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Abstract
The systemic metabolic shifts that occur during aging and the local metabolic alterations of a tumor, its
stroma and their communication cooperate to establish a unique tumor microenvironment (TME) that
fosters cancer progression. Here, we show that methylmalonic acid (MMA), an aging-increased
oncometabolite that is also produced by aggressive cancer cells, activates �broblasts in the TME, which
reciprocally secrete IL-6 loaded extracellular vesicles (EVs) that drive cancer progression, drug resistance
and metastasis. The cancer-associated �broblast (CAF)-released EV cargo is modi�ed as a result of
reactive oxygen species (ROS) generation and activation of the canonical and noncanonical TGFβ
signaling pathways in CAFs. EV-associated IL-6 functions as a stroma-tumor messenger that activates
the JAK/STAT3 and TGFβ signaling pathways in tumor cells and promote an epithelial-to-mesenchymal
transition (EMT) and drug resistance in vitro, and metastatic progression in vivo. Our �ndings reveal the
role of MMA in the activation of CAFs to drive metastatic reprogramming, unveiling multiple potential
therapeutic avenues to target MMA at the nexus of aging, the tumor microenvironment and metastasis.

Introduction
Metastasis underlies mortality in the majority of solid-cancer tumors, including lung cancer, the leading
cause of cancer death, and melanoma, in which the 5-year survival rate is less than 15% in patients with
metastatic disease(1). As a problem of aging, metastasis is the number one cause of death in people 60–
79 years old and represents a direct avenue to steer interventions for improving cancer survival and
extending overall lifespans(2). Towards this end, much investigative effort continues to focus on
mutational, epigenetic, and metabolomic changes within the cancer cell that abet the metastatic process.
In this arena, we discovered that methylmalonic acid (MMA), a byproduct of propionate metabolism, is
increased in the serum of elderly people and contributes to acquisition of aggressive properties in tumor
cells, uncovering a systemic cause for the link between old age and negative cancer outcomes. In
addition to the age-dependent increase in circulatory methylmalonic acid, we have more recently also
demonstrated that tumor cells dysregulate propionate metabolism in order to increase local MMA
accumulation, driving cancer progression in an autocrine manner(3).

Considering that MMA is increased both in the aging body and locally through tumor production, the next
question was how these high local concentrations of MMA could function in a paracrine fashion. The
in�uence of the tumor microenvironment (TME) on metastatic progression is inextricable from the
equation. Within the heterogeneous and dynamic TME network, the exchange of secreted factors such as
hormones, enzymes, growth factors, cytokines and metabolites all facilitate a cooperative tumorigenic
and metastatic process between tumor and stroma(4). CAFs represent critical players in the formation of
a favorable TME for cancer progression. In addition to extracellular matrix (ECM) deposition and
remodeling, CAFs secrete cytokines, growth factors, and metabolites that in�uence the behavior and
function of tumor cells as well as other stromal components. The concentrations, combinations and
e�cacy of these secreted molecules can be speci�cally regulated by their delivery through extracellular
vesicles, although the mechanisms controlling these parameters are not fully understood (5). In tumor
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cells, CAF-secreted messengers in�uence tumor growth, metastasis and drug resistance through multiple
underlying processes, including inhibiting apoptosis pathways, induction of stemness programs, or
epithelial-to-mesenchymal transition (EMT) (6, 7). Many of the traits that epithelial-like tumor cells
acquire through EMT enhance successful remodeling of their surrounding ECM, support invasion through
tissue, and promote intravasation across the endothelial barrier into the bloodstream. This is supported
by histopathological studies showing that cells at the invasive front of tumors exhibit an EMT phenotype
(8, 9).

In the present study, we show that MMA, increased in the TME by aging as well as by tumor production,
activates stromal �broblasts to cancer-associated �broblasts (CAFs) and induces a secretory phenotype.
In turn, extracellular vesicles (EVs) secreted by MMA-induced CAFs, harboring IL-6 and other factors,
promote an epithelial-to-mesenchymal transition in tumor cells, fostering the acquisition of aggressive
traits including drug resistance and increased metastatic formation.

