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e, independent mechanisms of gene
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Retinoids, derivatives of vitamin A, are key physiological molecules with requlatory effects on cell
differentiation, proliferation and apoptosis. As a result, they are of interest for cancer therapy.
Specifically, models of breast cancer have varied responses to manipulations of retinoid signaling. This

. study characterizes the transcriptional response of MDA-MB-231 and MDA-MB-468 breast cancer cells

. toretinaldehyde dehydrogenase 1A3 (ALDH1A3) and all-trans retinoic acid (atRA). We demonstrate

: limited overlap between ALDH1A3-induced gene expression and atRA-induced gene expression in both
cell lines, suggesting that the function of ALDH1A3 in breast cancer progression extends beyond its

. role as aretinaldehyde dehydrogenase. Our data reveals divergent transcriptional responses to atRA,

. which are largely independent of genomic retinoic acid response elements (RAREs) and consistent

. with the opposing responses of MDA-MB-231 and MDA-MB-468 to in vivo atRA treatment. We identify

. transcription factors associated with each gene set. Manipulation of the IRF1 transcription factor

: demonstrates that it is the level of atRA-inducible and epigenetically regulated transcription factors

. that determine expression of target genes (e.g. CTSS, cathepsin S). This study provides a paradigm for
complex responses of breast cancer models to atRA treatment, and illustrates the need to characterize
RARE-independent responses to atRA in a variety of models.

The evolutionarily-conserved retinoid signaling pathway governs expression of hundreds of genes and regulates
a wide variety of fundamental biological processes, including differentiation, cell cycle arrest and cell prolifera-
tion!2. Retinoid signaling has a controversial role in cancer, with evidence suggesting it can suppress or promote
carcinogenesis"*~°, depending on the cancer and the cellular context*$-%. For example, due to their ability to
. induce differentiation, retinoids are used very successfully to treat acute promyelocytic leukemia’® and neuro-
© blastoma'®. However, attempts to use retinoids and dietary precursors to treat other cancers (including breast
: cancer) have been unsuccessful and may even promote tumorigenesis''~!*. A major hypothesis for these clinical
disappointments is a failure to consider inter-tumoral heterogeneity'*. As we better understand the complexities
. of retinoic acid signaling, we can characterize the divergent responses of breast cancer to retinoids and exploit this
: heterogeneity for improved cancer therapy.
In breast cancer, the effects of retinoids on cell growth are highly varied and likely depend upon which retinoic
. acid (RA)-inducible genes are expressed and additional non-genomic effects®>!*->%. The retinoid signaling path-
: way is often simplified to production of all-trans retinoic acid (atRA) by aldehyde dehydrogenase 1A (ALDH1A)
:enzymes, where it translocates to the nucleus and activates nuclear receptors, retinoic acid receptors (RARs) and
retinoid X receptors (RXRs). These receptors induce the expression of genes with retinoic acid response elements
(RARES) in their promoters. The human genome contains over 14,000 RAREs; most of which are located in
intragenic regions (3,249 RAREs are within 10kb of genes)?. Many initial studies of RA-induced gene expres-
sion focused on straightforward induction of genes containing RARE sequences; however, RA-mediated gene
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expression is significantly more complex and governed by other cellular processes, including the interaction of
co-repressors and co-activators. There is strong evidence for hierarchical networks of nuclear receptors facilitat-
ing tissue-specific gene expression®. Significant choreography is required for the vast transcriptional responses
to atRA?-%. The high complexity involved in retinoid signaling is unparalleled among nuclear hormone receptor
pathways™.

Although the majority of evidence supports atRA as a potent anti-cancer therapy, able to suppress prolifer-
ation and induce differentiation or apoptosis®'~**, we and others have demonstrated that RA can also potenti-
ate tumor growth®*>3¢, Paradoxically, cancer stem cells have high levels of ALDH1A enzymes®’~*2, supporting
higher than normal levels of atRA biosynthesis and higher expression of atRA-inducible genes*; however, atRA
is also used as a differentiating agent which would theoretically eliminate those same cancer stem cells**-*’. This
demonstrates the importance of characterizing cellular responses to atRA in a variety of models, and motivated
the current study.

We sought to determine the relationship between the transcriptional profiles associated with ALDH1A3
expression and those corresponding to atRA treatment. We performed mRNA expression arrays (Affymetrix
HuGene 2.0ST) with two triple-negative breast cancer (TNBC) cell lines, mesenchymal MDA-MB-231 and
basal-like MDA-MB-468 cells. We have previously shown that atRA and ALDH1A3 expression potentiate growth
of MDA-MB-231 xenografts, while atRA and ALDH1A3 expression inhibit the growth of MDA-MB-468 xeno-
grafts®. We identified distinct transcriptional responses with minor overlap to ALDH1A3 and atRA treatment in
both cell lines. Among the atRA-inducible genes we identified were a number of known atRA-regulated genes,
including keratin 7 (KRT7)*, and prostaglandin E synthase (PTGES)*. We also identified known regulators of
the retinoid signaling pathway, including dehydrogenase reductase 3 (DHRS3)*, nuclear receptor interaction
protein 1 (NRIP1)*}, and cytochrome p450 family 26A1 (CYP26A1)*

Since it is established that epigenetic modulation can enhance responses to retinoid-based treatments>-%, we
provide further evidence that DNA methylation can impact the atRA-inducibility of select genes. On the other
hand, the use of the histone deacetylase inhibitor, trichostatin A (TSA), revealed limited contributions of his-
tone acetylation to the regulation of atRA-inducible genes. Very few of the genes we identified as atRA-inducible
contained RARESs, and the vast majority of genes containing RAREs were not induced by atRA in either cell line.
This again highlights the complexities of differential RA-regulated gene expression, which is cell-type specific and
responsible for the diverse cellular effects induced by RA.

Although a major hypothesis for the opposing responses to atRA treatment is differential shuttling of atRA
to RARa/$ or to peroxisome proliferator-activated receptors (PPAR) (3/65°, our previous work had indicated
that this was not a major contributing factor in the opposing responses to ALDH1A38. This study again indicates
that PPARB/6-directed transcription is not a major regulator of the pro- or anti-tumor effects of atRA. Instead,
we provide evidence for atRA-induced gene expression being predominantly RARE-independent (i.e. cathepsin
S, CTSS) and dictated by expression of additional atRA-inducible transcription factors (i.e. interferon regulatory
factor 1; IRF1). We demonstrate that IRF1 expression, which is atRA-inducible and epigenetically regulated, is
required for full atRA inducibility of CTSS in MDA-MB-231 but not MDA-MB-468. This provides support to a
complex network of interactions regulating the context-specific response of breast cancer cells to atRA.

Results

ALDH1A3 and atRA activate different transcriptional responses. We have previously characterized
that expression of the cancer stem cell marker ALDH1A3 can have opposing effects in two models of TNBC: it
can promote the growth of MDA-MB-231 xenografts while limiting the growth of MDA-MB-468 xenografts.
We also demonstrated that this was due to differing transcriptional profiles®. We determined that the effect of
ALDHI1A3 on the growth of MDA-MB-231 and MDA-MB-468 xenografts in mice may be attributed to the
upstream role of ALDH1A3 in atRA-associated gene expression, as a retinaldehyde dehydrogenase.

