is generally not feasible, whereas various classes of 

chemotherapeutic drugs are ineffective at treating disseminated cancer and often have severe 

side effects. Current therapy for metastatic breast cancer therefore focuses on prolonging 

survival and providing palliative care (1, 4–6). In addition, tumors can develop resistance to 

many existing drugs through various mechanisms that are, in part, due to cancer 

heterogeneity (1, 7).

Cells constantly interact with their surrounding niche, which includes an array of complex 

biochemical and biophysical signals from the surrounding extracellular matrix (ECM). 

Although not appreciated historically, it has recently become evident that the physical and 

mechanical properties of cellular microenvironments (the so-called “mechano-niche”) 

regulate essential cell functions (8–12). Important roles for matrix stiffness in driving breast 

cancer metastasis have been elucidated (13,14). Specifically, increased matrix stiffness, 

which is primarily driven by increased collagen deposition and cross-linking by lysyl 

oxidase (LOX) proteins, promotes breast cancer migration, invasion, cell plasticity, and 

eventual metastasis, primarily through regulation of integrin signaling (15). LOX 

accumulation spatially correlates with the presence of metastases in both mouse models of 
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metastasis and human patients (13,16). In mouse models of breast cancer metastasis, 

secretion of LOX by the primary breast tumor stimulates collagen cross-linking in discrete 

areas of the lung that promote formation of metastases (16–20). Deposition of LOX at the 

metastatic niche correlates with both collagen linearization and formation of collagen-

collagen covalent bonds in the lung parenchyma, both of which markedly increase matrix 

stiffness (15). Therefore, we reasoned that the distinctive mechanical properties of the 

metastatic niche might offer a viable target for the development of diagnostics and 

therapeutics specifically targeting metastases.

We hypothesized that a cell-based system, specifically mesenchymal stem cells (MSCs), can 

be used for such an approach to generate a mechanoresponsive cell system (MRCS) that 

responds specifically to mechanoenvironmental cues to target breast cancer metastases (fig. 

S1). MSCs are multipotent cells that can be derived from multiple adult tissues, including 

bone marrow and fat (21,22). MSCs are the basis for the first approved stem cell treatment in 

humans outside of bone marrow transplant (Prochymal, Osiris Therapeutics) and for more 

than 400 ongoing trials listed on ClinicalTrials.gov with widely demonstrated safety (23, 

24). Systemically infused MSCs preferentially home to and integrate with tumors in vivo, 

including both primary breast tumors and lung metastases (25, 26). Mounting evidence now 

suggests that MSCs have leukocyte-like, active homing mechanisms for tumor tropism 

involving a variety of adhesion molecules and tumor-derived cytokines, chemokines, and 

growth factors (27). This selective and active homing ability makes MSCs an appealing 

vector for localized delivery of therapeutics in cancer treatment (25, 26).

Tissue mechanical properties regulate MSC fate: Tissue and matrix stiffness is sufficient to 

drive expression of genes involved in MSC differentiation (28–30). Specifically, soft 

matrices, similar to the brain (Young’s modulus of less than 1 kPa), direct MSCs into a 

neurogenic lineage, whereas stiffer matrices (5 to 75 kPa), similar to muscle and bone, direct 

them into myogenic and osteogenic lineages through integrin- and focal adhesion-dependent 

mechanisms (28). The range of stiffness to which MSCs respond encompasses those found 

in normal breast and lung tissues (less than 1 kPa), as well as invasive cancers and 

metastases (10- to 15-fold higher stiffness) (31). MSC differentiation is inherently a 

transcriptional program, which allows us to use promoters regulating genes involved in MSC 

mechanotransduction/differentiation cascades to drive expression of downstream reporters or 

therapeutics (28).

In particular, Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding 

motif (TAZ) have previously been reported as sensors and mediators of mechanical cues via, 

for instance, the cytoskeleton and Rho guanosine triphosphatase (32, 33). On soft substrates 

in vitro (<1 kPa), YAP remains inactivated in the cytoplasm, but on stiff substrates in vitro 

(>10 kPa), YAP localizes to the nucleus and becomes activated as a transcriptional factor 

(32–34). YAP/TAZ have greater nuclear accumulation in samples from breast cancer patients 

associated with enhanced desmoplasia (35). YAP/TAZ have also been reported to be key 

upstream factors that regulate lineage-specific transcription factors (including RUNX2, an 

osteogenic marker) and drive MSC differentiation, including osteogenesis (36).
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In light of the tight correlation between tissue stiffness, breast cancer metastasis, and 

mechanotransduction-mediated MSC differentiation, we have developed an MRCS to 

directly target the mechanoenvironmental cues of breast cancer metastases for specific 

delivery of an antitumor agent, cytosine deaminase (CD), which locally activates the prodrug 

5-fluorocytosine (5-FC) to kill cancer (fig. S1). Our study demonstrates that the MRCS, 

which is engineered to be inducible by biophysical and mechanical cues, specifically 

responds to matrix stiffness in vitro and can selectively target and kill cancer metastases with 

minimal side effects in vivo.

RESULTS

MRCS and in vitro validation

We have established an MRCS using a YAP/TAZ stiffness-sensing promoter. When 

activated, YAP/TAZ can drive the expression of downstream reporters such as enhanced 

green fluorescent protein (eGFP) (MRCS-eGFP) for in vitro imaging, firefly luciferase 

(MRCS-Luc) for later in vivo imaging, or antitumor agents (MRCS-CD) as cancer treatment 

(Fig. 1A and fig. S2). In effect, YAP/TAZ serves as an on/off switch for the MRCS gene 

expression triggered by the substrate stiffness in our study. For this text, cells that 

constitutively express a gene, such as CD-MSC or Luc-MSC, will have the gene being 

expressed first in the nomenclature. For MRCS cells such as MRCS-CD or MRCS-eGFP, 

MRCS will come first in the name to indicate that it is the engineered stiffness-sensing 

promoter system that is driving the expression of the downstream gene.

