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Breast cancer is the most common type of cancer in women
worldwide, with the luminal subtype being the most widespread.
Although characterized by better prognosis compared with other
subtypes, luminal breast cancer is still considered a threatening
disease due to therapy resistance, which occurs via both cell- and
non-cell-autonomous mechanisms. Jumonji domain-containing 6,
arginine demethylase and lysine hydroxylase (JMJD6) is endowed
with a negative prognostic value in luminal breast cancer and, via its
epigenetic activity, it is known to regulate many intrinsic cancer cell
pathways. So far, the effect of JMJD6 in molding the surrounding
microenvironment has not been explored.

Introduction

Breast cancer is the most common cancer in women worldwide and
it represents the third cause of cancer-related deaths in Europe (1, 2).
Breast cancer is highly heterogeneous, making therapy decision and
prognosis extremely variable depending on the molecular landscape of
the tumor along with its tumor size, morphology, and presence of
lymph node metastases (3-5). Breast cancer is classified in different
subtypes based on the expression of estrogen receptor alpha (ERa),
progesterone receptor and HER2 (6). In ER-positive breast cancer,
hormone therapy, mostly administered in adjuvant settings, represents
the standard treatment, although about 50% of patients experience
local or distant relapse.

Jumonji domain-containing 6 (JMJD6) is an epigenetic regulator
which demethylates arginine and hydroxylates lysine on both histone
and nonhistone proteins, including ERo. (7). Expression of JMJD6 has
been linked to progression and poor prognosis of several tumor types,
including oral cancer (8), colon cancer (9), and hepatocellular carci-
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Here, we describeanovel function of JMJD6 showing that its genetic
inhibition in breast cancer cells suppresses lipid droplet formation
and ANXALI expression, via estrogen receptor alpha and PPARa
modulation. Reduction of intracellular ANXA1 results in decreased
release in the tumor microenvironment (TME), ultimately preventing
M2-type macrophage polarization and tumor aggressiveness.

Implications: Our findings identify JMJD6 as a determinant of
breast cancer aggressiveness and provide the rationale for the
development of inhibitory molecules to reduce disease progression
also through the remodeling of TME composition.

noma (10). Interestingly, the highest rate of gene amplification is
observed in breast cancer (pan-TCGA, cBioportal) and several studies
confirmed an association between JMJD6 expression and breast cancer
aggressiveness and poor prognosis (11-13). The vast majority of these
investigations focused on cell-intrinsic role of JMJD6, also highlighting
its capability to regulate ERol (14), but whether JMJD6 impacts the
clinical outcome also by affecting the surrounding microenvironment
still remains largely unexplored.

ANXA1 is a Ca,"-dependent phospholipid-binding protein
endowed with an anti-inflammatory potential which has been
described both in tumor-related and unrelated studies (15, 16).
ANXAL has been shown to affect the phenotype of macrophages and
to promote their polarization towards M2 (17). In physiologic settings,
this process favors inflammation resolution (18), but in cancer it skews
macrophages to a pro-tumor state (17). ANXALI is largely stored in
lipid droplets (LD; refs. 19, 20) whose formation has been shown to be
controlled by hormones, through the regulation of adiposity and lipid
homeostasis (21), and recently also by JMJD6 (22).

In our work, we sought to dissect the link between ERct, JMJD6 and
ANXAL1, and the possible involvement of LDs in this axis, demon-
strating that JMJD6 can affect the aggressiveness of breast cancer, not
only in a cell-intrinsic fashion, but also through the regulation of
macrophage activity. We provide evidence that JMJD6 supports high
levels of ANXA1 via transcriptional expression, and likely also via LD
accumulation, through a mechanism which depends on ERa and
PPARo, a nuclear receptor important for the maintenance of lipid
homeostasis (23) and LD formation (24), and which is suppressed by
ERaL (25, 26). High levels of ANXA1 eventually trigger the polarization
of macrophages towards a pro-tumor M2-like state and promote the
growth of breast cancer in vivo.

Materials and Methods

Cell lines and siRNAs
The human luminal A-like MCF7, BT474 and triple-negative
MDA-MB231 breast cancer cell lines were purchased from the ATCC
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together with the murine macrophage RAW264.7 cell line. The
mouse PyMT-41C mammary cancer cell line was derived from
MMTV-PyMT mice and already described (27). MCF7 and PyMT-41C
cells were cultured in DMEM (Gibco, Thermo Fisher), while
MDA-MB231 and RAW264.7 cell lines were cultured in RPMI1640
medium (Gibco, Thermo Fisher) supplemented with 10% FBS
(EuroClone), 2 mmol/Li-glutamine, sodium pyruvate (NaPyr), HEPES
and nonessential amino acids (NEAA, all from LONZA). Mycoplasma
screening was performed every month by TaKaRa PCR Mycoplasma
Detection Set (Catalog no. 6601). Experiments were generally per-
formed one week after cell thawing. For repetitive experiments, cells
were maintained in culture for 6 weeks at most. MDA-MB231 and
MCEF?7 were authenticated by Eurofins Genomics on January 16, 2020.
Lipofectamine RNAIMAX transfection reagent (13778075, Thermo
Fisher) was used for silencing experiments according to the manu-
facturer’s protocol. The following siRNAs were purchased from
ThermoFisher: PPARa (AM51331, ID: 5348), PPARa. (AM16708, ID:
142804), ERo (4392420, ID: s4823), ERao. (AM16708, ID: 4004), and
JMJD6 (AM16708, ID: 172187 and 108684).

