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Supplementary Figure 1. FAAH is highly expressed in differentiated breast tumors. a 

Relative mRNA expression of the main enzymes involved in the biosynthesis 

(NAPEPLD, DAGLA, DAGLB) and degradation (FAAH, MGLL) of endocannabinoids 

along the four molecular subtypes of BC according to the bc-GenExMiner website. The 

colored box indicates the median and 25–75th percentile range, and the whiskers extend 

from the ends of the box to the smallest and largest data values. b Relative FAAH mRNA 

expression along the four molecular subtypes of BC according to the datasets published 

in NKI-295 and E-TABM-158 64. c Relative FAAH mRNA expression along the 

prognostic IC 1-10 signatures established by the METABRIC dataset. IC10 group is 

significantly different from the rest with a p < 0.001. d Relative FAAH mRNA expression 

in BC samples grouped by tumor grade according to the dataset published in METABRIC 

dataset and NKI-295. Data were analyzed by 1-way ANOVA with post Tukey’s multiple 

comparison test. Source data are provided as a Source Data file. 
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Supplementary Figure 2. FAAH mRNA expression is strongly associated with ER+ 

status in breast tumors. a, b Relative FAAH mRNA expression in BC samples grouped 

by their ER status according to the bc-GenExMiner website (a) and several other 

databases (b). The colored box in (a) indicates the median and 25–75th percentile range, 

and the whiskers extend from the ends of the box to the smallest and largest data values. 

Data were analyzed by 2-tailed Student’s t-test (a, b). c Representative end-point RT-PCR 

analysis of FAAH mRNA expression in luminal BC cell lines after treatment with 10 nM 

17β-estradiol. The ER- cell line MDA-MB-231 was used as a negative control. β-Actin 

(ACTB) was used as normalization control. n=3 biological replicates. d Relative mRNA 

expression of several ECS components in ER-silenced MCF7 cells according to the 

dataset GSE27473. Data were analyzed by 2-tailed Student’s t-test. e Transcription 

factors binding the FAAH gene promoter according to the CHEA Transcription Factor 

Targets dataset. Source data are provided as a Source Data file. 
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Supplementary Figure 3. Low tumor FAAH mRNA expression is associated with poor 

patient prognosis. a, b Kaplan-Meier curves for metastasis-free (a, left panel) and overall 

survival (a, right panel, and b) in BC samples with high and low FAAH mRNA expression 

obtained through the KM plotter website (a) and from the NKI-295 dataset (b). c Relative 

FAAH mRNA expression in BC samples classified according to the prognosis signature 

established by NKI-295. Data were analyzed by 2-tailed Student’s t-test. d, e Kaplan-

Meier curves for lung, brain and bone metastasis-free survival (MFS) in BC patients with 

high and low FAAH mRNA expression according to the datasets NKI-295 and GSE2034. 

Kaplan-Meier curves were statistically compared by the logrank test. f Relative FAAH 

mRNA expression in BC samples classified according to the lung metastasis signature 

(LMS). Data were analyzed by 2-tailed Student’s t-test. Source data are provided as a 

Source Data file. 
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Supplementary Figure 4. Low tumor FAAH (and not MGLL) expression is associated 

with poor patient prognosis. a-d On the left of each panel, forest plots illustrating 

univariate Cox analysis of FAAH (a, b) or MGLL (c, d) mRNA expression in BC samples 

and their risk association with any event of relapse (AE) (a, c) or metastatic relapse (MR) 

(b, d) according to the bc-GenExMiner website. On the right, Kaplan‑Meier curves 

representing data from the forest plots. Kaplan-Meier curves were statistically compared 

by the logrank test. 

  



a
Primary tumor (n=276) Lymph node (n=276)

0          1           2          3 Staining score:

5 % 12 %

47 %

18 % 10 %

48 %

30 %

d

30 %

b

c

Supplementary Figure 5

0 50 100 150 200

0

25

50

75

100

79 68 37 5

150 141 94 7

0

0

Time (months)

1500 50 100 200

HR=2.733; 

95 % CI 1.652 – 4.520

p<0.0001

FAAH high (n=150)
FAAH low (n=79)

Primary tumor 

FAAH high

No. at risk

FAAH low

O
v
e
ra

ll
s
u
rv

iv
a
l
(%

) 100

75

50

25

0

0 50 100 150 200

0

25

50

75

100

92 81 47 5

137 128 84 6

0

0

O
v
e
ra

ll
s
u
rv

iv
a
l
(%

)

Time (months)

