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ABSTRACT

The tumor microenvironment (TME) has an impact on breast cancer progression
by creating a pro-inflammatory milieu within the tumor. However, little is known about
the roles of miRNAs in cells of the TME during this process. We identified six putative
oncomiRs in a breast cancer dataset, all strongly correlating with poor overall patient
survival. Out of the six candidates, miR-1246 was upregulated in aggressive breast cancer
subtypes and expressed at highest levels in mesenchymal stem/stroma cells (MSCs).
Functionally, miR-1246 led to a p65-dependent increase in transcription and release of pro-
inflammatory mediators IL-6, CCL2 and CCL5 in MSCs, and increased NF-kB activity. The
pro-inflammatory phenotype of miR-1246 in MSCs was independent of TNFa stimulations
and mediated by direct targeting of the tumor-suppressors PRKAR1A and PPP2CB. In vitro
recapitulation of the TME revealed increased Stat3 phosphorylation in breast epithelial
(MCF10A) and cancer cells (SK-BR-3, MCF7, T47D) upon incubation with conditioned
medium (CM) of MSCs overexpressing miR-1246. Additionally, this stimulation enhanced
proliferation of MCF10A cells, increased migration of MDA-MB-231 cells and induced
attraction of THP-1 monocytic cells. Our data shows that miR-1246 acts as both key-
enhancer of pro-inflammatory responses in MSCs and putative oncomiR in breast cancer,
suggesting its influence on cancer-related inflammation and breast cancer progression.

stromal cells (MSCs) are known to secrete many tumor-
promoting and pro-inflammatory factors [5—7]. Under
physiological conditions, MSCs are involved in tissue
regeneration, control of immune response, angiogenesis
and hematopoiesis, but in the context of cancer the homing
of MSCs to the tumor is one predominant feature [8, 9].
Once integrated into the tumor stroma, MSCs differentiate

INTRODUCTION

Breast cancer is the most frequently diagnosed cancer
in women and the second leading cause of malignancy-
related death of women in the US [1]. During cancer
progression, the tumor microenvironment (TME) undergoes
dramatic changes and has been accepted as a major driver

of malignancy [2, 3]. Heterogeneity and plasticity strongly
influence patient survival, mainly due to changes in the
secretome profiles of different cell entities in the TME
[4]. Here, cancer-associated fibroblasts (CAFs), tumor-
associated macrophages (TAMs) and mesenchymal stem/

into CAFs and form up-to 20% of their population [10-14].
Cancer associated MSCs take over multifaceted tumor-
promoting roles. They contribute to stromal remodeling,
angiogenesis and lymphangiogenesis, as well as to tumor
growth and aggressiveness [15—18]. Several studies have
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shown that MSCs also have a tremendous impact on tumor-
associated inflammation [19-21].

Clinical data reveals that chronic inflammation
correlates with decreased breast cancer patient survival
[22]. NF-«B signaling is one of the main pro-inflammatory
signaling pathways and strongly links inflammation to breast
cancer [23-27]. Induction of NF-kB signaling is triggered
by TNFa, which is mainly released by TAMs and cancer
cells [28-30]. In fact, TNFa is enriched in the tumor stroma
[31] and activation of NF-«B signaling leads to transcription
and secretion of inflammatory cytokines and chemokines
as mediators of tumor progression [32, 33]. In this context,
MSCs respond to TNFa but do not produce it, as result of
epigenetic silencing of the TNFo promoter [34]. Stimulation
of MSCs with TNFa in vitro mimics a TME-activated MSC
secretion profile of pro-inflammatory mediators [19, 35, 36].
However, MSCs release various growth factors, cytokines
and chemokines even in the absence of pro-inflammatory
stimuli. IL-6 and the inflammatory chemokines CCL2 and
CCL5 are among the most prominent [37]. IL-6 induces EMT
and links NF-kB to Jak-Stat signaling by triggering Stat3
phosphorylation. This is connected to breast cancer growth
and aggressiveness, as well as to poor patient prognosis [38—
41]. CCL2 leads to recruitment of various myeloid cells via
the CCL2/CCR?2 axis. This results in high presence of TAMs
and myeloid-derived suppressor cells in tumors [42, 43] and
thereby massively promotes tumor progression [33, 44]. At
last, MSC-released CCL5 has been linked to invasion of
cancer cells and lung metastasis formation [17, 45]. Overall,
MSCs affect different hallmarks of cancer [46] and have
major roles in promoting cancer-related inflammation.