To assess what proportion of the transcriptional response to ALDH1A3 could be attributed to atRA, we per-
formed gene expression microarrays (Affymetrix HuGene 2.0 ST, GSE103426). We used MDA-MB-231 cells (with
or without ALDH1A3 overexpression), MDA-MB-468 cells (with or without ALDH1A3 shRNA), and treated
cells with atRA in triplicate. We first identified genes upregulated by ALDH1A3 (knockdown or overexpression)
from our microarray data in both MDA-MB-231 and MDA-MB-468 (Fig. 1a, Supplemental File 1). The over-
lap between the two cell lines is small (DHRS3), suggesting that ALDH1A3 can activate divergent gene expres-
sion profiles in these two selected cell lines. We selected a number of these genes for validation (Supplementary
Figure S1). Of note, qPCR validation identified additional genes which were regulated by ALDH1A3 in both cell
lines (i.e. RARB, SCEL, PTGES, as in Supplementary Figure S1).

We similarly identified genes upregulated by atRA treatment in MDA-MB-231 and MDA-MB-468 (Fig. 1b,
Supplemental File 1) and validated the changes in expression of a number of these genes (Supplementary
Figure S1). In almost all cases, qPCR validation supported the trends observed by microarray. Of note, according
to the microarray data, SRPX2 was only upregulated by atRA in MDA-MB-468 (and not MDA-MB-231); how-
ever, in qPCR validation, even with atRA treatment, SRPX2 was below the limit of detection in MDA-MB-468 and
was significantly induced by atRA in MDA-MB-231 (Supplementary Figure S1). The small number of genes con-
sistently upregulated by atRA treatment in these two cell lines (Fig. 1b) demonstrates that atRA can also activate
divergent gene expression profiles depending on the cellular context (i.e. MDA-MB-231 versus MDA-MB-468).

To test our hypothesis that a substantial proportion of genes upregulated by ALDH1A3 could be attributed to
transcriptional activation by atRA, we compared the ALDH1A3-upregulated genes with the atRA-upregulated
genes (Fig. 1c,d). The overlap between the ALDH1A3-regulated genes and the RA-regulated genes is small but
relevant in both MDA-MB-231 (Fig. 1c) and MDA-MB-468 (Fig. 1d). This demonstrates that exogenous applica-
tion of atRA is not equivalent to manipulation of ALDH1A3 expression, and suggests that ALDH1A3 may have
atRA-independent effects on gene transcription.
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Figure 1. Microarray analysis identifies disparate transcriptional responses to ALDH1A3 manipulation

and atRA treatment in MDA-MB-231 and MDA-MB-468 cells. (a) Overlap of ALDH1A3-upregulated

genes in MDA-MB-231 (ALDH1A3 cDNA/scramble vector) compared to MDA-MB-468 (scramble vector/
ALDHI1A3 shRNA knockdown). (b) Overlap of genes upregulated by 100nM atRA in MDA-MB-231 and
MDA-MB-468. Comparison of ALDH1A3-upregulated and atRA-upregulated genes in (c) MDA-MB-231 and
(d) MDA-MB-468). (e) Sequence logos generated from all RAREs identified in associated gene lists.

It is possible that the differences between atRA-induced gene expression and ALDH1A3-induced gene
expression is due to differences in the ‘dosing’ of atRA between exogenous application of atRA and expression of
ALDHI1A3 (i.e. genes may be upregulated by ALDH1A3 but not exceed the threshold set for differential expres-
sion). To eliminate this possibility, we compared all genes which were upregulated by either atRA or ALDH1A3 in
either MDA-MB-231 or MDA-MB-468 (Supplementary Figure 2). While there are a number of genes which are
upregulated by both ALDH1A3 and atRA to different extents, this does not explain the majority of differences in
gene expression. This indicates that a relevant subset of the ALDH1A3-regulated transcriptional response can be
attributed to atRA, but that there is a significant proportion which cannot be attributed to atRA.
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Transcriptional regulation by ALDH1A3 and atRA is largely RARE-independent. We had pre-
viously described that the transcriptional response to ALDH1A3 was largely RARE-independent®. To confirm
these findings in a new data set, we again identified genes with RAREs among those upregulated by ALDH1A3 in
either MDA-MB-231 or MDA-MB-468 cells (dotted circles in Fig. 1a). We compared the RARE sequences within
10kb of a RARE DRS5 predicted by in silico findings from Lalevée et al.>* and oPOSSUM?®” using sequence logos
(Fig. le, Supplementary Table S2). The small number of genes identified within 10kb of a RARE DR5 (7 or 18.4%
in MDA-MB-231, 12 or 17.1% in MDA-MB-468) and the nearly identical sequence logos allow us to conclude
that the ALDH1A3-regulated transcriptional response is largely RARE-independent.

Given that ALDH1A3 appears to regulate the expression of a subset of genes independent of atRA, we hypoth-
esized that a greater proportion of the transcriptional response to atRA would be RARE-dependent. Among the
atRA-upregulated genes, we again identified those genes which were located within 10kb of a RARE DR5 using
data from Lalevée et al.*> and o0POSSUM* (Supplementary Table S2). Only a small number of genes (8 or 29.6%
in MDA-MB-231 and 17 or 13.5% in MDA-MB-468) were called as within 10kb of a RARE DR5. The small
percentage of genes within regulatory distance of a RARE suggests that atRA-induced gene expression in these
TNBC cell lines is primarily (>70%) RARE-independent. We generated TF logos from these genes (Fig. le).
The logos all demonstrate a high degree of similarity with the core hexameric motif which comprises the RARE
direct repeat, separated by 5 nucleotides (DR5): (A/G)G(G/T)TCA>®. This is expected due to the methods to
identify RARE-containing genes. Additionally, we noted no substantial variation between cell lines or between
ALDHI1A3-regulated or atRA-regulated genes. This suggests that there are no substantial preferences for minor
variations in nucleotide sequence within the RARE DR5.

Epigenetic silencing restricts transcriptional response to atRA. The utility of nuclear receptors
depends on their ability to bind target DNA and activate transcription. We previously found that DNA meth-
ylation could restrict the expression of a number of ALDH1A3 -inducible genes®. Therefore, we hypothesized
that DNA methylation may restrict the expression of potential atRA-inducible genes by preventing the induc-
tion of transcription and resulting in the disparate gene expression induced by atRA in MDA-MB-468 and
MDA-MB-231 cells. To address this possibility, our microarray experiment also included three biological repli-
cates treated with the cytidine analog and DNA methyl-transferase inhibitor, 5-aza-2'-deoxycytidine (also known
as decitabine, DAC), alone or in combination with atRA treatment.

Next, we clustered the atRA-inducible genes in either cell lines based on their expression following atRA,
DAC, or combination treatment (Fig. 2). Of note, the 6 commonly upregulated genes did not cluster together
(indicated with a red star). Although globally, DAC did not enable atRA induction, we identified several clus-
ters of genes where treatment with DAC appeared to enable atRA induction (indicated as “{’, “ii”, “iii”, and “iv”,
Fig. 2). The genes in these clusters, and the presence or absence of a RARE, are listed in Supplementary Table S3.
We selected several genes from these clusters for further investigation following treatment with atRA, DAC, and
TSA, which inhibits class I and IT histone deacetylases (HDACs). Among the genes we selected, GDF15 becomes
atRA-inducible in the presence of DAC in MDA-MB-468 cells; CDH5 becomes atRA-inducible in the presence
of DAC in MDA-MB-231 cells; and SCEL becomes atRA-inducible in the presence of DAC in MDA-MB-468
cells (Fig. 3a). The remainder of the genes investigated show no significant contributions of DAC treatment to the
effects of atRA (e.g. GPRC5B and IQGAP2, Supplementary Figure S3); however, there is a clear role for epigenetic
regulation of expression in all genes examined.