Results

MMA secreted from tumor cells activates �broblasts in the
tumor microenvironment
Aberrations in the enzymes downstream of methylmalonyl-CoA in the propionate metabolism pathway,
namely methylmalonyl-CoA mutase (MUT), methylmalonyl-CoA epimerase (MCEE), methylmalonic
aciduria type A protein (MMAA), or cob(I)yrinic acid a,c-diamide adenosyl-transferase (MMAB) result in
pathogenic systemic MMA accumulation in methylmalonic acidemias (10–13), and drive cancer drug
resistance and metastasis through increased MMA accumulation in vitro and in vivo(3)(Fig. 1a). We
pro�led the transcripts of these metabolic enzymes in individual cells obtained from resected human lung
cancer primary tumors and metastases, and found that tumor cells with reduced expression of these
genes were enriched in mesenchymal subpopulations (Fig. 1a, 1b). Given this, and our previous �ndings
that metastatic inducers drive MMA production and pro-aggressive effects on tumors through
dysregulation of propionate metabolism, we wondered if tumor-produced MMA might also act on other
cell types in the TME(3). Fibroblasts comprise the major component of the TME, and in some solid
tumors even outnumber malignant cells(14). We knocked down MUT in A549 lung carcinoma and A375
melanoma cells to simulate MMA accumulation by altered propionate metabolism during early steps of
metastasis, and co-cultured these cells with MRC5 lung and BJ dermal �broblasts, respectively (Fig. 1c-e).
Five days of co-culture markedly increased CAF markers in the �broblasts, suggesting that tumor-
produced MMA is secreted and activates �broblasts in the stroma (Fig. 1f). Conversely, blocking MMA
production in A375 cells by knockdown of PCCA, a component of propionyl-CoA-carboxylase, repressed
their ability to induce the activation and in�ltration of �broblasts in the tumor in vivo (Figure s1a-c).
Notably, an RNA-sequencing dataset of 501 whole tumors from patient lung squamous cell carcinomas
showed a correlation between low MUT, MCEE, MMAA and MMAB levels (indicating high MMA) and high
expression of cancer-associated �broblast markers ACTA1 (encoding for SMA) and FAP (Figure s1d),
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suggesting that human tumors with greater levels of MMA do indeed harbor a great proportion of
in�ammatory CAFs.

We have previously demonstrated that MMA in the serum is largely encapsulated in lipid vesicles,
allowing for accelerated entry into cells at much lower concentrations compared to free MMA (15). When
we isolated extracellular lipid vesicles from the conditioned media of MUT-knocked down tumor cells
(EVsshMUT−A549), we found that they indeed carried more MMA compared to control vesicles
(EVsshGFP−A549), and could induce CAF markers when used to treat �broblasts (Figure s1e-f). Depletion of
these vesicles from the conditioned media of MUT-knocked down cells abolished its ability to induce CAF
markers in �broblasts, con�rming that tumor-produced MMA, like the MMA in the serum of elderly people,
is delivered and acts on cells through extracellular vesicles (Figure s1g).

Treatment of MRC-5 and BJ �broblasts with exogenous MMA reproduced the effect of co-culture with or
extracellular vesicles from MUT-knockdown tumor cells on CAF marker expression in a dose-dependent
manner (Fig. 1g). The ability of exogenous MMA to induce CAF markers in �broblasts was similar to that
of the conditioned media and lipid vesicles from MUT-knocked down tumor cells, as well as other known
CAF inducers, including TGFβ (Figure s1h). Proliferation was not affected by 1mM MMA treatment, and
mildly decreased under 5mM of MMA (Figure s1i). We con�rmed that MMA activation of CAFs was not
simply due to decreased pH or altered TCA cycle �ux, as other acids from the propionate metabolism
pathway were unable to reproduce the phenotype (Figure s1j). Intriguingly, MMA also induced CAF
production of matrix metalloproteinases (Fig. 1f), which contribute to the extracellular matrix (ECM)
remodeling that promotes intravasation of tumor cells into the bloodstream in early stages of metastasis
(16).
MMA-treated �broblasts secrete EVs to promote pro-aggressive reprogramming in tumor cells

To determine if the secretome of MMA-activated CAFs might direct tumor cell behavior, we cultured tumor
cells with conditioned media from vehicle- or MMA-treated �broblasts (CMveh−MRC5/BJ and
CMMMA−MRC5/BJ) and observed a marked increase in markers of EMT (Fig. 2a). Additionally, co-injection
of A549 tumor cells with MMA-treated MRC5 �broblasts into mice signi�cantly increased the ability of
tumor cells to metastasize, indicating that one or more secreted factors from MMA-activated CAFs
promotes a pro-metastatic phenotype in cancer cells (Fig. 2b).