NF-xB signaling is strongly influenced by post
translational modifications including phosphorylation and
dephosphorylation by kinases and phosphatases, respectively
[47]. cAMP-dependent protein kinase A (PKA) is a Ser/Thr
kinase and forms a tetrameric holoenzyme involving different
regulatory and catalytic subunits [48]. In its inactive state the
regulatory subunits bind to and inhibit the catalytic subunits
[49]. cAMP-dependent protein kinase type I-alpha regulatory
subunit (PRKART1A) is one of the most significant regulatory
subunits. PRKAR1A knock-down leads to constitutive PKA
activation [50], and knock-out to early embryonic lethality
[51]. While kinases are frequently activators of molecular
processes, they are often antagonized by protein phosphatases
(PPPs) [52]. Serine/Threonine-protein phosphatase 2A
(PP2A) forms a subfamily of PPPs and is besides PP1
one of the major Ser/Thr phosphatases in eukaryotic cells
[53]. The heterotrimeric holoenzyme is comprised of one
regulatory, one catalytic and one scaffolding subunit each
[54]. The PP2A catalytic subunit is represented either by the
o (PPP2CA) or the B (PPP2CB) isoform [55]. PP2A has been
described as a negative master-regulator of inflammatory
signaling via inhibition of several MAPKSs [56, 57]. In these
studies, regulatory subunits have been linked to signaling
activity, whereas the potential role of catalytic subunits of

PP2A as effectors of inflammatory signaling activity has not
been described thus far.

miRNAs are small non-coding RNA molecules
(~22 nucleotides), influencing gene expression at the
posttranscriptional level. They target specific mRNAs
by complementarity of their seed sequence to the mRNA
3’untranslated region (3’UTR) which leads to translational
inhibition or mRNA degradation [58]. A complex system
of miRNA-mediated post-transcriptional regulations can
be achieved, as every miRNA may target several mRNAs
and single genes can be targeted by many miRNAs
[59]. miRNAs have been vastly described as oncogenic
(oncomiRs) or tumor suppressive in several cancer types
including breast cancer [58, 60—62]. In MSCs, miRNAs
have mainly been shown to regulate cell differentiation [63,
64], while little is known about their impact on secretion
of pro-inflammatory cytokines [65]. Only few studies have
addressed the function of miRNAs in MSCs in the context
of inflammation [66, 67]. One finding is that miR-126 leads
to MSC recruitment [68], and also promotes cell survival
and secretion of pro-angiogenic factors in MSCs [69].

The aim of this study was to unravel novel miRNA-
mediated mechanisms in the pro-inflammatory regulation
of the TME by uncovering molecular functions of miRNAs
in MSCs, and discerning their impact on protein secretion
and cancer-related inflammation. To this end, miRNA
expression levels of breast cancer relevant miRNAs were
quantified in MSCs. miR-1246 was identified as critical
regulator of NF-xB signaling, which increases pro-
inflammatory responses in MSCs and thereby impacts on
different cell types, including breast cancer cells.

RESULTS

miR-1246 expression in breast cancer and MSCs

The METABRIC miRNA-expression data [70] was
analyzed to identify miRNAs significantly correlating with
overall patient survival in breast cancer (Supplementary
Table 1). miRNAs were filtered by significance to identify
top miRNAs negatively correlating with breast cancer patient
survival. hsa-miR-1290, hsa-miR-663, hsa-miR-188-5p, hsa-
miR-2276, hsa-miR-1246 and hsa-miR-3141 met the most
stringent conditions of p < 1.0e-6 (Figure 1A). To analyze
their expression in cells forming part of the TME, human BM-
derived MSCs were sequenced and their miRNA expression
levels were quantified (Supplementary Table 2). Out of the
six miRNA candidates, the expression of hsa-miR-1246 was
highest in MSCs, followed by hsa-miR-188-5p and hsa-miR-
2276-3p. hsa-miR-663a, hsa-miR-3141 and hsa-miR-1290
were not expressed in MSCs (Supplementary Figure 1A).