To validate the selective activation of our MRCS in response to stiffness, we seeded MRCS-

eGFP on tunable polyacrylamide hydrogels with various stiffness (~1, ~10, and ~40 kPa) 

(28, 32). As expected, on soft hydrogel (~1 kPa), YAP remained in the cytoplasm, and no 

eGFP signal could be detected (Fig. 1B and fig. S3A), whereas on stiffer hydrogels (>10 

kPa), YAP localized to the nuclei and eGFP was expressed, typically within 24 to 48 hours 

after cell seeding (Fig. 1B and fig. S3, B and C). As a control, MRCS-eGFP plated on glass 

(the highest stiffness used) showed strong activation of YAP/TAZ and eGFP expression (fig. 

S3D). MRCS-eGFP treated with blebbistatin, an inhibitor of mechanotransduction, which 

impedes signaling downstream of matrix stiffness and integrin activation (28, 32), showed 

no eGFP expression, and YAP remained in the cytoplasm, even on stiff substrates (fig. S3E). 

Two other mechanotransduction inhibitors, PF228 and ML-7, a focal adhesion kinase (FAK) 

inhibitor and a myosin light-chain kinase (MLCK) inhibitor, respectively, similarly 

deactivated YAP and downstream eGFP expression (fig. S3, F and G). A more 

comprehensive view of the cells in Fig. 1B can be found in fig. S4. Quantification of the 

stiffness-mediated eGFP expression of MRCS confirms that the intensity of reporter 

expression correlates positively with the substrate stiffness, such that stiffer hydrogel 

resulted in stronger eGFP signal, with attenuated expression in the presence of 

mechanotransduction inhibitors (Fig. 1C). This set of data demonstrates that YAP activation 

in response to altered stiffness is MLCK/FAK-dependent. We used reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) to further characterize the expression of 

eGFP mRNA and two additional genes (CTGF and ANKRDI) that are transcriptionally 

regulated by YAP/TAZ. Consistent with the imaging data, expression of eGFP, CTGF, and 
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ANKRDI was specifically activated on stiffer hydrogels (Fig. 1D). It is interesting to note 

the differences in expression of eGFP versus the other YAP-induced markers, which are 

likely due to different sensitivities of YAP binding to exogenous and endogenous promoters, 

because we are using a synthetic promoter for eGFP. We similarly prepared and 

characterized MRCS engineered to produce firefly luciferase (MRCS-Luc) (fig. S5). 

Collectively, these data indicate that our MRCS is stiffness-specific and can respond to a 

range of matrix stiffness to drive downstream gene expression.

MRCS-CD killing breast cancer cells in response to matrix stiffness in vitro

To use MRCS to locally treat breast cancer metastasis in the lung, we engineered the cells to 

express CD instead of a reporter gene (fig. S2). CD is a prodrug convertase that converts the 

inactive prodrug 5-FC to the active drug 5-fluorouracil (5-FU) (37). This leads to localized 

tumor killing via the bystander effect in which the apoptotic MRCS locally releases CD (fig. 

S1) (38). This promising technique is currently being used in clinical trials, for example, 

with 5-FU delivery by neural stem cells for treatment of glioblastoma (38). To validate the 

effectiveness of this prodrug system, we first confirmed that MSCs engineered to 

constitutively express CD (abbreviated as CD-MSC) are able to sufficiently convert 5-FC to 

kill MDA-MB-231 breast cancer cells in vitro (fig. S6). We next constructed MRCS-CD 

with the YAP/TAZ promoter to drive the expression of CD in response to matrix stiffness. To 

validate the stiffness-specific regulation of CD expression and conversion of 5-FC, we 

seeded MRCS-CD on polyacrylamide hydrogels with different stiffness. On soft hydrogel 

(~1 kPa), a minimal amount of CD was expressed (fig. S7A), but on stiffer hydrogels and 

glass (>10 kPa), CD expression was turned on (fig. S7, B to D). This expression pattern also 

correlated well with the localization of YAP. In the presence of mechanotransduction 

inhibitors, CD expression was turned off even on stiff hydrogel (~40 kPa) (fg. S7, E to G). 

Quantification of stiffness-dependent CD expression was also performed and showed 

increased CD expressed from MRCS on stiffer substrates (Fig. 2A). Additionally, we 

calculated the proportion of MRCS activated by substrates of varied stiffness from 

fluorescent signals. On soft substrate (~1 kPa), only about 2% of MRCS was activated, 

compared to 13% on ~10 kPa, 56% on ~40 kPa substrate, and 100% on glass.

To test whether MRCS-CD could kill cancer specifically on high-stiffness substrates, we 

cocultured MRCS-CD with MDA-MB-231 breast cancer cells on polyacrylamide hydrogels 

with or without 5-FC and performed XTT assay to quantify total cell proliferation (Fig. 2B). 

