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SUMMARY
There is documented sex disparity in cutaneous melanoma incidence and mortality, increasing dispropor-
tionately with age and in the male sex. However, the underlying mechanisms remain unclear. While biological
sex differences and inherent immune response variability have been assessed in tumor cells, the role of the
tumor-surrounding microenvironment, contextually in aging, has been overlooked. Here, we show that skin
fibroblasts undergo age-mediated, sex-dependent changes in their proliferation, senescence, ROS levels,
and stress response. We find that aged male fibroblasts selectively drive an invasive, therapy-resistant
phenotype in melanoma cells and promote metastasis in aged male mice by increasing AXL expression.
Intrinsic aging in male fibroblasts mediated by EZH2 decline increases BMP2 secretion, which in turn drives
the slower-cycling, highly invasive, and therapy-resistant melanoma cell phenotype, characteristic of the
aged male TME. Inhibition of BMP2 activity blocks the emergence of invasive phenotypes and sensitizes
melanoma cells to BRAF/MEK inhibition.
INTRODUCTION

Age is an independent, poor prognostic factor in melanoma.1,2

Older patients (>55 years) account for 40%ofmelanoma diagno-

ses,3 often diagnosed at advanced stages, with decreased

melanoma-specific survival4 compared with younger patients.

Although melanoma incidence is rising, mortality rates

have declined due to early detection and breakthroughs in tar-

geted and immune checkpoint inhibitor therapies.5 However,

these treatments are not typically curative for patients with

advanced-stage disease in part due to acquired resistance to

targeted therapies, which can occur within months of treatment,

and variable responses to immunotherapy.6–11 This is especially

true in aged cohorts.12,13 Elderly patients, further, are underrep-

resented in randomized clinical trials due to enhanced toxicity

and poor efficacy.14,15

Sex has also emerged as an independent prognostic variable

in cutaneous melanoma.16 Men have a higher melanoma inci-
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dence and mortality rate than women, even when corrected for

patient behavioral attributes.17–20 In cutaneous melanoma, the

underlying biological mechanisms responsible for sex disparity

are unknown and complicated by clinical variables such as

anatomical site, skin phototype,16 body mass index,21 and vari-

ability in immune responses.22 Recent studies in young mice

(aged 7–14 weeks) have shown that activation of non-canonical

estrogen receptor (GPER/GPR30) or pharmacological inhibition

of androgen receptor improves responses to immune check-

point inhibitors23 and BRAF/MEK-targeted therapies,24 respec-

tively. However, it remains unknown if these endocrinal modula-

tions extrapolate to aged mice.

Several clinical studies have confirmed that nodal and distant

melanomametastasis is less frequent in females thanmales,20,25

and males have decreased relapse-free survival.26,27 Sex- and

age-dependent epigenetic regulation can dictate metabolic, im-

mune, senescence, oxidative stress, andDNAdamage response

(DDR) programs28 of the surrounding tumor stroma, which could
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potentially impact the metastatic cascade. In fact, several

studies have highlighted sex dimorphism in biological aging

that favors females across humans, primates, and rodents.29–31

Therefore, understanding the fundamental differences in molec-

ular circuitry between amale vs. female tumormicroenvironment

(TME) is warranted to determine the underlying molecular basis

of melanoma progression and therapy resistance. More impor-

tantly, exposing age- and sex-specific regulators at the TME

level will potentially identify novel targetable avenues and enable

prediction of therapeutic responses to personalize treatment

strategies.

We previously demonstrated that aging microenvironments

promote melanoma invasion and metastasis as a result of

altered fibroblast secretomes, and these changes contribute to

inferior age-dependent clinical outcomes.12,13,32,33 However,

we did not assess the effects of sex. Men experience faster

and/or earlier aging-associated detrimental programs likely

ascribed to hormonal changes and other factors.22,34,35 Here,

we report that dermal fibroblasts have sex-specific changes

with age that differentially impact melanoma cells in both a

sex- and age-related manner. We also show a novel effect of

bone morphogenetic protein 2 (BMP2) as a sex-dependent

and age-associated secreted factor from the aged male dermal

microenvironment that promotes metastatic dissemination and

resistance to BRAF/MEK targeted therapy.

RESULTS

Age-associated replicative senescence in primary
dermal fibroblasts is sex dependent
To study differences in the dermal microenvironment with age

and sex, we used human primary dermal fibroblasts isolated

from non-sun-exposed skin of healthy donors as part of the Bal-

timore Longitudinal Study of Aging36 and stratified them as

young (<35 years) or aged (>55 years) and male or female based

on fibroblast karyotyping. Since fibroblast lineages can have

distinct morphology, expression profiles, and functions,37 we as-

sessed mRNA expression levels of established papillary (PDPN)

and reticular (TGM2, COL11A1, CNN1, CD36, CDH2) markers37

and found no significant differences across the groups (Fig-

ure S1A). In addition, no consistent sex- or age-dependent upre-

gulation of cancer-associated fibroblast markers38,39 was

evident among the four cohorts of youngmale, agedmale, young

female, and aged female donor-derived fibroblasts (Figure S1B).

To avoid effects from sex steroids or estrogenic activity

from bovine serum and phenol red,40 we performed cellular

assays in phenol red-free and charcoal-stripped serum.

BrdU incorporation demonstrated lower proliferation in young

female fibroblasts compared with young males, similar to aged

fibroblasts (Figures 1A and 1B), while senescence-associated

b-galactosidase (SA-bgal) staining confirmed higher senescence

in young female fibroblasts (Figures 1C and 1D). Only male fibro-

blasts showed significant age-related decrease in proliferation

and increase in SA-bgal positivity as observed earlier.13 Young

female fibroblasts had increased senescence markers (p16,

p21) and decreased proliferation indicators (-retinoblastoma

(RB) phosphorylation; cyclin-dependent kinase-4 [CDK4])

compared with young males (Figures 1E and 1F). Increase in
age-mediated p21, an early senescence marker,41 was higher

in male fibroblasts, while p16 was elevated in aged fibroblasts

regardless of sex. Aged fibroblasts showed high endogenous

activation of p38 mitogen-activated protein kinase (MAPK) and

ERK1/2 pathways without sex-specific differences (Figure 1E).

Both p38 and pERK1/2 MAPK activation pathways have been

shown to act as damage-sensing pathways and promote the

maintenance of a senescence phenotype.42–45

To confirm sex-based differences in fibroblast replicative

capacity, at least two fibroblast lines from all four cohorts

were subjected to 10 serial passages (termed early vs. late)

and assessed for growth and senescence differences. Serial

passaging of fibroblasts confirmed an overall decline in prolifer-

ation (Figures S1C and S1D) and increase in senescence

(Figures S1E and S1F). Male fibroblasts showed greater reduc-

tion in proliferation (Figure S1G), and young males showed the

highest increase in senescence (Figure S1H). Late-passage

male fibroblasts had higher p21 increase and pRB decrease (Fig-

ure S1I). All late-passage cell lines showed a consistent increase

in p38 and ERK1/2 activation but failed to upregulate p16

expression (Figure S1I), suggesting early senescent phase after

ten serial passages.

Fibroblasts from the same donor taken 10–12 years apart

showed slower proliferation (Figures 1G and 1H) and increased

senescence (Figures 1I and 1J) in females <55 years. Males

had faster age-mediated proliferation decline (Figure S1J).

Immunoblotting revealed age-mediated p16 increase in males

and p21 decrease in females (Figure 1K). ERK1/2 activation

increased inmales but decreased in femaleswith age (Figure 1K),

suggesting the existence of sex-specific signaling pathways in

regulating DDR. Aged male fibroblast-conditioned media

(CM) showed significantly higher levels of chemokine ligand-12

(CXCL12), interleukin (IL)-6, IL-18, thrombospondin-1 (TSP1),

angiogenin (ANG), and CXCL1 than aged female fibroblasts

(Figures 1L and 1M), associated with the senescence-associ-

ated secretory phenotype (SASP),46,47 suggesting faster

intrinsic aging-related dysfunction in the aged male dermal

microenvironment.

Elevated oxidative stress in aged male dermal
fibroblasts promotes the acquisition of an SASP
The SASP is associated with a persistent DDR48 and is not a

consequence of p16 activation,49 suggesting that it is separate

from growth arrest. Age-associated decline in telomere length

was sex-independent (Figure S2A), suggesting that reduced

replicative capacity in young female fibroblasts was not due to

telomere shortening. Reactive oxygen species (ROS) levels

were significantly elevated in aged male fibroblasts compared

with other cohorts (Figures 2A and 2B). Mitochondrial ROS

increased with age, showing robust sex differences in age-

matched fibroblasts (Figures 2C and 2D). Aged male fibroblasts

exhibited a higher percentage of nuclei with >2 p53 binding pro-

tein-1 (53BP1) foci, indicating DDR engagement (Figures 2E and

2F). Further, immunoblot analysis of aged fibroblasts revealed

elevated expression of superoxide dismutase1 (SOD1), mito-

chondria-specific SOD (SOD2), and caveolin1 (CAV1) (Fig-

ure S2B)50 in the aged male cohort. Elevated c-Jun-N-terminal

kinase (JNK) activation in the absence of external stress stimuli
Cell 187, 6016–6034, October 17, 2024 6017



Figure 1. Age-associated replicative senescence in primary dermal fibroblasts is sex-dependent

(A) Quantification of BrdU incorporation as percentage BrdU-positive nuclei (green) in age- and sex-stratified fibroblasts over indicated time points. BrdU was

added in media supplemented with charcoal-depleted serum and devoid of phenol red (**p < 0.01, *p < 0.05, n = 3).

(B) Representative immunofluorescent images of BrdU incorporation for 16 and 24 h from (A). Scale bars show 100 mm.

(C) Quantification of SA-bgal positive cells in age- and sex-stratified fibroblasts (**p < 0.01, n = 3).

(D) Representative images of SA-bgal assay from (C). Scale bars show 100 mm.

(E) Immunoblot for SASP proteins in age- and sex-stratified fibroblasts. Heat shock protein-90 (HSP90) was used as loading control.

(F) Representative immunofluorescence image of active RB (pRB-green) and nuclei (DAPI) in age- and sex-stratified fibroblasts, indicating the percentage of

p-RB positive nuclei (n = 2). Scale bar shows 50 mm.

(G) Quantification of BrdU incorporation in genetically identical fibroblasts from the same donor (<55 and >65 years) stratified by sex, represented as paired

analysis (before and after) (n = 2).

(H) Representative images of BrdU incorporation from (G). Scale bars show 100 mm.

(I) Quantification of SA-bgal positive cells in genetically identical fibroblasts from the same donor (<55 and >65 years) stratified by sex, represented as paired

analysis (before and after) (n = 2).

(J) Representative images of SA-bgal assay from (I). Scale bars show 100 mm.

(K) Immunoblot of senescence phenotype-associated proteins in genetically identical fibroblasts from the same donor (<55 and >65 years) stratified by sex.

HSP90 was used as loading control.

(L) Representative chemokine array blot on the conditionedmedia derived from agedmale and female fibroblasts normalized by cell number. Significantly altered

chemokines between the two groups are marked (red box) and numbered (n = 2).

(M) Heatmap of significantly altered chemokines numbered in (L) measured from densitometry analysis (arbitrary units).

Values are presented as mean ± SEM.

See also Figure S1.
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Figure 2. Elevated oxidative stress in aged male dermal fibroblasts promotes acquisition of an SASP

(A) Quantification of CellROX-green in age- and sex-stratified fibroblasts measured as corrected total cell fluorescence (arbitrary units) (***p < 0.001, n = 3).

(B) Representative images of CellROX-green-stained age- and sex-stratified fibroblasts from (A). Scale bars show 100 mm.

(C) Quantification of MitoSOX-red in age- and sex-stratified fibroblasts measured as corrected total cell fluorescence (arbitrary units) (***p < 0.001, **p < 0.01,

*p < 0.05, n = 3).

(D) Representative images of MitoSOX-red-stained age- and sex-stratified fibroblasts from (C). Scale bars show 100 mm.

(E) Quantification of 53BP1 foci in age- and sex-stratified fibroblasts measured as percentage of nuclei with >2 foci (****p < 0.0001, **p < 0.01, n = 3).

(F) Representative immunofluorescent images of 53BP1 foci (red) in age- and sex-stratified fibroblasts from (E). Scale bars show 5 mm.

(G) Quantification of ROS levels in age- and sex-stratified fibroblasts; PBS treated (mock), 30 min after acute (2 mM) hydrogen peroxide treatment, and 24 h after

hydrogen peroxide (2 mM for 30 min) treatment (***p < 0.001, **p < 0.01, *p < 0.05, n = 3).

(H) Quantification of gH2Ax foci in fibroblasts treated with PBS (mock) and measured as percentage gH2Ax positive nuclei with foci >2 per nuclei and as per-

centage of cells with indicated number of foci per nuclei (*p < 0.05, n = 2).

(I) Quantification of gH2Ax foci in fibroblasts 24 h after 30 min of hydrogen peroxide (2 mM) treatment and measured as percentage gH2Ax positive nuclei with

foci >2 per nuclei and as percentage of cells with indicated number of foci per nuclei (***p < 0.001, **p < 0.01, *p < 0.05, n = 2).

(J) Representative immunofluorescent images of gH2Ax (Ser139) in age- and sex-stratified fibroblasts treated with PBS (mock) or 24 h post-hydrogen peroxide

treatment from (H) and (I). Scale bars show 5 mm.

(K) Total antioxidants in conditioned media derived from age- and sex-stratified fibroblasts measured by ELISA (*p < 0.05, n = 3).

(L) Quantification of CellROX-green in genetically identical fibroblasts from the same donor (<55 and >65 years) stratified by sex and represented as corrected

total cell fluorescence (arbitrary units) (***p < 0.001, *p < 0.05, n = 3).

(M) Representative images of CellROX-green from (L). Scale bars show 100 mm.

(N) Quantification of MitoSOX-red in genetically identical fibroblasts from the same donor (<55 and >65 years) stratified by sex and represented as corrected total

cell fluorescence (arbitrary units) (*p < 0.05, n = 3).

(O) Representative images of MitoSOX-red from (N). Scale bars show 100 mm.

(P) Schematic representation of intrinsic differences in age- and sex-stratified fibroblasts. Created with Biorender.com.

Values are presented as mean ± SEM.

