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SUPPLEMENTARY METHODS

Cell lines: The table below summarizes the characteristics and the source of the cell lines used

throughout the study:
Cell name Gender Phenotype Source
AU565 F Luminal (HER2") ATCC
BT20 F Basal (TNBC) ATCC
BT474 F Luminal (ER*/HER2") ATCC
BT483 F Luminal (ER") ATCC
BT549 F Basal (TNBC) ATCC
CAL-120 F Basal (TNBC) DSMZ
CAL-148 F Basal (TNBC) DSMZ
CAL-51 F Basal (TNBC) DSMZ
CAL-851 F Basal (TNBC) DSMZ
CAMA1L F Luminal (ER") ATCC
DU4475 F Basal (TNBC) ATCC
EFM192A F Luminal (ER*/HER2") DSMZzZ
EFM19 F Luminal (ER*/HER2") DSMZzZ
HCC-1143 F Basal (TNBC) ATCC
HCC-1187 F Basal (TNBC) ATCC
HCC-1395 F Basal (TNBC) ATCC
HCC-1419 F Luminal (HER2") ATCC
HCC-1428 F Luminal (ER") ATCC
HCC1500 F Luminal (ER") ATCC
HCC-1569 F Basal (TNBC) ATCC
HCC-1599 F Basal (TNBC) ATCC
HCC-1806 F Basal (TNBC) ATCC
HCC-1937 F Basal (TNBC) ATCC
HCC-1954 F Basal (TNBC) ATCC
HCC-202 F Luminal (HER2") ATCC
HCC-2218 F Luminal (HER2") ATCC
HCC-38 F Basal (TNBC) ATCC
HCC-70 F Basal (TNBC) ATCC
HDQP1 F Basal (TNBC) DSMZ
Hs281T F Basal (TNBC) ATCC
Hs343T F Basal (TNBC) ATCC
Hs578T F Basal (TNBC) ATCC
KPL1 F Luminal (ER") DSMZ
MB-157 F Basal (TNBC) ATCC
MCF7 F Luminal (ER") ATCC
MDA-MB-157 F Basal (TNBC) ATCC
MDA-MB-134VI F Luminal (ER*) ATCC
MDA-MB-175VII F Luminal (ER") ATCC



MDA-MB-231 F Basal (TNBC) ATCC
MDA-MB-361 F Luminal (ER*/HER2") ATCC
MDA-MB-415 F Luminal (ER*) ATCC
MDA-MB-435S F Basal (TNBC) ATCC
MDA-MB-436 F Basal (TNBC) ATCC
MDA-MB-453 F Basal (TNBC) ATCC
MDA-MB-468 F Basal (TNBC) ATCC
SK-BR-3 F Luminal (HER2*) ATCC
T47D F Luminal (ER") ATCC
UACC-812 F Luminal (ER2*/HER2") ATCC
ZR75.1 F Luminal (ER*) ATCC
ZR75.30 F Luminal (ER*/HER2*) ATCC

ATCC = American Type Culture Collection; DSMZ = Deutsche Sammlung von Mikroorganismen
und Zellkulturen; SIGMA = Sigma-Aldrich. The cell-lines marked in yellow are the 16 cell-lines

used to perform the RNA-seq experiments following treatment with ATRA.

Polymerase Chain Reaction experiments: The expression of the following transcripts was evaluated
with the use of commercially available tagman assays according to the instructions of the
manufacturer (Applied Biosystems): Dihydroorotate dehydrogenase (DHODH, NM_001361.4;
assay I1D-Hs00361406 _m1); Minichromosome maintenance complex component 6 (MCMBS,
NM_005915.5; assay ID-Hs00195504 m1); Minichromosome maintenance complex component 2
(MCM2, NM_004526.3; assay ID-Hs01091568 g1); Poly (ADP-ribose) polymerase family, member

14 (PARP14, NM_017554.2; Hs00393814_m1).

Identification of genetic perturbations proportional to ATRA-sensitivity and generation of ATRA-
sensitivity associated gene interaction networks: After a first phase of differential expression
analysis, we determined for each gene, the correlation between ATRA-induced fold changes across
cell-lines and the respective ATRA sensitivity scores. Subsequently, we filtered out genes with either
Pearson’s or Spearman’s correlation coefficients associated p-values lower than 0.01. We adopted

both metrics in order to obtain more inclusive results. We further discarded genes showing a
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coefficient of variation across cell-lines being lower than 0.5 and obtained a final list consisting of
754 genes, whose perturbations are associated with ATRA responsiveness. Finally, we constructed
a protein-protein interaction network using the STRING database and discarded all elements with
less than three edges. A scheme of the strategy used for the analysis of the data is available in

Supplementary Figure S2.