On soft hydrogel (~1 kPa), there was no significant difference in cancer cell proliferation 

with or without the addition of 5-FC, consistent with the low expression of CD under these 

soft matrix conditions. When seeded on hydrogels with increased stiffness (~10 and ~40 

kPa) or on glass, cell proliferation was significantly decreased in the presence of 5-FC in 

proportion to stiffness (P < 0.05), suggesting that CD was expressed and converted the 

prodrug to its active form to kill the cancer cells. CD-MSC without a stiffness-sensing 

promoter showed significantly reduced cell proliferation in the presence of 5-FC due to 

constitutive expression of CD (P < 0.001), whereas native MSCs (N-MSC) showed no 

difference in total cell proliferation, as expected, because they do not produce CD. These 

data demonstrate that MRCS-CD can selectively activate CD expression in response to 

matrix stiffness and convert 5-FC to kill adjacent cancer cells in vitro. To quantify the 
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conversion of 5-FC to 5-FU, we seeded MRCS-CD on substrates with different stiffness 

with 5-FC in the growth medium for 1, 2, or 5 days, at which point the amount of 5-FU in 

the growth medium was detected by liquid chromatography-tandem mass spectrometry (LC-

MS/MS) (Fig. 2C) (37). The data show that the conversion to 5-FU is stiffness-dependent, 

with no detectable conversion on soft substrate (~1 kPa) and increased conversion with 

increased stiffness (~10 and ~40 kPa). This also demonstrates that MRCS-CD can continue 

to express CD and convert 5-FC to 5-FU over a period of at least several days in vitro.

To further characterize the timing of cancer killing, we cocultured MRCS-CD with MDA-

MB-231 using Transwell in the presence of 5-FC (fig. S8). XTT assay was performed to 

quantify cell proliferation for both cell types. The decreased proliferation of MDA-MB-231 

expressing firefly luciferase plus red fluorescent protein (RFP) (Luc-RFP-231) indicates that 

MRCS-CD began to kill cancer cells (or attenuate cancer growth) within 2 days, with the 

MRCS-CD themselves dying after. The bystander effect of MRCS-CD also lasted after they 

were removed from the cancer cells, with a significant decrease in cancer proliferation 

measured on day 9 (P < 0.01) even when the MRCS-CD were removed as early as day 2 

(fig. S9). This suggests that, even if MRCS only transiently interacts with tumor 

microenvironments and gets cleared after 2 days, cancer growth can be attenuated over a 

longer period of time.

MRCS homing to and specifically activated at the metastatic niche in vivo

As a model of breast cancer metastasis to the lung, we used an MDA-MB-231 

xenotransplantation model in mice. We chose MDA-MB-231 cells because they secrete large 

amounts of LOX, which increases the cross-linking of collagen fibrils in the lung that is 

essential for metastasis (16). MDA-MB-231 cells were engineered to express reporters 

including eGFP (eGFP-231) or firefly luciferase plus RFP (Luc-RFP-231) and seeded via 

tail vein injection in immunocompromised mice to establish tumor foci in the lung (4 to 6 

weeks after cancer infusion) (Fig. 3, A and B, animals on day 0) before MSC infusion. Here, 

we used two sets of immunocompromised mice: Foxn1nu (nude) and nonobese diabetic/

severe combined immunodeficiency gamma (NSG). We primarily focused on the nude 

mouse system because it is partially immunocompromised and therefore more likely 

recapitulates the clinical setting than NSG. They also have better health condition than NSG 

mice after cancer seeding, allowing us to monitor the course of treatment for a longer period 

(39). On the other hand, NSG mice establish tumors more robustly and rapidly and therefore 

were also used when we examined MRCS tumor homing and correlation between collagen 

cross-linking, tumor cells, and MRCS activation in ex vivo immunofluorescence and second 

harmonic generation (SHG) experiments (39, 40).

MSCs home to both primary tumor and metastatic sites including breast cancers (26, 41, 42). 

Here, we first examined whether MSCs engineered to constitutively express firefly 

luciferase (Luc-MSC) are able to home to the lungs. We systemically infused Luc-MSC into 

mice hosting human eGFP-231 breast cancer cells in the lung and tumor-free controls. We 

found that Luc-MSC homed to and persisted in the lungs (fig. S10). Next, we investigated 

whether MRCS can home to and be specifically activated at the tumor sites using MRCS-

Luc, which served as a surrogate for MRCS-CD and allowed us to readily track transplanted 
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MRCS and monitor their activation using induced luciferase in vivo. We demonstrated that 

systemically infused MRCS-Luc homed to and were induced to express luciferase only in 

the tumor sites in the lung of eGFP-231 tumor-bearing mice (fig. S11, A and B). The 

observed luciferase signal, which reflects the collective functional outcome of MRCS 

homing and activation at tumor sites, persisted in tumor-bearing mice for up to 1 to 2 days 

(fig. S11B). Given that previous studies, including our own, have consistently demonstrated 

that systemically transplanted MSCs can persist in tumor sites for up to a week, we suspect 

that some residual MRCS might exist in tumors after 2 days following transplantation but 

become undetectable because of the limited sensitivity of in vivo luciferase imaging (42). 

Finally, we confirmed the in vivo homing and activation of MRCS-CD in Luc-RFP-231 

tumor-bearing mice using ex vivo immunohistochemistry (IHC). We demonstrated that 

MRCS-CD colocalized with and were locally activated to express CD at cancer sites in lung 

sections of tumor-bearing (but not tumor-free) mice (fig. S11, C and D). Similar results were 

observed with the infusion of MRCS-eGFP (fig. S12). Collectively, these data suggest that 

MRCS selectively homes to and is specifically activated at the metastatic niche in vivo. This 

set of experiments also allowed us to identify time points at which MRCS persisted and was 

activated in tumors in vivo to guide the schedule of treatment (5-FC).