See also Figure S2.
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was observed in youngmale fibroblasts (Figure S2B). Agedmale

fibroblasts showed persistent oxidative stress in ROS assays

before (0 h) and after (0.5 and 24 h) acute hydrogen peroxide

treatment (Figure 2G). Following an acute hydrogen peroxide
treatment of 0.5 h, ROS levels were consistently elevated in all

fibroblast lines (Figure 2G, middle graph). While other fibroblast

lines returned to baseline ROS levels 24 h post-treatment,

aged male fibroblasts could not alleviate ROS or repair damage.
Cell 187, 6016–6034, October 17, 2024 6019
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Aged male fibroblasts also exhibited a higher percentage of un-

resolved gH2Ax foci 24 h after treatment (Figures 2H–2J), indi-

cating impaired DNA repair capacity. Young female fibroblasts

demonstrated faster DNA damage clearance, supported by

high levels of redox proteins (Figures S2C and S2D) and elevated

total antioxidants in their secreted media (Figure 2K).

Finally, we assessed the ROS levels in genetically identical

fibroblast lines, i.e., cell lines derived from the same donor, 10–

12 years apart. Cellular ROS significantly increased with age in

males, with only a modest increase in females (Figures 2L and

2M), while mitochondrial ROS modestly increased with age

across both sexes (Figures 2N and 2O). In addition, CellROX

analysis in serially passaged cell lines showed an overall in-

crease in cellular ROS levels at late passage, with greater in-

crease in male fibroblasts than in age-matched female fibro-

blasts (Figure S2E). Mitochondrial ROS levels did not increase

significantly in female fibroblast lines following serial passaging

but showed an increasing trend in male fibroblasts (Figure S2F).

Overall, our data suggest that female fibroblasts promote repair

during aging due to reduced replicative capacity from higher

endogenous p21 expression, while male fibroblasts accrue

ROS and exhibit persistent DDR, which potentiates the early

SASP identified in aged male fibroblasts (Figure 2P).

Aged male fibroblasts promote maximal invasion and
oxidative stress in melanoma cells relative to female
fibroblasts
Our previous study assessed the effect of the aged dermal

microenvironment on melanoma cell behavior13 but did not

consider sex as a variable. We examined the impact of age-

and sex-dependent fibroblast differences on male- and fe-

male-derived melanoma cell growth and invasion using CM
Figure 3. Aged male fibroblasts promote maximal invasion and oxidat

(A) Quantification of BrdU incorporation represented as percentage BrdU-posi

melanoma cells subjected to conditioned media from age- and sex-stratified fib

added to the media in the last hour (**p < 0.01, *p < 0.05, n = 3).

(B) Quantification of melanoma spheroids subjected to conditioned media from

growth media was used as mock control. Invasion represented as percent invas

(C) Representative bright-field images of melanoma spheroid invasion from (B)

(WM983b) post collagen-embedding. Scale bars show 100 mm.

(D) Quantification of CellROX-green in melanoma cell lines 1205Lu and WM983b

and measured as corrected total cell fluorescence (arbitrary units). Normal growth

mock (***p < 0.001, **p < 0.01, *p < 0.05, n = 3).

(E) Representative images of CellROX-green in melanoma cells subjected to co

100 mm.

(F) Quantification of MitoSOX-red inmelanoma cell lines 1205Lu andWM983b trea

measured as corrected total cell fluorescence (arbitrary units). Normal growthmed

(***p < 0.001, **p < 0.01, *p < 0.05, n = 3).

(G) Representative images of MitoSOX-red in melanoma cells subjected to condi

100 mm.

(H) Quantification of gH2Ax (Ser139) measured as percentage gH2Ax positive nu

sex-stratified fibroblasts for 48 h. Normal growth media was used as mock (*p <

(I) Representative images of gH2Ax (Ser139) in WM793 subjected to conditioned m

(J) Immunoblot confirming WNT5A overexpression (OE) in FS13 melanoma line w

FS4 melanoma line transduced with DOX-inducible WNT5A short hairpin RNA (

correlate positively with OXPHOS complex I (NDUFB8) with no change in compl

(K) Representative images of CellROX-green following modulation of WNT5A ex

(L) Immunoblot analysis of indicated redox proteins following WNT5A modulatio

Values are presented as mean ± SEM.

See also Figure S3.
from all four fibroblast cohorts. Most melanoma lines showed

reduced proliferation in aged male fibroblast-derived CM

compared with young male and aged female CM (Figure 3A). In-

vasion analysis of melanoma spheroids (highly invasive 1205Lu

and poorly invasive WM983b, WM2664) revealed that cells

exposed to aged male-derived CM consistently showed the

highest increase in invasion (Figures 3B, 3C, and S3A). Previous

work from our laboratory has shown that aged dermal fibroblasts

promote a ‘‘phenotype switch’’ in melanoma cells, resulting in a

slower-cycling, highly invasive population,32,51,52 characterized

by differential wingless-related integration site (WNT) signaling.

Non-canonical WNT signaling through AXL receptor tyrosine ki-

nase drives a slow-cycling, highly invasive phenotype in mela-

noma cells. We found that this phenotype switch, characterized

by increased AXL expression, was most prominent in melanoma

cells treated with CM from aged male fibroblasts (Figure S3B).

Our results show that secreted factors from aged male fibro-

blasts drive the highest magnitude of invasiveness in melanoma

cells, which was corroborated using CM from genetically iden-

tical fibroblast lines (Figure S3C).

We next assessed whether fibroblasts could alter oxidative

stress in melanoma cells. While the ROS levels in melanoma

cells, as measured by CellROX and MitoSOX, increased with

age, they were most pronounced after incubation in CM (48 h)

from agedmale fibroblasts, whichwas exacerbated by reduction

in apurinic/apyrimidinic endonuclease 1 (APE1), a redox effector

and base excision repair enzyme (Figures 3D–3G and S3D).

Immunofluorescence analysis of gH2Ax (Ser139) foci measure-

ments also revealed elevated damage in melanoma cells when

subjected to aged male CM (Figures 3H and 3I). These data sug-

gest that stromal cells in the aged male TME induce more oxida-

tive stress in melanoma tumors relative to the female TME.
ive stress in melanoma cells

tive nuclei (green) in male (WM983b, 1205Lu) and female (WM2664, WM46)

roblasts for 48 h. Normal growth media was used as mock control. BrdU was

age- and sex-stratified fibroblasts for 24 (1205Lu) or 72 h (WM983b). Normal

ion relative to 0 h (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, n = 3).

with invasive area outlined in black. Images taken at 24 (1205Lu) and 72 h

treated with conditioned media from age- and sex-stratified fibroblasts for 48 h

media was used as mock, and data are represented as fold change relative to

nditioned media age- and sex-stratified fibroblasts from (D). Scale bars show

tedwith conditionedmedia from age- and sex-stratified fibroblasts for 48 h and

ia was used asmock, and data are represented as fold change relative tomock

tioned media from age- and sex-stratified fibroblasts from (F). Scale bars show

clei in WM793 melanoma cells subjected to conditioned media from age- and

0.05, n = 3).

edia from age- and sex-stratified fibroblasts from (H). Scale bars show 10 mm.

ith mCherry OE as control and 48 h doxycycline (DOX) treatment (1 mg/mL) of

shRNA) vector. WNT5A levels (active WNT5a form indicated by black arrow)

ex III (UQCRC2). HSP90 was used as loading control.

pression from (J). Scale bars show 100 mm.

n from (J). HSP90 was used as loading control.
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We observed higher endogenous ROS and DNA damage in

1205Lu and WM793 (WNT5Ahigh lines), and since WNT5A can

regulate AXL,32 we investigated whether there was a correlation

between WNT5A and ROS levels using genetic manipulation of

endogenous WNT5A expression. Overexpression of WNT5A in

FS13 (WNT5Alow line) and doxycycline (DOX)-induced repres-

sion of WNT5A in FS4 (WNT5Ahigh melanoma line) mediated an

increase in the expression of complex I subunit (NADH:ubiqui-

none oxidoreductase subunit B8 [NDUFB8]) with no change in

complex III subunit (UQCRC2) in melanoma cells (Figure 3J).

This relative abundance of complex I vs. complex III has been

associated with increased ROS production.53 Modulation of

endogenous WNT5A expression positively regulated ROS levels

(Figure 3K). Further, increases inWNT5A expression promoted a

reduction in redox genes involved in detection and DDR pro-

grams, which was rescued by decreasing WNT5A expression

(Figure 3L). Analysis of the redox pathway genes in The Cancer

Genome Atlas Program (TCGA) cohort further confirms that a

high WNT5A and AXL signature correlates with a reduced redox

gene signature (Figure S3E). This suggests that aged male fibro-

blast-mediated phenotype switching toward WNT5Ahigh/AXLhigh

expression promotes increased oxidative stress.

Age and sex of the host microenvironment regulate
melanoma growth and metastasis in vivo

To assess host effects in vivo, we injected male and female

immunocompetent young (8 weeks) and aged (>52 weeks)

C57BL/6 mice intradermally with a male murine melanoma

cell line, Yumm1.7 (BRAFV600EPTEN�/�/CDKN2A�/�),54 and a

female murine melanoma cell line, BSC9AJ2 (BRAFV600E/

Trp53R172H),55 both expressing mCherry fluorescent protein. Tu-

mor growth analysis in Yumm1.7-mCherry revealed that within

each sex, tumors grew slower in aged mice than young mice

(Figures 4A, S4A, and S4B). In aged males, tumor growth was

significantly less than in aged female mice, but we found no sig-

nificant difference in tumor growth between young males and

young or aged female mice (Figures 4A and S4B). A similar trend

was observed in faster-growing BSC9AJ2 tumors, with reduced

tumor growth in aged male mice compared with young males

and young and aged females (Figures S4C–S4E). Interestingly,

there were no significant differences in tumor growth between

young and aged females (Figure S4D). Measurement of Ki-67

positive nuclei confirmed a reduced proliferative capacity in
Figure 4. Age and sex of the host microenvironment regulate melanom

(A) Tumor growth measurement of male murine Yumm1.7-mCherry injected in

(>52 weeks) across both sexes (n = 7 mice per group).

(B) Histological examination of Ki-67 (brown) in Yumm1.7-mCherry primary tumor

per group). Scale bars show 50 mm.

(C) Representative images of Yumm1.7-mCherry primary tumors stained for Mitf

(D) Representative images of Yumm1.7-mCherry primary tumors stained for Axl

(E) Representative images of Yumm1.7-mCherry primary tumors stained for gH2

50 mm.

(F) Representative images of lung metastasis stained with mCherry at 5 weeks pos

(>52 weeks) C57BL/6 mice across both sexes. Black arrow indicates mCherry-p

(G) Diagram summarizing differential effects of host sex and age dermal micr

Biorender.com.

Values are presented as mean ± SEM.

See also Figures S4 and S5 and Data S1.
aged male primary tumors across Yumm1.7 (Figure 4B) and

BSC9AJ2 (Figure S4F) models. We next assessed key

markers regulating proliferative (MITF, MERTK) vs. invasive mel-

anoma states (WNT5A, AXL).32,51,56 Immunohistochemistry

(IHC) showed reduced Mitf and Mertk expression and elevated

Wnt5a and Axl expression in aged male tumors (Figures 4C,

4D, S4G, and S4H; Data S1). These tumors also showed

elevated gH2ax (Ser139) and reduced Ape1 expression

(Figures 4E and S4I; Data S1). Further analysis of Yumm1.7 tu-

mors in aged male mice confirmed a slow-cycling phenotype

with increased p53, Sod1, 53bp1, and Nrf2 activation and

reduced Xrcc1 expression (Figures S5A–S5E; Data S1). Elevated

protein nitrosylation levels were also detected in aged male pri-

mary tumors, confirming that these tumors undergo higher ROS-

mediated damage (Figure S5F; Data S1).

We have shown high WNT5A and AXL expression promotes

increased melanoma dissemination to the lung.32,52 In the

Yumm1.7 model, aged mice showed spontaneous pulmonary

micrometastases (<10 cells/lesion), while young mice did

not (Figure 4F). Interestingly, aged female lungs exhibited im-

mune cell infiltration (CD45+ cells) near metastasizing mela-

noma cells (Figure S5G). The BSC9AJ2 model showed similar

age-related increases in lung micrometastases, with signifi-

cantly more in aged male lungs than aged female lungs (Fig-

ure S5H). The CD45+ immune cell populations were not

observed in the BSC9AJ2 model, suggesting that this was

an immunogenic response to a ‘‘male’’ melanoma line in the

aged female lung. This was confirmed by time course anal-

ysis of Yumm1.7 cells in aged mice, which revealed higher

initial immune infiltration in female lungs that decreased

over time, while male lungs showed lower, constant immune

infiltration and earlier melanoma seeding (Figures S5I and

S5J). Our data suggest that the age- and sex-dependent

TME promotes a slow-cycling, invasive state in aged male

hosts, facilitating efficient metastatic pulmonary dissemina-

tion (Figure 4G).

Age and sex of the host microenvironment regulate
therapy response and resistance
The role of sex in targeted therapy resistance in the TME has only

recently been assessed,24 but not in the context of aging. Previ-

ous studies from our lab showed aged dermal fibroblasts pro-

mote therapy resistance,12,13 but sex was not considered as a
a growth and metastasis in vivo

tradermally in immunocompetent C57BL/6 mice young (8 weeks) and aged

s and quantified as percentage Ki-67 positive nuclei (***p < 0.001, n = 5 tumors

and Mertk expression (n = 4 tumors per group). Scale bars show 50 mm.

and Wnt5a expression (n = 4 tumors per group). Scale bars show 50 mm.

ax (Ser139) and Ape1 expression (n = 4 tumors per group). Scale bars show

t-intradermal injection of Yumm1.7-mCherry cells in young (8 weeks) and aged

ositive cells. Scale bars show 50 mm.

oenvironment on melanoma cell growth and invasion in vivo. Created with
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Figure 5. Age and sex of the host microenvironment regulate therapy response and resistance

(A) Viability assay onmelanoma spheroids treated with age- and sex-stratified fibroblast-conditionedmedia in the presence of 3 mMPLX4720 (BRAFi) and 500 nM

PD0325901 (MEKi) or DMSO (mock) for 48 h. Viability was assessed by staining with calcein-AM (green) and ethidium homodimer-1 (red/orange), indicating live

and dead cells, respectively. Scale bars show 100 mm.

(B) Quantification of cell death (total intensity of ethidium homodimer-1) relative to spheroid area (calcein-AM) following BRAFi/MEKi treatment is represented as

relative cell death compared with DMSO treatment (****p < 0.0001, **p < 0.01, *p < 0.05, n = 3).