1500 50 100 200

HR=1.761; 

95 % CI 1.083 – 2.861

p=0.0043

FAAH high (n=137)
FAAH low (n=92)

Lymph node

FAAH high

No. at risk

FAAH low

100

75

50

25

0



 

5 
 

Supplementary Figure 5. FAAH expression is frequently downregulated during 

metastatic progression in luminal BC. a Pie charts representing FAAH expression in 

samples of primary tumor and LN metastasis in the BC samples included in TMA #2. b, 

c Kaplan-Meier curves for overall survival from patients included in TMA #2 according 

to their levels of FAAH expression in the primary tumor (b) and in the LN (c). Kaplan-

Meier curves were statistically compared by the logrank test. d Representative image  

(n=2 biological replicates) and detail magnification of tumor samples from TMA #2. 

Arrows indicate cells with lower FAAH expression at the invasion front. Scale bar = 250 

μm. Source data are provided as a Source Data file. 
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Supplementary Figure 6. FAAH genetic silencing promotes the formation of more 

aggressive breast tumors in mice. a Kaplan-Meier curves for tumor onset in MMTV-

neu:FAAH +/+ and FAAH -/- mice. Kaplan-Meier curves were statistically compared by 

the logrank test. b Representative IHC analysis of proliferating cell nuclear antigen 

(PCNA) in MMTV-neu-derived tumors (n=3 biological replicates). Scale bar = 250 μm. 

c, d Analysis of AEA and 2-AG levels (c) and representative H&E images of MMTV-

neu-derived tumors (n>10 biological replicates) at different time points (T1, T2 and T3) 

and pre-lesion mammary glands (T0) (d). Data were analyzed by 2-tailed Student’s t-test. 

LN = lymph node. Scale bar = 250 μm. Source data are provided as a Source Data file. 
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Supplementary Figure 7. FAAH regulates pro-oncogenic features of BC cells in vitro 

and in vivo. a FAAH mRNA expression in luminal, basal, and claudin-low BC cell lines 

according to the dataset GSE69017. Data were analyzed by 1-way ANOVA with post 

Tukey’s multiple comparison test. b Representative bright-field images (n=3) showing 

morphologic variations of FAAH-modulated T-47D cells. Scale bar = 100 μm. c, d 

Immunofluorescence staining of cytoskeleton (phalloidin) and EMT markers (E-cadherin 

and vimentin) in FAAH-modulated T-47D (c) and MDA-MB-231 cells (d). Cell nuclei 

are in blue. Scale bar = 20 μm. n=3 biological replicates. e Effects of FAAH modulation 

on mammosphere formation by T-47D cells. Data are presented as mean values +/- SEM 

of n=3 biological replicates and were analyzed by 1-way ANOVA with post Tukey’s 

multiple comparison test. f End-point RT-PCR analysis of FAAH and pluripotency 

markers (OCT4, SOX2) mRNA expression in a spheroid culture vs. an adherent culture 

of T-47D cells. β-Actin (ACTB) was used as normalization control. n=3 biological 

replicates. g Relative FAAH mRNA expression in BC samples sorted by their expression 

of CD44 and CD24 surface markers according to the GSE7515. Data were analyzed by 

2-tailed Student’s t-test. h Linear regression analysis representing tumor size vs. FAAH 

protein levels in tumors derived from FAAH-overexpressing MDA-MB-231 xenografts, 

as determined by densitometric quantification of WB analysis. Source data are provided 

as a Source Data file. 
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Supplementary Figure 8. Transcriptomic analyses in FAAH-modulated T-47D cells. a-

c Bar graphs representing GO Molecular Function (MF) (a), Biological Processes (BP) 

(b), and Kyoto Encyclopedia of Genes and Genomes Pathways (KEGG) (c) analysis of 

DEGs in T-47D FAAH KO cells. d, e Gene Set Enrichment Analysis (GSEA) of DEGs 

in T-47D FAAH KO cells.  
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Supplementary Figure 9. FAAH and CXCR4/CXCL12 levels are inversely associated 

in mouse and human breast tumors. a Quantitative RT-PCR analysis of Cxcr4 and Cxcl12 

mRNA levels in MMTV-neu FAAH +/+ and FAAH -/- mice-derived tumors. Data are 

presented as mean values +/- SEM of n=7 biological replicates and were analyzed by 2-

tailed Student’s t-test. b Gene Set Enrichment Analysis (GSEA) showing an activation of 

the CXCR4 pathway in low FAAH-expressing BC samples from dataset GSE2034. 