MRCS-CD killing cancer specifically and with minimal side effects in vivo

To evaluate the efficacy of MRCS-CD for treating breast cancer lung metastasis, mice 

seeded with Luc-RFP-231 cancer cells for 6 weeks were given MRCS-CD (on day 0), 

followed by the prodrug 5-FC, and were monitored for therapeutic outcomes (Fig. 3A). 

MRCS-CD were administered 1 day before the start of prodrug treatment to allow time for 

colocalization with tumors in the lungs. 5-FC was given in multiple doses for 7 days, which 

is consistent with the typical MSC persistence period in the tumor (41, 42). The amount of 

cancer within the lungs was quantified by measuring the cancer luciferase signal using in 

vivo imaging (Fig. 3B). Compared to initial values before prodrug treatment, luciferase 

signals were decreased in mice treated with MRCS-CD and MSCs engineered to 

constitutively express CD (CD-MSC), both shortly after treatment (day 9) and at 6 weeks 

after treatment (Fig. 3, C and D). N-MSC and Dulbecco’s phosphate-buffered saline (DPBS) 

control groups failed to decrease lung metastasis signals and showed increase in cancer mass 

over time as cancer continued to grow, as expected. Cancer signals after prodrug treatment 

(day 9) were normalized to cancer signals before treatment (day 0) for each mouse, which 

quantitatively demonstrated that CD-MSC and MRCS-CD significantly decreased the 

amount of cancer compared to N-MSC and DPBS groups (P < 0.001; Fig. 3C). Long-term (6 

weeks after treatment) CD-MSC- and MRCS-CD-treated groups maintained a lower amount 

of lung metastasis compared to the day 0 baseline values (P <0.05), whereas N-MSC and 

DPBS groups saw an overall increase in cancer signals over time (Fig. 3D). Survival 

outcomes were also significantly improved by CD-MSC and MRCS-CD treatments 

compared to N-MSC and DPBS groups (P < 0.05; Fig. 3E). Note that, without 5-FC 

injection, MRCS-CD could not attenuate cancer growth in vivo (fig. S13). Note that, starting 

from day 120 (week 18), the survival rate of the MRCS-treated group started to decline (Fig. 

3E), suggesting that, in some animals, lung tumors were decreased rather than totally cleared 

out by a single MRCS treatment. This demonstrates the potential need for repeated cell 

infusion together with prodrug administration (37).
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Because intravenous delivery of MSCs, used in most clinical trials, results in initial 

entrapment of large numbers of MSCs in the pulmonary vasculature (43), localized 

activation of a prodrug, rather than constitutively expressing a drug, at only the metastatic 

niche is desirable to reduce off-target toxicity in the pulmonary and other organ systems. 

Although CD-MSC and MRCS-CD had similar treatment outcomes in terms of efficacy, 

constitutively expressing CD would convert systemically infused 5-FC indiscriminately in 

tumor-bearing and tumor-free tissue alike. MRCS-CD, however, would only express CD to 

activate 5-FC conversion at sites of increased stiffness, as found in tumor sites, and therefore 

have less damaging systemic side effects. To examine the side effects of MRCS-CD and 

compare it to CD-MSC, we used immunostaining of annexin V and terminal 

deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling 

(TUNEL) assay (Fig. 4A). Staining for annexin V to measure apoptosis showed the specific 

activation of MRCS-CD at tumorsites, whereas no comparable annexin V signal could be 

seen on tumor-free tissue. CD-MSC-treated group stained positive for annexin V 

nonspecifically, indicating extensive tissue damage. Mice treated with N-MSC or DPBS 

stained positive for tumor but not for annexin V, indicating that native MSC or DPBS 

infusion does not cause cytotoxicity. TUNEL analysis for damaged DNA further confirmed 

higher lung tissue damage in the CD-MSC group than for any other group after treatment, 

including the MRCS-CD group (Fig. 4B). Specifically, MRCS-CD caused localized cell 

apoptosis only at the tumor sites with minimal lung tissue damage compared to 

constitutively CD-expressing control. In tumor-free mice, there was no significant increase 

in tissue damage after treatment with MRCS-CD, demonstrating specificity of activation 

only at tumor sites. Collectively, our data suggest that MRCS-CD kill cancer specifically 

with minimized side effects in vivo compared to MSC constitutively expressing therapeutics.

Potential side effects to other tissues besides the lungs were also evaluated. In particular, we 

focused on damage to bone marrow, liver, and brain because these are other sites to which 

MSCs may home (22). Flow cytometry for bone marrow cells showed no significant 

increase in apoptosis or necrosis after treatment with MRCS-CD in nude mice (fig. S14A). 

There was also no significant change in the bone marrow cell population after treatment (fig. 

S14B), showing that the bone marrow was not depleted by the MRCS-CD treatment, unlike 

in conventional chemotherapy (44). There was also no observable damage in bone marrow 

(fig. S15), liver (fig. S16), or brain tissue (fig. S17) sections stained by hematoxylin and 

eosin. The data suggest that MRCS-CD do not induce nonspecific damage to other tissues.

The activation and tumor-killing functions of MRCS in vivo mediated by tumor mechano-
cues

Secretion of LOX by primary breast tumor increases the linearization and cross-linking of 

collagen at the metastatic niche, resulting in increased matrix stiffness (18). Therefore, 

collagen linearization and cross-linking are robust surrogate markers of matrix stiffness. In 

addition, exogenous MSCs recruited to the metastatic lung assume an osteogenic 

differentiation profile not observed in the normal lung (25), although whether this is 

mediated by matrix stiffness is unclear. To mechanistically elucidate the activation and 

function of MRCS in the metastatic niche in vivo, we first validated the correlation between 

LOX expression and collagen expression in metastatic tissues. Up-regulation of LOX 
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expression was observed in tumor-bearing lungs (day 0) compared to that in tumor-free 

lungs, and it correlated with the location of tumor cells (figs. S18 and S19, A and B). 