(C) Tumor growth measurement of Yumm1.7-mCherry injected intradermally in immunocompetent C57BL/6 mice young (8 weeks) and aged (>52 weeks) across

both sexes. Mice were randomized to receive diet containing control chow (control) or BRAFi/MEKi chow (200 mg/kg PLX4720 and 7 mg/kg PD0325901) ad

libitum (n = 7 mice per control chow group and n = 8 mice per BRAFi/MEKi chow group).

(D) Kaplan-Meier survival curves for mice treated in (C), indicating the time taken for the tumor to reach a defined size of tumor volume 1,500 mm3 or death with a

day 50 cutoff, by which all aged male mice were euthanized.

Values are presented as mean ± SEM.

See also Figures S6 and S7 and Data S1.
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variable. To assess age and sex effects on therapy response, we

treated BRAFV600E mutant melanoma spheroids in fibroblast-

derived CM with 3 mM PLX4720 (BRAF inhibitor [BRAFi]) plus

500 nM PD0325901 (MEK inhibitor [MEKi]). Melanoma cells in

aged male fibroblast-derived CM showed reduced response to

inhibition compared with other conditions (Figures 5A and 5B).

CM from aged genetically identical male fibroblasts over 10–12

years imparted therapeutic resistance (Figures S6A and S6B),

but CM from aged female fibroblasts did not.

In vivo, young (8 weeks) and aged (>52 weeks) C57BL/6 mice

of both sexes were injected with Yumm1.7-mCherry melanoma

cells and treated with BRAFi/MEKi (fed ad libitum with control

chow or chow containing 200 mg/kg PLX4720 [BRAFi] and

7 mg/kg PD0325901 [MEKi]). Tumors in young and aged female

mice on control chow reached endpoint earlier than aged males

(Figures 5C, S6C, and S6D). With treatment, tumors in young

male, young female, and aged female mice initially regressed,

while aged male tumors were resistant. Tumors relapsed in

aged female (19 days), young male (23 days), and later in young

female (30 days) mice. BRAFi/MEKi therapy extended survival in
6024 Cell 187, 6016–6034, October 17, 2024
females regardless of age, but only in young and not aged male

mice (Figures 5D, S6E, and S6F), suggesting sex as an important

determinant of targeted therapy response in melanoma.

We next evaluated the expression of therapy resistance

drivers in primary tumors of mice fed control chow (naive) vs.

BRAFi/MEKi chow (resistant). Tumor proliferation, measured

by Ki-67, was similar to our earlier observations in therapy-naive

mice (Figure 4B) and decreased in primary tumors across all

BRAFi/MEKi-resistant cohorts (Figure S7A; Data S1). Therapy-

resistant tumors across all cohorts increased expression of

Wnt5a (Figure S7B; Data S1) and Axl (Figure S7C; Data S1) while

reducing Mitf (Figure S7D; Data S1). While Wnt5a and Mitf levels

increased and decreased, respectively, in the therapy-resistant

tumors relative to naive tumors in agedmales, Axl expression re-

mained unchanged, suggesting that the dermal microenviron-

ment in aged male mice is sufficient to elevate Axl independent

of its upstream regulator Wnt5a. This is similar to the dermal

fibroblast-mediated effect on melanoma cells, where elevated

expression in AXL was detected independent of WNT5A in-

crease (Figure S3B). Targeted therapy-resistant primary tumors
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across all cohorts also showed increased expression of gH2ax

(Ser139) foci, as well as reduced Ape1, with maximum oxidative

stress in aged male tumors, further supporting the increase of an

invasive WNT5AhighAXLhighMITFlow population (Figures S7E and

S7F; Data S1).

BMP2 in the aged male dermal microenvironment
promotes melanoma invasion and fibroblast
senescence
We performed proteomics analysis (Table S1) on CM from pri-

mary human dermal fibroblasts. BMP2 was identified as exclu-

sively elevated in the aged male fibroblast cohort, both at

mRNA and secreted protein levels (Figures 6A–6C and S6A–

S6C). However, immunoblotting detected no difference in

BMP2 expression across the fibroblast cohorts (Figure S8A),

suggesting that while endogenous protein expression does not

change, it is secreted at a much higher rate. Other BMP family

members (BMP4, BMP6, BMP7, GDF6) and receptors (BMPR-

1A, BMPR-1B, BMPR-2), and the BMP modulator (NOGGIN) re-

mained unaltered (Figure S8B). Neutralization of secreted BMP2

in aged dermal fibroblasts further confirmed BMP2 secretion

was restricted to aged male fibroblasts (Figure S8C). BMP2

promotes a mesenchymal phenotype in melanoma cells57 and

drives neural crest migration of melanoma cells in chick em-

bryos.58–60 Melanoma cells responded to recombinant BMP2

(rBMP2) with increased suppressor of mothers against decapen-

taplegic-1/5 (SMAD1/5) activation in a dose- and time-depen-

dent manner (Figures 6D, 6E, S8D, and S8E). Long-term

rBMP2 treatment increased AXL, N-cadherin (CDH2), and

MLC2 activation in melanoma lines, promoting a mesenchymal

phenotype and suggesting that BMP2-driven cytoskeletal re-

modeling61 may contribute to increased invasion (Figures 6F

and S8F). rBMP2 reduced melanoma proliferation (Figures 6G

and S8G) but increased invasion (Figures 6H, 6I, and S8H), mir-

roring the effects of aged male fibroblast-derived CM on mela-

noma cells (Figures 3A–3C and S3A). In fibroblasts, rBMP2 treat-

ment increased p16 expression and reduced proliferation

(Figures S9A and S9B) without affecting cellular or mitochondrial

ROS (Figure S9C). This suggests that BMP2, secreted by aged

male dermal fibroblasts, accelerates senescence in neighboring

fibroblasts by driving p16 expression, leading to subsequent

DNA damage accumulation and SASP development indepen-

dent of BMP2.

We next assessed fibroblast lines across the four cohorts for

changes in the key subunit of polycomb group genes (PcGs)

and enhancer of zeste 2 polycomb repressive complex 2 subunit

(EZH2). EZH2 plays a critical role in several cellular processes

and mediates epigenetic gene silencing by catalyzing H3K27 tri-

methylation (H3K27me3), which promotes chromatin compac-

tion and transcriptional repression.62 Importantly, Ezh1/Ezh2-

catalyzed H3K27me3 has recently been shown to regulate

sex-dependent genetic programs; Ezh1/Ezh2 deficiency in mu-

rine liver directed a significant loss of sex-biased gene expres-

sion, particularly in males, and promoted liver fibrosis and

cancer.63 Further, loss of EZH2 in dermal fibroblasts induces

senescence and drives SASP.41 We found a significant decline

in EZH2 and H3K27me3 expression with age, primarily in male

fibroblasts (Figures 6J and 6K). EZH2 inhibition increased
p16 levels and trended toward increased BMP2 expression

(Figures 6L and 6M). Ataxia telangiectasia mutated (ATM) kinase

is implicated in EZH2 decline.41,64 ATM inhibition using KU-

60019 increased EZH2 and decreased BMP2 in agedmale fibro-

blasts (Figures S9D andS9E). Higher basal ATMphosphorylation

was observed in aged male fibroblasts (Figure S9F). This sug-

gests agedmale dermal fibroblasts undergo faster intrinsic aging

due to persistent DNA damage, promoting EZH2 andH3K27me3

decline via ATM activation, leading to elevated BMP2 secretion.

Modulation of BMP2 levels regulates tumor growth and
therapy resistance
We found high circulating BMP2 levels in healthy males

compared with age-matched (>55 years) females (Figure 7A),

which tripled in male stage IV melanoma patients, which is asso-

ciated with shorter survival (Figure 7B).60 Age- and stage (I/II)-

matched human melanoma tumors showed higher BMP2

expression in males (Figures 7C, S10A, and S10B). IHC of

Yumm1.7 and BSC9AJ2 tumors revealed increased BMP2 in

aged male mice (Figure 7D; Data S1). In vitro, Yumm1.7 showed

rmBMP2-mediated Smad1/5 activation, reduced proliferation,

and increased Cdh2 and Mlc2 activation (Figures S10C–S10E).

Unlike in human lines, Wnt5a increased andMitf decreased after

48 h of rmBMP2 treatment (Figure S10E). BMP2 can induce its

own expression via positive feedback mechanisms.65–67 Sus-

tained rBMP2 treatment increased endogenous BMP2 expres-

sion in melanoma cell lines (Figure S10F).

To assess BMP2’s effect on melanoma in vivo, young male

C57BL/6 mice were injected with Yumm1.7-mCherry and

treated with rmBMP2 (1 mg/mouse in PBS) or PBS. BMP2 treat-

ment significantly reduced tumor growth (Figure 7E), similar to

aged male mice (Figure 4A). IHC analysis showed rmBMP2 pro-

moted a slow-cycling (reduced Ki-67 and Mitf), invasive

(elevated Axl and Wnt5a) phenotype with increased DNA dam-

age (elevated gH2ax Ser139) (Figure 7F; Data S1), resembling

aged male primary tumors (Figures 4C–4E). Increased Erk1/2

and Smad1/5 activation was observed in rmBMP2-injected tu-

mors (Figure 7F; Data S1). Similar Erk1/2 activation was seen

in aged male cohorts, but without Smad1/5/8 activation

(Figures S9G and S9H; Data S1), possibly due to overlap in trans-

forming growth factor b (TGF-b) family receptor utilization and

SMAD activation as seen across several cell types of the

TME.68,69 In addition, AXL, via its ligand GAS670 or activation

of autocrine TGF-b,71 can promote SMAD activation in the

TME. Finally, assessment of murine lungs showed increased

metastatic seeding and micrometastasis of melanoma cells in

the lungs of mice injected with rmBMP2 (Figure 7G), confirming

the role of BMP2 in mediating invasion and metastasis in vivo.

We evaluated rmBMP2’s effect on melanoma spheroids sub-

jected to BRAFi/MEKi treatment, finding that BMP2-primed

spheroids were resistant (Figures 7H and S10G). To test this

in vivo, we injected young (8weeks)male C57BL/6mice intrader-

mally with Yumm1.7-mCherry and randomized them into two

groups: rmBMP2 (1 mg/mouse) or PBS every alternate day.

Once tumors were palpable, mice were further randomized to

control chow or BRAFi/MEKi-containing chow ad libitum. Young

male C57BL/6 mice injected with Yumm1.7-mCherry were

treated with rmBMP2 or PBS, then randomized to control or
Cell 187, 6016–6034, October 17, 2024 6025



Figure 6. BMP2 in the aged male dermal microenvironment promotes melanoma invasion and fibroblast senescence

(A) Proteomics analysis on secreted proteins from healthy non-sun-exposed human dermal fibroblasts from two aged male and two aged female fibroblast lines,

each in triplicate. A false discovery rate of less than 5% was considered significant. See also Table S1.

(B) Relative gene expression (RT-qPCR) of BMP2 in age- and sex-stratified fibroblasts normalized to 18s (n = 3).

(C) BMP2 ELISA on conditioned media (72 h) derived from age- and sex-stratified fibroblasts, quantified based on the fibroblast cell lysate protein amount

(****p < 0.0001, **p < 0.01, n = 3).

(D and E) Immunoblot for recombinant BMP2 (rBMP2) treatment in melanoma lines (D) at indicated concentrations (for 30 min) and (E) at indicated time points

(at 100 ng/mL). HSP90 or glyceraldehyde 3-phoshate dehydrogenase (GAPDH) was used as loading control.

(F) Immunoblot for proliferative (MITF), invasive (AXL, p-MLC2), and mesenchymal (CDH2) markers in melanoma cells treated with rBMP2 (100 ng/mL) at indi-

cated time points. HSP90 was used as loading control.

(G) Quantification of BrdU incorporation in melanoma cells treated with rBMP2 (100 ng/mL) or PBS (mock) for 48 h. BrdU was added in the last hour (**p < 0.01,

n = 3).

(H) Quantification of percent invasion of collagen-embedded melanoma spheroids subjected to rBMP2 treatment (100 ng/mL) or PBS (mock) for 24 (1205Lu) or

72 h (WM983b) (***p < 0.001, **p < 0.01, n = 3).

(I) Representative images from (H) for spheroid invasion following rBMP2 (100 ng/mL) or PBS (mock) treatment of melanoma cells. Invaded area is outlined in red.

Images were taken at 24 (1205Lu) and 72 h (WM983b). Scale bars show 100 mm.

(J) Immunoblot of EZH2 and H3K27me3 in age- and sex-stratified dermal fibroblasts. HSP90 was used as loading control.

(K) Relative gene expression of EZH2 in age- and sex-stratified dermal fibroblasts normalized to 18s (n = 3).

(L) Immunoblot on two young male and female fibroblasts treated with EZH2 inhibitor, GSK126 (5 mM), or DMSO control for 4 days. HSP90 was used as loading

control.

(M) Relative gene expression (RT-qPCR) of BMP2 in two young male and female fibroblasts treated with EZH2 inhibitor, GSK126 (5 mM), or DMSO control for

4 days (n = 2).

Values are presented as mean ± SEM.

See also Figures S8 and S9.
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BRAFi/MEKi chow. rmBMP2-treated tumors grew slower but

showed earlier resistance to BRAFi/MEKi (Figure 7I). BRAFi/

MEKi-resistant tumors had increased Bmp2 expression, highest

in aged males (Figure 7J; Data S1). BRAFi-resistant melanoma

lines showed increased BMP2, AXL, WNT5A, and reactivated
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ERK1/2 expression (Figures 7K and S10H), suggesting autocrine

BMP2 secretion in resistant tumors, with continued dermal

microenvironment secretion in aged males. Elevated BMP2

has also been reported in the BRAFi therapy-induced secretome

of melanoma cells,72 suggesting melanoma tumors, in



Figure 7. Modulation of BMP2 levels regulates tumor growth and therapy resistance

(A) ELISA on serum from age-matched (>55 years) healthy male (n = 7) and female subjects (n = 7) (**p < 0.01).

(B) ELISA on serum from age-matched (>55 years) healthy male (n = 7) and male patients with stage IV melanoma (n = 9) (****p < 0.001). ELISA ran concurrently

with sample from (A).

(C) Histological analysis of BMP2 in age-matched stage I/2 human melanoma patients (>55 years) stratified by sex. Scale bars show 250 mm. See Figure S7A for

corresponding H&E and Table S2.