Generation of knockout cell lines with CRISPR-Cas9 technology

Amaxa cell line nucleofector kit V (VCA-1003, Lonza) was used
for electroporation-based transfection of MCF7 cells. Lipofectamine
3000 transfection reagent (L3000015, Thermo Fisher Scientific) was
used to transfect PyMT-41C cells and MDA-MB231 cells according
to the manufacturer’s protocol. All cell lines were transfected with
the pSpCas9(BB)-2A-GFP plasmid (ID 48138; a gift from F. Zhang,
Addgene, Cambridge, MA), in which the following gRNAs targeting
Jmjd6 were cloned: CACCgGAGCAAGAAGCGCATCCGCG (1B1),
CACCgGCTCTCGTAGTAGTTGTGCC (1A2). Control clones were
obtained by transfection with the scramble vector. Three days after
transfection, GFP-positive cells were sorted with the BD FACS Aria I1I
sorter (BD Biosciences). After 2 to 3 days, sorted cells were seeded at
single cell (0.7 cell/well) in 96-well plates and cultured at 37°C until
confluence was reached. After expansion, clones were tested for JMJD6
expression by Western blot.

Cell lysis and Western blot

For Western blot assay, cells were harvested, washed with PBS,
boiled for 10 minutes in lysis buffer (125 mmol/L Tris HCI pH 6.8, 5%
of SDS) and supplemented with protease inhibitors (11873580001,
cOmplete, Roche). Samples were then sonicated for 20 seconds,
followed by centrifugation for 15 minutes at 13,000 rpm and quantified
with micro BCA Assay kit reagent (23235, Thermo Fisher Scientific)
using the Spark microplate reader (TECAN). Proteins were separated
by SDS-PAGE on precast 4% to 12% Bis-Tris NuPAGE gels
(NP0321PK2, Thermo Fisher Scientific) and blotted to Immobilon
PVDF membranes (IPVH00010, Merck Millipore) using the XCell II
blot module (EI9051, Thermo Fisher Scientific). Membranes were
then saturated for 1 hour in Tris-buffered saline containing 5% BSA
and incubated overnight with the antihuman primary antibodies
recognizing: JMJD6 (ab64575, Abcam and P1495, Sigma-Aldrich),
Actin-B (A1978, Sigma-Aldrich), ERol (sc-544, G20, Santa Cruz
Biotechnology and MA1-80216, Invitrogen), ANXA1 (ab214486,
Abcam) and Vinculin (V9131, Sigma-Aldrich). After hybridization
with the appropriate secondary antibody (anti-rabbit and anti-mouse
IgG, GE HealthCare), proteins were detected by chemiluminescence
(EuroClone).

Immunofluorescence
For immunofluorescence staining, cells cultured on coverslips or in
black optical 96-well plates were washed with PBS followed by fixation
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with 4% paraformaldehyde in PBS for 10 minutes at room temper-
ature. Cells were then permeabilized with 0.1% Triton X-100 in PBS
and 0.5% BSA for 5 minutes and blocked with 3% BSA in PBS for
1 hour at room temperature, prior to primary antibody incubation.
The following antibodies were used: anti-ERo. (MA1-80216, Invitro-
gen) for 2 hours at room temperature and anti-ANXA1 (ab214486,
Abcam) overnight at 4°C. After extensive washes, cells were incubated
with secondary antibodies Alexa Fluor 555 anti-mouse and anti-rabbit
(Thermo Fisher Scientific) for 1 hour at room temperature in the dark,
followed by DAPI staining for nuclei. Fluorescence was detected using
a microscope (DFC450C, Leica Biosystems).

LD staining and ANXAT1 IHC

For Oil Red O analysis (LD), cells were seeded in 24-well plates
and stained with Oil Red O staining kit (ab150678, Abcam) according
to the manufacturer’s protocol. When Oil Red O staining was com-
bined with ANXA1 IHC, cells were cultured in coverslips and washed
with PBS before endogenous peroxidase blockade with 3% of dH,0,
for 10 minutes at room temperature in the dark. Cells were then
washed with PBS and nonspecific bindings were blocked 3% of BSA in
PBS for 1 hour at room temperature. ANXA1 antibody + 1% BSA
in PBS (ab214486, Abcam) was then incubated overnight at 4°C.
After extensive washes with PBS, cells were incubated with HRP-
tagged anti-rabbit secondary antibody (GE HealthCare) for 1 hour
at room temperature. Signal was developed for 3 to 5 minutes of
DAB staining enhancer (AR9432, Leica Biosystems) incubation, fol-
lowed by washes with tap water. Cells were then stained with the
Oil Red O stain kit according to the manufacturer’s protocol, and
coverslips were mounted on slides using an aqueous mounting medi-
um, and analyzed with the microscope (DFC450C, Leica Biosystems).
For HCS LipidTox Red neutral lipid staining (LD), cells were cultured
on coverslips or black optical 96 well plates, and fixed with 4% PFA
for 10 minutes at room temperature, after that HCS LipidTox Red
neutral lipid staining kit (H34476, ThermoFisher) was used according
to the manufacturer’s instructions (1 hour at room temperature).
After PBS washes, nuclei were stained with DAPI and coverslips were
mounted on slides with a mounting medium. Fluorescence signal was
observed at 550/640 nm with a fluorescence microscope (DFC450C,
Leica Biosystems).

ANXAT1 ELISA assay

To detect ANXA1 in conditioned medium (CM) of wild-type (WT),
scramble or ERal and/or PPARo silenced MCFE7 cells, the human
Annexin Al ELISA kit was used (ab222868, Abcam). Briefly, cells
seeded in equal numbers in 12-well plates and silenced as previously
described. CM was collected after 72 hours and used for ELISA assay.
Absorbance was read at 450 nm with the Spark microplate reader
(TECAN). The standard curve was used to define the protein
concentration.