To further query the methylation of these genes, we utilized the HM450 array for MDA-MB-231 and
MDA-MB-468 cells, with or without DAC treatment (GSE103425). We investigated the DNA methylation of
GDF15, CDHS5, and SCEL, using probes located +/—1500 bp from the transcription start site (TSS) (Fig. 3b).
Notably, while DAC has a substantial effect on expression of GDF15 in MDA-MB-468, only minor changes
in methylation of GDF15 are seen with DAC treatment. The opposite is seen in CD22 and HOXB2, where
DAC has substantial effects on DNA methylation (Supplementary Figure S4), with no corresponding changes
in gene expression (Supplementary Figure S4). Among those methylation sensitive genes (i.e. GDF15, CDHS5,
and SCEL), we report no effect of atRA treatment on DNA methylation as measured by the HM450 array
(Fig. 3b). TSA did not appear to play a significant role in gene expression (except for TINAGL1 and PRDM1,
Supplementary Figure S4) which suggests that histone acetylation by HDACs 1, 3, 4, 6, or 10 is not a major
contributory factor to the divergent gene expression profiles. Since these data suggested that DAC was unable to
fully align the divergent transcriptional profiles, and that neither DNA methylation nor histone acetylation of
the genes were concordant with the differences in mRNA expression, we then hypothesized that the expression
of additional regulatory factors could be responsible for the differential transcriptional responses to atRA seen
in these two TNBC models.

IRF1is associated with atRA-upregulated genes in MDA-MB-231 and MDA-MB-468 cells. We
used a discovery-motivated approach to identify potential regulatory transcriptional factors associated with the
genes upregulated by atRA treatment in either MDA-MB-231 or MDA-MB-468. We used PASTAA (Predicting
ASsociated Transcription factors from Annotated Affinities)™ to identify transcription factors with high bind-
ing affinities within our upregulated gene lists. The top matrices in each cell line were identified and the corre-
sponding transcriptional signatures. Using a cut-off of association >2.0 and p < 0.05, 27 matrices were identified
in MDA-MB-231 and 30 matrices were prioritized in MDA-MB-468 cells. This set of matrices corresponded
to two lists of 19 and 21 transcription factors in MDA-MB-231 and MDA-MB-468 cells, respectively (Fig. 4a).
Given that the genes upregulated by atRA were quite distinct (Fig. 1b), it was not surprising that the transcrip-
tion factors identified with high affinities for the gene lists from each cell line were also distinct. We also exam-
ined the transcription factors associated with down-regulated genes (summarized in Supplementary Figure S5).
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Figure 2. DAC treatment does not align atRA-induced transcriptional profiles. Hierarchical clustering
(heatmap.2, gplots) of microarray expression values from MDA-MB-231 and MDA-MB-468 cells treated with
atRA, DAC, or both demonstrate that the use of DAC did not align the RA-inducible transcriptional profiles
in these cell lines. Genes which were commonly upregulated in both cell lines are indicated by * on the right-
hand side, while limited clusters of genes which displayed DAC-permissive atRA inducibility are indicated by
lowercase Roman numerals. These genes are described in more detail in Supplementary Table S3.

Those with high association scores are consistent with previously published data which suggest that atRA can
downregulate genes by interfering with promiscuous transcription factors such as AP1 (composed of a FOS/JUN
heterodimer)®%¢!,

Of note, the retinoic acid receptors o and 3 (RARa and RARB) were only identified with high affinity in the
MDA-MB-231 gene list. We did not investigate this canonical pathway as there is a substantial body of evidence
indicating that methylation of RARS contributes to differences in atRA-inducible transcription®-**. It is also of
interest that PPAR« was only identified above our threshold in the MDA-MB-468 gene list. This suggests that
redirection of atRA through FABP5 to PPARB/6 is not a predominant mechanism for the promotion of tumor
growth and proliferation by atRA in our model.

We identified interferon regulatory factor 1 (IRF1) and the myocyte enhancer factor 2 (MEF2) family of
transcription factors as significantly associated with the gene lists from both MDA-MB-231 and MDA-MB-468
cells. atRA is known to activate MEF2C® and to induce expression of IRF1%. To prioritize further experiments,
we then examined the expression of all indicated transcription factors in the microarray data (Supplementary
Figure S6). We selected IRF1 for further characterization due to its differential expression between MDA-MB-231

SCIENTIFICREPORTS|7: 16684 | DOI:10.1038/541598-017-16687-6 5



www.nature.com/scientificreports/

Expression of atRA-inducible genes . seowone Methylation of atRA-inducible . voavezsinr
a after DAC and/or TSA treatment =+ Wit A genes after DAC treatment o Mo

-e- MDA-MB-468 NT

-e- no treatment
MDA-MB-468 DAC

GDF15 in MDA-MB-231 GDF15 in MDA-MB-468 GDF15 - MDAMB-468 atRA
1.0
= 41 +vsa :*p<0.05 = 57 evsa 1™ p<0.01 g
2 5| B p<0.001 2 B8 -+ p<0.001 Sos
8 g 4 H
5 8 :7“ 2os
Z2 7*4“‘ £ £
o o 2 5
2 H o4
] s 3
g / 3o —2 202
<0 < 3
g g < 0.04 . . . . - .
-1 T T 2 T T -1500 -1000 -500 0 500 1000 1500
no treatment atRA no treatment atRA Distance from TSS (bp)
CDH5 in MDA-MB-231 CDHS5 in MDA-MB-468 CDHS
_. 67 evsA :notsig. = 67 *vsa 7 p<0.001 '
c
e | M p0001 S | M p<0.001 Zos
2 4 ///6 o 4 J‘:
s s £06
X x €
@, ® 5 S
2 2 Zo4
s 5 o
To 0<: geo ‘_:: 0.2
£ = .
g g G0l : : : : : :
- 2
2 T T e no tre;tment atI'?A -1500 -1000 -500 0 500 1000 1500
no treatment atRA Distance from TSS (bp)
SCEL in MDA-MB-231 SCEL in MDA-MB-468 SCEL
1.0
= 59 evsA :***p<0.001 = 37 evsa :*p<0.05 g
2 ,| W - p<0.001 2 B - p<0.001 Sos
g g2 H
5 g 206 glgm—
g3 3 H _ X
o 1 3 > >
g > ./A =1 0.4 - RN
£2 5 g 4
° g 0 -— A ‘_;‘ 0.2
5 g &y . . . : : .
-0 - T -1 no !re;tmen! at'RA -1500 -1000 -500 0 500 1000 1500
no treatment atRA Distance from TSS (bp)

Figure 3. Decitabine does not restore atRA inducibility of specific genes between cell lines. (a) MDA-MB-231
and MDA-MB-468 cells were treated with atRA, DAC, and/or TSA and relative expression of GDF15, CDHS5,
and SCEL were determined by qPCR. A two-way analysis of variance was used to compare the effect of atRA
treatment to the effects of DAC and/or TSA treatment (n =4, *p < 0.05, **p < 0.01, ***p < 0.001). (b) 3-values
representing the relative methylation (Illumina HM450 arrays) of distinct CpG sites in MDA-MB-231 and
MDA-MB-468 cells treated with DAC are compared within 1500 bp of the transcription start site (TSS) (n=3,
GSE103425).

and MDA-MB-468 cells, an increase in expression following DAC treatment in MDA-MB-468 cells, and its
RA-inducibility in both cell lines (Supplementary Figure S6). In contrast, the MEF2 family of transcription factors
showed no substantive response to RA (Supplementary Figure S6).