LEGENDS TO SUPPLEMENTARY TABLES

Supplementary Table S1 Genes up- and down-regulated by ATRA in breast-cancer cell-lines

The indicated cell-lines were treated with DMSO or ATRA (1 uM) for 24 hours. Whole-
genome gene-expression analysis was performed by RNA-seq. The table contains the list of 754
genes significantly up- and down-regulated by ATRA and whose ATRA-dependent expression is
quantitatively and significantly correlated with the ATRA-score. The expression data are shown as
the log> of the ATRA/DMSO fold-change and the values calculated derive from 3 biological
replicates. The values corresponding to the following correlation indexes are provided: pRHO = p-
value of the Spearman’s correlation between ATRA/DMSO fold-change and ATRA-score; RHO =
Spearman’s correlation coefficient between ATRA/DMSO fold-change and ATRA-score; pR = p-

value of the Pearson’s correlation between ATRA/DMSO fold-change and ATRA-score; R

Pearson’s correlation coefficient between ATRA/DMSO fold-change and ATRA-score; CV

Coefficient of variation.

Supplementary Table S2 Enrichment analyses of the gene-sets up- and down-regulated by ATRA
which are quantitatively associated with ATRA sensitivity in breast-cancer cell-lines
Each breast-cancer cell-line was treated with vehicle (DMSO) or ATRA (10° M) for 24 hours.

Total RNA was extracted and subjected to RNA-seq analysis. The gene-sets up- or down-regulated



by ATRA and whose significance is proportional to ATRA-sensitivity were subjected to GSEA (Gene
Set Enrichment Analysis) using the HALLMARK and the CURATED datasets. The FDR (False

Discovery Rate) values and the ATRA-dependent up-or down-regulation are indicated.

Supplementary Table S3 Enrichment analyses of the gene-sets up- and down-regulated by ATRA
in HCC-1599 xenografts

Three separate SCID mice/experimental group were transplanted sub-cutaneously with HCC-
1599 cells. Animals were administered two daily doses of vehicle or ATRA (15 mg/kg) orally. RNA
was extracted from the isolated tumor tissues and subjected to microarray gene-expression analysis.
The gene-sets up- or down-regulated by ATRA were subjected to GSEA (Gene Set Enrichment
Analysis) using the HALLMARK and the CURATED datasets. The FDR values and the ATRA-

dependent up-or down-regulation are indicated.

Supplementary Table S4 Effect of ATRA on the expression of interferon genes in breast cancer
cell-lines

Each breast-cancer cell-line was treated with vehicle (DMSO) or ATRA (10°% M) for 24 hours.
Total RNA was extracted and subjected to RNA-seq analysis. The expression levels of the transcripts
encoding the indicated interferon (IFN) species were determined. Each value is the mean of 3

replicate cultures treated with vehicle (DMSO) or ATRA.
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Supplementary Figure S1 Gene expression profiles of the breast-cancer cell-lines following
exposure to ATRA

Three replicate cultures of the indicated and logarithmically growing cell-lines were treated with
vehicle (DMSO) or ATRA (1 uM) for 24 hours. RNA was extracted and subjected to RNA-seq
analysis. (A) The diagram illustrates a bi-dimensional principal component analysis (PCA) of the
RNA-seq data obtained in each cell-line exposed to DMSO or ATRA. The gene-expression data
separate the cell-lines in three distinct groups, TNBC, TNBC-mes and Luminal, which recapitulate
their phenotypic and morphological characteristics. ATRA-treatment does not cause transitions
across the 3 groups of cell-lines. TNBC = triple-negative breast-cancer; TNBC-mes = triple-negative
breast-cancer with a mesenchymal phenotype. (B) The column graph indicates the number of genes
selectively up- (red) or down-regulated (green) by ATRA in each cell-line. The cell-lines are ranked
from left to right according to their decreasing sensitivity to ATRA (decreasing ATRA-score value).
Luminal cell-lines are indicated in red, while basal cell-lines are marked in blue. The inset shows the
linear correlation between the ATRA-score values and the total number of up- and down-regulated
genes determined in each cell-line. The calculated r value for the correlation is shown. (C) The heat-
map shows the 754 genes whose up-or down-regulation is proportional to ATRA-sensitivity. The
cell-lines are ranked from left to right according to their decreasing sensitivity to ATRA. The ATRA-
score values are shown above the heat-map. Luminal cell-lines are indicated in red, while basal cell-
lines are marked in blue.
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Supplementary Figure S2 Identification of the genes differentially regulated by ATRA in sensitive cell-
lines

Biological triplicates of 16 breast cancer cell-lines were treated with vehicle (DMSO) or ATRA (10°
M) for 24 hours. Total RNA was extracted and subjected to RNA-seq analysis. The flow-chart illustrates
the computational approach applied to define the 754 genes whose expression is significantly perturbed
by ATRA and quantitatively correlated with cell-line sensitivity to the anti-proliferative activity of
ATRA (ATRA-score value).