RNA isolation and real-time PCR

Before stimulation, cells were cultured in medium with 10% FBS.
After 24 hours culture medium was changed to phenol red-free
DMEM containing 1% of dextran-coated charcoal serum (DCC).
Then, 10 nmol/L B2-estradiol (E2) was added for 6 hours. Cells were
then washed with PBS and harvested, and pellet used for RNA isolation
and real-time PCR. RNA was isolated with miRNeasy Minikit (217004,
Qiagen) according to the manufacturer’s protocol. For cDNA synthe-
sis (from 500-1,000 ng RNA), the high capacity cDNA reverse
transcription kit (4374967, Thermo Fisher Scientific) was used accord-
ing to the manufacturer’s protocol. Real-time PCR was carried out
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using the TaqgMan Fast universal PCR Master Mix (4352042, Thermo
Fisher Scientific) and results were analyzed with QuantStudio 3
(Thermo Fisher Scientific). Transcript levels were quantified by
using the dCt method or ddCt (Fig. 1E), and normalized to GAPDH
expression. The following TagMan assays were used for human
cells: Hs00947536 (PPARA), Hs01046816 (ESRI), Hs00167549
(ANXAI), Hs04986394_s1 (BCL2), Hs01556702 (PGR), Hs00940446
(RARA), Hs00231936_m1 (XBP1), Hs99999905 (GAPDH), all from
ThermoFisher, and Hs.PT.56a.2905156 (BCL2) from IDT. Mouse
probes Mmo00466679 (Jmjd6), Mm00441891 (Cd40), MmO00475988
(Argl), and Mm99999915 (Gapdh) were purchased from Thermo-
Fisher, Mm.PT.58.43705194 (Nos2) and Mm.PT.58.42560062
(Mrcl) from IDT.

Generation of bone marrow-derived macrophages

WT C57BL/6 female mice were sacrificed between 6 and 8 weeks,
and bone marrow was flushed from femurs with PBS containing 5%
FBS into a 50 mL tube by using a 27-gauge needle. Cell suspension was
centrifuged at 1,300 rpm for 5 minutes and the supernatant discarded.
Cells were treated with 1X ACK lysis buffer (Ammonium-Chloride-
Potassium) for 5 minutes at 4°C to lyse erythrocytes, and reaction was
then blocked with PBS containing 5% of FBS. Cell suspension was
centrifuged at 1,300 rpm for 5 minutes and cells were seeded in 6-well
plates in DMEM containing 10% FBS and 20 ng/mL of M-CSF
(Peprotech 315-02). Medium containing M-CSF was then changed
every 2 days. After 7 days, M1 macrophages were differentiated for
24 hours with 20 ng/mL IFNy (Peprotech, 315-05) and 10 ng/mL LPS
(Sigma, 916374), while M2 macrophages were differentiated with
40 ng/mL IL4 (Peprotech, 214-14). The experiment was repeated
3 times and 2 mice were used in each experiment.

Macrophages in vitro culture with breast cancer cell CM

CM of WT, scramble or Jmjd6 knockout (KO) PyMT-41C cells
was collected and used 1:3 with fresh normal medium (10% FBS in
RPMI) to culture RAW264.7 macrophage cell line for 24 hours,
thereafter, RAW264.7 cells were harvested and used for expression
profiling (ClariomS$ analysis) or further analyses. For BMDMs,
macrophages were first differentiated towards M1 or M2 pheno-
types as described above, and then, CM was added 1:4 to M0, M1
or M2 macrophages for 24 hours. BMDMs were harvested and
used for flow cytometry analysis. Alternatively, CM of WT, scram-
ble or Jmjd6-KO PyMT-41C cells, with or without the Annexin-1
protein mimetic peptide Ac2-26 (R&D Systems, catalog no. 1845,
10 ng/mL) was used to culture M0, M1, and M2 macrophages for
24 hours. Macrophages were then harvested and used for further
experiments.

In vivo experiments

WT C57BL/6 female mice were purchased from Charles River Italy
and housed in a specific pathogen-free animal facility and treated in
accordance with the European Community guidelines. The study was
approved by the Institutional Ethical Committee and by the Italian
Ministry of Health (authorization number 297/2020-PR). For tumor
growth experiments, 6- to 8-week-old C57BL/6 mice were injected in
the mammary fat pad with 1 x 10° JMJD6 scramble (n = 8) or JMJD6
KO PyMT-41C cells (n = 8) in 100-uL saline solution. Two different
clones were used for each condition. Tumor length and width were
measured once a week, and tumor volume was estimated by (length x
width?)/2. At the experimental endpoint, mice were euthanized and
the tumor was stored in formalin for further experiments or used for
flow cytometry analysis.
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Flow cytometry analysis

For the analysis of myeloid cell infiltration, tumors generated from
scramble or Jmjd6 KO PyMT-41C breast cancer cells were collected,
minced and filtered through a 40-pum pores cell strainer (BD Bio-
sciences). Red blood cells were removed using 1X ACK lysis buffer
(ammonium chloride potassium). Cells were Fc-blocked using
CD16/32 antibody (eBioscience) before staining. Antibodies used
were: CD45 (clone 30-F11) BV510 (BD Biosciences, catalog no.
563891), CD11b (clone M1/70) PE (TONBO Biosciences, catalog
no. 50-0112), F4/80 (clone BMS), PE-Cy7 (eBioscience, catalog
no. 25-4801-82), Grl (clone RB6-8C5) APC (eBioscience, catalog
no. 17-5931-82), Ly6c¢ (clone AL-21) BV421 (BD Biosciences, catalog
no. 562727), CD206 (clone C068C2) Alexa Fluor 488 (BioLegend,
catalog no. 141704), PD-L1 (clone MIH5) BV786 BD (Biosciences,
catalog no. 741014). All samples were analyzed in single; 6 samples
were analyzed for each group. For analysis of BMDMs cultured in CM
of scramble or Jmjd6 KO 41C cells, MO, M1, and M2-differentiated
macrophages were detached with TrypLE Express Enzyme 1X without
phenol red (Gibco, 12604013), washed with PBS and stained for 15
minutes at 4°C with the following antibodies: MRC1 (clone C068C2)
BV650 (BD Biosciences, catalog no. 141723), CD40 (clone 3/23)
PerCP/Cy5.5 (BD Biosciences, catalog no. 124624), PDL1 (clone
10F.942) BV711 (BD Biosciences, catalog no. 124319), PDL2 (clone
TY25) APC (BD Biosciences, catalog no. 107210), I-A/I-E (HLA-II)
(clone M5/114.15.2) BV510 (BD Biosciences, catalog no. 107635),
F4/80 (clone BM8) PE/Cyanine 7 (BD Biosciences, catalog no.
123114), CD11b (clone M1/70) PE (TOMBO, catalog no. 50-0112),
CD86 (clone GL1) FITC (eBioscience, catalog no. 11-0862-85).
Samples were acquired using a BD LSR II Fortessa instrument and
analyzed with Flow]Jo software (TreeStar).