IRF1 has been previously characterized with a RARE DR5; however, induction of IRF1 by atRA appears to
be mediated by an interferon regulatory element®. When we validated the expression by gPCR, we confirmed
that IRF1 was more highly expressed in MDA-MB-231 cells (Fig. 4b), and could be significantly induced by
atRA in both cell lines (Fig. 4c). Increased expression with DAC was only seen in MDA-MB-468 cells (Fig. 4c¢).
This suggests that differential expression of IRF1 may be a contributing factor to the divergent gene expression
profiles in two TNBC cell line models. To confirm previous reports that the induction of IRF1 by atRA was inde-
pendent of STAT1 (signal transducing activator of transcription 1), we measured STAT1 mRNA expression in
MDA-MB-231 cells following atRA treatment (Fig. 4d). We observed no effect of atRA on STAT1 mRNA, sug-
gesting that if atRA affects IRF1 expression via STAT1, it does so non-genomically.

IRF1 expression is necessary for atRA induction of CTSS expression. To further validate the
role of IRF1 in differential RA transcriptional responses, we generated two shRNA knockdowns of IRF1 in
MDA-MB-231 and MDA-MB-468 cells with varying efficiencies (Fig. 5a). We then treated these vector-bearing
cell lines with atRA and/or DAC, and measured the expression of several known IRF1 target genes (retinoic acid
receptor response protein 3, RARRES3; guanylate binding protein 4, GBP4; and cathepsin S, CTSS)®7°. Of these
genes, RARRES3 and GBP4 possess RARE DR5s>*7!. We demonstrate that although RARRES3 is more highly
expressed in MDA-MB-468 cells, IRF1 knockdown has similar effects on its expression in both MDA-MB-231 and
MDA-MB-468 cells (Supplementary Figure S7). Next, although GBP4 is more highly expressed in MDA-MB-231,
IRF1 knockdown has similar effects on its expression in both cell lines (Supplementary Figure S7). We also exam-
ined the expression of TNFSF10 (tumor necrosis factor super family member 10; TNF-related apoptosis-inducing
ligand, TRAIL) an important target of IRF1 transcription factor activity’?, and determined that its expression in
both MDA-MB-231 and MDA-MB-468 cells is largely IRF1-independent (Supplementary Figure S7).
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Figure 4. IRF1 is an atRA-inducible transcription factor. (a) PASTAA analysis of transcription factor affinities
identified disparate transcription factors associated with atRA-inducible genes in MDA-MB-231 as compared to
MDA-MB-468. (b) qPCR was used to detect expression of IRF1 in MDA-MB-231 and MDA-MB-468 cells. (c)
Relative expression of IRF1 following atRA and DAC treatment in MDA-MB-231 and MDA-MB-468 cells was
determined by qPCR. A two-way analysis of variance was used to compare the effect of atRA treatment to the
effect of DAC treatment (*p < 0.05, **p < —0.01). (d) The expression of STAT1 was measured in MDA-MB-231
following atRA treatment and compared using a paired student’s t-test.

Of note, IRF1 expression was required for CTSS expression in MDA-MB-231 but not in MDA-MB-468 cells
(Fig. 5b). IRF1 expression was also required for full atRA-induced CTSS expression in MDA-MB-231 cells. While
CTSS displays differential methylation between MDA-MB-231 and MDA-MB-468 (Fig. 5¢), neither DAC nor
TSA induced changes in expression (Fig. 5d). Our findings that IRF1 expression contributes to the regulation of
RARRES3, GBP4, and CTSS, but not to the regulation of TNFSF10, are further validated by mRNA expression
data from breast cancer patients. We observe strong correlations of IRF1 expression with GBP4 and CTSS, but
only a weak correlation with RARRES3 and TNESF10 expression (Fig. 6).

In addition to the contributions of DNA methylation to the expression of atRA-inducible transcripts such as
GDF15, CDH5, and SCEL, these findings demonstrate that baseline expression of additional regulatory transcrip-
tional factors such as IRF1 can be sufficient to activate divergent transcriptional profiles in cells.

Discussion
Mechanisms of RARE-independent RA-mediated gene regulation have been proposed. For example, atRA can
regulate gene expression via trans-mechanisms, such as interaction of the RARs with the transcription factors of
other signaling pathways (e.g. estrogen receptor, ER, in ER" breast cancer cells)”>”*. RA activated RARs can also
act as epigenetic modifiers, altering chromatin structure and thus gene expression’>~””. Through interactions with
transcription complex proteins, RA bound RARs influence the addition or removal of epigenetic marks, such as
histone methylation and acetylation, and DNA methylation. Interestingly, we did not see evidence of changes in
gene methylation upon induction of gene expression by atRA, while we did note instances where DNA methyla-
tion contributes to differential RA-mediated gene expression. However, while promoter methylation contributes
to the restricted atRA-inducible transcriptional responses in TNBC MDA-MB-231 and MDA-MB-468 cells, our
data suggests that it is the expression of other regulatory factors such as IRF1 which mediate the expression of
genes without RAREs. In fact, both atRA and DAC appear to modulate IRF1 expression in these cell lines. While
the majority of this work focused on coding transcripts, several long non-coding RNAs were identified including
1linc00857 (upregulated in MDA-MB-231). Further work on understanding the regulation of non-coding tran-
scripts by RA, and their subsequent regulation of the coding genome, will be important to contextualize the full
cellular genomic context and cellular response to RA. This provides further evidence that the response of breast
cancer cells to atRA is primarily non-canonical, and indicates an area needing additional investigation if the full
potential of atRA as a cancer therapeutic is to be achieved.

We further characterized the transcriptional response to ALDH1A3 manipulation by comparing it to atRA
and DAC treatment in two TNBC cell lines. Although ALDH1A3 is characterized primarily as a retinaldehyde
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Figure 5. IRF1 expression is required for CTSS expression in MDA-MB-231 cells. (a) shtRNA knockdowns of
IRFI1 were generated in MDA-MB-231 and MDA-MB-468. Values were compared using a one-way analysis

of variance with repeated measures (n=4). (b) CTSS expression was measured by qPCR and compared
between MDA-MB-231 and MDA-MB-468 cells using a paired student’s t-test (n =4). (c) CTSS expression
was measured in shRNA knockdowns following treatment with atRA and/or DAC. A two-way analysis of
variance was used to determine the effect of IRF1 knockdown compared to atRA/DAC treatment (n=4). (d)
MDA-MB-231 and MDA-MB-468 cells were treated with DAC and/or TSA and CT'SS expression was measured
by qPCR. Values were compared with a two-way analysis of variance (n =4). (e) 3-values representing the
relative methylation (Illumina HM450 arrays) of distinct CpG sites in MDA-MB-231 and MDA-MB-468 cells
treated with DAC are compared within 1500 bp of the transcription start site (TSS) (n =3, GSE103425). For all
statistical comparisons, *p < 0.05, **p < 0.01, ***p < 0.001.