Tumor-bearing lungs (day 0) had higher collagen expression than tumor-free lungs by 

Masson’s trichrome staining (fig. S19, C and D), which is consistent with a previous study 

(13). To further explore the correlation between collagen crosslinking and the metastatic 

niche, we performed SHG imaging to colocalize collagen and lung metastases. SHG 

microscopy is a powerful modality for imaging collagen fibers (fibrillar network and 

linearization) in the tissue environment with high specificity (15). With SHG imaging, high 

collagen expression was observed to colocalize with cancer metastasis (figs. S19, A and B, 

and S20) and LOX expression (day 0, fig. S19, A and B). We also observed that the collagen 

networks are significantly (P < 0.0001) more linearized in cancer-specific regions of tumor-

bearing lungs than in noncancer regions of tumor-bearing lungs and tumor-free lungs (day 0; 

Fig. 5, A to D, and fig. S20, A to F), which indicates that the metastatic niches in the lungs 

have a distinctive mechanomicroenvironment Tumor-bearing lungs (day 0) were also 

confirmed to have higher stiffness compared to tumor-free lungs by atomic force microscopy 

(AFM) (Fig. 5, E to H). Results from AFM microindentation of tissue sections showed that, 

besides having higher overall Young’s modulus (17.68 ± 25.63 kPa), tumor-bearing lungs 

are more heterogeneous in stiffness than tumor-free lungs that were less stiff (1.61 ± 3.97 

kPa) (Fig. 5, G and H). Together, this set of data suggests a strong correlation between 

metastasis, LOX expression, increased collagen expression/cross-linking/linearization, and 

increased stiffness at the metastatic sites.

To further study how our MRCS interacts with the metastatic niche, we cotransduced the 

MRCS-CD to constitutively express eGFP as a cell tracker. We then performed SHG 

imaging with ex vivo IHC staining 24 hours after the systemic infusion of MRCS to tumor-

bearing (Fig. 5, A and B) and tumor-free (Fig. 5C) mice (day 1). As observed on the SHG-

IHC overlaid images, more MRCS (characterized by the constitutively expressed eGFP) was 

observed in tumor-bearing lungs. CD of eGFP-labeled MRCS-CD was preferentially 

activated in the cancer regions that are associated with more linearized collagen cross-

linking (Fig. 5A). By contrast, few MRCS-CD were activated to express CD in less 

linearized noncancer regions (Fig. 5B) or in tumor-free lungs (Fig. 5C). Additionally, in Fig. 

5A, although MRCS-CD was recruited to tumor regions, CD expression (magenta) was 

limited to direct contact with cancer (red) and cross-linking (cyan). The MRCS-CD in the 

periphery of the tumor region did not express CD, but only the constitutive eGFP (green). 

Separate images for each color layer are shown in fig. S21. With MRCS-CD, the apoptosis 

[visualized via poly(adenosine diphosphate-ribose) polymerase (PARP) p85 antibody 

staining] is correlated with the presence of cancer and increased cross-linked collagen (fig. 

S22). With CD-MSC, there is apoptosis regardless of the tissue environment, and PARP 

signals are present not only in highly cancerous and cross-linked regions (fig. S23A) but also 

in less cross-linked regions (fig. S23B) and in healthy controls (fig. S23C).

To demonstrate the translatability and broad applicability of our MRCS platform, we also 

evaluated MRCS in a spontaneous model of breast cancer metastasis to the lungs. The 

establishment of the spontaneous model is shown in fig. S24, demonstrating that lung 

metastasis occurs within about 6 weeks after implantation of cancer cells to the mouse fat 

pads. We then demonstrated that MRCS-CD can specifically target cancer regions (RFP) 
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with higher tissue collagen cross-linking (SHG) and induce specific tissue damage 

(apoptosis via PARP p85 staining) in the metastatic niches in vivo (Fig. 6A). In contrast, we 

observed minimal off-target damage in noncancer regions of tumorbearing lungs (Fig. 6B 

and fig. S25) or in healthy lungs (Fig. 6C and fig. S25) where there is low cross-linking 

compared to the cancer regions of the lungs.

DISCUSSION

Despite decades of effort, little progress has been made to improve the diagnosis and 

treatment of cancer metastases. In particular, because of the heterogeneity of cancer and its 

ability to develop resistance to current treatments that target biochemical markers, new 

targeting strategies are urgently needed. Inspired by the tight correlation between increases 

in tissue stiffness and breast cancer metastatic niches found in recent studies 

(13,15,17,18,45) and the fact that MSCs differentiate to specific lineages depending on the 

stiffness of the microenvironment (28), we have developed a class of cancer therapeutics that 

directly target the mechanoenvironmental cues of cancer metastases. The MRCS is an 

attempt to directly interrogate the mechano-niche in vivo and apply it for localized delivery 

of agents including imaging reporters and therapeutics.