Histology and IHC

After formalin fixation, scramble or Jmjd6 KO PyMT-41C primary
tumors were formalin-fixed, paraffin-embedded (FFPE). FFPE sec-
tions of 4 umol/L were stained with Mayer-hematoxylin and eosin
(H&E). Alternatively, after re-hydratation and antigen retrieval, IHC
was performed using the streptavidin-biotin—peroxidase complex
method, and 3,3'-Diaminobenzidine tetrahydrochloride as chro-
mogenic substrate, according to standard protocols. Anti-ANXA1
(Genetex, 113329) was used as the primary antibody.

Clariom array and exon array analysis

Total RNA was extracted using Qiazol reagent and purified with the
RNeasy kit on a QIAcube automated station (Qiagen) according to the
manufacturer’s instructions. The quantity and quality of the extracted
RNA were determined with 4200 TapeStation system (Agilent) and
Qubit Fluorometer (ThermoFisher), respectively. Clariom S assay
human (for MCF7 and MDA-MB231 cells) and Clariom D mouse
assay (for PyMT-41C cells; Affymetrix) were used for gene expression
profiling. Briefly, total RNA was amplified, labeled, and hybridized
following the manufacturer’s instructions. The Affymetrix GeneChip
WT Pico Kit was used for cDNA preparation, biotin labeling, and
cRNA synthesis. The arrays were subsequently incubated for 16 hours
in an Affymetrix GeneChip 645 hybridization oven at 45°C with
rotation at 60 rpm and processed with the GeneChip Wash and
Stain kit. The chips were scanned with an Affymetrix GeneChip
Scanner 3000 with default manufacturers’ settings and raw data
were acquired with the AGCC scan control v4.0.0. Raw data were
imported in R software and a RMA normalization (28) was per-
formed exploiting the oligo package. After quality control, multiple
probes matching the same gene were collapsed with function
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Figure 1.

JMJD6 regulates ERa activity and affects prognosis in luminal patients with breast cancer. A, Kaplan-Meier analysis of patients with breast cancer included in the
METABRIC dataset (available on cBioportal) showing the OS of all (left, n =1,884), ERa-positive (middle, n =1,440) or ERo-negative patients (right, N = 444). ‘High’
(red) and ‘low’ (blue) JMJD6 expression is shown according to median. P value was calculated with Log-rank (Mantel-Cox) test. B, Western blot showing the
expression of JMJD6 and ERain control (SCR) and JMJD6 KO MCF7 and MDA-MB231 clones. Vinculin is shown as loading control. C, Immunofluorescence staining of
ERo (red) in scramble or JMJD6 KO MCF7 cells stimulated or not with E2. Nuclei were stained with DAPI (blue), bars = 50 umol/L. D, Real Time PCR to evaluate the
levels of ESRT and (E) its target genes (PGR, BCL2, XBP1 and RARA) in control (SCR) of JMJD6 KO MCF7 stimulated or not with E2. Statistical significance was

calculated by paired two-tailed t test comparing four independent experiments.
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collapseRows from the WGCNA package. Differentially expressed
gene (DEG) were identified with the limma package (29) and
P value was corrected with Benjamini-Hochberg method; genes
were considered significant with FDR < 0.05. From class compar-
ison results, pre-ranked gene set enrichment analysis (GSEA) was
performed to calculate which hallmark pathways were significantly
up- or down-modulated (FDR < 0.05).

In silico analyses

The list of genes identified in the GSEA of ‘Hallmark of
Adipogenesis’ obtained from ClariomS performed on MCF7 breast
cancer cells were run on the free, open-source, curated, and peer-
reviewed ‘Reactome Pathway Database’, and can be found at the fol-
lowing link: https://reactome.org/PathwayBrowser/#/ANALYSIS =
MjAyMTEyMjcxNjUOMTVEMzkO.

Graphs and statistical analysis

Graphs were analyzed and plotted with Graphpad Prism 9. All
experiments have been performed at least in 3 independent experi-
ments and plotted as average &= SE% or SD. P values are shown in each
graph. If asterisks are shown *, P < 0.005; **, P < 0.01; ***, P < 0.001.

Data availability

The transcriptome data generated in this study have been depos-
ited in the National Center for Biotechnology Information in the
Gene Expression Omnibus database under the accession number
GSE164399, GSE216234, and GSE216235.