dehydrogenase, we identified limited overlap between the ALDH1A3-upregulated and the atRA-upregulated
transcriptional profiles in both cell lines. While we and others have demonstrated a clear role for ALDH1A3 in
initiating retinoid signaling and affecting the expression of RARE-containing genes including RAR@, the tumor
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Figure 6. IRF1 expression strongly correlates with CTSS and GBP4 expression in breast cancer patient tumors.
The expression of IRF1 target genes CTSS, GBP4, TNFSF10, and RARRES3 in 421 breast cancer patient
tumors® are plotted against IRF1 expression. Correlation and significance are indicated for each plot.

suppressor gene RARRES], and tissue transglutaminase®*>7%, the sole contribution of ALDH1A3 as a retinalde-
hyde dehydrogenase in breast cancer and the stem cell phenotype (cancerous or non-cancerous) may be oversta
ted®414479-81_ Alternate functions of ALDH1A3 may contribute to breast cancer progression and stem-cell activity.
We note that atRA has been used as an ALDH inhibitor in cancer stem cell studies*>*% however, considering that
we demonstrate some overlap between ALDH1A3 and atRA regulated genes in breast cancer cells, the regulation
of ALDH enzymes with atRA is likely to confound studies of the biological effects of ALDH1A3. The regulation
of ALDH1A3 by atRA is likely to be context-dependent®?.

One possible explanation is that other potential substrates of ALDH1A3 may further account for the observed
discrepancies between transcriptional profiles in this study, including those involved in glycolysis® and the oxi-
dation of lipid peroxidation-derived aldehydes®>®¢. Additionally, the mouse ALDH1A3 (also known as RALDH3)
has a high affinity for octanal, decanal, and hexanal®”, which can affect gene expression®. There is a high degree
of structural similarity between the ALDHI1A isoforms, so ALDH1A3 may have yet uncharacterized enzymatic
substrates, including 9-cis retinal®’. These additional substrates may explain the lack of concordance between the
ALDH1A3-induced and RA-induced transcriptional profiles.

We demonstrate that the pleotropic effects of atRA on breast cancer cells are related to non-genomic
and multi-layered pathways; and restricting analysis of atRA-responsiveness in breast cancer to canonical
RARE-containing genes limits the biological relevance. The cellular context of breast cancer cells (i.e. the expres-
sion of atRA-inducible transcription factors) is a major contributing factor to the divergent responses observed
to atRA.

Methods
Cell lines, vectors, and reagents. MDA-MB-231 and MDA-MB-468 cells were obtained from the

American Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% fetal bovine serum and 1x antibiotic-antimycotic (Invitrogen). DDC Medical authenticated the cell lines
by short tandem repeat (STR) profiling at 17 loci and verified them to be mycoplasma-negative (last performed
2015).

All-trans retinoic acid (atRA, Sigma) was used at 100 nM for 18 h. 5-aza-2’-deoxycitidine (decitabine, DAC,
Sigma), was used at 1 pM for 72h and replaced every 24 h. Trichostatin A (TSA, Sigma) was used at 100 nM for
18 h. When used in combination, atRA and TSA were added for the last 18 h of treatment.
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IRF1 shRNA knockdown clones were generated using the pGipZ lentiviral vector packaged in HEK293T
cells following standard protocols (IRF1kd-60: V3LHS_412360; IRF1kd-94: V2LHS_133394; Dharmacon).
ALDHI1A3-overexpressing and ALDH1A3 knockdown clones were generated and validated as previously
described®*!.

Quantitative PCR.  Total RNA was extracted using Trizol reagent and the PureLink RNA kit (Invitrogen)
with DNase treatment. Equal amounts of RNA were reverse transcribed using iScript (BioRad) and quantitative
real-time PCR (qPCR) was performed using gene-specific primers (Supplementary Table S1). Standard curves
for each primer set were generated, and primer efficiencies were incorporated into the CFX Manager software
(Bio-Rad). mRNA expression of all samples was calculated relative to two reference genes [glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and (3-2-microglobulin (B2M)], and an indicated control sample. Relative
mRNA expression was log-2 transformed prior to plotting and statistical analysis.

Gene expression profiling. MDA-MB-231 MSCV and ALDH1A3-overexpression cells, and MDA-MB-468
SMP and ALDH1A3-shRNA cells were treated with atRA and/or DAC as described in triplicate. Sample prepa-
ration, amplification, hybridization to the Affymetrix HuGene 2.0 ST array, and data collection were performed
by The Centre for Applied Genomics at the Hospital for Sick Children (Toronto, Ontario, Canada) and can be
accessed by Geo Accession Reference GSE103426. Data was analyzed in the R environment using the oligo pack-
age with RMA normalization. Genes which were up-or down-regulated more than 1.6-fold (log, =0.678) at a
significance level of p < 0.01 were considered differentially expressed.

Methylation profiling. DNA was collected from untreated and DAC-treated MDA-MB-231 and
MDA-MB-468 cells using the PureLink DNA kit (Invitrogen). Methylation analyses using the HM450 bead chip
array (Illumina) was performed by The Centre for Applied Genomics including bisulfite conversion, hybridiza-
tion, background subtraction, and normalization (Geo Accession GSE103425). 3-values for Illumina probes near
each gene of interest were extracted from the data, and location determined relative to the transcription start site
(TSS).

Transcription factorlogos.  Genes with retinoic acid response elements (RAREs) were identified from pub-
lished data (Lalevee et al.*®) or from the oPossum database™ within 10kb of the TSS of the gene of interest. RARE
sequences were entered into WebLogo®® with default settings. Where a gene was identified with more than 1
RARE within 10kb of the TSS, all identified RARE sequences were utilized for logo generation.

Statistical analyses. All statistical analyses were calculated in GraphPad Prism 6. Paired t-tests were used
to compare single treatments, one-way ANOVA was used to compare multiple vectors, and two-way ANOVA was
used to compare combinations of treatments and/or vectors. Pearson’s correlations were calculated for TCGA
data appearing in Fig. 6. For all comparisons, *p < 0.05, **p < 0.01, ***p < 0.001.

Data availability. The microarray and DNA methylation datasets generated during and analysed during
the current study are available in the Geo repository as series GSE103427. Data from The Cancer Genome Atlas
(TCGA)*® were analyzed and extracted from the cBioportal interface?>2. Other data and samples are available
from the corresponding author on reasonable request.

References

1. Coyle, K. M, Sultan, M., Thomas, M. L., Kashani, A. V. & Marcato, P. Retinoid Signaling in Cancer and Its Promise for Therapy. J.
Carcinog. Mutagen. 0-14 https://doi.org/10.4172/2157-2518.57-006 (2013).

2. Gudas, L. ]. & Wagner, J. A. Retinoids regulate stem cell differentiation. J. Cell. Physiol. 226, 322-330 (2011).

3. Liu, R.-Z. et al. Association of FABP5 expression with poor survival in triple-negative breast cancer: implication for retinoic acid
therapy. Am. J. Pathol. 178, 997-1008 (2011).

4. Liu, X. et al. Stromal retinoic acid receptor beta promotes mammary gland tumorigenesis. Proc. Natl. Acad. Sci. USA 108, 774-779
(2011).