Mechano-niches play vital roles in development, homeostasis, and disease progression, 

including many types of cancer, and therefore serve as an emerging target for next-

generation therapeutics (14, 46). In particular, matrix stiffness is an appealing target for 

cancer therapeutics due to its long persistence in the body (measured in years), making it 

refractory to development of resistance to treatments (47, 48). Furthermore, cancer and 

cancer biomarkers are highly heterogeneous within the population, making it difficult to 

developtreatments that can accurately target the disease. Mechanical markers such as matrix 

stiffness, however, manifest similarly in most cases and present a more universal target for 

therapeutics (14, 49). Given the enormous challenge in the search of specific cancer 

biomarkers, matrix stiffness may present an opportunity, especially when used in 

combination with chemical biomarkers, to improve the sensitivity and specificity in cancer 

targeting. In addition, the natural ability of MRCS to actively home to and integrate into 

tumors and metastases enables the efficient delivery of therapeutics to the target-site. 

Together, our MRCS could have major clinical implications in increasing the effectiveness 

of therapies for patients with metastatic cancer while also ameliorating the deleterious side 

effects associated with chemotherapy (50) or other less specific cell-based delivery systems 

that are engineered to constitutively express therapeutics. In addition, our system could 

potentially be used to prevent metastasis by targeting the LOX-mediated, stiff premetastatic 

niche (13,15,18), for example, by engineering the MRCS to secrete matrix remodeling 

enzymes, such as metalloproteinases, to reduce the stiffness of the niche.

MSCs have been proven safe for transplantation into humans in the clinic (23, 24), which 

paves the way for clinical translation of the proposed MRCS. Transplanted MSCs 

themselves have previously been proposed to regulate cancer progression, both positively 

and negatively (21, 51, 52). We do not consider it as a major issue because MRCS only stays 

in tumors transiently (<7 days) and would be eliminated by suicide genes (CD). Our data 

show that MRCS can continue to functionally convert 5-FC to 5-FU for at least 5 days while 
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in contact with stiff substrate, although the process of cancer killing could begin as early as 

2 days after treatment, with the MRCS-CD themselves dying shortly after. This suggests that 

MRCS can be a transient yet efficient drug delivery system for treating cancer. Future 

studies will need to further investigate the activity of both CD-MSC and MRCS-CD in vivo, 

in particular with regard to conversion of 5-FC, to determine the time points of conversion 

and killing of the drug source (MSCs), as well as dosages required to ensure efficacy while 

still minimizing side effects.

Although several organs, including muscle (12 kPa) and bone (25 to 60 kPa) (28,53), 

approach or exceed the tissue stiffness of invasive breast cancer and may promote activation 

of our MRCS, we anticipate that this will not be a major issue because of the inherent 

homing ability of MSCs to cancer and metastases and their rapid clearance from non-

inflamed or noninjured tissues (21,22). Our data showed no significant damage to bone, 

bone marrow, liver, or brain tissues as a result of systemic treatment with MRCS (although 

we emphasize that MSC type and administration route may affect their homing profile). 

Although in transit to the metastatic niche MSCs will encounter blood vessel endothelial 

cells, basement membrane, and ECM components, each with their own characteristic 

stiffness, we do not expect this to irreversibly influence MRCS activity (28). In particular, 

many of these mechanical interactions involve shear stress, which does not regulate MSC 

differentiation. Previous studies have also established that expression of mechanoresponsive 

genes is rapidly reversible (28, 54). The specificity of MRCS colocalization and activation 

on tumors was also demonstrated in our study, with targeted release of CD only in regions 

with cancer cells and high collagen cross-linking, resulting in localized tissue damage in 

these tumor regions, but not in other nontumor regions. This, combined with data showing 

that MRCS will not release CD to convert 5-FC while on soft substrates, demonstrates that 

MRCS should not result in off-target damage in healthy tissues.

In contrast, treatment with CD-MSC resulted in increased tissue damage in the lungs, which 

was not only restricted to tumor regions but was also observed in healthy tissues. This could 

be at least partially attributed to the initial entrapment of MSCs in the pulmonary vasculature 

(43), where CD-MSC could still express CD to cause nonspecific damage, whereas MRCS-

CD would be inactive. Although CD-MSC and MRCS-CD displayed similar in vivo 

treatment efficacy and similar survival curves, this phenomenon may be attributed to the cell 

therapies reaching a threshold level of cancer killing, beyond which survival curves and 

whole-body imaging may not be sensitive enough to distinguish the two treatment groups. 

Further optimization of treatment parameters such as initial tumor burden, timing, and 

dosage of treatment and using more sensitive imaging modalities may elucidate these 

differences in future studies. Future studies will also need to further investigate the activation 

of MRCS in vivo to fully characterize the conditions in the tumor microenvironment, which 

trigger the conversion of 5-FC. However, it should be emphasized that MRCS-CD attenuated 

tumor growth. Together, the data suggest that MRCS is effective as a cancer therapeutic and 

has advantages over CD-MSC with respect to reducing side effects.

Our approach to targeting the mechano-niche in vivo by MRCS may also be relevant for the 

treatment of other types of fibrotic diseases through, for example, delivery of 

metalloproteinases. Moreover, by using cells engineered to respond to variations in matrix 
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stiffness to drive expression of diagnostic reporters [such as the HSV-1-tk gene coupled with 

positron emission tomography imaging (55)], the MRCS could also be used to detect 

micrometastases at a higher resolution than current imaging techniques. Our system 

potentially has major advantages over current methods of identifying micrometastases in that 

it can amplify the signal from smaller numbers of cells by detecting the properties of the 

local microenvironment and that it can be used in vivo without a need for biopsy or other 

invasive techniques. Finally, our MRCS could also serve as an approach to elucidate 

mechanobiology, specifically the interplay of biomechanical cues (56) with cells in their 

native environment in vivo in the context of cancer and other conditions such as 

inflammation and injury. Note that MRCS is not restricted to lung metastasis of breast 

cancer, although it was the focus of this study due to its high morbidity and its robustness as 

a model to test our hypothesis. However, future studies using other models of metastasis, 

especially in sites other than the lung, will need to be investigated to evaluate the broad 

applicability of our approach. Although previous studies have established that matrix 

stiffness is tightly linked to invasiveness and metastasis, current methods of measuring 

stiffness rely on elastography or ex vivo measurements with AFM or compression devices 