Results

JMJD6 depletion increases ERa expression without enhancing
its activity

We investigated the potential clinical value of JMJD6 in patients with
breast cancer included in the MET ABRIC dataset (30) by correlating the
expression levels of JMJD6 with patients’ overall survival (OS). High
levels of JMJD6 were associated with significantly shorter OS (Fig. 1A),
suggesting that JMJD6 might support breast cancer development and
progression. However, such correlation was significant only in ERo-
positive patients, while no impact on OS was found in ERo.-negative
patients. This suggests that JMJD6 effects might dependent on ERo.
expression and activity. Because patients with ERo.-positive tumors can
co-express HER2 receptor, we checked if these patients also showed
different HER2 expression levels based on JMJD6 classification, which
might bias the analysis. As shown in Supplementary Table S1 and as
expected, HER2-positive patients were few within the two groups (62
HER2+ vs. 661 HER2— in JMJD6 high patients and 42 HER2+ vs. 675
HER2— in JMJD6 low), hence slightly impacting the survival analysis.

To further explore the correlation between JMJD6 and ERa, we
generated JMJD6 KO breast cancer MCF7 and MDA-MB231 cells
(ERo-positive and ERo-negative cell line, respectively) with CRISPR-
Cas9 technology. As shown in Fig. 1B, KO of JMJD6 in MCF?7 cells
leads to upregulation of ERo protein levels. This evidence was also

JMJD6 Shapes the TME by Regulating ANXAT1 Levels

confirmed in another human cell line, BT474, in which, in mass
cultures and at least in one clone, ERo. was increased by JMJD6 KO
(Supplementary Fig. S1A). No expression of ERal was detected in
MDA-MB231 independently of JMJD6 expression (Fig. 1B).

Because the levels of ERoLare upregulated in the presence of reduced
JMJD6 levels, we asked whether ERa is also more active. To this end,
we investigated its localization in unstimulated conditions and upon
[32-estradiol (E2) stimulation, in cells cultured in phenol red-deprived
medium supplemented with DCC (Fig. 1C) or in normal medium. In
any condition tested, JMJD6 depletion did not affect ERot localization.
Moreover, although ERo. is more expressed at protein (Fig. 1B) and
transcription (Fig. 1D) level, its activity is not enhanced. In fact, the
expression levels of a number of genes, which are known to be
transcribed by ER0, are significantly reduced in unstimulated condi-
tions (PGR, XBPI, and RARA; Fig. 1E) and are not upregulated more
than control Scramble cells upon E2 stimulation. Hence, despite the
fact that ERo is more expressed in JMJD6 KO cells (Fig. 1D), its
transcriptional activity is not increased (Fig. 1E). Altogether, these
results show that JMJDG6 is able to tune ERo expression and function,
and its depletion increases ERot levels without augmenting its trans-
activation activity.

JMJD6 controls different biological pathways in MCF7 and
MDA-MB231 cells

To better explore the role of JMJD6 expression in MCF7 and
MDA-MB231 cells, we performed microarray profiling of both cell lines.
Two different clones were used for each scramble and KO conditions. As
shown in the volcano plot in Fig. 2A and listed in Supplementary
Table S2A, 3241 genes were found differentially expressed between
JMJD6 KO and scramble MCF?7 cells, while 3,260 genes were differ-
entially expressed in MDA-MB231 pair comparison. DEGs were
also analyzed by comparing WT (parental) and scramble MCF7
and MDA-MB231 cells as an additional control (Supplementary
Fig. S1B). DEGs emerging from JMJD6 KO versus scramble in either
MCEF7 or MDA-MB231 were used to perform GSEA and the most
significant up- or downregulated biological pathways are listed on
the basis of normalized enrichment score (NES) in Fig. 2B. Com-
plete list of significant (FDR < 0.05) GSEA pathways is provided in
Supplementary Table S2. The vast majority of the enriched biological
pathways in JMJD6 KO MCF7 involved inflammatory mechanisms,
including IFNo. and IFNY response, and TNFa. signaling via NF-kB
(Fig. 2C), suggesting that loss of JMJD6 could affect the immune
composition of tumor microenvironment (TME) and therefore the
inflammatory response. Contrarily, IFN pathways were not affected
by JMJD6 KO in MDA-MB231 cells.

On the basis of a publicly available dataset (12) and further validated
in our own dataset, ANXA1 was found downregulated in JMJD6 KO
MCF7 compared with both scramble and WT MCF7 cells. On the
contrary, in JMJD6 KO MDA-MB231 cells, increased levels of ANXA1
were detected compared with controls (Fig. 2D). The reduction of
ANXAL1 in JMJD6 depleted cells was further validated by Real Time

Figure 2.

Transcriptome profile of scramble and JMJD6 KO MCF7 and MDA-MB231 cells. A, Volcano plot showing statistical significance values against fold-change and
highlighting the most upregulated (red) and downregulated (green) genes between JMJD6 KO and scramble MCF7 (top), and MDA-MB231 (bottom) cells. B, GSEA
analysis of the most significantly up- or downregulated hallmark pathways in JMJD6 KO MCF7 (left) and MDA-MB231 (right) cells compared with scramble control.
C, GSEA plots showing enrichment of genes associated with inflammatory pathways in JMJD6 KO MCF7 cells compared with scramble control. Significant GSEA
pathways are defined on the basis of FDR < 0.05. D, mRNA expression of ANXATin WT, scramble and JMJD6 KO MCF7 and MDA-MB231 cells. t test was performed
between JMJD6 KO MCF7 and scramble cells, and between JMJD6 KO and scramble cells. **, P < 0.01; ***, P< 0.001. E, Real Time PCR showing the levels of ANXAT
in control and JMJD6 KO clones. Statistical significance was calculated by paired two-tailed ¢ test. F, Imnmunofluorescence staining showing the expression of
ANXAT (red) in scramble or JMJD6 KO MCF7 and MDA-MB231 cell clones. Nuclei were stained with DAPI (blue), bars = 50 umol/L.
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PCR (Fig. 2E). As ANXALI is involved in several inflammatory
processes (31, 32), we focused on its regulation by JMJD6. We found
that ANXA1 is generally localized in the cytoplasm and membranes of
WT and scramble MCF7 cells, whereas the cytoplasmic accumulation
was massively reduced in the JMJD6 KO counterpart (Fig. 2F).