5. Tang, X.-H. & Gudas, L. J. Retinoids, retinoic acid receptors, and cancer. Annu. Rev. Pathol. 6, 345-364 (2011).

6. Schug, T. T, Berry, D. C., Shaw, N. S., Travis, S. N. & Noy, N. Opposing Effects of Retinoic Acid on Cell Growth Result from
Alternate Activation of Two Different Nuclear Receptors. Cell 129, 723-733 (2007).

7. Schug, T. T. et al. Overcoming retinoic acid-resistance of mammary carcinomas by diverting retinoic acid from PPARbeta/delta to
RAR. Proc. Natl. Acad. Sci. USA 105, 7546-7551 (2008).

8. Marcato, P. et al. Aldehyde dehydrogenase 1A3 influences breast cancer progression via differential retinoic acid signaling. Mol.
Oncol. 9, 17-31 (2015).

9. Huang, M. E. et al. Use of all-trans retinoic acid in the treatment of acute promyelocytic leukemia. Blood 72, 567-572 (1988).

10. Peinemann, E, van Dalen, E. C., Tushabe, D. A. & Berthold, E. Retinoic acid post consolidation therapy for high-risk neuroblastoma
patients treated with autologous hematopoietic stem cell transplantation. Cochrane Database Syst. Rev. 1, CD010685 (2015).

11. Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group. The effect of vitamin E and beta carotene on the incidence of
lung cancer and other cancers in male smokers. N. Engl. J. Med. 330, 1029-1035 (1994).

12. Chiesa, M. D. et al. Tamoxifen vs Tamoxifen plus 13-cis-retinoic acid vs Tamoxifen plus Interferon alpha-2a as first-line endocrine
treatments in advanced breast cancer: updated results of a phase II, prospective, randomised multicentre trial. Acta Bio-Medica
Atenei Parm. 78, 204-209 (2007).

13. Singletary, S. E. et al. Phase II clinical trial of N-(4-Hydroxyphenyl)retinamide and tamoxifen administration before definitive
surgery for breast neoplasia. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 8, 2835-2842 (2002).

14. Garattini, E. et al. Retinoids and breast cancer: From basic studies to the clinic and back again. Cancer Treat. Rev. 40, 739-749
(2014).

15. Fontana, J. A. Interaction of retinoids and tamoxifen on the inhibition of human mammary carcinoma cell proliferation. Exp. Cell
Biol. 55, 136-144 (1987).

16. Cho, Y., Tighe, A. P. & Talmage, D. A. Retinoic acid induced growth arrest of human breast carcinoma cells requires protein kinase
C alpha expression and activity. J. Cell. Physiol. 172, 306-313 (1997).

SCIENTIFICREPORTS |7: 16684 | DOI:10.1038/s41598-017-16687-6 10


http://dx.doi.org/10.4172/2157-2518.S7-006

www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Chen, A. C.,, Guo, X., Derguini, F. & Gudas, L. ]. Human breast cancer cells and normal mammary epithelial cells: retinol metabolism
and growth inhibition by the retinol metabolite 4-oxoretinol. Cancer Res. 57, 4642-4651 (1997).

Hong, T.-K. & Lee-Kim, Y. C. Effects of retinoic acid isomers on apoptosis and enzymatic antioxidant system in human breast cancer
cells. Nutr. Res. Pract. 3,77-83 (2009).

Wetherall, N. T. & Taylor, C. M. The effects of retinoid treatment and antiestrogens on the growth of T47D human breast cancer
cells. Eur. J. Cancer Clin. Oncol. 22, 53-59 (1986).

Van heusden, J. et al. All-trans-retinoic acid metabolites significantly inhibit the proliferation of MCF-7 human breast cancer cells
in vitro. Br. J. Cancer 77, 26-32 (1998).

Mira-Y-Lopez, R. et al. Retinol conversion to retinoic acid is impaired in breast cancer cell lines relative to normal cells. J. Cell.
Physiol. 185, 302-309 (2000).

Bolis, M. et al. Network-guided modeling allows tumor-type independent prediction of sensitivity to all-trans-retinoic acid. Ann.
Oncol. 28, 611-621 (2017).

Carrier, M., Joint, M., Lutzing, R., Page, A. & Rochette-Egly, C. Phosphoproteome and Transcriptome of RA-Responsive and RA-
Resistant Breast Cancer Cell Lines. PLOS ONE 11, 0157290 (2016).

Persaud, S. D. et al. All trans-retinoic acid analogs promote cancer cell apoptosis through non-genomic Crabpl mediating ERK1/2
phosphorylation. Sci. Rep. 6,22396 (2016).

Lalevée, S. et al. Genome-wide in Silico Identification of New Conserved and Functional Retinoic Acid Receptor Response Elements
(Direct Repeats Separated by 5 bp). J. Biol. Chem. 286, 33322-33334 (2011).

Bookout, A. L. et al. Anatomical Profiling of Nuclear Receptor Expression Reveals a Hierarchical Transcriptional Network. Cell 126,
(789-799 (2006).

Liu, T.-X. et al. Gene expression networks underlying retinoic acid-induced differentiation of acute promyelocytic leukemia cells.
Blood 96, 1496-1504 (2000).

Zheng, P.-Z. et al. Systems analysis of transcriptome and proteome in retinoic acid/arsenic trioxide-induced cell differentiation/
apoptosis of promyelocytic leukemia. Proc. Natl. Acad. Sci. USA 102, 7653-7658 (2005).

Hosoda, K., Sato, M. & Yanai, K. Identification and Characterization of Human Genomic Binding Sites for Retinoic Acid Receptor/
Retinoid X Receptor Heterodimers. Adv. Biol. Chem. 05, 58 (2015).

Leid, M., Kastner, P. & Chambon, P. Multiplicity generates diversity in the retinoic acid signalling pathways. Trends Biochem. Sci. 17,
427-433 (1992).

Seewaldt, V. L., Johnson, B. S., Parker, M.. B., Collins, S. J. & Swisshelm, K. Expression of retinoic acid receptor beta mediates retinoic
acid-induced growth arrest and apoptosis in breast cancer cells. Cell Growth Differ. Mol. Biol. ]. Am. Assoc. Cancer Res. 6, 1077-1088
(1995).

Liu, Y. et al. Retinoic acid receptor beta mediates the growth-inhibitory effect of retinoic acid by promoting apoptosis in human
breast cancer cells. Mol. Cell. Biol. 16, 1138-1149 (1996).

Altucci, L. et al. Retinoic acid-induced apoptosis in leukemia cells is mediated by paracrine action of tumor-selective death ligand
TRAIL. Nat. Med. 7, 680-686 (2001).

Lin, G. et al. w-3 free fatty acids and all-trans retinoic acid synergistically induce growth inhibition of three subtypes of breast cancer
cell lines. Sci. Rep. 7,2929 (2017).

Verma, A. K,, Conrad, E. A. & Boutwell, R. K. Differential Effects of Retinoic Acid and 7,8-Benzoflavone on the Induction of Mouse
Skin Tumors by the Complete Carcinogenesis Process and by the Initiation-Promotion Regimen. Cancer Res. 42, 3519-3525 (1982).
Manor, D. et al. Mammary Carcinoma Suppression by Cellular Retinoic Acid Binding Protein-II. Cancer Res. 63, 4426-4433 (2003).
Ginestier, C. et al. ALDHI1 Is a Marker of Normal and Malignant Human Mammary Stem Cells and a Predictor of Poor Clinical
Outcome. Cell Stem Cell 1, 555-567 (2007).