(legend continued on next page)
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conjunction with the aged dermal microenvironment, secrete

BMP2 as a mechanism to evade suppression.

We transduced Yumm1.7 and BSC9AJ2 cells to express

murine Bmp2 (mBmp2-mCherry) or empty vector control

(mEV-mCherry). mBmp2-overexpressing cells showed elevated

Erk1/2 and Smad1/5 activation, upregulation of Wnt5a or Axl,

and slower proliferation (Figures S10I and S10J). In vivo,

mBmp2-mCherry tumors became resistant early to BRAFi/

MEKi therapy compared with mEV-mCherry tumors

(Figures S11A and S11B). IHC analysis confirmed maximal

Bmp2 expression in aged male tumors (Figures S11C and

S11D). In the aged male cohort, Bmp2 overexpression showed

no significant effect compared with control, supporting

BMP2’s role in providing intrinsic and acquired resistance to

BRAF/MEK inhibition in aged male TME (Figure 7L).

Reduction in BMP2 activity in the aged dermal
microenvironment reduces invasion and increases
tumor sensitivity to targeted therapy
We next asked whether reduction in BMP2 levels could make tu-

mors responsive to targeted therapy. Since no mBmp2 neutral-

ization antibody was commercially available, we relied on natu-

rally occurring BMP2 antagonists. NOGGIN binds BMP2 and

BMP4 with high affinity,73 preventing them from binding to their

surface receptors and disabling their signal transduction in

target cells.74 Pretreatment with recombinant human NOGGIN
(D) Representative images of Yumm1.7-mCherry and BSC9AJ2-mCherry primary

show 50 mm.

(E) Tumor growth measurement of Yumm1.7-mCherry injected intradermally in im

recombinant murine Bmp2 (rmBmp2) (1 mg) or PBS intratumor every alternate da

(F) Representative images of primary tumors from mice in (E) for Bmp2, Ki-67, W

Erk1/2 (pErk1/2) (n = 5 mice per group). Scale bars show 50 mm.

(G) Histological analysis of melanoma metastasis to the lung stained with mChe

tification of single melanoma cell metastasis per high-power field (HPF) (**p < 0.0

(H) Quantification of cell death (total intensity of ethidium homodimer-1) relative to

prior to BRAFi/MEKi inhibition is represented as relative cell death compared wit

(I) Tumor growth measurement of Yumm1.7-mCherry injected intradermally in im

rmBmp2 (1 mg per mouse) or PBS intratumor every alternate day. Mice were furth

chow (BRAFi/MEKi) ad libitum (****p < 0.0001, n = 5 mice per group).

(J) Representative images of Yumm1.7-mCherry primary tumors frommice fed co

per group). Scale bars show 50 mm.

(K) Immunoblot analysis of BMP2, ERK1/2 reactivation, invasive signature (AXL,

resistant melanoma cell lines maintained in PLX4720 for over 8 weeks in compar

loading control.

(L) Diagram of BMP2-mediated intrinsic resistance in the aged male tumor micro

microenvironment. Created with Biorender.com.

(M) Quantification of BrdU incorporation in melanoma lines subjected to PBS

1 mg/mL) in normal growth media or conditioned media from aged male fibrobla

*p < 0.01, n = 3).

(N) Representative images for WM983b spheroid invasion following treatment wit

media, aged male fibroblast-derived conditioned media alone, or in combination

melanoma spheroids shown as percent invasion relative to 0 h (****p < 0.0001, **

(O) Viability assay onWM983bmelanoma spheroids treatedwith normal growthm

or PBS with 3 mM PLX4720 (BRAFi) and 500 nM PD0325901 (MEKi) or DMSO (m

ethidium homodimer-1 (red/orange), indicating live and dead cells, respectively. G

spheroid area) following BRAFi/MEKi treatment compared with DMSO treatmen

(P) Tumor growth measurement of Yumm1.7-mCherry injected intradermally in C5

mouse) or PBS intratumor every alternate day. Mice were further randomized to re

ad libitum (****p < 0.0001, n = 5 mice per group).

Values are presented as mean ± SEM.

See also Figures S10 and S11 and Data S1.
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(rhNOGGIN) (0.5 mg/mL) reduces rBMP2 (100 ng/mL)-mediated

SMAD1/5 and ERK1/2 activation in WM983b melanoma cells

(Figure S11E). rhNOGGIN with aged male fibroblast-derived

CM inhibits AXL upregulation (Figure S11F). rhNOGGIN negates

the reduction in proliferation imposed by aged male fibroblast

CM (Figures 7M and S11G), reduces invasion in melanoma

spheroids (Figures 7N and S11H), and increases responsiveness

to BRAFi/MEKi (Figures 7O and S11I). In vivo, aged male

C57BL/6 mice injected with Yumm1.7-mCherry and treated

with rmNoggin showed increased tumor growth and greater

response to BRAFi/MEKi, including complete regression in

some mice and later relapse (Figure 7P). This supports that

reducing BMP2 activity reverts melanoma tumors from a slow-

cycling, invasive, therapy-resistant phenotype to amore prolifer-

ative, therapy-sensitive phenotype.

DISCUSSION

Recent studies have highlighted an age-independent female

advantage following BRAF- and/or MEK-targeted therapy.24,75

Studies highlighting sexually dimorphic biological aging have

only just started to emerge due to overt use of male subjects in

preclinical and clinical research.76 Therefore, we have extended

our work to include both sex and age to ascertain the role of the

TME in cutaneousmelanoma progression and therapy response.

Limited evidence suggests that male C57BL/6 mice age faster
tumors from mice cohorts stained for Bmp2 (n = 4 mice per group). Scale bars

munocompetent C57BL/6 young male (8 weeks) mice and administered with

y (****p < 0.0001, ***p < 0.001, n = 7 mice per group).

nt5a, Mitf, Axl, gH2ax (Ser139), activated Smad1/5 (pSmad1/5), and activated

rry (indicated with black arrows) in young male C57BL/6 mice from (E). Quan-

1, n = 7 mice per group). Scale bars show 50 mm.

spheroid area (calcein-AM) following PBS or rBMP2 pretreatment (100 ng/mL)

h DMSO treatment (***p < 0.001, **p < 0.01, n = 4).

munocompetent C57BL/6 young male (8 weeks) mice and administered with

er randomized to receive diet containing control chow (chow) or BRAFi/MEKi

ntrol chow (naive) or BRAFi/MEKi chow (resistant) stained for Bmp2 (n = 4mice

WNT5A [black arrow]), and proliferative signature (MITF) in BRAFi (PLX4720)

ison with DMSO control and PLX4720 treatment (48 h). HSP90 was used as a

environment and acquired resistance to targeted therapy in young male tumor

(mock), rBMP2 (100 ng/mL), and recombinant human NOGGIN (rhNOGGIN;

sts alone or in combination with rhNOGGIN for 48 h (***p < 0.001, **p < 0.01,

h PBS (mock), rhNOGGIN (1 mg/mL), and rBMP2 (100 ng/mL) in normal growth

with rhNOGGIN for 72 h. Invaded area is outlined in green. Quantification of

*p < 0.001, n = 4). Scale bars show 100 mm.

edia or agedmale fibroblast-conditionedmedia in combination with rhNOGGIN

ock) for 48 h. Viability was assessed by staining with calcein-AM (green) and

raph representing relative cell death (total intensity of ethidium homodimer-1 to

t (****p < 0.0001, **p < 0.01, n = 3). Scale bars show 50 mm.

7BL/6 aged male (>52 weeks) mice and administered with rmNoggin (2 mg per

ceive diet containing control chow (chow) or BRAFi/MEKi chow (BRAFi/MEKi)
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than age-matched female littermates.30 While senescence is

ubiquitous across the lifespan, it has long been considered an

important hallmark of aging.77 While aging promotes senes-

cence, other factors like DNA damage can also induce it. Young

female fibroblasts achieved senescence without SASP, while

male fibroblasts proliferated until aging, then entered senes-

cence with robust SASP. Aged C57BL/6 mice show higher

senescence markers in males compared with females.78 Inter-

estingly, an accelerated aging phenotype has been reported in

immune cell populations in men,79 suggesting that the rate of

chronological aging at the cellular level is potentially sexually

dimorphic andwould support the longer health and lifespan in fe-

males than males.34,80

Sexual dimorphism in melanoma is dependent on the differ-

ences in sex chromosomes and hormone levels.81 Sex chromo-

somes and hormones impact the TME, including stromal

cells. Increasedmitochondrial ROS in agedmale fibroblasts pro-

motes mitochondrial dysfunction,82 observed in melanoma cells

exposed to aged fibroblast-derived CM and in aged mouse tu-

mors. Elevated oxidative stress can increase tumor mutation

burden, producing neoantigens83 and predicting ICB efficacy

in melanoma.84,85 This high tumor mutation burden may explain

better overall survival reported in male metastatic melanoma pa-

tients undergoing immune checkpoint blockade therapy.21,86,87

Our data in the BRAFV600E mutant melanoma model clearly

show that the differentially secreted factors within the TME can

dictate therapy responses based on the age and sex of the

host. It is also imperative to highlight that although to a lesser

extent than aged male mice, aged female mice also showed a

significant increase in lung metastasis as compared with young

female mice. This emphasizes that melanoma progression is

promoted by other sex-independent but age-dependent

biochemical factors in the TME, which further suggests that

the local microenvironment plays an even more important role

in tumorigenesis.

One such secreted factor, BMP2, was selectively secreted by

the aged male fibroblasts and may be epigenetically regulated.

The BMP2 gene resides in an area referred to as a ‘‘gene desert’’

and is essential for osteogenic, chondrogenic, and adipogenic

programs.88 Mouse embryonic fibroblasts transduced with

oncogenic Ras and Raf have been shown to activate p16 (senes-

cence) and Bmp2, accompanied by a reduction in Ezh2 enrich-

ment and H3K27me3 repression around Bmp2.89,90 In addition,

decline in H3K27me3 promotes senescence via p16 upregula-

tion and activates SASP genes without DDR.41 Age-mediated

decline in EZH2 and H3K27me3 in male fibroblasts increased

BMP2, supporting a role for DDR and epigenetics in BMP2 in-

duction. Increased BMP2 post-therapy resistance can facilitate

premature senescence in neighboring fibroblasts. Primary mela-

nomas express activated SMAD1/5/8, a marker of canonical

BMP activity.91 BMP2 mediates non-canonical ERK1/2 pathway

inmelanoma cells.57 BMP2 likely promotes intrinsic resistance to

targeted therapy through residual ERK1/2 activation. Treatment

with NOGGIN, a known inhibitor of BMP2/4,92 reduced BMP2

signaling, improving targeted therapy response and delaying tu-

mor relapse in aged male tumors.

Our data on the sex-dependent role of aging TME highlights

two key points: first, the importance of including sex and age
as a variable in clinical trial design and preclinical animal models

and, second, in melanoma prognosis and decision-making

regarding choice of treatment modalities. Understanding sex dif-

ferences in melanoma and intrinsic cellular changes with age will

aid in identifying new pharmacological vulnerabilities toward

personalized therapies that influence both tumor aggressiveness

and treatment response.

Limitations of the study
Melanoma remains a hormone-responsive tumor, and while the

effects of sex steroids and receptors on melanoma cells are

recognized,23,24,93–95 they can be contradictory. Within this

context, the impact of physiological concentrations of sex hor-

mones on dermal fibroblasts and melanoma TME in the

context of aging remains unknown. Our study shows BMP2

secretion in the aged male TME is independent of the mela-

noma driver mutations; however, investigation of the effect

BMP2 has on melanoma progression and therapy response

in tumor cells harboring mutations other than BRAFV600E is

warranted. Similarly, any effect of BMP2 on immune cells

and tumor infiltration needs to be determined. Our study

described BMP2-mediated resistance to BRAF/MEK inhibition

and targeted therapy-induced increase in BMP2 secretion.

However, we need to determine the effect of the dermal micro-

environment secreted BMP2 on immune checkpoint therapy. It

has been shown that sex plays a critical role in response to im-

mune checkpoint blockade, and specifically, androgen recep-

tor activity in T cells has been shown to inhibit response to

checkpoint blockade.96
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CDKN1A (p21) Proteintech 10355-1-AP; RRID: AB_2077682

CDKN2A (p16) Millipore Sigma ZRB1437; RRID:AB_3492112

Total OXPHOS antibody cocktail Abcam ab110413; RRID:AB_2629281

P-ATM (Ser1981) (D25E5) Cell Signaling 13050; RRID:AB_2798100

ATM (D2E2) Cell Signaling 2873; RRID:AB_2062659

BMP2 Bioss BS-1012R:RRID:AB_10857217

CD90 Cell Signaling 13801; RRID:AB_2798316

P-RB (Ser807/811) (D20B12) Cell Signaling 8516; RRID:AB_11178658

RB Cell Signaling 9309; RRID:AB_823629

WNT5A biotin-labeled R&D Systems BAF645; RRID:AB_2215593

WNT5A (for IHC) R&D Systems AF645; RRID:AB_2288488

AXL Bioss BS-5180R; RRID:AB_11110961

MERTK Abcam ab184086; RRID:AB_3492113

NRF2 (Ser40) Bioss BSM-52179; RRID:AB_3492114

Ki-67 Novus Biologicals NB600-1252; RRID:AB_2142376

53BP1 Novus Biologicals BB100-304; RRID:AB_3155982

N-Cadherin Cell Signaling 13116; RRID:AB_2687616

P-SMAD1/5 (Ser463/Ser465) Thermo Scientific 700047; RRID:AB_2532276

SMAD1 Cell Signaling 9743; RRID:AB_2107780

XRCC1 Cell Signaling 76998; RRID:AB_2936252

P-p38 MAPK (Thr180/Tyr182) Cell Signaling 4511; RRID:AB_2139682

p38 MAPK Cell Signaling 9212; RRID:AB_330713

TP53 Bioss BS-8687R; RRID:AB_3492116

MITF (for IHC) Bioss BS-1990R; RRID:AB_10854743

MITF (D5G7V) Cell Signaling 12590; RRID:AB_2616024

mCherry Abcam ab167453; RRID:AB_2571870

p53 Cell Signaling 2527; RRID:AB_10695803

Phospho Histone H2Ax (Ser139) (20E3) (gH2Ax) Cell Signaling 9718; RRID:AB_2118009

CAVEOLIN1 Cell Signaling 3267; RRID:AB_2275453

Phospho p44/42 MAPK (ERK1/2) (Thr202/Tyr204)