Next, we aimed to identify the components of the conditioned media secreted by MMA-treated �broblasts
that was driving the EMT phenotype in tumor cells. EVs are loaded with signaling molecules and genetic
material, and function as essential signaling mediators in the tumor microenvironment (17, 18).
Considering that MMA is delivered from tumor cells to �broblast in EVs, we looked to see whether the
�broblast messengers reciprocally driving EMT in tumor cells were also contained in EVs. From MRC-5
lung and BJ dermal �broblasts, we isolated EVs from the conditioned media after vehicle or MMA
treatment (EVsveh−MRC5 and EVsveh−BJ, or EVsMMA−MRC5 and EVsMMA−BJ, respectively) (Fig. 2c). We did not
observe a signi�cant difference in the number or size of EVs secreted by MMA-treated �broblasts
(EVsMMA−MRC5/BJ) compared to those secreted by vehicle-treated �broblasts (EVsveh−MRC5/BJ) (Figure S2a-
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b). Survey of extracellular vesicle marker proteins con�rmed the purity of these EVs (Figure S2c). To
determine if the CAF-secreted factor driving EMT in tumor cells was being delivered through these
structures, we then added EVsveh−MRC5/BJ or EVsMMA−MRC5/BJ to their tissue-matched A549 or A375 tumor
cells (Fig. 2c). Upon treatment of tumor cells with EVsMMA−MRC5, we once again observed an increase in
EMT markers (Fig. 2d). In contrast, the supernatant from the CMMMA−MRC5/BJ after isolation of the EVs
lost its ability to induce this effect (Figure S3a). Intriguingly, when A549 tumor cells treated with isolated
EVsMMA−MRC5 were then cultured in normal media, they converted back to an epithelial phenotype after
�ve days, highlighting the plasticity of EMT (Figure S3b). Importantly, when EVsMMA−MRC5-treated tumor
cells were released from EVsMMA−MRC5 treatment, but subsequently co-cultured in the presence of
untreated �broblasts, the tumor cells maintained their aggressive phenotype (Figure S3b). This
underscores the importance of a positive feedback loop between the tumor and stroma, wherein
�broblast activation drives tumor cell aggression, which reciprocally drives more �broblast activation,
ultimately leading to metastatic progression. A375 and A549 tumor cells treated with EVsMMA−MRC5/BJ

also exhibited increased resistance to chemotherapeutic and targeted therapy drugs, and displayed
increased colony formation in soft agar compared to tumor cells treated with EVsveh−MRC5/BJ (Fig. 2e and
2f). Additionally, tumor cells treated with EVsMMA−MRC5/BJ exhibited increased invasion and migration
ability in transwell assays, and formed more metastases following a subcutaneous primary tumor
implantation in vivo (Fig. 2g, 2h). Intriguingly, despite having signi�cantly higher metastases formation,
tumor cells treated with EVsMMA−MRC5 did not form signi�cantly larger primary tumors (Fig. 2h). This
indicates that the EVs isolated from MMA-activated �broblasts speci�cally drive an aggressive,
metastatic phenotype in tumor cells, rather than increased cell proliferation.

IL-6 in �broblast-secreted EVs mediates tumor cell metastatic signaling

As we did not see a change in the number and size of EVs induced by MMA treatment, we speculated that
the potent tumor cell response observed after MMA treatment could be due to differentially loaded EV
cargo. To identify the active factor in EVs from MMA-treated �broblasts driving metastatic progression,
we performed proteomic analysis on EVsveh−MRC5 and EVsMMA−MRC5. One of the most signi�cantly
upregulated secreted proteins in EVsMMA−MRC5 compared to EVsveh−MRC5 was IL-6, a pro-in�ammatory
cytokine that has been implicated in promoting EMT and metastasis (Fig. 3a, Figure s4a) (19–21). We
also observed that genes driving IL-6/JAK/STAT3 pathway activity were enriched in more mesenchymal
cells characterized by downregulation of key genes restricting MMA production from human lung cancer
tumor and metastasis tissue samples (Figure S4b). Indeed, both IL-6/JAK/STAT3 signaling, measured by
JAK2 and STAT3 phosphorylation, and TGFβ signaling, measured by phosphorylation of SMAD proteins,
were activated in A549 cells upon treatment with EVsMMA-MRC5 (Fig. 3b). Notably, while EVsMMA−MRC5