Chen, Y.-C. et al. Aldehyde dehydrogenase 1 is a putative marker for cancer stem cells in head and neck squamous cancer. Biochem.
Biophys. Res. Commun. 385, 307-313 (2009).

Huang, E. H. et al. Aldehyde Dehydrogenase 1 Is a Marker for Normal and Malignant Human Colonic Stem Cells (SC) and Tracks
SC Overpopulation during Colon Tumorigenesis. Cancer Res. 69, 3382-3389 (2009).

Jiang, E et al. Aldehyde Dehydrogenase 1 Is a Tumor Stem Cell-Associated Marker in Lung Cancer. Mol. Cancer Res. 7, 330-338
(2009).

Marcato, P. et al. Aldehyde dehydrogenase activity of breast cancer stem cells is primarily due to isoform ALDH1A3 and its
expression is predictive of metastasis. Stem Cells Dayt. Ohio 29, 32-45 (2011).

Sullivan, K. E., Rojas, K., Cerione, R. A., Nakano, I. & Wilson, K. E. The stem cell/cancer stem cell marker ALDH1A3 regulates the
expression of the survival factor tissue transglutaminase, in mesenchymal glioma stem cells. Oncotarget 8, 22325-22343 (2017).
Moretti, A. et al. Crystal structure of human aldehyde dehydrogenase 1A3 complexed with NAD(+) and retinoic acid. Sci. Rep. 6,
35710 (2016).

Ginestier, C. et al. Retinoid signaling regulates breast cancer stem cell differentiation. Cell Cycle Georget. Tex 8, 3297-3302 (2009).
Croker, A. K. & Allan, A. L. Inhibition of aldehyde dehydrogenase (ALDH) activity reduces chemotherapy and radiation resistance
of stem-like ALDHhiCD44+human breast cancer cells. Breast Cancer Res. Treat. 133, 75-87 (2012).

Lim, Y. C,, Kang, H. J., Kim, Y. S. & Choi, E. C. All-trans-retinoic acid inhibits growth of head and neck cancer stem cells by
suppression of Wnt/3-catenin pathway. Eur. J. Cancer 48, 3310-3318 (2012).

Friedman, M. D,, Jeevan, D. S., Tobias, M., Murali, R. & Jhanwar-Uniyal, M. Targeting cancer stem cells in glioblastoma multiforme
using mTOR inhibitors and the differentiating agent all-trans retinoic acid. Oncol. Rep. 30, 1645-1650 (2013).

Nguyen, P. H. et al. All-trans retinoic acid targets gastric cancer stem cells and inhibits patient-derived gastric carcinoma tumor
growth. Oncogene 35, 5619-5628 (2016).

Mamidi, S., Hofer, T. P. J., Hoffmann, R., Ziegler-Heitbrock, L. & Frankenberger, M. All-trans retinoic acid up-regulates
Prostaglandin-E Synthase expression in human macrophages. Immunobiology 217, 593-600 (2012).

Feng, L., Hernandez, R. E., Waxman, J. S., Yelon, D. & Moens, C. B. Dhrs3a regulates retinoic acid biosynthesis through a feedback
inhibition mechanism. Dev. Biol. 338, 1-14 (2010).

Heim, K. C. et al. Selective repression of retinoic acid target genes by RIP140 during induced tumor cell differentiation of pluripotent
human embryonal carcinoma cells. Mol. Cancer 6, 57 (2007).

White, J. A. et al. Identification of the retinoic acid-inducible all-trans-retinoic acid 4-hydroxylase. J. Biol. Chem. 271, 29922-29927
(1996).

Emionite, L. et al. Histone Deacetylase Inhibitors Enhance Retinoid Response in Human Breast Cancer Cell Lines. Anticancer Res.
24, 4019-4024 (2004).

Kashyap, V. & Gudas, L. J. Epigenetic Regulatory Mechanisms Distinguish Retinoic Acid-mediated Transcriptional Responses in
Stem Cells and Fibroblasts. J. Biol. Chem. 285, 14534-14548 (2010).

Romero, O. A. et al. Sensitization of retinoids and corticoids to epigenetic drugs in MYC-activated lung cancers by antitumor
reprogramming. Oncogene 36, 1287-1296 (2017).

Shaw, N., Elholm, M. & Noy, N. Retinoic Acid Is a High Affinity Selective Ligand for the Peroxisome Proliferator-activated Receptor
(3/6. J. Biol. Chem. 278, 41589-41592 (2003).

Kwon, A. T., Arenillas, D. J., Worsley Hunt, R. & Wasserman, W. W. oPOSSUM-3: advanced analysis of regulatory motif over-
representation across genes or ChIP-Seq datasets. G3 Bethesda Md 2, 987-1002 (2012).

SCIENTIFICREPORTS |7: 16684 | DOI:10.1038/s41598-017-16687-6 11



www.nature.com/scientificreports/

58. Mader, S., Leroy, P., Chen, J. Y. & Chambon, P. Multiple parameters control the selectivity of nuclear receptors for their response
elements. Selectivity and promiscuity in response element recognition by retinoic acid receptors and retinoid X receptors. J. Biol.
Chem. 268, 591-600 (1993).

59. Roider, H. G., Manke, T., O’Keefe, S., Vingron, M. & Haas, S. A. PASTAA: identifying transcription factors associated with sets of
co-regulated genes. Bioinformatics 25, 435-442 (2009).

60. Schiile, R. et al. Retinoic acid is a negative regulator of AP-1-responsive genes. Proc. Natl. Acad. Sci. USA 88, 6092-6096 (1991).

61. Benkoussa, M., Brand, C., Delmotte, M.-H., Formstecher, P. & Lefebvre, P. Retinoic acid receptors inhibit AP1 activation by
regulating extracellular signal-regulated kinase and CBP recruitment to an AP1-responsive promoter. Mol. Cell. Biol. 22, 4522-4534
(2002).

62. Xu, X.-C,, Liu, X., Tahara, E., Lippman, S. M. & Lotan, R. Expression and Up-Regulation of Retinoic Acid Receptor-(3 Is Associated
with Retinoid Sensitivity and Colony Formation in Esophageal Cancer Cell Lines. Cancer Res. 59, 2477-2483 (1999).

63. Zhang, J., Liu, L. & Pfeifer, G. P. Methylation of the retinoid response gene TIG1 in prostate cancer correlates with methylation of the
retinoic acid receptor beta gene. Oncogene 23, 2241-2249 (2004).

64. Fazi, F et al. Retinoic acid targets DNA-methyltransferases and histone deacetylases during APL blast differentiation in vitro and in
vivo. Oncogene 24, 1820-1830 (2005).

65. Ren, X. et al. Activation of p38/MEF2C pathway by all-trans retinoic acid in cardiac myoblasts. Life Sci. 81, 89-96 (2007).

66. Luo, X. M. & Ross, A. C. Retinoic acid exerts dual regulatory actions on the expression and nuclear localization of interferon
regulatory factor-1. Exp. Biol. Med. Maywood NJ 231, 619-631 (2006).

67. Pelicano, L., Li, E, Schindler, C. & Chelbi-Alix, M. K. Retinoic acid enhances the expression of interferon-induced proteins: evidence
for multiple mechanisms of action. Oncogene 15, 2349-2359 (1997).

68. Percario, Z. A. et al. Retinoic acid is able to induce interferon regulatory factor 1 in squamous carcinoma cells via a STAT-1
independent signalling pathway. Cell Growth Differ. Mol. Biol. J. Am. Assoc. Cancer Res. 10, 263-270 (1999).