JMJD6 promotes LD formation

ANXAL has been shown to be stored in LD, whose formation has
recently been shown to be promoted by JMJD6 (22). Therefore, we
explored the possibility that JMJD6 might affect LD formation and
consequent ANXAL levels also in MCF?7 cells. LDs were stained with
Oil Red O and anti-ANXA1 antibody showing their co-localization
(Fig. 3A; Supplementary Fig. S2A).

These data indicate that JMJD6 loss could impair ANXA1 levels not
only through direct transcriptional downregulation, but also through
impaired LD formation. Notably, the reduced LD formation, occur-
ring in JMJD6 KO MCF7 cells, was not observed in JMJD6 KO

A

MDA-MB231 cells (Fig. 3B and C), suggesting that the effect of JMJD6
in LD formation could be cell-specific and likely ERci-dependent.
To identify possible determinants of LD formation regulated by JMJD6,
we analyzed the DEGs obtained by comparing scramble and JMJD6 KO
MCF?7, and we focused on genes belonging to the ‘Hallmark of Adipo-
genesis’ (Supplementary Fig. S2B) which we found significantly mod-
ulated and which is enriched by genes related to lipid metabolism. By
using the Reactome browser, we identified PPARo-associated pathways
among the most affected (Supplementary Fig. S2C).

JMJD6 promotes ANXA1 expression in an ERo./PPAR-
dependent manner

Having shown that JMJD6 is necessary for LD formation and that
this could affect ANXA1 levels and localization, we investigated the
mechanisms underlying the observed LD reduction in JMJD6 KO
MCEF?7 cells. Because the PPARa. pathway resulted to be affected by
JMJD6 (Supplementary Fig. S2C), we tested whether JMJD6 depletion
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Figure 3.

ANXAT1 is accumulated in LDs. A, IHC staining of ANXAT combined with Oil Red O staining of WT MCF7 cells. Black arrows show colocalization areas. B, Oil Red O
stained scramble or JMJD6 KO MCF7 and MDA-MB231 cells. Black arrows show LDs. C, Quantification of LDs shown in panel B. P values were calculated by unpaired

two-tailed t test.
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results in a reduction of PPAR«. expression, confirming a reduction at
a transcription level (Fig. 4A, left). We have previously shown that
JMJD6 reduction results in an increase of ERol expression and protein
levels (Fig. 1B and D), we then asked whether this could be responsible
for PPARo. reduction. In agreement with our hypothesis, we found
that the silencing of ERotindeed increases PPARa expression (Fig. 4A,
right). The genetic inhibition of JMJD6 results in reduction of ANXA1
protein levels (Fig. 4B), as already show at a transcriptional levels
(Fig. 2E), and release in the medium (Fig. 4C). To investigate the
involvement of ERa in PPARo-dependent LD formation (and con-
sequent ANXA1 accumulation and release), we compared MCF7 and
MDA-MB231 cells, finding that PPAR«: silencing leads to loss of LDs
in MCF?7, but not in MDA-MB231 cells (Fig. 4D). Moreover, being
ERovupregulated in MCF7 JMJD6 KO cells, which display defective LD
formation (Fig. 4D) and reduced PPAR«. expression (Fig. 44, left), we
tested whether ERa silencing could restore LD formation. In agree-
ment with our hypothesis, silencing of ERa. restored LD formation and
ANXAL expression in MCF7 depleted for JMJD6 (Fig. 4E).

JMJD6-mediated ANXA1 affects macrophage differentiation

Having shown that JMJD6 controls ANXALI levels via ERo and
knowing the role of ANXALI in inflammation and macrophage dif-
ferentiation, we tested whether JMJD6 may represent a regulator of the
TME. To this end, we employed the PyMT-41C (41C) cell line, which
was derived from a spontaneous mammary tumor of a MMTV-PyMT
transgenic mouse and hence allows to study this mammary tumor in a
syngeneic immunocompetent context. Cells either scramble or KO for
Jmjd6 were used and characterized to verify the depletion of JMJD6
(Fig. 5A). Moreover, by silencing, we confirmed that JMJD6 reduction
correlates with reduced ANXA1 cytoplasmic accumulation and secre-
tion, and hampers LD formation (Supplementary S3A-S3D). CM
from 41C cells was added to RAW264.7 macrophages, which were
subsequently profiled using microarray gene expression technique. As
shown in the volcano plot in Fig. 5B, 32 genes were upregulated and
1 gene downregulated in RAW264.7 cells cultured in CM from Jmjd6
KO 41C versus scramble cells (adj. value < 0.05). The heatmap
in Fig. 5C shows the most significant DEGs between the two groups.
GSEA highlighted several inflammatory pathways upregulated in
RAW264.7 cultured with CM of Jmjd6 KO cells, suggesting that loss
of JMJD6 in tumor cells might promote the differentiation of pro-
inflammatory macrophages, thus, potentially affecting tumor growth.

To further explore this hypothesis, bone marrow-derived macro-
phages (BMDM) were generated from C57BL/6 female mice and
differentiated into M0, M1, and M2 phenotypes. Macrophages were
then cultured with CM of Jmjd6 KO 41C cells, scramble or normal
medium and then characterized by FACS analysis for changes in
expression of common M1 (CD86, CD40, and MHC-II) or M2
markers (CD206; Fig. 5D; Supplementary Fig. S4A and S4B). We
found that, while CM from scramble tumor cells stimulated the
expression of M2 marker CD206, CM from Jmjd6 KO cells impeded
M2 differentiation and enhanced the expression of M1 makers CD86,
CD40, and MHC II in M0 macrophages. CM medium from Jmjd6 KO
cells given to previously M1 differentiated cells further increased M1
markers without modifying CD206 expression, whereas, when given
to M2 macrophages, a certain degree of conversion to M1 was observed
according to the decrease expression of CD206 and increase of
M1 markers.