We hypothesized a subtype-specific expression
of miR-1246 in breast cancer as miR-1246 significantly
correlated with poor overall breast cancer patient survival
(Figure 1B). Since ER expression is itself a critical
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predictor of breast cancer patient survival (Supplementary CM of ER+ breast cancer cell lines MCF7, T47D,

Figure 1B), we analyzed if miR-1246 was differentially BT474, ZR-75-30 and CAMAI1 or ER- breast cancer
expressed in ER- compared to ER+ breast cancer cell lines MDA-MB-231, MDA-MB-468, SK-BR-3,
subtypes. Indeed, miR-1246 showed significant higher BT549, HCC1143, HCC1954 and HCC1937 (Figure
expressions in the ER- subtype compared to the ER+ 1E). CM derived from ER- breast cancer cells almost
subtype in patient (Figure 1C) and cell line (Figure 1C, consistently resulted in significant upregulation of
Supplementary Figure 1C) data from the METABRIC miR-1246 in MSCs, whereas CM of ER+ cells had no
dataset [70]. Further, miR-1246 was higher expressed regulatory effect on miR-1246 transcription. Overall,
in the more aggressive molecular breast cancer subtypes CM of ER- breast cancer cells increased expression of
(Basal, Her2+, Luminal B) compared to the less aggressive miR-1246 at significant higher levels than CM of ER+
Luminal A subtype (Figure 1D). breast cancer cells (Figure 1F).
Next, we wanted to investigate if more aggressive We wanted to exclude that miR-1246 gets
ER- cancer cells could influence the expression of transferred from cancer cells to MSCs via exosomes or
oncomiRs such as miR-1246 in other cell types of microvesicles and separated both vesicle types from
the TME. To this end, MSCs were stimulated with the protein fraction of MDA-MB-468 cell-derived CM
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Figure 1: miR-1246 expression and regulation in MSCs and breast cancer. A. miRNAs were ranked according to their
significance of correlating with negative breast cancer patient survival (see Supplementary Table 1). A stringent p-value of < 1.0e-6 was
applied to identify top six miRNAs with impact on negative breast cancer patient survival. B. Kaplan-Meier analysis was performed with
miR-1246 using the METABRIC breast cancer dataset with n=257 for each quartile. C. miR-1246 expression analysis in ER+ vs. ER-
patients (ER-: n=267, ER+: n=993) or cell lines (ER-: n= 12, ER+: n=8) (cell line specific expression in Supplementary Figure 1C). Data
was retrieved from METABRIC dataset [70]. D. miR-1246 expression analysis according to molecular breast cancer subtypes Luminal
A (LumA, n=481), Luminal B (LumB, n=315), Her2 positive (Her2, n=127) and basal like (Basal, n=211). Data was retrieved from
METABRIC dataset [70]. E. and F. Regulation of hsa-miR-1246 expression in MSCs by CM of ER- and ER+ breast cancer cells. MSCs
were starved o.n. and stimulated with cell line specific growth medium or conditioned medium (CM) for 14h with n=3 and hsa-miR-1246
expression was analyzed by qRT-PCR. Data was normalized and compared to expression of miR-1246 after stimulation with cell line-
specific growth medium and is presented as bar chart for the specific cell lines (E) or as box plot for the groups ER+ versus ER- CM (F).
Data is presented as mean = SD. * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001.

www.impactjournals.com/oncotarget 43899 Oncotarget



by ultracentrifugation. Stimulations of MSCs with the
resuspended pellet did not affect miR-1246 expressions in
MSCs, whereas stimulations with residual supernatants,
containing the protein fractions, consistently increased
its transcription (Supplementary Figure 1D). Next, we
deprived the CM of MDA-MB-468 cells from proteins
larger than 4 kDa before stimulation of MSCs. By this,
we wanted to prove that the deprived protein fraction is
responsible for induction of miR-1246 transcription and
to further exclude the transfer or detection of free RNA.
Indeed, the protein-deprived CM did not increase miR-
1246 expression in MSCs compared to control conditions
(Supplementary Figure 1E). Based on these findings, we
hypothesized that miR-1246 regulation in MSCs by CM
of MDA-MB-468 cells is mediated by transcriptional
induction and not via transfer of free RNA from cancer
cells to MSCs.