increased Y705 phosphorylation of STAT3, which is the main regulator of cytokine-induced JAK/STAT3
signaling, it did not affect phosphorylation at S727 (Fig. 3b), suggesting a speci�city in EVsMMA−MRC5

mediated downstream signaling. To determine the necessity of these signaling cascades for the ability of
EVsMMA−MRC5 to drive EMT, we blocked their activation in A549 tumor cells using the TGFβR or STAT-3
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inhibitors, SB431542 and cryptotanshinone, respectively (Fig. 3c). Inhibition of these pathways effectively
blocked EMT induction by EVsMMA−MRC5 in A549 tumor cells, re-sensitized cells to drug treatment, and
suppressed the increase in invasion and migration (Fig. 3d-f). Similarly, knockdown of IL6R in tumor cells
suppressed both IL-6/JAK/STAT3 and TGFβ signaling, and suppressed EVsMMA−MRC5-induced EMT
marker expression, drug resistance, and invasion and migration, suggesting that IL-6R activation
functions upstream of TGFβ pathway signaling in this context (Fig. 3g-j, Figure S4c). Additionally, treating
A549 lung tumor cells with tocilizumab, an IL-6R antibody and inhibitor, replicated the effect of IL-6R
knockdown, effectively blocking IL-6/JAK/STAT3 and TGFβ signaling and suppressing the induction of
EMT and drug resistance by EVsMMA−MRC5 (Figure S4d-f). Finally, we knocked down IL6 in MRC-5
�broblasts before treating them with MMA and isolated their secreted EVs. While IL-6 knockdown in
�broblasts did not have any effect on the ability of MMA to induce CAF marker expression in �broblasts,
it effectively suppressed the ability of EVsMMA−MRC5 to induce IL6/JAK/STAT3 and TGFβ signaling in
tumor cells, and was su�cient to abolish the EMT-inducing effect of EVsMMA−MRC5 and their ability to
boost drug resistance, invasion and migration (Figure s5).

MMA activates �broblasts through ROS activated NF-κB and TGFβ signaling

Next, we set out to characterize the mechanism by which MMA treatment of �broblasts led to activation
of the CAF phenotype and IL-6 loading into and secretion from extracellular vesicles. We performed RNA-
seq on MRC-5 �broblasts treated with vehicle or MMA, and a pathway enrichment analysis of the RNA-
seq data showed an upregulation of genes in the NF-κB and TGFβ signaling pathways in MMA-treated
�broblasts (Fig. 4a). Crosstalk between these two pathways has been described previously, wherein TGFβ
signaling leads to the sequential phosphorylation of TAK1, IKK, and NF-κB (Fig. 4b)(22). We con�rmed
that these pathways are activated in MRC-5 �broblasts upon MMA treatment, or treatment by EVs derived
from MMA-producing tumor cells (EVsshMUT−A549) (Fig. 4c, s6a). Using time course analysis, we noted
that p65 phosphorylation occurred later than SMAD3 and TAK1 phosphorylation (Fig. 4c).
Pharmacological inhibition of TGFβR using SB43152, but not of TAK1 and IKK using Takinib and IKK16,
respectively, effectively suppressed the induction of CAF markers by MMA, suggesting that the MMA-
induced CAF phenotype is largely regulated by TGFβ separately from NF-κB signaling (Fig. 4d-e).
Similarly, genetic knockdown of TGFBR1, but not CHUK1 (encoding for IKK1), negated the ability of MMA
to induce CAF markers (Figure s6b-c). Interestingly, pharmacological inhibition of TGFβR, TAK1 and IKK
were all individually able to reduce IL-6 loading into EVsMMA−MRC5, indicating that MMA-induced IL-6
secretion through extracellular vesicles is mediated by NF-κB downstream of TGFβ-TAK1-IKK activation,
and we saw the same effect with genetic knockdown of TGBR1 and CHUK1 (Fig. 4f, s6d-e). In line with
this and our earlier �ndings demonstrating the necessity of IL-6, all three inhibitors abrogated the ability
of EVsMMA−MRC5 to induce IL-6/JAK/STAT3 and TGFβ signaling in A549 tumor cells, along with EMT
(Fig. 4g-h, Figure s6f-g). Additionally, all three inhibitors were able to suppress the ability of EVsMMA−MRC5