(D13.14.4E)

Cell Signaling 4370; RRID:AB_2315112

P44/p42 (ERK1/2) Cell Signaling 9102; RRID:AB_330744

Phospho Myosin Light Chain 2 (Ser19) Cell Signaling 3671; RRID:AB_330248

Myosin Light Chain 2 Cell Signaling 8505; RRID:AB_2728760

Phospho JNK (Thr183/Tyr185) (81E11) Cell Signaling 4668; RRID:AB_823588

JNK Cell Signaling 9252; RRID:AB_2250373

PDGFR-a Cell Signaling 3174; RRID:AB_2162345

PDGFR-b Cell Signaling 3169; RRID:AB_2162497

FAP Cell Signaling 66562; RRID:AB_2904193

VIMENTIN Cell Signaling 5741; RRID:AB_10695459

EZH2 Cell Signaling 5246; RRID:AB_10694683

H3K27me3 Cell Signaling 9733; RRID:AB_2616029

APE1 Cell Signaling 10519; RRID:AB_3064913

SOD1 Cell Signaling 37385; RRID:AB_3073954

(Continued on next page)

Cell 187, 6016–6034.e1–e9, October 17, 2024 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SOD2 Cell Signaling 13141; RRID:AB_2636921

SOD3 Santa Cruz Biotechnology sc-271170; RRID:AB_10611183

CDK4 (D9G3E) Cell Signaling 12790; RRID:AB_2631166

CD45 Abcam ab10558; RRID:AB_442810

BrdU (Bu20a) Cell Signaling 5292; RRID:AB_10548898

Nitrotyrosine Millipore Sigma AB5411; RRID: AB_177459

HSP90 Cell Signaling 4877; RRID:AB_2233307

GAPDH (14C10) Cell Signaling 2118; RRID:AB_561053

Thioredoxin1 Cell Signaling 2429; RRID:AB_2272594

Redox Homeostasis Signaling Antibody Kit Cell Signaling 16815; RRID:AB_3493878

Streptavidin Ab Fischer Scientific NC9705430; RRID:AB_3493547

Anti-rabbit IgG, HRP linked Cell Signaling 7074; RRID:AB_2099233

Anti-mouse IgG, HRP linked Cell Signaling 7076; RRID:AB_330924

Alexa Fluor 647 Goat anti-Rabbit IgG (H+L) Thermo Scientific A21245; RRID:AB_2535813

Alexa Fluor 488 Goat anti-Rabbit IgG (H+L) Thermo Scientific A11008; RRID:AB_143165

Alexa Fluor 647 Goat anti-Mouse IgG (H+L) Thermo Scientific A21235; RRID:AB_2535804

Alexa Fluor 488 Goat anti-Mouse IgG (H+L) Thermo Scientific A11001; RRID:AB_2534069

BMP2/BMP4 monoclonal IgG1 (100230)

(neutralization)

Thermo Scientific MA5-23764; RRID:AB_2609468

Mouse IgG1 isotype control (neutralization) R&D Systems MAB002; RRID:AB_357344

DAPI Thermo Scientific 62248

Bacterial and virus strains

Subcloning efficiency DH5a competent Cells Thermo Scientific 18265017

Biological samples

Human Melanoma Tumors Stage I/II This study N/A

Human Plasma from Healthy and Melanoma

patients

This study N/A

Chemicals, peptides, and recombinant proteins

Recombinant Human/Mouse/Rat BMP2 R&D Systems 355-BM

Recombinant Human NOGGIN R&D Systems 6057-NG

Recombinant Mouse Noggin Peprotech 250-38

Recombinant Human/Mouse/Rat BMP2 MedChemExpress HY-P7006

KU-60019 Selleck Chemicals S1570

GSK126 Selleck Chemicals S7061

b-Estradiol (E2) Sigma Aldrich E2758

Dihydrotestosterone (DHT) Selleck Chemicals S4757

Doxycycline Hyclate TCI America D4116

PLX4720 Selleck Chem S1152

PD0325901 (Miradametinib) Selleck Chem S1036

Charcoal, Dextran coated Millipore Sigma C6241

Radio Immunoprecipitation Buffer (RIPA) Cell Signaling 9806

BrdU Peprotech 5911439

Difco Nobel Agar BD Biosciences 214230

X-Gal Selleck Chem S6820

Fast SYBR Green Master Mix Applied Biosystems 4385612

Antibody diluent Agilent Technology S080983-2

Bovine Serum Albumin, heat shock fraction, pH7 Millipore Sigma A7906

AEC Substrate System Abcam ab64252

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antigen Unmasking Solution, citrate based Vector Labs H-3300-250

Protein Block Abcam ab64226

Hydrogen Peroxide Blocking reagent Abcam ab133273

Streptavidin Peroxidase Abcam ab64269

Biotinylated Goat Anti-Rabbit IgG (H+L) Abcam ab64256

Hematoxylin solution (Mayer’s modified) Abcam ab220365

Collagen 1 Rat Protein, Tail Thermo Scientific A1048301

Molecular Probes CellROX-Green Thermo Scientific C10444

Molecular Probes MitoSOX-Red Thermo Scientific M36008

Restore Western Blot Stripping Buffer Thermo Scientific 21059

Sodium Bicarbonate 7.5% Thermo Scientific 25080094

VectaMount AQ Aqueous mounting medium Vector Labs H-5501-60

Prolong Glass antifade mountant Thermo Scientific P36984

ECL Prime Western Blotting System GE Healthcare GERPN2232

Paraformaldehyde 16%, EM grade methanol free Electron Microscopy Sciences 15710

AIN-76A Rodent Diet Research Diets D10001i

Critical commercial assays

Pierce BCA Protein Assay kit Fisher Scientific 23225

iScript cDNA synthesis kit Bio-Rad 1708891

RNeasy kit Qiagen 74004

DNeasy Blood & Tissue Kit Qiagen 69504

HumanBMP2Quantikine ELISA kit (for conditioned

media)

R&D Systems DBP200

Human BMP2 ELISA kit (for plasma and sera) Abcam ab119581

Relative Human Telomere Length Quantification

qPCR Assay Kit

ScienCell 8908

Total Antioxidant Capacity Assay kit Sigma Aldrich MAK187

Cell Meter Fluorimetric Intracellular Total ROS AAT Bioquest 22901

Live/Dead Viability/Cytotoxicity Kit Fisher Scientific L3224

Proteome Profiler Human XL Cytokine Array kit R&D Systems ARY022B

Experimental models: Cell lines

FS4 Webster et al.98 N/A

FS13 Webster et al.98 N/A

FS5 Webster et al.98 N/A

FS11 Webster et al.98 N/A

M93-047 Webster et al.98 RRID:CVCL_G298

FS14 Webster et al.98 N/A

WM1799 Webster et al.98 RRID:CVCL_A341

Yumm1.7 Meeth et al.54 RRID:CVCL_JK16

Yumm1.7-mCherry Fane et al.32 N/A

BSC9AJ2 Kugel et al.99 N/A

BSC9AJ2-mCherry This study N/A

1205Lu Kaur et al.13 RRID:CVCL_5239

WM983b Kaur et al.13 RRID:CVCL_6809

WM164 Kaur et al.13 RRID:CVCL_7928

A2058 ATCC CRL11147; RRID:CVCL_1059

WM793 Webster et al.98 RRID:CVCL_8787

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

WM2664 Prof. Meenhard Herlyn,

Wistar Institute

RRID:CVCL_2765

WM46 Prof. Meenhard Herlyn,

Wistar Institute

RRID:CVCL_6803

HEK293T Fane et al.32 RRID:CVCL_0063

1205Lu BRAFi Resistant This study N/A

WM983b BRAFi Resistant This study N/A

WM164 BRAFi Resistant This study N/A

Yumm1.7 BRAFi Resistant This study N/A

FS13-mCherry Ndoye et al.107 N/A

FS13-WNT5A Ndoye et al.107 N/A

FS4-WNT5A doxycycline-inducible repression Fane et al.32 N/A

Young Male Fibroblast Coriell Institute 2003-071-032

Young Male Fibroblast Coriell Institute 2003-071-056

Young Male Fibroblast Coriell Institute TP-113

Aged Male Fibroblast Coriell Institute AG13004

Aged Male Fibroblast Coriell Institute GM13335

Aged Male Fibroblast Coriell Institute AG09157

Young Female Fibroblast Coriell Institute GM04390

Young Female Fibroblast Coriell Institute AG02674

Young Female Fibroblast Coriell Institute AG11732

Aged Female Fibroblast Coriell Institute AG08620

Aged Female Fibroblast Coriell Institute AG08517

Aged Female Fibroblast Coriell Institute AG11726

Aged Female Fibroblast Coriell Institute AG07757

Aged Male Fibroblast Coriell Institute AG07723

Aged Male Fibroblast Coriell Institute AG10047

Aged Male Fibroblast Coriell Institute AG05186

Aged Male Fibroblast Coriell Institute AG05192

Aged Male Fibroblast Coriell Institute AG04157

Aged Female Fibroblast Coriell Institute AG05275

Aged Female Fibroblast Coriell Institute AG05844

Aged Female Fibroblast Coriell Institute AG07714

Aged Female Fibroblast Coriell Institute AG07310

Aged Male Fibroblast Coriell Institute AG14048

Aged Male Fibroblast Coriell Institute AG13369

Aged Male Fibroblast Coriell Institute AG12587

Aged Male Fibroblast Coriell Institute AG13198

Aged Female Fibroblast Coriell Institute AG13246

Aged Female Fibroblast Coriell Institute AG12927

Aged Female Fibroblast Coriell Institute AG13358

Aged Female Fibroblast Coriell Institute AG13144

Experimental models: Organisms/strains

C57BL/6 young (8 weeks) male mice Charles River 556

C57BL/6 young (8 weeks) female mice Charles River 556

C57BL/6 aged (>52 weeks) retired male breeder Charles River 556

C57BL/6 aged (>52 weeks) retired female breeder Charles River 556

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for 18s, EZH2, BMP2, BMP4, BMP6,

BMP7, GDF6, BMPR1A BMPR1B, BMPR2, NOG,

BMPER,

IDT Technology Table S2

Recombinant DNA

pLV[Exp]-EGFP/Puro-CMV>Stuffer300 Vector Builder VB181209-1075efx

pLV[Exp]-Puro- EF1A>hBMP2[NM_001200.4] Vector Builder VB900131-8259aza

pLV[Exp]-mCherry/Neo-EF1A>ORF_Stuffer Vector Builder VB010000-9293ufr

pLV[Exp]-mCherry-EF1A>mBmp2 Vector Builder VB900129-3383uyc

pLV[Exp]-Bsd-EF1A>mCherry Vector Builder VB180821-1150kqt

Software

ImageJ Schneider et al.108 https://imagej.nih.gov/ij/

Fiji Schindelin et al.109 https://fiji.sc

QuPath v0.4.3 Bankhead et al.110 https://qupath.github.io

GraphPad Prism 9 https://www.graphpad.com/data-

analysis-resource-center/#guides

https://www.graphpad.com/scientific-software/

prism/

NIS Elements Advanced Research (AR) software Nikon N/A

Deposited Data

Mendeley Data Raw data for immunoblot panels http://www.doi.org/10.17632/stdwp2tmy4.1
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EXPERIMENTAL MODELS AND SUBJECT DETAIL

In vivo allograft assays
All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the Johns Hopkins University

(Protocol M019H421: Microenvironmental Regulation of Metastasis and Therapy Resistance) and were performed in an Association

for the Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited facility. The mice were housed in a vivarium

maintained at 20 ± 2 �C, 42% humidity, with a 12-h light-dark cycle with free access to food and water. The maximum tumor size

allowed under this protocol was 2000 mm3, tumor size of 2 cm. Mice were euthanized prior reaching tumor endpoint if they showed

any signs of distress. The young mice were utilized at 8 weeks, and the aged mice were >52 weeks (Charles River). Aged male mice

were single housed as they were purchased as retired breeders, and young mice and aged female mice were housed in groups of no

more than five per cage.

Young versus aged mice experiments

Yumm1.7, a male murine melanoma cell line and BSC9AJ2, a female murine melanoma line transduced with mCherry or Empty

vector-mCherry (mEV-mCherry) or murine Bmp2 with mCherry tag (mBmp2-mCherry) where indicated were injected intradermally

(2 3 105 cells) into young or aged C57Bl/6 mice (Charles River). For therapy resistance experiments, once tumors reached between

150 - 200mm3, mice were randomized into treatment groups containing 200 mg/kg PLX4720 (BRAF inhibitor) and 7 mg/kg

PD0325901 (MEK inhibitor) [BRAFi/MEKi] or control chow (Research Diets) and fed ad libitum.

Aged mice time course experiment

Aged (>52 weeks) male and female C57Bl/6 mice were injected intradermally (2 3 105 cells) with Yumm1.7-mCherry cells, and lungs

were harvested after Day 10, Day 20 and Day 30 post-injection.

Recombinant Bmp2 treatment

Young male mice (8 weeks) were randomized into 2 groups and injected with 1 mg recombinant murine BMP2 (rmBMP2)

(MedChemExpress in 50 ml PBS or the same volume of PBS (mock) every second day. Initially, rmBmp2 or PBS was injected sub-

cutaneously around the tumor injection site for the first 7 days and then intratumor once tumors were palpable. For the rmBmp2

experiment in combination with BRAFi/MEKi therapy, young male mice (8 weeks) injected intradermally with Yumm1.7-mCherry

(2 3 105 cells) cells were randomized to receive rmBmp2 or PBS as described above and further randomized to receive control

chow or chow containing BRAFi/MEKi (Research Diets) once tumor volume reached between 150 - 200mm3.

Recombinant Noggin treatment

Agedmale C57Bl/6 mice (>52weeks) were injected intradermally with Yumm1.7-mCherry cells (2 3 105 cells) and randomized into 2

groups and injected with 2 mg recombinant murine Noggin (rmNoggin) (Peprotech) in 50 ml PBS or the same volume of PBS (mock)

every second day. Initially, rmNoggin or PBSwas injected subcutaneously around the tumor injection site for the first 7 days and then
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intratumor once tumors were palpable. They were further randomized to receive control chow or chow containing BRAFi/MEKi

(Research Diets) comprising four groups.