miR-1246 influences NF-kB signaling in MSCs

Based on our finding of miR-1246 regulation by CM
of ER- breast cancer cell lines, we wanted to reveal the
biological functions of miR-1246 in MSCs. Since MSCs
are known to secrete pro-inflammatory cytokines and
chemokines into the TME, miR-1246 or miR-Ctrl was
transfected into MSCs (Supplementary Figure 2) and the
CM was screened for secreted proteins using a cytokine
array. PAI-1, CCL2, MIF, CCL5 and IL-6 were detected in
CM of at least one condition (Figure 2A, Supplementary
Table 3) and all except PAI-1 were released at significant
higher levels after miR-1246 overexpression compared
to the control (Supplementary Figure 3A). As miR-Ctrl
transfected MSCs showed strong baseline secretion
levels of PAI-1 and MIF, only the miR-1246-induced
release of IL-6, CCL2 and CCLS5 was validated at protein
(Figure 2B) and mRNA levels (Supplementary Figure 3B).
Notably, CCL5 was induced dramatically upon miR-1246
overexpression and was not detected in CM of MSCs
under control conditions.

NF-kB signaling has been shown to regulate the
expression of many pro-inflammatory cytokines and
chemokines and we wanted to investigate whether miR-
1246 regulates IL-6, CCL2 and CCL5 expression in a
NF-kB-dependent manner. To this end, miR-1246 was
overexpressed in combination with knock-down of RELA,
the gene coding for p65 NF-«kB subunit, and inflammatory
mediators were subsequently quantified in the CM. Indeed,
miR-1246-induced increases in IL-6 and CCL2 expression
were completely blocked when RELA was knocked-
down in parallel (Figure 2C). This proves that miR-1246
mediates IL-6 and CCL2 production in a p65-dependent
manner and that it acts independent of an additional pro-
inflammatory stimulus in MSCs. However, release of
CCL5 was not decreased significantly upon overexpression
of miR-1246 in combination with RELA knock-down,
compared to miR-1246 overexpression in MSCs. This

indicates that miR-1246 regulates CCL5 transcription by
targeting other signaling pathways than NF-kB in MSCs.
Next, we investigated whether p65 levels were influenced
by miR-1246 since we showed that pro-inflammatory
activities of miR-1246 require p65. Consequently, we
quantified RELA mRNA, p65 as well as phosphorylation
of p65 (phospho-p65) at Serine536 (Ser536) at protein
levels after miR-1246 overexpression. Significant increases
in all three were detected after miR-1246 overexpression
in MSCs (Figure 2D and 2E Supplementary Figure 4A).
Differential protein isolations of either the nuclear or the
cytoplasmic fraction were performed to investigate on the
cellular localization of p65 after miR-1246 overexpression
in MSCs. Indeed, miR-1246 significantly increased levels
of total and phospho-p65 in both cytoplasmic and nuclear
protein fractions (Supplementary Figure 4B and 4C).

Based on these results, we hypothesized that miR-
1246 affects NF-xB activities and used a luciferase-
based NF-kB reporter assay in HEK293-FT cells to
quantify NF-«B signaling activity after miR-1246
overexpression. Indeed, miR-1246 significantly elevated
NF-«B activities by 50% compared to three different
miRNA controls. Knock-down of RELA was used as
positive control (Figure 2F).