to increase drug resistance in tumor cells, although this effect was small using SB43152 or TAKinib
(Fig. 4i).
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Notably, IKK inhibition had a greater effect than both TGFβR inhibition or TAK1 inhibition in reducing IL-6
loading into EVsMMA−MRC5, which also corresponded with a greater effect in suppressing the potency of
EVsMMA−MRC5 for promoting EMT and drug resistance in A549 tumor cells (Fig. 4f-i). This suggested that
the NF-κB activation downstream of TGFβR signaling was supplemented by a certain level of NF-κB
activation independent of TGFβR signaling, together producing the full effect of IL-6 loading into
EVsMMA−MRC5 and the full potency of EVsMMA−MRC5 to induce EMT and increase drug resistance in tumor
cells.

As increased generation of reactive oxygen species (ROS) has been established to trigger both NF-κB and
TGFβ signaling(23, 24), we conjectured that ROS activation of NF-κB both independently and through
TGFβR-TAK1-IKK-NF-κB signaling may be at the apex of the MMA signal that induces the CAF phenotype
and function. Additionally, pathway enrichment analysis of RNA-seq data showed that the oxidative
stress response was upregulated in MMA-treated MRC-5 �broblasts (Fig. 4a). Indeed, MMA treatment, as
well as treatment by EVs from MMA-producing tumor cells (EVsshMUT−A549) of tumor cells increased ROS
with peak levels at 6 hours, corresponding to the peak in TGFβ and NF-κB signaling, while also increasing
malondialdehyde (MDA), a marker of oxidative stress, over several days (Fig. 4c, Fig. 5a, Figure s7a-c).
While ROS induction by MMA was similar to that observed by other ROS inducers, including rotenone,
TTFA, and hydrogen peroxide, these other inducers were unable to drive the same level of CAF activation
in the �broblasts (Figure s7d-e). This suggests that MMA may increase ROS through a speci�c
mechanism, or that MMA activates other processes that work with ROS to induce activation of
�broblasts.

Treatment of these �broblasts with the antioxidants N-acetyl-cysteine (NAC) or SkQ1 effectively inhibited
MMA induction of NF-κB and TGFβ signaling, along with the MMA-induced increase in CAF markers and
increased IL-6 loading into EVsMMA−MRC5 (Fig. 5b-e). When EVsMMA−MRC5 were collected from �broblasts
that were co-treated with antioxidants, they were no longer able to activate IL6/JAK/STAT3 or TGFβ
signaling in A549 tumor cells (Fig. 5f). Consistently, antioxidant treatment of �broblasts suppressed the
ability of EVsMMA−MRC5 to induce the EMT phenotype and increase drug resistance in A549 tumor cells,
and reversed the ability of these tumor cells to form metastases in vivo (Fig. 5g-i). Together, our data
illustrates a mechanism wherein exposure of �broblasts to MMA generates ROS and induces oxidative
stress, which activates NF-κB and TGFβ signaling. Canonical TGFβ signaling regulates CAF marker
expression, while NF-κB signaling, which is activated by ROS both independently of and downstream of
TGFβ signaling through TAK1 and IKK, regulates IL-6 association and secretion with vesicles. In tumor
cells, IL-6 enriched EVsMMA−MRC5 activates IL-6/JAK/STAT3 and TGFβ signaling, promoting EMT and the
acquisition of pro-aggressive traits (Fig. 6).

Discussion
Here, we depict how a recently identi�ed aging-associated and tumor-produced oncometabolite, MMA,
can also function as a tumor cell messenger by acting on the tumor microenvironment to drive metastatic
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progression. We also characterize for the �rst time the downstream signaling cascades activated by
MMA in �broblasts. By increasing ROS generation, MMA induces a secretory signature in CAFs wherein
IL6 delivered in extracellular vesicles drives metastatic signaling and progression of epithelial-like (or
primary) cancer cells.

While the structure of the signaling cascades activated by MMA are likely to vary according to cell-type,
the ability of MMA to induce oxidative stress may be a conserved phenomenon upstream of MMA-
mediated functions in other cellular contexts, such as the TGFβ signaling-dependent increase in SOX4 in
MMA-treated tumor cells(15). More research is warranted to verify this possibility, as well as to elucidate
how MMA may increase ROS. A potential mechanism may involve MMA’s ability to inhibit succinate
dehydrogenase, an essential component of the mitochondrial respiratory chain complex II(25). Indeed,
diseased mitochondria and mitophagy dysfunction has been described in MUT de�ciency underlying
methylmalonic acidemia(26).