(14,15). Unfortunately, these techniques lack the resolution to directly measure the stiffness 

of the ECM with which the cells interact; instead, they measure the average stiffness of 

larger regions encompassing both ECM and cellular components of the tissues of interest. A 

cell-based stiffness sensor should reveal what cells actually “feel” in the microenvironment 

and dynamically interrogate the mechanoenvironment of primary tumors, metastases, and 

changes in matrix stiffness during disease progression and response to therapies at a cellular 

resolution in vivo.

MATERIALS AND METHODS

Study design

This study was designed to investigate the hypothesis that a cell-based system can be 

engineered to respond specifically to mechanoenvironmental cues (MRCS) to target cancer 

metastases. In vitro experiments (including tunable hydrogels, qPCR, cocultures, and mass 

spectrometry)and in vivo and ex vivo experiments using nude and NSG mice (including 

luciferase imaging, antibody staining, SHG, and AFM) were performed to demonstrate that 

MRCS can sense and kill cancer cells in response to biophysical cues. For all in vitro studies 

except for mass spectrometry, three independent experiments with at least three samples per 

condition were performed. n = 9 for the in vivo cancer killing and survival assays. n ≥ 3 for 

ex vivo characterization of the biophysical cues in the metastatic niche and the validation of 

MRCS. For the survival experiment, the end point for mice was defined as “found dead” or 

euthanasia criteria stated in University of California, Irvine (UCI) Institutional Animal Care 

and Use Committee protocol 2012–3062 described in Supplementary Materials and 

Methods. Groups for animal experiments were randomized, except for the cancer killing 

study where manual group adjustments were performed to keep the differences in initial 

cancer burden between all “week 0” group animals not statistically significant. In vitro 

experiments were not blinded. In vivo and ex vivo experiments were blinded.
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Statistical analysis

Data were analyzed by Student’s t test when comparing two groups and by analysis of 

variance (ANOVA) when comparing more than two groups. Log-rank (Mantel-Cox) test was 

performed for animal survival data analysis by two-way ANOVA, and Mann-Whitney test 

was used for AFM data. Outliers in AFM data were removed by Grubbs’ test (P < 0.05). 

Data were expressed as means ± SD or means ± SEM. Two-sided testing with normal-based 

95% confidence interval was performed for each analysis, and differences were considered 

significant at P <0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. MRCS in vitro validation
(A) Schematic of a proposed mechanism of how MRCS works. When the stiffness of ECM 

increases, YAP/TAZ are activated and localize to the nucleus. Then, YAP/TAZ will bind to 

the synthetic stiffness-sensing promoter in MRCS and drive the expression of downstream 

reporters (such as eGFP and Luc) and/or therapeutics. Note: This schematic is simplified to 

clarify the major components in MRCS mechanism. (B) Representative images of MRCS-

eGFP plated on soft (~1 kPa) and firm (~40 kPa) polyacrylamide gels. eGFP (stained with 

anti-eGFP; green) was turned on in response to higher stiffness. YAP (stained with anti-
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YAP; red) localization is also regulated by stiffness, such that it concentrates in the nuclei on 

stiffer substrates. 4′,6-diamidino-2-phenylindole (DAPI) (blue; nuclear counterstain) is 

displayed. Scale bars, 25 μm. (C) Quantification of fluorescence intensity of eGFP (stained 

with antibody) from MRCS-eGFP seeded on substrates with different stiffness or on firm 

(~40 kPa) substrates treated with 10 μM ML-7 (MLCK inhibitor) or 20 μM PF228 (FAK 

inhibitor). Blebb., blebbistatin. Data aremeans ± SEM. (D) RT-qPCR analysis of MRCS-

eGFP on hydrogels. Expression of eGFP (green) and YAP/TAZ downstream factors (CTGF, 

purple; ANKRDI, black) was increased on stiffsubstrate and was down-regulated on soft 

substrate or with mechanosensing inhibitors, showing that MRCS is stiffness-specific. 

Quadruplicate samples were used for the analysis. Data are means ± SD. *P < 0.05, **P < 

0.01, ***P < 0.001, and ****P < 0.0001.

Liu et al. Page 19

Sci Transl Med. Author manuscript; available in PMC 2018 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. MRCS-CD activation dependent on substrate stiffness in vitro
(A) Quantification of fluorescent signals of CD shows MRCS-CD responding to matrix 

stiffness in vitro. MRCS-CD were stained with antibody after plating on tunable 

polyacrylamide gels or glass as indicated, or treated with 50 μM blebbistatin, 10 μM ML-7 

(MLCK inhibitors), or 20 μM PF228 (FAK inhibitor). The fluorescent signal of CD was 

analyzed, and the relative fluorescence intensity is shown. Data are means ± SEM. Triplicate 

samples were used for the analysis. (B) MRCS-CD kill cancer cells in response to matrix 

stiffness and 5-FC in vitro. MRCS-CD were cocultured with MDA-MB-231 breast cancer 

cells (231: MRCS = 2:1) with (800 μg/ml; green) or without (black) 5-FC on substrates with 

different stiffness. Total cell proliferation (XTT assay) is displayed. The data were 

normalized to breast cancer only (231: MRCS = 1:0) with or without 5-FC on each stiffness. 