PARP14

—20 700

& . I T

%, M vehicle J‘ é

sl m B

E‘.l ©

: 3~

3 r=0.963

Sos £ wo

E i

200

£ o4 <

£ ‘ 2l

R -

) . g5 TEEEE] - ¥
SgirpieigiEtgpieE o2
3“§5§‘5¥5¥"§5333 ] 05 1.0 15 20
< g S E S8 < Tagman (mRNA abundance)

H
250

25

2 3

& g ™

@ 20

2 ]

& 1 g s

E‘,S ”ﬂﬂ -

3 F ; < .

] i z

gm £ 100

E £ 0.899

@ r=0.

£os S

£ z

" ni"§;:3h"§5;eﬁﬁ’h 0
E§;§EEE§L°§§5SH§3 0 05 10 15 20 25
geagazse § 2 g Ll | E 338 Tagman (mRNAabundance)

T = 3 x e
=
MCMé W,
100 ,..

g g

X 2

§ g w

= 2

° o

E § =

2

5 [

< Ew

z

x .

: §-

§ Z r=10.925

E €

g

" 'gpg b EsEaEN L 0
Ggaﬁaaagpasagazg ] 20 40 60 80 100
geogo3TIeE="g333¢ Tagman (mRNAabundance)

= = 3 E
=
£

T DHOD 3

2 8

? o

Eu Eze

. S

. @

E E

08

‘E gw o0

G oa ; & r=0.897

E - >

oo
S gsFEbEgsERERE R
1‘§1‘§BEE$ TR EEER: ° 0s 10 15 20
§"' § < 3 X E g 5 L §3§§§ Tagman (mRNA abundance)

= = 3 -
=

Supplementary Figure S3 Validation of the RNA-seq data

The RNA-seq data were validated by Tagman analysis of the 4 indicated genes in all the cell-lines
considered. The indicated cell-lines were treated with vehicle (DMSO) or ATRA (10° M) for 24
hours. Total RNA was extracted and subjected to Tagman analysis using specific oligonucleotide
probes targeting the PARP14, MCM2, MCM6 and DHODH mRNAs. Each column represents the
Mean + SD of 3 replicate cultures. The scatter plots on the right show the correlation between the
Tagman and the RNA-seq data in each cell-line exposed to vehicle or ATRA (n = 32). The r value of
each correlation is shown. PARP14 = Poly (ADP-ribose) polymerase family, member 14; MCM2 =
Minichromosome maintenance complex component 2; MCM6 = Minichromosome maintenance
complex component 6; DHODH = dihydroorotate dehydrogenase.