To test the hypothesis that Jmjd6 KO-dependent ANXATI reduction
is indeed responsible for the increase of M1 polarization, we added the
ANXAL agonist peptide Ac2-26 to the CM of Jmjd6 KO 41C cells. As
expected, the presence of Ac2-26 could successfully revert M1 to M2
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polarization, analyzed by evaluating the mRNA expression of classical
M1 and M2 markers, including Cd40 and Nos2 for M1 and Cd206 and
Arginase-1 (Argl) for M2. Addition of Ac2-26 into CM of Jmjd6-KO
41C cells successfully restored the expression of M1 and M2 markers in
M1 and M2 macrophages respectively, to comparable levels of CM of
scramble 41C cells (Fig. 5E). These results support a role for tumor
expressing JMJD6 in conditioning macrophage polarization towards a
pro-tumoral M2-type via ANXA1 release.

JMJD6 affects macrophage differentiation in vivo and promotes
tumor growth

To validate our findings in vivo, scramble or Jmjd6 KO 41C cells
were inoculated into syngeneic C57BL/6 female mice. Tumors gen-
erated from scramble 41C cells showed faster growth rate and
increased volume compared with Jmjd6 KO 41C counterpart
(Fig. 6A-C). On the basis of our in vitro data, this result might, at
least in part, depend on the different macrophage subtypes infiltrating
the two groups of tumor. Flow cytometry performed on these tumors
showed a higher percentage of CD45+ leukocytes in Jmjd6-KO 41C
tumors than scramble controls. The fraction of CD11b+F4/80+
macrophages was similar in the two groups. However, the percentage
of CD206+F4/80+ and PD-L1+F4/80+ macrophages was signifi-
cantly reduced in tumors from Jmjd6 KO 41C cells compared with
scramble control, suggesting a reduced skewing toward an M2-like,
immune suppressive phenotype (Fig. 6D). Flow cytometry gating
strategy is shown in Supplementary Fig. S4C.

Furthermore, expression of ANXA1 in Jmjd6 KO 41C tumors was
profoundly diminished compared with scramble 41C tumors
(Fig. 6E), confirming that also in vivo the Jmjd6 genetic deletion in
tumor cells leads to ANXA1 reduction. The latter event could in turn
be responsible for augmented pro-inflammatory M1 macrophage
portion in the tumors which reduces their growth.

Discussion

Our work supports the notion that JMJD6 affects breast cancer
prognosis not only by affecting cancer cell-intrinsic mechanisms, but
also by molding the TME. In fact, we show that JMJD6 favors ANXA1
release by cancer cells triggering the conversion of macrophages to a
pro-tumor M2-like state. Our data suggests that JMJD6, on the one
hand, promotes the expression of ANXA1, on the other, it promotes its
protein accumulation via LD formation, through a pathway involving
PPARo and ERo (Fig. 7). The latter evidence suggests that JMJD6
could regulate these pathways in breast cancer via different mechan-
isms according to the expression of ERa,, which is the crucial marker
for defining breast cancer subtypes.

This observation could contribute to explain why JMJD6 is endowed
with a negative prognostic factor mainly in luminal, ERo-positive,
breast cancer. Notably, JMJD6 has already been proposed as a regu-
lator of ERat transactivation activity by forming a complex with it (14)
and by regulating ERot posttranslational modification, via methyla-
tion (7). JMJD6 is usually associated to breast cancer aggressiveness
due to cell-intrinsic mechanisms by promoting cell proliferation and
motility (12), cell transformation and tumor progression (13), DNA
damage response (33, 34) and cell cycle (35). All these activities have
usually been linked to its enzymatic arginine demethylase and lysine
hydroxylase activity. In few cases, we and others have showed also
enzymatic-independent activities (34, 36).

In our previous studies, we found that JMJD6 can be secreted into
the extracellular space, where it binds with collagen contributing to
tissue fibrosis and stiffness (36). Antibody-mediated inhibition of
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Figure 5.

ANXATreleased by tumor cells affects macrophage differentiation in vitro. A, Western blot showing the expression of JMJD6 in PyMT-41C cells in different KO clones.
Actin-p was used as housekeeping protein expression. B, Volcano plot of statistical significance against fold-change between RAW264.7 macrophages cultured in
CM of Jmjd6 KO or scramble PyMT-41C cells showing the significantly upregulated (32, red) and downregulated (1, green) genes. C, Heatmap shows the degree of
clustering between biological replicates and distinct pattern of gene expression level between RAW264.7 macrophages cultured in CM of Jmjd6 KO (yellow) and
scramble PyMT-41C cells (light green) cells. Color coding green to red shows the z-score value from -1.5 to 1. D, Relative fluorescence intensity (RFI) plots showing the
expression level of M1 and M2 markers in MO, M1, and M2 BMDMs in CM of scramble and Jmjd6 KO PyMT-41C cells. Data were normalized on macrophages cultured
without CM (red bar). Datapoints show the biological replicates of three independent experiments (green, blue and red) with two biological replicates in each
experiment. Error bars show the SEM. P value is calculated with one-way ANOVA, Tukey multiple comparison test. E, Real-time PCR showing the expression of M1
markers (Cd40 and Nos2) and M2 markers (Cd206 and ArgT) in M1 and M2 differentiated BMDMs cultured in CM of scramble and Jmjd6 KO PyMT-41C cells, with or
without the ANXAT mimetic peptide Ac2-26.

Figure 4.