The role of circulatory IL-6 in metastasis and therapy resistance has been previously observed, and is
long known to be increased in the serum with age(27, 28). IL-6 was also reported to be increased in the
serum of Methylmalonic acidemia patients recently (29).The discovery of a speci�c mode of IL-6 delivery
from TME to stroma through extracellular vesicles, however, likely confers a particularly calibrated and
potent effect. The proportion of IL-6 released freely or delivered through EVs has been shown to vary
widely and depend on the biological systems involved; for example, almost all IL-6 released from
monocytes are free, while all IL-6 released from T cells are encapsulated(30). In addition to providing a
concentrated in�ux of the cytokine when IL-6 is delivered through these lipidic structures, extracellular
vesicles also protect their contents from environmental degradation, and expression of surface proteins
may facilitate the targeting of EVs to distinct cell types(30). Co-delivery of different cytokines
encapsulated together is also likely to have different synergistic effects driving distinct phenotypes. A
precise characterization of the regulatory mechanisms dictating how IL-6 is loaded into EVs and the
proportions of IL-6 encapsulated or embedded in the membranes will require further investigation, and
will likely illuminate key pathways for cytokine delivery through EVs in other cellular contexts.

As IL-6 signaling is pro-in�ammatory and TGF-β signaling is anti-in�ammatory, their associated
pathways are often described to function antagonistically. For example, STAT3 can bind Smad3 and
disrupt formation of Smad2/Smad3 complexes, hindering the DNA-binding ability of these transcription
factors(31). In contrast, we show that STAT3 signaling in tumor cells treated with EVsMMA−MRC5 promotes
TGF-β signaling in a positive crosstalk interaction to drive EMT. This is supported by previous studies
which found that STAT3-Smad3 complex formation and nuclear translocation is required for TGF-β-
induced Snail promoter activation and EMT induction in KRAS mutated Panc-1 cells(32). The factors that
determine the nature of these interactions in different contexts remain to be elucidated and may be
de�ned by the varying strengths of each pathway’s activation or by the expression of additional co-
factors.
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Furthermore, while this was not explored in the current study, our �ndings support a likely means by
which the aging body shapes the tumor microenvironment through MMA, further coloring in the link
between age as a risk factor and poorer cancer outcomes. Indeed, it has been shown that older people
have increased tissue �brosis, and the possibility that MMA may play a role in this is certainly intriguing
(33). Beyond the effect of MMA on �broblasts, the full scope of how MMA functions on other cell
components of the tumor microenvironment, such as the immune system, has yet to be uncovered, and
represents a huge untapped potential for therapeutic interventions targeting various stages of the
tumorigenic process.
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Figure 1

MMA produced by tumor cells promotes a cancer associated �broblast phenotype. a. Patient-derived
tumor cells (n = 2,537) projected according to imputed Vimentin expression and imputed EPCAM
expression. Each cell is colored by average imputed expression of negative regulators of MMA production
(MMAA, MMAB, MCEE, and MUT), highlighted in yellow in the diagram depicting propionate metabolism
pathway (above). b. The z-normalized imputed expression of relevant mesenchymal, epithelial, and MMA
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marker genes is displayed on the heat map ranked by MES Ratio, de�ned as the log10 transform of the
expression ratio of imputed VIM and EPCAM for each cell. The MES Ratio curve along the top of the heat
map shows the absolute value of the MES Ratio across the ranked cells. The color bar along the bottom
of the heat map shows the sample tissue source (metastasis: red and primary: black). The gene
correlation and associated p-values were computed by performing a two-sided spearman test between
the normalized (non-imputed) expression of each gene and the MES Ratio. c. MUT was knocked down in
A549 and A375 tumor cells. Immunoblots show the protein level of MUT in cell lysates. d. MMA levels in
the conditioned medium of the tumor cells were measured, normalized to the total cell number (n=3
independent experiments, two-sided paired t-test, * p<0.05). e. Schematic of the co-culture experiment
performed in (f). Tumor cells with shGFP or shMUT knockdown were seeded in a transwell insert, and co-
cultured with �broblasts seeded on the bottom of 6-well plates. Fibroblast lysates were collected for
immunoblots. f. Immunoblots measuring CAF markers in MRC-5 �broblasts co-cultured for 4 days with
shMUT-knocked down A549 tumor cells and BJ �broblasts co-cultured for 4 days with shMUT-knocked
down A375 tumor cells. g. Immunoblots measuring CAF markers in MRC-5 and BJ cell lysates treated
with 1mM or 5mM of MMA for 5 days.
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Figure 2