MYC TARGETS (200 GENES) E2F TARGETS (200 GENES) G2M CHECKPOINT (200 GENES)
ATRA-score ATRA-score ATRA-score
8888883322785888 888888RI2238588¢8 ]
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee S3
""" [ [ Jecha  —— I T PANZ |
MCM2 B || T[] oscer EGF
MCMT CDC26A | W HOXC10
| MCM4 W CCNEt - E2F1
| MCMS. W PONA | || mcms
T [ SNREDT mows cocasa
I PA2G4 ucws fii cocs
| DHX16 MeM2 MCMS
sET une MCM2
EEE W EIF251 T RANSPY GINS2
| ccT2 siep E coces
| SRSFT DRSO = EXO1
E [ ccTs QAFX CoND1
I I SNRPD2 TRIFI - | [ |cocr
- T RNPS1 vewm? LT RBL1
[ SFaB3 [ mems | cHext
THOE 7 Hi XRCCH RNASEW2A ORCS
PPMIG ] m NME1 MCM3
= | PSMD14 T | cest | loTymx
- LI | 17‘ 1 [ | SNRPG i} o i NOPSS CHAF1A
- | 1 PHE2 POPT | Hearx
i 11 CT T TCP1 TIPIN POLE
o ' PROX4 o || coke
i HE  EEEE SRSF1 2 | PoLO2 | Hsme
MRPLY N L] B SRSF2 | | SRSF2
4 i T | [ Jsrses il TUBG! ] TFOP1
E NCEPT coKe N DDX30A
TRA28 POLE4 H2AFZ
VDAC3 MsH2 l AMD1
i | HNRNPR M DOX39A jui [} E2F4
NME1 T 86RP1 | |_| P02
SRM ILFS | IR (0] || noLes
RANEP1 PAICS DKC1
| o] eest NoLet | || snreD1
NOPSS EEEE 1 [ |puesa E | NCL
H || Npurast | PA2G4 MAPK14
B | Jeres | RAN | T kmTsA
| RUVBL2 TBRO4 =] E ILF3
[ RAN EiF2s1 [ | |
5| I TXNL4A I A2 N N O LER
POLD2 ] [ T | | |pRoc [ ] NASP
SRSF2 ] CSEL l 1 | lues
| 0 o] I [ cyc JEN ] SReF1 | KPNB1
TFDP1 | TEE TRAZ8 | cuLt
| llLsm2 PPPIRS i Tl CHMP1A
[ [ | lcoke \ \ ‘ SNRPB | SRSF1
| [ cAD cnom TRAZB
| | FBL XRoCS | E2F3
1 POLE3 | || hwpaos 1 1 PRMTS
I PROX4 o | OtNTY | | _|_lcuaa
T INIOEHEIZE EOXE TOTOEEEIZENZIEOXE
HHHEHHIE REAEETRAERIALERE 330EBERAREIAGERS
HTH HHTH IR gOETEIERSETIEESS g8 593855718558
$ ¢ & 2 S S§ SNk © $ 2 3 % & © 4 3 3 "¢ %
2 3 3 g g 29 a g s 29 B 2 s
29 3 = s < s
[ = .
-1 0 +1
ATRA/DMSO (log,)

Supplementary Figure S4 Effects of ATRA on the genes belonging to the “MYC Targets”, “E2F
Targets” and “G2M Checkpoint” gene-Sets

The indicated cell lines were treated with vehicle (DMSO) or ATRA (1 uM) for 24 hours. Total RNA
was extracted and subjected to RNA-seq analysis. The heat-maps show the effects exerted by ATRA
on the expression of the genes belonging to the CURATED “MYC Targets”, “E2F Targets” and
“G2M Checkpoint” gene-sets. The data are expressed as the ATRA/DMSO fold change. The “MYC
Targets” gene-set is a merged version of the CURATED “MYC Targets V1” and the “MYC Targets
V2” gene-sets. Each of the “MYC Targets” “E2F Targets” and “G2M Checkpoint ’gene-sets consist
of 200 genes and the heat-maps show the 50 top-ranking genes significantly correlated to the ATRA-
score of the indicated cell-lines. The cell-lines are ordered according to their ATRA-score from left
to right and the ATRA-score values are shown on the top. The cell-lines marked in blue have a basal
phenotype, while the cell-lines marked in red are endowed with a luminal phenotype.
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Supplementary Figure S5 Effects of ATRA on the genes belonging to the “Interferon Alpha
Response” and “Interferon Gamma Response” gene-Sets
The indicated cell lines were treated with vehicle (DMSO) or ATRA (1 uM) for 24 hours. Total RNA
was extracted and subjected to RNA-seq analysis. The heat-maps show the effects exerted by ATRA
on the expression of the genes belonging to the “Interferon Alpha Response” and “Interferon Gamma
Response” CURATED gene-sets. The data are expressed as the ATRA/DMSO fold change. The
“Interferon Alpha Response” and “Interferon Gamma Response” gene-sets consists of 97 and 200
genes, respectively, and the heat-maps show the 50 top-ranking genes significantly correlated to the
ATRA-score of the indicated cell-lines. The cell-lines are ordered according to their ATRA-score from
left to right and the ATRA-score values are shown on the top. The cell-lines marked in blue have a
basal phenotype, while the cell lines marked in red are endowed with a luminal phenotype.
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HCC-1599 cells were transplanted in nude mice subcutaneously. Xenografted animals were treated

with vehicle or ATRA according to the scheme illustrated in Centritto et al. (EMBO Mol Med 7,
950-972). Twenty four hours following the last treatment, the HCC-1599 xenografts of 3 ATRA-

treated and 3 vehicle treated animals were subjected to whole-genome gene-expression microarray
analysis. Genes significantly up- and down-regulated by ATRA were subjected to gene-network

enrichment analysis using the CURATED gene-sets. The top 30 down-regulated gene-sets are shown
by the blue-column graph on the left, while the top 30 up-regulated gene-sets are illustrated by the
red-column graph on the right. The horizontal line indicates the FDR (False Discovery Rate) threshold