Triplicate samples were used for the analysis. Data are means ± SD. n.s., not significant. *P 
<0.05, **P <0.01, and ***P <0.001. (C) Conversion of 5-FC to 5-FU by MRCS-CD in 

response to matrix stiffness in vitro. MRCS-CD were seeded on substrates with different 

stiffness, with 5-FC (800 μg/ml) in growth medium for 1,2, or 5 days. The concentration of 

5-FU in the conditioned medium was detected by LC-MS/MS.
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Fig. 3. MRCS-CD killing cancer cells in vivo
(A) Design and timeline of animal experiment to test MRCS-CD with 5-FC in vivo. iv, 

intravenous; ip, intraperitoneal. (B) Representative images of nude mice that received 

MRCS-CD treatments show that MRCS-CD decreased lung metastasis signals in vivo. 

Luciferase imaging was taken before (day 0, left) and after short-term 5-FC treatment (day 

9, middle), as well as long-term 5-FC treatment (6 weeks, right). Quantification of luciferase 

signals in the lungs in vivo after (C) short-term and (D) long-termtreatments. (E) Mouse 

survival after MRCS-CD treatment. In (C), relative growth index = luciferase read on day 9 

(after)/luciferase read on day 0 (before). In (D), lung metastasis index = log10 [(luciferase 

read of the tested mouse)/(luciferase read of average for tumor-free mice)]; the lung 

metastasis index of tumor-free mice = 0. The differences between “week 0” groups are not 

statistically significant. n = 9 for each group. *P <0.05, **P <0.01, and ***P <0.001. In (E), 

P = 0.0382, CD-MSC versus DPBS; P = 0.0429, MRCS-CD versus N-MSC; and P = 0.0211, 

MRCS-CD versus DPBS. Median survival (days): CD-MSC, 260; MRCS-CD, 260; N-MSC, 

141; DPBS, 137.
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Fig. 4. MRCS-CD killing cancer cells in vivo with minimal side effects
(A) Frozen sections of lungs of Luc-RFP-231 tumor-bearing and tumor-free nude 

micesacrificed 24 hours after CD-MSC, N-MSC, DPBS, or MRCS-CD infusion were 

stained with anti-annexin V (green) and DAPI (blue). RFP signal (red) indicates the 

presence of lung metastasis. Scale bars, 100 μm. Representative images of frozen section 

samples of tumor-bearing lungs and tumor-free lungs from nude mice treated with CD-

MSC, MRCS-CD, N-MSC, or DPBS before and after 5-FC injections by TUNEL assays are 

shown. Horseradish peroxidase signals (brown) indicate damaged nuclei, and green signals 

are methyl green counterstain of normal nuclei. Scale bars, 100 μm. (B) Quantification of 

TUNEL assay data measuring lung tissue damage in vivo. Ten representative images were 

used per group for quantification. *P < 0.05, **P < 0.01, and ****P < 0.0001. Data are 

means ± SD.
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Fig. 5. Specific activation of MRCS in response to mechano-cues in the metastatic niche in vivo
(A to C) Frozen sections of lungs of Luc-RFP-231 tumor-bearing NSG mice [cancer region 

in (A) and noncancer region in (B)] and tumor-free NSG mice (C) sacrificed 24 hours after 

infusion of MRCS-CD cotransfected with eGFP were stained with anti-Luc (red) to detect 

lung metastasis, anti-CD (magenta) for CD expressed by MRCS-CD, and anti-eGFP (green) 

for MRCS-CD tracking. SHG imaging of collagen networks (cyan) was also overlaid on 

IHC imaging. Scale bars, 50 μm. Multiple images were tiled into a larger composite image. 

Each representative image was then extracted from the tiled image. (D) Quantification of 
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collagen linearization using displacement-to-length ratio (DLR) of collagen fibers in SHG 

images. For a line, DLR = 1, and for a curve, DLR < 1. Representative images are shown in 

fig. S20. Forty-five fibers per group were used for this analysis. Box and whisker plots are 

shown as minimum, 25th percentile, median, 75th percentile, and maximum. ****P 
<0.0001. (E and F) Representative AFM stiffness maps (50 μm × 50 μm) of tumor-bearing 

(E) and tumor-free (F) lungs. (G and H) Frequency of Young’s modulus values of tumor-

bearing (G) and tumor-free (H) lungs from AFM microindentation in the range of 0 to 40 

kPa (bin size = 1 kPa), whereas the inset graphs show the frequency within the range of 0 to 

10 kPa (bin size = 0.5 kPa). Five hundred measurements per group were analyzed. P <0.001 

(Young’s modulus of tumor-bearing lungs versus tumor-free lungs).
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Fig. 6. Cross-linking-specific tissue damage by MRCS in response to mechano-cues in the 
metastatic niche in vivo in spontaneous lung metastasis model
Frozen sections of lungs of tumor-bearing NSG mice with Luc-RFP-231 spontaneous lung 

metastasis from primary tumors [cancer region in (A) and noncancer region in (B)] and 

tumor-free NSG mice (C) sacrificed after MRCS-CD infusion and 5-FC treatment as 

indicated (day 9) were stained with anti-PARP p85 (green) for tissue apoptosis. RFP signal 

(red) indicates the presence of lung metastasis, and colocalization of red and green appears 

yellow. SHG imaging of collagen networks (cyan) was presented and overlaid with IHC 

imaging. Scale bars, 100 μm.
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