Bmp2 overexpression experiments

Yumm1.7 and BSC9AJ2 cells were transduced to express murine Bmp2-mCherry, or empty vector-mCherry (mEV-mCherry) control

and sorted for mCherry expression. Melanoma cells were injected intradermally (2 3 105 cells) in young mice (8 weeks) and aged

mice (>52 weeks) across both sexes. Once tumors reached between 150 - 200mm3, mice were randomized to receive BRAFi/

MEKi chow or control chow.Mice were assessed regularly, and tumors weremeasured routinely using digital calipers. Tumor volume

was calculated using the formula 0.5 x length x (width).2 Once tumors reached 1500mm3 mice were euthanized, and the tumors and

lungs were harvested for further analysis. All reagents injected in live mice were tested for endotoxin levels at the Johns Hopkins Cell

Center Services using The Associates of Cape Cod LAL test.

Cell lines
Human melanoma cell lines FS4, FS13,97,98 A2058 (ATCC) and murine melanoma cell line BSC9AJ299 were maintained in RPMI

(Invitrogen), supplemented with 10% FBS and 100 U ml�1 penicillin and streptomycin. Lentiviral packaging cell line, HEK293T

and human melanoma cell lines 1205Lu, WM983b, WM164, WM793, WM2664, and WM46 were maintained in DMEM (Invitrogen),

supplemented with 10% FBS and 100 U ml�1 penicillin and streptomycin. Murine melanoma cell line Yumm1.754 was maintained in

DMEM F-12 (HEPES–glutamine) supplemented with 10% FBS and 100 U ml�1 penicillin and streptomycin. Melanoma cell stocks

were fingerprinted using an AmpFLSTR Identifier PCR Amplification Kit from Life Technologies at the Wistar Institute Genomics Fa-

cility. Human primary dermal fibroblast cell lines obtained from the biobank at the Coriell Institute for Medical Research and from

healthy donors via the Baltimore Longitudinal Study of Aging36 were maintained in DMEM, supplemented with 10% FBS and

100 Uml�1 penicillin and streptomycin. Atleast 3 biological replicates were used per age group and sex unless indicated. All cell lines

were cultured at 37 �C in 5% CO2, and the medium was replaced as required. Cell culture supernatants were tested routinely for

mycoplasma contamination using a Lonza MycoAlert assay at the Johns Hopkins University Cell Center Services.

METHOD DETAILS

Treatments
To assess proliferation, senescence and signaling attributes, dermal fibroblasts were maintained in phenol-red free DMEM sup-

plemented with 10% charcoal/dextran (Millipore Sigma) stripped FBS and 100 U ml�1 penicillin and streptomycin. Serum deple-

tion of estrogen was performed based on the manufacturer’s guidelines. Melanoma cells were treated with doxycycline hyclate

(DOX) (TCI America) at a final concentration of 1 mg/mL for 48 hours. Conditioned media (CM) derived from fibroblast cells after

72 hours of incubation was spun at 4000 rpm, filtered through a 0.45 mm low protein binding PVDF filter, and frozen in aliquots.

Prior to use, CM was normalized to fibroblast cell count before using on melanoma cells. For short-term signaling experiments,

melanoma cells were treated with recombinant human/mouse BMP2 (R&D Systems, MedChemExpress) at indicated concentra-

tions for 30 minutes or with 100 ng/ml for indicated time points. For long-term experiments, melanoma cells were treated with

rBMP2 at 100 ng/ml for 16, 24 and 48 hours. Melanoma cells treated with recombinant human NOGGIN (rhNOGGIN) (R&D Sys-

tems) at 0.5 mg/ml or rBMP2 (100 ng/ml) or combination for 30 minutes. Long-term rhNOGGIN treatment experiment on melanoma

cells was performed by co-treating aged male fibroblast CM or mock with rhNOGGIN at 1 mg/ml for 48 hours. Fibroblast treatment

with EZH2 inhibitor, GSK126 at 5 mM (Selleck Chem) and ATM kinase inhibitor, KU-60019 (Selleck Chem) at 3 mM was performed

in normal growth media at indicated timepoints. For any treatment longer than 48 hours, media with the inhibitors/drugs was re-

plenished every 48 hours.

BrdU Incorporation Assay
Dermal fibroblasts were grown on coverslips at similar seeding densities for 2 days. Asynchronously growing fibroblast cells were

given a 16 or 24 hours pulse of 20 mM BrdU (5-Bromo-2’-deoxyuridine, Peprotech) to determine cells in S phase as previously

described.100 For assessing CM effects, melanoma cells were plated on coverslips and subjected to fibroblast-derived CM (normal-

ized by cell counts) for 48 hours and given a pulse of 20 mM BrdU an hour before fixation. Dermal fibroblasts and melanoma cells,

where indicated, were treated with rBMP2 (100 ng/ml) or rhNOGGIN (500 ng/ml) for 48 hours and 20 mM BrdU was added 16 hours

and 1 hour, respectively prior to fixation. Cells were fixed in cold 70% ethanol and stained with anti-BrdU antibody (Cell Signaling) as

per manufacturer’s guidelines and counterstained with DAPI (Thermo Scientific). Random fields of view were taken by first imaging

for DAPI and then for BrdU for the same field of view on Nikon Eclipse Ti2 microscope. Quantification was done blind and data was

represented as a percentage of BrdU-positive nuclei.

Senescence associated b-Galactosidase staining
Fibroblasts were plated into 12-well dishes at similar seeding densities and incubated for 48 hours. Subsequently, washed with PBS

and fixed in 2% formaldehyde/0.2% glutaraldehyde prior to staining as described previously.101 Cells were then incubated in staining

solution containing 150 mM NaCl (Sigma), 2 mM MgCl2 (Sigma), 5 mM K3Fe(CN)6 (Millipore), 5 mM K4Fe(CN)6 (Millipore), 40 mM

Na2PO4 (Sigma) pH 6.0, 20 mg/ml X-Gal (Selleck Chem) at 37�C overnight in CO2-free incubator. Stain was removed, and cells
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were stored in 70% glycerol before imaging on Nikon Eclipse Ti2 microscope. Senescent cells were counted and represented as

percentage b-Galactosidase positive cells.

ROS Detection Assay
Five thousand fibroblast cells were seeded in a 96-well plate with 8 wells per fibroblast line and incubated overnight. The cells were

subjected to 2 mM hydrogen peroxide (Sigma) or PBS treatment in serum-free media for 30 minutes. After 30 minutes, media

was replaced with growth media and cells were incubated for 24 hours. ROS levels were measured at 0 hours (mock), 0.5 hours

(immediately after H2O2 treatment) and 24 hours after initial treatment using a Cell Meter Fluorimetric Intracellular Total ROS Kit

(AAT Bioquest) according to the manufacturer’s protocol. The plates were measured using a PerkinElmer EnVision Xcite Multilabel

plate reader using the filters for excitation/emission (Ex/Em = 520/605 nm). The cell number was determined by DAPI (Thermo

Scientific) and used to normalize the total fluorescence obtained from ROS staining.

Immunoblotting Analysis
Cells lysed in RIPA buffer supplemented with protease and phosphatase inhibitors (Cell Signaling). Total protein lysate was quantified

using aPierce BCA assay kit (Fisher Scientific), and 20 mg of protein for dermal fibroblasts or 30 mg ofmelanoma lysateswas prepared

in sample buffer, heated at 95�C and loaded into NuPAGE 4–12% or 12% Bis-Tris Protein Gels (Thermo Scientific) and run at 160 V.

Proteins were then transferred onto a PVDF membrane using the iBlot system (Invitrogen) and blocked in 5% BSA–TBST for 1 hour.

Primary antibodies were diluted in 5% BSA–TBST and incubated at 4�C overnight. The membranes were washed in TBST and

probedwith the corresponding HRP-conjugated secondary antibody (Cell Signaling). Proteins were visualized using ECL (GEHealth-

care) and detected using G:BOX Chemi XRQ gel doc system (Syngene).

Immunohistochemistry
Human sections from stage I/II melanoma from age-matched male and female patients (>55 years), mouse tumor and lung tissue

sections were paraffin-embedded and sectioned at 4 mm. Tissue sections were rehydrated through a series of xylene and different

concentrations of alcohol, which was followed by a rinse in water andwashing in PBS. Slides were incubated with antigen unmasking

solution (Vector Labs) and steamed for 20min. Slides were then blocked in a peroxide blocking buffer (Abcam) for 15min, followed by

protein block (Abcam) for 5 minutes, and incubated with the primary antibody of interest, which was prepared in antibody diluent

(Dako). Slides were incubated overnight in a humidified chamber at 4 �C. Samples were washed with PBS and incubated in bio-

tinylated anti-rabbit secondary antibody (Abcam), followed by streptavidin–HRP solution (Abcam) at room temperature for 20 min.

Samples were then washed with PBS and incubated with AEC substrate (3-amino-9-ethylcarbazole, Abcam) for the appropriate

amount of time after optimization. Slides were then washed with water and incubated in Mayer’s hematoxylin (Abcam) for 1 min,

rinsed with water, and mounted in Aquamount (Vector Labs). Slides were imaged using a Nikon Eclipse Ti2 microscope. Quantifica-

tion of IHC staining was performed to determine nuclear positivity or H-Score using ImageJ or QuPath v0.4.3 using the positive cell

detection feature and user defined threshold presets. Murine lungs were assessed for localization of mCherry-positive melanoma

cells per high-power field (HPF) and quantified.

3-D Spheroid Assays
Melanoma cells (5000 cells/well) were plated in 1.5% agar, and spheroids were allowed to form for 3 days in a 96-well plate. Spher-

oids were embedded in rat-tail collagen I (Thermo Scientific) and subjected to recombinant protein treatment (rBMP2, rhNOGGIN) or

CM (normalized by total cell count) from age and sex-stratified dermal fibroblasts. All spheroids were imaged at Day 0 and 24 hours

post-embedding for 1205Lu, 48 hours post-embedding for WM164, WM793 and WM2664 and 72 hours post-embedding for

WM983b melanoma cell lines. The spheroids were imaged using a Nikon Eclipse Ti2 inverted microscope. Quantitation of invasive

surface area was performed using NIS Elements Advanced Research software and represented as percent invasion relative to

0 hours.

For therapy resistance analysis, embedded spheroids were subjected to CM or treatment with rBMP2 (100 ng/ml) and/or rhNOG-

GIN (500 ng/ml) in the presence or absence of BRAFi (PLX4720 (3 mM)) and MEKi (PD0325901 (500 nM)) inhibitors. Cell viability was

measured using the Live/Dead viability/cytotoxicity kit (Fisher Scientific). Briefly, spheroids were washed with PBS and stained with

calcein-AM (2 mM) and ethidium homodimer-1 (4 mM). The dyes were diluted in PBS, and 300 mL of the solution was added to the

spheroidwells for 30minutes at 37�C. The spheroidswerewashed in PBS and imaged using aNikon Eclipse Ti2 invertedmicroscope.

Quantitation of cell death (total intensity of ethidium homodimer-1) relative to spheroid area (calcein-AM) was performed using NIS

Elements AR software and represented as relative cell death compared to DMSO treatment.

Lentiviral transduction
Lentiviral production was carried out as described in the protocol developed by the TRC library (Broad Institute). Briefly, HEK293T

cells were co-transfected with shRNA vector or expression plasmids and third-generation lentiviral packaging plasmids (pMDLg/

pRRE, pRSV-Rev, pMD2.G). Media was changed the following day, and the supernatant containing the virus was harvested at 48

hours and filtered through a 0.45 mm low protein binding PVDF filter. The cells were allowed to recover for 48 hours and then selected

using puromycin or flow-sorted on MoFlo XDP (Beckton Coulter) for the selection marker (mCherry).
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Quantitative real-time PCR and telomere length determination
RNA was extracted using RNeasy Mini kit (Qiagen), and cDNA was prepared using iScript cDNA synthesis kit (Bio-Rad). Gene

expression was quantified using Fast SYBR green master mix (Applied Biosystems) method of qPCR on an ABI Viia7 real-time

PCR system (Applied Biosystems) using fast conditions. Samples were normalized against the human 18s housekeeping gene

and normalized as relative expression. Primer sequences are listed in Table S3. DNA was extracted using DNeasy blood and tissue

kit (Qiagen) and average telomere length was calculated using Relative Human Telomere Length Quantification qPCR Assay Kit

(ScienCell) as per manufacturer’s guidelines.

Immunofluorescence and Quantification
Cells were seeded on sterile glass coverslips in 12-well plates at 1 3 104 (melanoma cells) or 4 3 104 cells (fibroblasts) per well

and incubated for indicated times. After the treatment, cells were fixed with 4% paraformaldehyde (PFA) (Electron Microscopy Sci-

ences) diluted in PBS for 20 minutes at room temperature. Cells were permeabilized with PBS containing 0.25% Triton X (Sigma) for

10 minutes and washed with PBS prior to blocking in 2% BSA (Millipore Sigma) in PBS containing 0.1% Triton X for 1 hour. Primary

antibodies were diluted per manufacturer’s guidelines in blocking buffer and incubated overnight at 4 �C in a humidified chamber.

Cells were washed in PBS and incubated with the appropriate Alexa Fluor conjugated secondary antibody (1:400, Thermo Scientific)

for 1 hour at room temperature. Cells were thenwashed in PBS, counterstainedwith DAPI (ThermoScientific) andmounted in Prolong

Glass antifade mountant (Thermo Scientific). Images were captured on a Nikon Eclipse Ti2 microscope and quantified using

ImageJ (NIH).