Source data are provided as a Source Data file. 

  



Supplementary Figure 10

a
Veh metAEA

E
-C

a
d
h
e
ri
n

+
 D

A
P

I
V

im
e
n
ti
n

+
D

A
P

I

metAEA + SR1 metAEA + SR2

b

1 2 3 4

0

25

50

75

100

50

37.5

12.5 12.5

62.5

25

12.5 12.5

12.5 12.5

37.5 37.5

37.5 37.5

100

75

50

25

0

M
e
ta

s
ta

ti
c

p
e
n
e
tr

a
n
c
e

(%
)

231 FAAH

metAEA - - - -

MDA-MB-231

+SR1 +SR2 +AMD+VEH

Score

0

1

2

3

p<0.0001



 

10 
 

Supplementary Figure 10. a Immunofluorescence staining of EMT markers (E-cadherin 

and vimentin) in T-47D cells after a 4-week exposure to metAEA (1 nM) alone or in 

combination with SR1 or SR2 (1 μM). Cell nuclei are in blue. Scale bar = 20 μm. n=3 

biological replicates. b Lung metastatic damage caused by FAAH-overexpressing MDA-

MB-231 cells in immunocompromised mice treated with vehicle or SR1, SR2 and 

AMD3100 (2.5 mg/kg). Metastatic damage was monitored with an IVIS system and 

categorized into four scores depending on bioluminescence values. Pearson’s chi-squared 

test was used for statistical analysis. Source data are provided as a Source Data file. 
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Supplementary Figure 11. Summary of clinical, pathological and immunohistochemical 

features in the diagnosis of breast carcinomas included in TMA #1 and TMA #2. T-

category: Primary tumor size; M-category: Tumor spreading to distant organs; N-

category: lymph nodes tumor infiltration; ER: Estrogen receptor; PR: Progesterone 

receptor; IDC: Invasive ductal carcinoma; ILC: Invasive lobular carcinoma. 
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Supplementary Figure 12. Gating strategy used to determine the % of CXCR4 positivity 

in FAAH-modulated human BC cell lines. Gating strategy was always performed in 

fluorescence-minus-one (FMO) controls, which are samples stained with all the 

fluorophores except for CXCR4. There was a specific FMO control for each sample. a 

First, cells were separated from cell debris based on their size (FSC) and granularity 

(SSC). b 7-amino actinomycin D (7-AAD) was used as the live/dead discriminator. 7-

AAD positive (dead) cells were excluded from the analysis. c The fluorescent signal of 

the remaining (7-AAD negative, alive) cells in the FMO was used to set the upper 

boundary for background signal and thus to identify and gate positive populations for 

CXCR4. d The gating strategy described in a-c was applied to the all-stained sample to 

establish the % of CXCR4 positive cells.  
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Supplementary Figure 13. Gating strategy used to determine the % of CXCR4 positivity 

in breast tumors derived from MMTV-neu mice. Gating strategy was always performed 

in fluorescence-minus-one (FMO) controls, which are samples stained with all the 

fluorophores except for CXCR4. There was a specific FMO control for each sample. a 

First, cells were separated from cell debris based on their size (FSC) and granularity 

(SSC). b 7-amino actinomycin D (7-AAD) was used as the live/dead discriminator. 7-

AAD positive (dead) cells were excluded from the analysis. c CD31+, CD45+ and TER-

119+ cells (all together labelled as “Lin+” cells) were excluded from the analysis. 

Positivity for Lin+ cells was set using its own FMO (not shown in the picture). d The 

fluorescent signal of 7-AAD-, Lin- cells in the FMO was used to set the upper boundary 

for background signal and thus to identify and gate positive populations for CXCR4. e 

The gating strategy described in a-d was applied to the all-stained sample to establish the 

% of CXCR4 positive cells.  
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Supplementary Data 1. Complete list of genes included in the RT2 Profiler PCR array 

of mouse BC represented in Fig. 3h. Gene expression in MMTV-neu:FAAH-/- -derived 

tumors is depicted as log2 fold change vs. MMTV-neu:FAAH+/+ -derived tumors. 

Supplementary Data 2. RNA-seq data showing differentially expressed genes 

upon FAAH silencing in T-47D cells, represented in Fig. 5a-c. 

Supplementary Data 3. Complete list of genes included in the RT2 Profiler PCR array 

of human tumor metastasis represented in Fig. 5e. Gene expression in FAAH-

overexpressing MDA-MB-231 cells is depicted as log2 fold change vs. parental cells. 
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