EVs secreted by MMA-treated �broblasts increase tumor aggressiveness. a. Immunoblots of A549 and
A375 tumor cells after 5-day treatment by conditioned media from vehicle or MMA-treated MRC-5 (for
A549) or BJ (for A375) �broblasts. b. A mixture of vehicle- or MMA-treated MRC5 with A549 cells were
injected subcutaneously. The primary tumor and metastasis formation was measured after 6 weeks (n=7-
8, two-sided unpaired t-test, * p<0.05). c. Experimental scheme. d-f. Pro-aggressive properties in A549 and
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A375 tumor cells treated with EVsveh-MRC5/BJ or EVsMMA-MRC5/BJ from MRC-5 (for A549) or BJ �broblasts
(for A375), evaluated by immunoblots measuring EMT marker expression (d), drug resistance assays
using carboplatin and paclitaxel for A549 cells, and vemurafenib and AZD6244 for A375 cells (e; n=3
independent experiments, two-way ANOVA, * p<0.05, ** p<0.01), colony formation assays for 3 weeks (f; n
= 4 independent experiments, two-sided paired t-test, * p<0.05, ** p<0.01), transwell invasion and
migration assays (g; n=3 independent experiments, two-sided paired t-test, * p<0.05, ** p<0.01) and
measurement of primary tumor and metastasis formation 5 weeks after subcutaneous injection into mice
(h; n=8-10, two-sided unpaired t-test, * p<0.05, *** p<0.001).
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Figure 3

IL-6 in the EVs of MMA-treated �broblasts mediates pro-aggressive STAT-3 and TGFβ signaling in tumor
cells. a. Volcano plots showing protein level distribution from proteomics analysis comparing the
compositions of EVs isolated from vehicle- or MMA-treated MRC-5 �broblasts. b. Immunoblots showing
JAK2-STAT3 signaling and TGFβ signaling after 3 hours of EV treatment in A549 cells. c. Immunoblots
measuring signal activation in A549 cells pre-treated with vehicle, TGFβR inhibitor SB431542 or JAK
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inhibitor cryptotanshinone for 30 minutes, then treated with EVs from MRC-5 �broblasts for 3 hours. d, e,
f. Pro-aggressive properties of A549 cells treated with EVsveh-MRC5 or EVsMMA-MRC5 with or without the
TGFβR inhibitor SB431542 or the JAK inhibitor cryptotanshinone for 4 days, evaluated by immunoblots
measuring EMT marker expression (d), carboplatin resistance assay (e; n=3 independent experiments,
two-way ANOVA, ** p<0.01, *** p<0.001), and invasion and migration transwell assays (f; n=3
independent experiments, two-sided paired t-test, * p <0.05, ** p <0.01). g. Immunoblots measuring signal
activation in A549 cells with shGFP or shIL-6R knockdown (#1 and #2) and treated with EVsveh-MRC5 or
EVsMMA-MRC5 for 3 hours. h, i, j. Pro-aggressive properties of A549 cells treated with of EVsveh-MRC5 or
EVsMMA-MRC5 with shGFP or shIL-6R knockdown for 5 days, evaluated by immunoblots measuring EMT
marker expression (h), carboplatin resistance assay (i; n=3 independent experiments, two-way ANOVA, **
p<0.01, **** p<0.0001), and invasion and migration transwell assays (j; n=3 independent experiments,
two-sided paired t-test, * p<0.05, ** p<0.01).
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Figure 4