Supplementary Figure S7 Gene-network enrichment analysis of the RNA-seq results obtained in
value considered. Orange = genes involved in the Myc-pathway; Blue = genes involved in the

HCC-1599 xenografts
metastatic process; Brown = genes involved in the DNA methylation process;

involved in interferon responses; Grey
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Supplementary Figure S8 Sensitivity of breast cancer cell-lines to the anti-proliferative activity of
ATRA

The column diagram illustrates the experimental ATRA-score values calculated for the indicated cell-
lines. The 14 cell-lines belonging to our experimental panel are shown in blue (basal cell-lines) and
red (luminal cell-lines). The basal or luminal phenotype of all the other cell-lines is indicated by a
blue and a red dot, respectively. The dotted red line represents the threshold ATRA-score value (0.17)
used to separate the cell-lines binomially in two groups characterized by high and low ATRA-
sensitivity.
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Supplementary Figure S9 Effects of ATRA on the immunophenograms of luminal cell-lines

The indicated luminal cell lines were treated with vehicle (DMSO) or ATRA (1 uM) for 24 hours.
Total RNA was extracted and subjected to RNA-seq analysis. The circles show the effects exerted by
ATRA on the immunophenograms derived from the RNA-seq data. The ATRA-score of each cell-
line is indicated in parenthesis.
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Supplementary Figure S10 Effects of ATRA on the immunophenograms of basal cell-lines
The indicated basal cell lines were treated with vehicle (DMSQO) or ATRA (1 uM) for 24 hours. Total
RNA was extracted and subjected to RNA-seq analysis. The circles show the effects exerted by ATRA

on the immunophenograms derived from the RNA-seq data. The ATRA-score of each cell-line is
indicated in parenthesis.
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Supplementary Figure S11 Effects of ATRA on the surface expression of HLA class | antigens in
SK-BR-3 cells

The panel illustrates the FACS (Fluorescence Activated Cell Sorter) analyses of the HLA molecules
obtained in retinoid sensitive SK-BR-3 cells exposed to ATRA for the indicated time frames.
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Supplementary Fig. S12 IRF1 and DTX3L correlations

The levels of IRF1 and DTX3L proteins as well as mMRNAs were determined in 41 breast-cancer cell-
lines profiled for their sensitivity to ATRA with the use of the ATRA-score. (A) The diagrams show
the linear correlation plots of IRF1 and DTX3L proteins with the corresponding mRNAs. (B) The
diagrams show the linear correlation plots of IRF1 and DTX3L proteins with the ATRA-score of each
cell-line. (C) The diagrams show the linear correlation plots of IRF1 and DTX3L mRNAs with the
ATRA-score of each cell-line.
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Supplementary Figure S13 IRF1 and DTX3L mRNA expression in primary mammary tumors

The levels of IRF1 and DTX3L mRNAs were determined on the basis of the RNA-seq data of the
normal mammary glands and the primary breast-cancer samples available in the TCGA database. (A)
The panel shows the mMRNA expression levels of IRF1 and DTX3L in the single samples indicated.
The p-values were adjusted for the FDR using DESEQ2 analysis pipeline. (B) The panel illustrates
the correlations between the expression levels of DTX3L and IRF1 mRNAs in breast tumors and the
normal mammary gland. The data demonstrate a significant direct correlation between the levels of

the two mRNA:s.
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Supplementary Figure S14  Correlations between ATRA-dependent IRF1 mRNA/protein and
endogenous retrovirus induction in breast cancer cell-lines

The upper diagram illustrates the correlation between the ATRA-dependent induction of the IRF1-
mRNA shown in and the corresponding retinoid-dependent induction of ENV (Endogenous
Retroviruses) RNAs (see Figures 5B and 7A). The lower diagram illustrates the same type of
correlation observed between the ATRA-dependent induction of the IRF1-protein and the
corresponding retinoid-dependent induction of ENV (Endogenous Retroviruses) RNAs.
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Supplementary Fig. S15 Effects of IRF1 silencing on AM580-induced growth inhibition in SK-BR-
3 cells

SK-BR-3 cells were transiently transfected with silRF1(a) and silRF1(b), two SiRNAs targeting IRF1,
or the scrambled SiNC control. The indicated cells were treated with the RARa agonist, AM580 (0.1
uM), for 96 hours. Cell growth was evaluated and data were analysed as in (A). Values are the mean
+ SD of 3 replicate cultures.
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Legend: Original Western blots contained in Figure 5D
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Legend: Original Western blots contained in Figure 5E
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Legend: Original Western blots contained in Figure 6
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Legend: Original Western blots contained in Figures 7E and 7F
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