Cytosolic and mitochondrial ROS measurement
Cells were seeded in 12-well plates at 13 104 (melanoma cells) or 43 104 cells (fibroblasts) per well and subjected to treatment for

48 hours as indicated. Cells were washed with HBSS and incubated for 1 hour in growth media containing 5 mM CellROX Green for

cytosolic ROS or for 10 minutes in HBSS containing 5 mM MitoSOX Red for mitochondrial ROS. Following dye removal, cells were

washed three times in HBSS and imaged in HBSS on Nikon Eclipse Ti2 microscope. Cell images were analyzed with Fiji, the

open-source processing program distribution of ImageJ (NIH) by measuring cell area and mean fluorescence intensity, along with

the adjacent background. This was used to calculate the corrected total cell fluorescence (CTCF) using the formula CTCF = inte-

grated density – (area of selected cell 3 mean fluorescence of background readings), as described previously.102

Proteomics
Fibroblasts were plated at an equal number and grown to 80%confluency in a 10-cmdish. Theywerewashed oncewith PBS and five

times with serum-free DMEM medium and grown for 16 hours in 10 ml serum-free DMEM medium. Conditioned medium was

collected, centrifuged at a low speed to remove cells and debris, and filtered through a 0.45 mm low protein binding PVDF filter (Milli-

pore Sigma). Protease inhibitors (PMSF, pepstatin A and leupeptin) were added and flash-frozen at �80 �C until ready. Fibroblasts

from the 10-cmdishwere disassociated and the number of cells were counted using a hemocytometer, and the protein concentration

was determined using the Pierce BCA assay (Thermo Scientific). Conditioned medium was then concentrated using a 3K MWCO

ultrafiltration concentrator (Millipore). Concentrated CMwas quantified following silver staining on SDS gel, and proportional volumes

were run into a short preparative SDS gel. The entire stained gel lanes were excised, digested with trypsin, labeled with TMT10plex

reagents, mixed, and subjected to high-pH peptide fractionation. Fractions were analyzed by liquid chromatography-tandem mass

spectrometry using a Q Exactive HF-X mass spectrometer (Thermo Scientific). Database was searched using MaxQuant

v.1.6.0.16,103 protein intensity levels were log2-transformed and undetected intensities were floored to a minimum detected intensity

across all proteins and samples. An unpaired Student’s two-sided t-test was used to estimate the significance of the difference be-

tween groups, and the false discovery rate was estimated.104 Proteins that passed the criterion of a false discovery rate of less than

5%were considered significant, and the top changed proteins with nominal P < 0.05 were reported on a scatter plot and significantly

altered proteins are indicated in Table S1.

Chemokine array
Conditioned medium from aged male and female fibroblasts (2 lines per cohort) were collected after 72 hours in normal growth me-

dium and filtered through a 0.45 mm low protein binding PVDF filter. Harvested CM was normalized to the fibroblast cell count and

incubated with membranes provided in the Proteome Profiler Human XL Cytokine Array kit (R&D Systems) according to the manu-

facturer’s instructions. Membranes were imaged using G:BOX Chemi XRQ gel doc system (Syngene) and analyzed using ImageJ

(NIH). Relative cytokine intensities were normalized in comparison to reference spots on the same membrane. Expression ratios be-

tween aged male and female CM membranes were calculated by comparing the signal intensities for each spot of the different cy-

tokines and plotted on the heat map.

BMP2 neutralization assay
Equal number of aged dermal fibroblasts (1x105 cells per well) were plated in duplicates in a 6 well dish. Following day, fibroblasts

were subjected to 15 mg/ml of BMP2 neutralization antibody (ThermoScientific) or isotype control (R&DSystems) for 48 hours. Condi-

tioned medium was collected and filtered through a 0.45 mm low protein binding PVDF filter and assessed for BMP2 neutralization.
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BMP2 ELISA and Total Antioxidants assay
Conditioned medium from fibroblasts (3 - 4 lines per cohort) was collected after 72 hours in normal growth medium and filtered

through a 0.45 mm low protein binding PVDF filter. Harvested CM was normalized to the fibroblast cell count and assessed for

BMP2 using ELISA (R&D Systems) and total antioxidants (Sigma Aldrich) as per manufacturer’s guidelines. Human serum from

healthy male and female subjects (>55 years) and age-matched male melanoma patients was analyzed for BMP2 (Abcam) as per

manufacturer’s guidelines.

Generation of BRAFi-resistant cell lines
To generate BRAFi (PLX4720) resistant melanoma cell lines, BRAFi-sensitive cell lines were seeded at low density and exposed to

1–5mM PLX4720 (SelleckChem). After approximately eight weeks of continuous BRAFi exposure, we derived ‘resistant’ cell clones

that were maintained on BRAFi (1mM for WM983b; 1 mM for WM164; 3mM for 1205Lu; 5 mM for Yumm1.7).

TCGA and cBioportal analysis
RNA-seq data from skin cutaneous melanoma (SKCM) was downloaded from the TCGA database using cBioportal (http://www.

cbioportal.org). Individual gene expression values for genes of interest were retrieved as normalized RNA-seq by expectation maxi-

mization (RSEM) read counts processed through the TCGA cBioportal. The data were then transformed to represent a standardized

z-score for each gene and further transformed such that the gene of interest (WNT5A) was separated into two groups based on the

top 25 percentile and bottom 25 percentile of gene expression within the samples from patients with melanoma (n = � 120). A Stu-

dent’s two-sided t-test (unpaired) was then performed on each gene in the dataset to individually analyze the difference in average

z-score in low- versus high-percentile melanoma samples. Data are presented as a heat map based on high (red, 0.5) and low (blue,

�0.5) z-scores and associated P values. Significance was taken at P < 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

For in vitro studies, images and immunoblots were organized and analyzed using ImageJ, QuPath v0.4.3 and Microsoft Excel. For

in vivo studies, the indicated sample size for each experiment was designed to have 80% power at a two-sided a of 0.05 to detect

a difference of large effect size of about 1.25 between two groups on a continuous measurement. A linear mixed effect model fol-

lowed by chi-square test was used for tumor growth comparison with recombinant protein and BRAFi/MEKi therapy.

For analysis of mBmp2-mCherry and mEV-mCherry tumor growth experiment with BRAFi/MEKi therapy, the statistical analysis

was aimed at capturing the differences between respective means of two unpaired groups, labeled A (mEV-mCherry on control

chow), B (mEV-mCherry on BRAFi/MEKi chow), C (mBMP2-mCherry on control chow), D (mBMP2-mCherry on BRAFi/MEKi

chow), (mean(A) – mean(B) versus mean(C) – mean(D)). The focus is to capture the temporal dynamics of tumor volume progression,

aimed at predicting the days required to achieve the average tumor volumes across these groups within the same cohort.

A curve-fitting method was applied to model the relationship between the days (as the response variable) and tumor volumes (as

the explanatory variable) of mice that survived until the endpoint of the study for each group. The fitting process utilized themonotone

Hermite spline method,105 applying on the latter monotonic segments of tumor volume progression and corresponding time points.

We set our null hypothesis as follows. With all the other conditions fixed, the difference of days between mEV-mCherry on BRAFi/

MEKi Chow and mEV-mCherry control chow is no larger than the difference in days between mBMP2-mCherry BRAFi/MEKi

Chow and mBMP2-mCherry control chow. To test this hypothesis, we implemented a bootstrap method,106 accounting for the po-

tential non-normality of day distributions. This involved three steps:

1. Bootstrapping groups C and D independently to estimate their mean differences.

2. Adjusting group B by adding the bootstrapped mean difference between C and D to each of B’s elements, thus transforming

the hypothesis testing framework to compare two groups with equal means.

3. Pooling groups A and the adjusted B for bootstrapping, followed by p-value computation to assess statistical significance.

All statistical analysis was performed with the Prism 9.0 software (GraphPad Software, San Diego, CA, USA) using unpaired Stu-

dent’s t-test, one-way or two-way ANOVA followed by Tukey’s test and Dunnett’s test, respectively. The p-values % 0.05 were

considered significant. Data are represented as mean ± SEM or before-after (paired Student’s t-test) as indicated. Significance

was designated as follows: *P < 0.05; **P < 0.01; ***P < 0.001.
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Supplemental figures

Figure S1. Age-associated replicative senescence in primary dermal fibroblasts is sex-dependent, related to Figure 1

(A) Relative gene expression (RT-qPCR) ofmarkers associatedwith reticular (TGM2,CNN1,CD36,COL11A1,CDH2, andCOL1A1) and papillary (PDPN) dermis in

age- and sex-stratified fibroblasts, normalized to 18s (n = 3).

(B) Immunoblot analysis of proteins associated with cancer-associated fibroblast (CAF) markers in age- and sex-stratified fibroblasts. HSP90 was used as

loading control.

(C) Quantification of BrdU-positive nuclei in age- and sex-stratified fibroblasts during early vs. late passage (10 serial passages from early passage) represented

as paired analysis (before and after) (n = 2).

(D) Representative images of BrdU assay from (C). Scale bars show 100 mm.

(E) Quantification of SA-bgal cells in age- and sex-stratified fibroblasts during early vs. late passage (after 10 serial passages) represented as paired analysis

(before and after) (n = 2).

(F) Representative images of SA-bgal assay from (E). Scale bars show 100 mm.

(G) Quantification of BrdU data in (C) as ratio of late passage vs. early passage (***p < 0.001, **p < 0.01, n = 2).

(H) Quantification of SA-bgal in (E) as ratio of late passage vs. early passage (*p < 0.05, n = 2).

(I) Immunoblot analysis of senescence phenotype-associated markers in sex-stratified young fibroblasts during early vs. late passage fibroblasts. HSP90 was

used as loading control.

(J) Quantification of BrdU incorporation and SA-bgal represented as ratio >65 and <55 years in genetically identical fibroblasts from the same donor stratified by

sex (**p < 0.01, n = 2).

Values are presented as mean ± SEM.
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Figure S2. Elevated oxidative stress in aged male dermal fibroblasts promotes acquisition of an SASP, related to Figure 2

(A) Average telomerase length in age- and sex-stratified fibroblasts (*p < 0.05, n = 3).

(B) Immunoblot for stress response proteins in age- and sex-stratified fibroblasts. HSP90 was used as loading control.

(C) Immunoblot for redox proteins in age- and sex-stratified fibroblasts. HSP90 was used as loading control.

(D) Densitometry (arbitrary units [a.u.]) of immunoblots from (C) relative to HSP90 (***p < 0.001, **p < 0.01, *p < 0.05).

(E) Representative images of CellROX-green in early vs. late passage (10 serial passages from early passage) fibroblasts stratified by age and sex (n = 2). Scale

bars show 100 mm.

(F) Representative images of MitoSOX-red in early vs. late passage fibroblasts stratified by age and sex, measured as corrected total cell fluorescence (n = 2).

Scale bars show 100 mm.

Values are presented as mean ± SEM.
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Figure S3. Aged male fibroblasts promote maximal invasion and oxidative stress in melanoma cells, related to Figure 3

(A) Representative images of spheroid assay on WM2664 melanoma cells subjected to conditioned media from age- and sex-stratified fibroblasts for 48 h.

Invaded area is outlined in black. Quantified as percent invasion relative to 0 h (***p < 0.001, n = 3). Scale bars show 100 mm.

(B) Immunoblot of phenotype switch signature (AXL, MITF, WNT5A [indicated by black arrow]) in melanoma cells subjected to conditioned media from age- and

sex-stratified fibroblasts for 48 h. HSP90 was used as loading control (n = 2).

(C) Representative images of spheroid assay on WM164 melanoma cells subjected to conditioned media from genetically identical fibroblasts from the same

donor (<55 and >65 years) stratified by sex for 48 h. Invaded area is outlined in black. Quantified as percent invasion relative to 0 h (**p < 0.01, n = 3). Scale bars

show 100 mm.

(D) Immunoblot of APE1 in melanoma cells subjected to conditioned media from age- and sex-stratified fibroblasts for 48 h. HSP90 was used as loading control

(n = 2). APE1 was probed on the same blot as (B) for WM983b, 1205Lu, and WM793.

(E) Analysis of the skin cutaneousmelanoma (SKCM) TCGA dataset (all samples) for redox genes on tumor samples stratified into the top (WNT5Ahigh) and bottom

(WNT5Alow) 25th percentile ofWNT5A expression and presented as a heatmap of the average Z score. An unpaired two-sided t test was performed to estimate the

significance of the difference between conditions; p < 0.05 was considered significant (n = 120 per group).

Values are presented as mean ± SEM.

See also Data S1.
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Figure S4. Age and sex of the host microenvironment regulate melanoma growth in vivo, related to Figure 4

(A) Tumor growth measurement stratified by sex for Yumm1.7-mCherry injected intradermally in immunocompetent C57BL/6 mice young (8 weeks) and aged

(>52 weeks) across both sexes (****p < 0.0001, **p < 0.01, *p < 0.05, n = 7–8 mice per group).

(B) Tumor growth measurement stratified by age for Yumm1.7-mCherry injected intradermally in immunocompetent C57BL/6 mice young (8 weeks) and aged

(>52 weeks) across both sexes (****p < 0.0001, *p < 0.05, n = 7–8 mice per group).

(C) Tumor growth measurement of female murine BSC9AJ2-mCherry injected intradermally in immunocompetent C57BL/6 mice young (8 weeks) and aged

(>52 weeks) across both sexes (n = 8–10 mice per group).

(D) Tumor growth measurement stratified by sex for BSC9AJ2-mCherry injected intradermally in immunocompetent C57BL/6 mice young (8 weeks) and aged

(>52 weeks) across both sexes (****p < 0.0001, ***p < 0.001, **p < 0.01, n = 8–10 mice per group).

(E) Tumor growth measurement stratified by age for BSC9AJ2-mCherry injected intradermally in immunocompetent C57BL/6 mice young (8 weeks) and aged

(>52 weeks) across both sexes (****p < 0.0001, *p < 0.05, n = 8–10 mice per group).

(F) Histological examination of Ki-67 (brown) in BSC9AJ2-mCherry primary tumors and quantified as percentage Ki-67 positive nuclei (**p < 0.01, n = 5 tumors per

group). Scale bars show 50 mm.

(G) Representative images of BSC9AJ2-mCherry primary tumors stained for Mitf and Mertk expression (n = 4 tumors per group). Scale bars show 50 mm.

(H) Representative images of BSC9AJ2-mCherry primary tumors stained for Axl and Wnt5a expression (n = 4 tumors per group). Scale bars show 50 mm.

(I) Representative images of BSC9AJ2-mCherry primary tumors stained for gH2ax (Ser139) and Ape1 expression (n = 4 tumors per group). Scale bars show

50 mm.

Values are presented as mean ± SEM.

See also Data S1.
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(legend on next page)
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Figure S5. Age and sex of the host microenvironment regulate melanoma metastasis in vivo, related to Figure 4

(A) Representative images of Yumm1.7-mCherry primary tumors stained for p53 expression (n = 4 tumors per group). Scale bars show 50 mm.

(B) Representative images of Yumm1.7-mCherry primary tumors stained for Sod1 expression (n = 4 tumors per group). Scale bars show 50 mm.

(C) Representative images of Yumm1.7-mCherry primary tumors stained for 53bp1 expression (n = 4 tumors per group). Scale bars show 50 mm.

(D) Representative images of Yumm1.7-mCherry primary tumors stained for Nrf2 (Ser40) expression (n = 4 tumors per group). Scale bars show 50 mm.

(E) Representative images of Yumm1.7-mCherry primary tumors stained for Xrcc1 expression (n = 4 tumors per group). Scale bars show 50 mm.