MMA promotion of the CAF phenotype and EV-associated IL6 secretion occurs through TGF-β and NF-κB
signaling. a. Pathway enrichment analysis on RNA-seq data from MRC-5 cells treated with vehicle or
MMA for 5 days. Genes with expression differences greater than 2-fold and p<0.001 were counted. b.
TGFβ signaling leads to downstream NF-κB activation. c. Immunoblots measuring signal activation over
time in MRC-5 �broblasts treated with 1mM MMA. d. Immunoblots measuring signaling activation in
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MRC-5 �broblasts treated with MMA alone or in combination with IKK inhibitor IKK16, TGFβR inhibitor
SB431542, or TAK1 inhibitor TAKinib for 6 hours. e. Immunoblots of CAF markers in MRC-5 lysates
treated with MMA in combination with IKK inhibitor IKK16, TGFβR inhibitor SB431542, or TAK1 inhibitor
TAKinib for 5 days. f. Immunoblots showing IL-6 amount in EVs from MRC-5 �broblasts treated with
vehicle or MMA or MMA alone or in combination with IKK inhibitor IKK16, TGFβR inhibitor SB431542, or
TAK1 inhibitor TAKinib. g. Immunoblots measuring signaling activation in A549 cells treated with EVs
from MRC-5 �broblasts treated with MMA alone or in combination with IKK inhibitor IKK16, TGFβR
inhibitor SB431542, or TAK1 inhibitor TAKinib for 3 hours. h, i. Pro-aggressive properties of A549 cells
treated with EVs from MRC-5 �broblasts treated with vehicle or MMA or MMA alone or in combination
with IKK inhibitor IKK16, TGFβR inhibitor SB431542, or TAK1 inhibitor TAKinib, evaluated by immunoblots
measuring EMT marker expression (h) and carboplatin resistance assay (i; n=3 independent experiments,
two-way ANOVA, *** p<0.001, **** p<0.0001).
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Figure 5

TGF-β and NF-κB mediated activation of �broblasts and EV-associated IL6 secretion occurs downstream
of ROS generation. a. (left) ROS levels and (right) MDA levels in MRC-5 �broblasts after 1mM MMA
treatment (n=4 independent experiments for ROS measurement, one-way ANOVA; n=3 independent
experiments for MDA measurement, two-sided paired t-test, * p<0.05, ** p<0.01, *** p<0.001). b. ROS
levels in MRC-5 �broblasts after MMA treatment in combination with NAC or SkQ1(n=4 independent
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experiments, two-sided paired t-test, * p<0.05, ** p<0.01). c, d. Immunoblots of MRC-5 �broblasts treated
with MMA alone or in combination with NAC or SkQ1 for 6 hours (c) or 5 days (d). e. immunoblots
showing IL-6 amount in EVs from MRC-5 �broblasts after MMA treatment in combination with NAC or
SkQ1. f. Immunoblots measuring signaling activation in A549 cells treated for 3 hours with EVsveh-MRC5 or
EVsMMA-MRC5from MRC-5 �broblasts treated with MMA alone or in combination with NAC or SkQ1. g, h.
Pro-aggressive traits of A549 cells treated for 5 days with EVsveh-MRC5 or EVsMMA-MRC5 from MRC-5
�broblasts treated with MMA alone or in combination with NAC or SkQ1, evaluated by immunoblots
measuring EMT marker expression (g) and carboplatin resistance assay (h; n=3 independent experiments,
two-way ANOVA, ** p<0.01, *** p<0.001). i. Primary tumor and metastasis formation in mice 4 weeks
after subcutaneous injection of A549 cells treated with EVs from MRC-5 �broblasts treated with vehicle,
MMA, or MMA and NAC (n=9-10, two-sided unpaired t-test, * p<0.05). Data is partially previously
represented in Figure 2g.

Figure 6

MMA activates �broblasts and induces their EV-associated IL6 secretion, which drives metastatic
reprogramming in tumor cells. MMA produced by tumor cells induces generation of ROS in �broblasts.
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ROS activates TGFβ signaling, which promotes expression of CAF markers, and NF-κB signaling, which
promotes IL-6 loading into and secretion through EVs. EVs loaded with IL-6 activate STAT-3 signaling and
TGFβ signaling in tumor cells, promoting EMT, drug resistance and metastasis.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

MaterialsandMethods202257.docx

rs.pdf

nreditorialpolicychecklist.pdf

supplementarydata2022510VL.docx

https://assets.researchsquare.com/files/rs-1643401/v1/bbfbabb2f1372104cfccfff7.docx
https://assets.researchsquare.com/files/rs-1643401/v1/23e103761f309812bbc2880d.pdf
https://assets.researchsquare.com/files/rs-1643401/v1/3cf800cecabc9eed36e2344a.pdf
https://assets.researchsquare.com/files/rs-1643401/v1/a7563ded6a65a41c6eae091f.docx