miR-1246 directly targets PRKAR1A and
PPP2CB in MSCs

We hypothesized that miR-1246 directly targets
genes that are involved in negative regulation of basal
NF-kB activity. Therefore, miR-1246 was overexpressed
in MSCs of two different donors and genome-wide
mRNA expression was compared to a control transfection
to identify direct targets of miR-1246. Candidate genes
were identified by the combination of two parameters:
Being significantly down-regulated after miR-1246
overexpression in both individuals (> 20% reduction)
and additionally by being a predicted target of miR-
1246 [71] (Supplementary Table 4). Subsequently, a final
selection for previously reported negative regulators
of NF-«xB signaling identified PRKARIA and PPP2CB
as potential targets of miR-1246 (Figure 3A). Array-
based gene expression analysis showed that both genes
were significantly downregulated by miR-1246 in MSCs
(Figure 3B). Downregulations of PRKARIA and PPP2CB
were validated on mRNA (Supplementary Figure 5A) and
protein levels in MSCs of three different donors (Figure
3C, Supplementary Figure 5B).

To prove that PRKARIA and PPP2CB are direct
targets of miR-1246, their 3’UTRs were cloned into
luciferase reporter plasmids and both plasmid and miR-
1246 were co-transfected into MCF7 breast cancer cells.
miR-1246 significantly decreased luciferase signals
for PRKARIA or PPP2CB 3’UTR carrying plasmid
constructs, compared to miR-Ctrl. These decreases were
significantly increased by mutating the predicted binding
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site of miR-1246 in either 3’UTR, demonstrating that
miR-1246 directly targets PRKARIA and PPP2CB at the
predicted binding sites (Figure 3D and 3E).

Since miR-1246 was expressed higher in ER- breast
cancer subtypes and induced pro-inflammatory responses
in MSCs by targeting PRKARIA and PPP2CB, we

as tumor-suppressors in breast cancer. To this end, their
expression was compared within the subgroups of ER-
and ER+ breast cancer patients of the METABRIC dataset
[72]. Indeed, both genes were shown to be significantly
lower expressed in ER- patients (Figure 4A) and low
expression significantly correlated with poor overall breast

hypothesized potential roles of PRKARIA and PPP2CB cancer patient survival (Figure 4B). In addition, PRKARIA
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Figure 2: miR-1246 increases pro-inflammatory responses in MSCs. A. CM of miR-Ctrl transfected MSCs, compared to CM
of miR-1246 overexpressing MSCs was analyzed on a human cytokine array. Presented is one out of two scanned membranes for each
condition. Blue boxes indicate the detected protein, labeled on the left of the scan. B. FLISA quantification of MSC CM after miR-Ctrl or
miR-1246 transfection. CCL5 was not detectable (n.d.) after miR-Ctrl transfection. Data is presented as mean + SD, n=3. C. Quantification
of IL-6, CCL2 and CCL5 in MSC CM with FLISA. Data is presented as mean + SD, n=3. D. qRT-PCR based analysis of RELA, 48h after
miR-1246 or miR-Ctrl overexpression in MSCs. Data was normalized to miR-Ctrl and is presented as mean + SD, n=3. E. Western blot
analysis of MSCs transfected for 72h. Analyzed proteins were total p65 and phospho-p65 (Ser536), using B-Actin as loading control,
n=6 (Quantification in Supplementary Figure 4). F. Luciferase activity of HEK293-FT cells transfected with miR-1246 in combination
with a NF-kB luciferase expressing plasmid. Knock-down of RELA was used as positive control. Data is presented as mean + SD, n=4. *
represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001.
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and PPP2CB negatively correlated with miR-1246 of p65 at Ser536 remained unaffected (Figure 5B,