69. Gravesande, K. S. van’s et al. IFN Regulatory Factor-1 Regulates IFN-~-Dependent Cathepsin S Expression. J. Immunol. 168,
4488-4494 (2002).

70. Rettino, A. & Clarke, N. M. Genome-wide Identification of IRF1 Binding Sites Reveals Extensive Occupancy at Cell Death
AssociatedGenes. J. Carcinog. Mutagen. https://doi.org/10.4172/2157-2518.56-009 (2013).

71. Jiang, S.-Y. et al. Identification and characterization of the retinoic acid response elements in the human RIG1 gene promoter.
Biochem. Biophys. Res. Commun. 331, 630-639 (2005).

72. Park, S.-Y. et al. IFN-gamma enhances TRAIL-induced apoptosis through IRF-1. Eur. . Biochem. 271, 4222-4228 (2004).

73. Hua, S, Kittler, R. & White, K. P. Genomic antagonism between retinoic acid and estrogen signaling in breast cancer. Cell 137,
1259-1271 (2009).

74. Ross-Innes, C. S. et al. Cooperative interaction between retinoic acid receptor-alpha and estrogen receptor in breast cancer. Genes
Dev. 24,171-182 (2010).

75. Bhattacharyya, N. et al. Retinoid-induced chromatin structure alterations in the retinoic acid receptor beta2 promoter. Mol. Cell.
Biol. 17, 6481-6490 (1997).

76. Kashyap, V. et al. RAR~ is essential for retinoic acid induced chromatin remodeling and transcriptional activation in embryonic
stem cells. ] Cell Sci 126, 999-1008 (2013).

77. Basu, M., Khan, M. W.,, Chakrabarti, P. & Das, C. Chromatin reader ZMYNDS is a key target of all trans retinoic acid-mediated
inhibition of cancer cell proliferation. Biochim. Biophys. Acta BBA - Gene Regul. Mech. 1860, 450-459 (2017).

78. Coyle, K. M. et al. Breast cancer subtype dictates DNA methylation and ALDH1A3-mediated expression of tumor suppressor
RARRES1. Oncotarget 7, 44096-44112 (2016).

79. Chute, J. P. et al. Inhibition of aldehyde dehydrogenase and retinoid signaling induces the expansion of human hematopoietic stem
cells. Proc. Natl. Acad. Sci. 103, 11707-11712 (2006).

80. Duan, J.-J., Cai, ], Guo, Y.-E, Bian, X.-W. & Yu, S.-C. ALDH1A3, a metabolic target for cancer diagnosis and therapy. Int. J. Cancer
139, 965-975 (2016).

81. Thomas, M. L. et al. Citral reduces breast tumor growth by inhibiting the cancer stem cell marker ALDH1A3. Mol. Oncol. 10,
1485-1496 (2016).

82. Young, M.-]. et al. All-trans retinoic acid downregulates ALDH1-mediated stemness and inhibits tumour formation in ovarian
cancer cells. Carcinogenesis 36, 498-507 (2015).

83. Kedishvili, N. Y. Enzymology of retinoic acid biosynthesis and degradation. J. Lipid Res. 54, 1744-1760 (2013).

84. Mao, P. et al. Mesenchymal glioma stem cells are maintained by activated glycolytic metabolism involving aldehyde dehydrogenase
1A3. Proc. Natl. Acad. Sci. USA 110, 8644-8649 (2013).

85. Singh, S. et al. Aldehyde Dehydrogenases in Cellular Responses to Oxidative/electrophilic Stress. Free Radic. Biol. Med. 56, 89-101
(2013).

86. Singh, M., Kapoor, A. & Bhatnagar, A. Oxidative and reductive metabolism of lipid-peroxidation derived carbonyls. Chem. Biol.
Interact. 234, 261-273 (2015).

87. Graham, C. E., Brocklehurst, K., Pickersgill, R. W. & Warren, M. J. Characterization of retinaldehyde dehydrogenase 3. Biochem. J.
394, 67-75 (2006).

88. Lee, H. S. et al. Gene expression profiling of low dose exposure of saturated aliphatic aldehydes in A549 human alveolar epithelial
cells. Toxicol. Environ. Health Sci. 4,211-217 (2012).

89. Crooks, G. E., Hon, G., Chandonia, J.-M. & Brenner, S. E. WebLogo: a sequence logo generator. Genome Res. 14, 1188-1190 (2004).

90. Ciriello, G. et al. Comprehensive Molecular Portraits of Invasive Lobular Breast. Cancer. Cell 163, 506-519 (2015).

91. Cerami, E. et al. The cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer
Discov. 2, 401-404 (2012).

92. Gao, J. et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 6, pl1 (2013).

Acknowledgements

Support was provided by grant funding to PM from the Canadian Institutes of Health Research (CIHR, MOP-
130304), the Beatrice Hunter Cancer Research Institute (BHCRI), the Breast Cancer Society of Canada, and the
QEII Health Sciences Center Foundation. KMC and MLT are supported by studentship or trainee awards from
the BHCRI, Canadian Breast Cancer Foundation, and the Canadian Imperial Bank of Commerce. KMC and MLT
are supported by CGS-D awards from CIHR, by the Nova Scotia Health Research Foundation, and by the Killam
Trusts at Dalhousie University. MLT is supported by NS Research and Innovation Graduate Scholarships.

Author Contributions
K.M.C. and PM. wrote the main manuscript text. KM.C., S.M., and M.L.T. collected and analyzed manuscript
data. All authors reviewed the manuscript.

SCIENTIFICREPORTS |7: 16684 | DOI:10.1038/s41598-017-16687-6 12


http://dx.doi.org/10.4172/2157-2518.S6-009

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16687-6.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 16684 | DOI:10.1038/s41598-017-16687-6 13


http://dx.doi.org/10.1038/s41598-017-16687-6
http://creativecommons.org/licenses/by/4.0/

	Profiling of the transcriptional response to all-trans retinoic acid in breast cancer cells reveals RARE-independent mechan ...
	Results

	ALDH1A3 and atRA activate different transcriptional responses. 
	Transcriptional regulation by ALDH1A3 and atRA is largely RARE-independent. 
	Epigenetic silencing restricts transcriptional response to atRA. 
	IRF1 is associated with atRA-upregulated genes in MDA-MB-231 and MDA-MB-468 cells. 
	IRF1 expression is necessary for atRA induction of CTSS expression. 

	Discussion

	Methods

	Cell lines, vectors, and reagents. 
	Quantitative PCR. 
	Gene expression profiling. 
	Methylation profiling. 
	Transcription factor logos. 
	Statistical analyses. 
	Data availability. 

	Acknowledgements

	Figure 1 Microarray analysis identifies disparate transcriptional responses to ALDH1A3 manipulation and atRA treatment in MDA-MB-231 and MDA-MB-468 cells.
	Figure 2 DAC treatment does not align atRA-induced transcriptional profiles.
	Figure 3 Decitabine does not restore atRA inducibility of specific genes between cell lines.
	Figure 4 IRF1 is an atRA-inducible transcription factor.
	Figure 5 IRF1 expression is required for CTSS expression in MDA-MB-231 cells.
	Figure 6 IRF1 expression strongly correlates with CTSS and GBP4 expression in breast cancer patient tumors.