(F) Representative images of Yumm1.7-mCherry primary tumors stained for nitrotyrosine expression (n = 4 tumors per group). Scale bars show 50 mm.

(G) Representative images of mCherry and CD45 stained lungs in aged (>52 weeks) male and female C57BL/6 mice at 5 weeks post-intradermal injection of

Yumm1.7-mCherry cells. Black arrow indicates mCherry-positive cells. Scale bars show 50 mm. Quantification of CD45 stained colonies (with >20 cells/colony)

(*p < 0.05, n = 8 mice per group).

(H) Representative images of lungmetastasis stained with mCherry at 5 weeks post-intradermal injection of BSC9AJ2-mCherry cells in young (8 weeks) and aged

(>52 weeks) C57BL/6 mice across both sexes. Black arrow indicates mCherry-positive cells. Scale bars show 50 mm. Quantification of melanoma pulmonary

metastasis as single mCherry-positive cells per high-power field (HPF) (****p < 0.0001, **p < 0.01, n = 6 mice per group).

(I) Representative images of mCherry and CD45 stained lungs in aged (>52 weeks) male and female C57BL/6 mice at days 10, 20, and 30 post-intradermal

injections of Yumm1.7-mCherry cells. Scale bars show 50 mm.

(J) Quantification of CD45 stained colonies (with >20 cells/colony) from (Q) (*p < 0.05, n = 5 mice per group).

Values are presented as mean ± SEM.

See also Data S1.
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Figure S6. Age and sex of the host microenvironment regulate therapy response and resistance, related to Figure 5

(A) Viability assay on WM164 melanoma spheroids treated with conditioned media from age- and sex-stratified genetically identical fibroblast lines in the

presence of 3 mM PLX4720 (BRAFi) and 500 nM PD0325901 (MEKi) or DMSO (mock) for 48 h. Viability was assessed by staining with calcein-AM (green) and

ethidium homodimer-1 (red/orange), indicating live and dead cells, respectively. Scale bars show 100 mm.

(B) Quantification of cell death (total intensity of ethidium homodimer-1) relative to spheroid area (calcein-AM) following BRAFi/MEKi treatment is represented as

relative cell death compared with DMSO treatment with paired analysis (*p < 0.05, n = 2 for females and n = 3 for males).

(C) Tumor growth measurement stratified by sex for Yumm1.7-mCherry injected intradermally in immunocompetent C57BL/6 mice young (8 weeks) and aged

(>52 weeks) across both sexes. Mice were randomized to receive diet containing control chow (control) or BRAFi/MEKi chow (200 mg/kg PLX4720 and 7 mg/kg

PD0325901) ad libitum (****p < 0.0001, n = 7 mice per control chow group and n = 8 mice per BRAFi/MEKi chow group).

(D) Tumor growth measurement stratified by age as above across both sexes. Mice were randomized to receive diet containing control chow (control) or BRAFi/

MEKi chow (200 mg/kg PLX4720 and 7 mg/kg PD0325901) ad libitum (****p < 0.0001, n = 7 mice per control chow group and n = 8 mice per BRAFi/MEKi chow

group).

(E) Kaplan-Meier survival curves for male mice treated in (C), indicating the time taken for the tumor to reach a defined size of tumor volume 1,500 mm3 or death

with a day 50 cutoff, by which all aged male mice were euthanized.

(F) Kaplan-Meier survival curves for female mice treated in (C), indicating the time taken for the tumor to reach a defined size of tumor volume 1,500 mm3 or death

with a day 50 cutoff, by which all aged male mice were euthanized based on tumor volume.

Values are presented as mean ± SEM.
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Figure S7. Age and sex of the host microenvironment regulate therapy response and resistance, related to Figure 5

(A) Representative images of Yumm1.7-mCherry primary tumors from mice fed control chow (naive) or BRAFi/MEKi chow (resistant) stained for Ki-67 (n = 4

tumors per group).

(B) Representative images of Yumm1.7-mCherry primary tumors from mice fed control chow (naive) or BRAFi/MEKi chow (resistant) stained for Wnt5a (n = 4

tumors per group).

(C) Representative images of Yumm1.7-mCherry primary tumors frommice fed control chow (naive) or BRAFi/MEKi chow (resistant) stained for Axl (n = 4 tumors

per group).

(D) Representative images of Yumm1.7-mCherry primary tumors frommice fed control chow (naive) or BRAFi/MEKi chow (resistant) stained for Mitf (n = 4 tumors

per group).

(legend continued on next page)
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(E) Representative images of Yumm1.7-mCherry primary tumors from mice fed control chow (naive) or BRAFi/MEKi chow (resistant) stained for gH2ax (Ser139)

(n = 4 tumors per group).

(F) Representative images of Yumm1.7-mCherry primary tumors frommice fed control chow (naive) or BRAFi/MEKi chow (resistant) stained for Ape1 (n= 4 tumors

per group).

Scale bars show 50 mm. See also Data S1.
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Figure S8. BMP2 in the aged male dermal microenvironment promotes melanoma invasion, related to Figure 6

(A) Immunoblot analysis of BMP2 in age- and sex-stratified fibroblasts. HSP90 was used as loading control.

(B) Relative gene expression of BMP family ligands (BMP4, BMP6,BMP7, andGDF6), BMP2 cognate receptors (BMPR-1A, BMPR-1B, andBMPR-2), and BMP2

antagonist (NOG) in age- and sex-stratified fibroblasts, normalized to 18s (n = 3).

(C) BMP2 ELISA on conditioned media derived from aged male and female fibroblasts subjected to BMP2 neutralization (aBMP2 Ab) or isotype control (IgG1

control) antibody for 48 h, quantified based on fibroblast cell count (*p < 0.05, n = 3).

(D) Immunoblot for recombinant BMP2 (rBMP2) treatment in A2058 and WM164 melanoma lines at indicated concentrations (for 30 min). HSP90 was used as

loading control.

(E) Immunoblot for recombinant BMP2 (rBMP2) treatment in A2058 andWM164melanoma lines at indicated time points (100 ng/mL). HSP90was used as loading

control.

(F) Immunoblot for proliferative (MITF), invasive (AXL, p-MLC2), and mesenchymal (CDH2) markers in A2058 and WM164 melanoma cells treated with rBMP2

(100 ng/mL) or PBS (mock) at indicated time points. HSP90 was used as loading controls.

(G) Quantification of BrdU incorporation in WM164 melanoma cells treated with rBMP2 (100 ng/mL) or PBS (mock) for 48 h (**p < 0.01, n = 3).

(H) Representative images of spheroid invasion inWM164melanoma cells following rBMP2 (100 ng/mL) or PBS (mock) treatment for 48 h. Invaded area is outlined

in red. Quantification of spheroid invasion represented as percent invasion relative to 0 h (**p < 0.01, n = 3). Scale bars show 100 mm.

Values are presented as mean ± SEM.

Data S1
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Figure S9. BMP2 in the aged male dermal microenvironment promotes fibroblast senescence, related to Figure 6

(A) Immunoblot for p16 and p21 on young and agedmale dermal fibroblasts treatedwith rBMP2 (100 ng/mL) for indicated time points. HSP90was used as loading

control.

(B Quantification of BrdU incorporation in young and aged dermal fibroblasts treated with rBMP2 (100 ng/mL) or PBS (mock) for 96 h. Represented as percent

BrdU-positive nuclei (**p < 0.01, *p < 0.05, n = 4).

(C) Representative images of CellROX andMitoSOX on young and agedmale fibroblasts treatedwith rBMP2 (100 ng/mL) or PBS (mock) for 96 h. Scale bars show

100 mm.

(D) Immunoblot for EZH2 in agedmale dermal fibroblasts treated with ATM inhibitor (KU-60019 at 3 mM) or DMSO for 8 days. HSP90 was used as loading control.

(legend continued on next page)
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(E) Relative gene expression (RT-qPCR) of BMP2 in aged male dermal fibroblasts treated with ATM inhibitor (KU-60019 at 3 mM) for 8 days.

(F) Immunoblot for P-ATM (Ser1981) and ATM in age- and sex-stratified fibroblasts. HSP90 was used a loading control.

(G) Representative images of pSmad1/5/8 in Yumm1.7-mCherry and BSC9AJ2-mCherry primary tumors (n = 4 mice per group). Scale bars show 50 mm.

(H) Representative images of P-Erk1/2 in Yumm1.7-mCherry and BSC9AJ2-mCherry primary tumors (n = 4 mice per group). Scale bars show 50 mm.

Values are presented as mean ± SEM.

See also Data S1.
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Figure S10. Modulation of BMP2 levels regulates tumor growth and therapy resistance, related to Figure 7

(A) Histological analysis and immunohistochemistry for BMP2 in age-matched stage I/S2 human melanoma patients (>55 years) stratified by sex. Melanoma in

situ region is outlined in black in corresponding H&E sections. Scale bars show 250 mm. See Table S2 for patient information.

(B) Quantification of BMP2 immunostaining from (A) represented as H score.

(C) Immunoblot for pSmad1/5 and Smad1 in Yumm1.7 melanoma line at indicated concentrations (for 30 min), top and at indicated time points (100 ng/mL), and

bottom following recombinant BMP2 (rBMP2) treatment. Hsp90 or Gapdh was used as loading control.

(D) Quantification of BrdU incorporation in Yumm1.7 melanoma line treated with rBMP2 (100 ng/mL) or PBS (mock) for 48 h (*p < 0.05, n = 3).

(E) Immunoblot for proliferative (Mitf), invasive (Axl, Wnt5a [indicated by black arrow], p-Mlc2), and mesenchymal (Cdh2) markers in melanoma cells treated with

rBMP2 (100 ng/mL) or PBS (mock) at indicated time points. Hsp90 was used as loading control.

(F) Immunoblot analysis of long-term treatment with rBMP2 (100 ng/mL) treatment in 1205Lu and Yumm1.7 cells promotes positive feedback for BMP2 and

reduction in MITF.

(G) Representative images of analysis shown in Figure 7H for spheroids from WM983b and WM164 melanoma cell lines pretreated with rBMP2 (100 ng/mL) or

PBS prior to BRAFi/MEKi or DMSO treatment for 48 h. Dead cells stained red with ethidium homodimer-1. Scale bars show 200 mm.

(H) Immunoblot showing of Bmp2, Erk1/2 reactivation and invasive signature (Axl, Wnt5a [indicated by black arrow]) in BRAFi (PLX4720) resistant Yumm1.7

melanoma line maintained in PLX4720 for over 8 weeks in comparison with DMSO control and PLX4720 treatment (48 h). HSP90 was used as a loading control.

(I) Immunoblot for Bmp2, Erk1/2, and Smad1/5 activation and proliferative (MITF) and invasive (AXL, Wnt5a [indicated by black arrow], p-Mlc2) markers in

Yumm1.7 and BSC9AJ2 melanoma lines transduced to express Bmp2-mCherry (mBmp2) or empty vector-mCherry (mEV). HSP90 was used as loading control.

(J) Quantification of BrdU incorporation in Yumm1.7 and BSC9AJ2 cell lines transduced to express Bmp2-mCherry (mBmp2) or empty vector-mCherry (mEV).

Represented as percent BrdU-positive nuclei (**p < 0.01, *p < 0.05, n = 3).

Values are presented as mean ± SEM.
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Figure S11. Aged dermal microenvironment or Bmp2 overexpression drives intrinsic resistance to targeted therapy, related to Figure 7

(A) Tumor growth measurement following therapy onset in immunocompetent C57BL/6 young (8 weeks) and aged (>52 weeks) male and female mice injected

intradermally with Yumm1.7-mBmp2-mCherry cells or Yumm1.7-mEV-mCherry cells. Mice were randomized to receive diet containing control chow (chow) or

BRAFi/MEKi chow ad libitum (***p < 0.001, **p < 0.01, *p < 0.05, n = 6 mice per group).

(legend continued on next page)
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(B) Tumor growth measurement following therapy onset in immunocompetent C57BL/6 young (8 weeks) and aged (>52 weeks) male and female mice injected

intradermally with BSC9AJ2-mBmp2-mCherry cells or BSC9AJ2-mEV-mCherry cells. Mice were randomized to receive diet containing control chow (chow) or

BRAFi/MEKi chow ad libitum (**p < 0.01, n = 6 mice per group).

(C) Representative images of Bmp2 in primary tumors from (A). Scale bars show 50 mm.

(D) Representative images of Bmp2 in primary tumors from (B). Scale bars show 50 mm.

(E) Immunoblot for SMAD1/5 and ERK1/2 activation in WM983b treated with PBS, rBMP2 (100 ng/mL), rhNOGGIN (0.5 mg/mL), or both for 30 min. HSP90 was

used as loading control.

(F) Immunoblot for WM983b melanoma cells assessed for phenotype switch markers (AXL and MITF) following treatment with aged male-conditioned media or

normal growth media (mock) in the presence of rhNOGGIN (1 mg/mL) or PBS for 48 h. HSP90 was used as loading control.

(G) Quantification of BrdU incorporation in WM793 melanoma line subjected to PBS (mock), rBMP2 (100 ng/mL), and rhNOGGIN (1 mg/mL) in normal growth

media or conditioned media from aged male fibroblasts alone or in combination with rhNOGGIN for 48 h (***p < 0.001, **p < 0.01, n = 3).

(H) Representative images for WM793 spheroid invasion following treatment with PBS (mock), rhNOGGIN (1 mg/mL), and rBMP2 (100 ng/mL) in normal growth

media, aged male fibroblast-derived conditioned media alone, or in combination with rhNOGGIN for 48 h. Invaded area is outlined in green. Quantification of

melanoma spheroids shown as percent invasion relative to 0 h (****p < 0.0001, ***p < 0.001, **p < 0.01, n = 4). Scale bars show 100 mm.

(I) Viability assay onWM793melanoma spheroids treatedwith normal growthmedia or agedmale fibroblast-conditionedmedia in combination with rhNOGGIN or

PBS in the presence of 3 mM PLX4720 (BRAFi) and 500 nM PD0325901 (MEKi) or DMSO (mock) for 48 h. Viability was assessed by staining with calcein-AM

(green) and ethidium homodimer-1 (red/orange), indicating live and dead cells, respectively. Graph representing relative cell death (total intensity of ethidium

homodimer-1 to spheroid area) following BRAFi/MEKi treatment compared with DMSO treatment (***p < 0.001, **p < 0.01, *p < 0.05, n = 6). Scale bars show

50 mm.

Values are presented as mean ± SEM.
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