PPARa regulates LD droplet formation and ANXAT levels via ERa signaling. A, Real time PCR showing the expression of PPAR« in control and JMJD6 KO MCF7 clones
(left) and in MCF7 silenced for ERa (right). Graphs show the average of six independent experiments. P values were calculated by paired two-tailed t test. B, Western
blot showing the levels of ANXATin MCF7 control or JMJD6 KO clones. Actin-f3 was used as loading control. C, ANXATELISA performed with CM from control (n = 6)
and JMJD6 KD (n = 3) and KO (n = 3) collected in independent experiments. P values were calculated by paired two-tailed ¢ test. D, Fluorescence images showing the
presence of LDs (HCS LipidTOX RED) in MCF7 and MDA-MB231 cells silenced for PPARa. Nuclei were stained with DAPI (blue), bars = 20 umol/L. Graphs show the
percentage of LD-positive cells/field; cells from at least six independent fields were counted. Statistical significance was evaluated by ordinary one-way Anova,
multiple comparisons test. E, Fluorescence images showing the presence of LDs and ANXAT1 (red) in scramble and JMJD6 KO MCF7 cells silenced for ERc. Nuclei were
stained with DAPI (blue), bars = 20 umol/L. Graph shows the percentage of LD-positive cells/field; cells from at least four independent fields were counted. Statistical
significance was evaluated by ordinary one-way Anova, multiple comparisons test.
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Figure 6.

Tumor cell JMJD6 supports M2 macrophage differentiation and tumor growth in breast cancer mouse model. A, Tumor growth after inoculation of scramble (light
gray) and Jmjd6 KO (dark gray) PyMT-41C cells in C57BL/6 mice. P value is calculated with two-way ANOVA, Sidak multiple comparison test. Error bars shows S.D.
B, Tumor volume of scramble (light gray) and Jmjd6 KO (dark gray) PyMT-41C cells in C57BL/6 mice at the experimental endpoint of 35 days. P value is calculated
with two-way ANOVA, Sidak multiple comparison test. Each dot represents a different mouse. Error bars shows SD among samples. C, Top, Representative images of
two scramble PyMT-41C cells-derived tumors (clone Al and clone B1) and two Jmjd6-KO PyMT-41C cells-derived tumors (clone A2A and clone C1A). Below, H&E
staining of the different tumors. D, Percentage of CD45+ immune cells, CD11b+ myeloid cells, F4/80+ monocytes, macrophages, CD206+ M2-like macrophages over
F4/80+ macrophages and PD-L1+ immunosuppressive macrophages over F4/80+ macrophages in tumors derived from scramble or Jmjd6 KO PyMT-41C cells.
Pvalue is calculated with unpaired ¢ test. Each dot represents a different mouse. Error bars show SD among samples. E, IHC analysis of ANXA1 expression in tumors
derived from scramble and Jmjd6 KO PyMT-41C cells injected in C57BL/6 mice.
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JMJD6 molds TME through ANXAT-dependent macrophages polarization. JMJD6 favors ANXAT expression, intracellular accumulation, through a pathway involving
PPARo and ERa, and its increase inthe TME. ANXAT1released by cancer cells triggers the conversion of macrophages to a pro-tumor M2-like state which favors tumor
development.

JMJD6-Collagen interaction reduces fibrosis and leads to increased

CD45" leukocyte tumor-infiltration, suggesting that JMJD6 might

suppress the inflammatory response. In the current study, we describe

another mechanism by which JMJD6 regulates the immune infiltrate
and, in particular, macrophage polarization. We show that JMJD6
promotes the expression of ANXA1 in a LD-dependent manner and its
release. Although we do not provide direct evidence that LD loss
caused by JMJD6 depletion is responsible for the reduced secretion of
ANXAL, several lines of evidence support our hypothesis. In fact, it has

previously been shown that ANXA1 is accumulated in LDs (20) and

also our findings confirm a co-localization between LD and ANXAI.

Moreover, in our settings, the defect of LD formation found upon
PPARa silencing recapitulates JMJD6 KO and results in reduction of
intracellular ANXA1 accumulation.

Notably, during the revision of this manuscript, another group
demonstrated that JMJD6 regulates LD formation in other tumor
types (22) by promoting the expression of DGAT1. In our cell lines,
we did not confirm a JMJD6-dependent regulation of DGATTI, but we
identified PPAR0. as a crucial mediator of JMJD6-dependent LD for-
mation. This discrepancy could be due to ERo expression that as we
observed by comparing ER-positive MCF7 and MDA-MB231 cells and
through genetic inhibition of ERai, could represent a discriminating
factor which determines the pathways actually controlled by JMJDé.

The latter notion is not surprising considering that many pieces of
evidence support a relation between ANXAI, lipid metabolism and
hormones. For instance, ANXA1 expression was found increased in
adipose tissue in mice fed with a high-fat diet (37), in obese chil-
dren (38), and in the subcutaneous fat of overweight patients (39). At
the same time, the correlation between estrogens, their receptors and
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lipid metabolism have been widely described. Treatment of female
mice with B2-estradiol leads to decreased expression of lipogenic genes
in adipose tissue (40), and ERo-null female mice show increased fat,
adipocyte number, and cholesterol levels (21). ER activation reduces
lipid synthesis in pancreatic islets and hepatic cells (41, 42). Postmen-
opausal women have increased body adiposity and are more at risk of
developing atherosclerosis in association with reduced estrogen
levels (43). Hence, due to its crucial role in these mechanisms, ERo.

could discriminate how and if JMJD6 regulates LDs and, in turn,
ANXA1 metabolism.

In conclusion, our results uncover a novel function of J]MJD6 in
molding the TME and provide a rationale for developing inhibitory
molecules against JMJD6 to reduce disease progression. These first-in-
class compounds could be effective in breast cancer ERci-positive
therapy not only by direct targeting of cancer cells, but also by molding

the immune infiltrate and skewing macrophages towards an antitu-
mor, pro-inflammatory state.
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