expression (Figure 4C), indicating that miR-1246 could Supplementary Figure 7A). Based on these findings, we
regulate both targets in tumors of breast cancer patients. investigated if knock-down of PRKARIA or PPP2CB
would also lead to increased releases of IL-6, CCL2, and
PRKARIA acts pro-inflammatory in MSCs CCLS. Indeed, knock-down of PRKARIA significantly
. . increased transcriptions and releases of IL-6 and CCL2
Next, we investigated whether knock-down of the (Figure 5C, Supplementary Figure 7B), whereas knock-
miR-1246 target genes would copy its pro-inflammatory down of PPP2CB significantly decreased releases of
phenotype in MSCs. Accordingly, PRKARIA or PPP2CB IL-6 and CCL2 (Figure 5C). Neither of the knock-downs
were knocked-down in MSCs to investigate their impact increased release of CCL5 in MSCs to a detectable level.
on RELA transcription and p65 protein expression (see As miR-1246 targets PRKAR1A and PPP2CB at the same
Supplementary Figure 6 for knock-down efficiencies). time and eventually leads to pro-inflammatory responses
Knock-down of PPP2CB significantly increased RELA in MSCs, we included a simultaneous double knock-down
expression, whereas siPRKAR 1A had no effect on RELA of PRKARIA and PPP2CB. In MSCs, the combinatorial
transcript levels (Figure 5A). At protein level, knock-down knock-down of both miR-1246 target genes increased
of either PRKARIA or PPP2CB led to a significant up- releases of IL-6 and CCL2 to the level of PRKARIA
regulation of total p65 in MSCs whereas phosphorylation knock-down alone (Figure 5C).
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Figure 3: miR-1246 directly targets PRKAR1A and PPP2CB. A. Schematic overview of miR-1246 target gene identification.
MSCs of two different donors were transfected with miR-1246 or miR-Ctrl and differential mRNA analysis was performed on the genome-
wide level. Candidates were defined by significant down-regulation after miR-1246 overexpression and by additionally being a predicted
target of miR-1246 [71] (Candidates listed in Supplementary Table 4). At last, previously reported negative regulators of NF-xB signaling
were selected for further analyses. B. Array-based mRNA expression 48h after miR-1246 overexpression in MSCs, compared to miR-Ctrl
transfection (dashed line). Data is presented as mean = SD, n=6, representing MSCs of two donors. C. Western blot analysis after miR-1246
overexpression in MSCs, compared to miR-Ctrl. B-Actin was used as loading control. Shown are representative Western blots for n=9,
representing results of three different MSC donors (Quantifications in Supplementary Figure 5B). D. Schematic overview of PRKARIA
and PPP2CB (Grey box = open reading frame; red box = predicted miR-1246 binding site in 3’UTR; red nucleotides = seed sequence;
connecting bars = potential binding complementarity). E. Luciferase activity after plasmid overexpression in combination with either miR-
1246 or miR-Ctrl. Data was normalized to miR-Ctrl + empty vector transfections and presented as mean + SD, n=4. * represents p < 0.05;
** represents p < 0.01; *** represents p < 0.001.
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Interestingly, knock-down of PRKARIA did not
elevate phosphorylation of p65 at S536 in MSCs, even
though we showed that miR-1246 mediates its pro-
inflammatory phenotype via NF-kB. Therefore, we
investigated whether PRKARIA leads to transcription
of inflammatory mediators via p65. Accordingly, we
knocked down PRKARIA in combination with RELA in
MSCs and quantified IL-6, CCL2 and CCL5 in the CM.
Indeed, combinatorial knock-down significantly decreased
the secretion of IL6 and CCL2, which was induced by
knock-down of PRKARIA in combination with siCtrl
(Supplementary Figure 7C). At last, combinatorial knock-
down of PRKAR1A4 with RELA did also not affect releases
of CCLS5 (Supplementary Figure 7C).

We hypothesized that downregulation of PRKARITA
via knock-down or direct targeting by miR-1246 would
lead to increases in PKA activities. Hence, miR-1246 or
sSiPRKAR 1A was transfected into MSCs and activities of
PKA were quantified subsequently. Indeed, miR-1246
significantly increased PKA activities by ~30% and knock-
down of PRKAR 1A by ~200%, compared to the respective
controls (Figure 5D).

PPP2CB knock-down requires TNFa to act pro-
inflammatory in MSCs

We showed that knock-down of PPP2CB
significantly increased RELA and total p65 levels, but
did not increase transcription of IL-6, CCL2 or CCLS.
Based on this finding, we hypothesized that an additional
inflammatory stimulus like TNFa is needed to trigger
p65 translocation into the nucleus and to thereby enhance
NF-«xB transcriptional responses. Nevertheless, as we
revealed that PPP2CB is a direct target of miR-1246,
we first investigated if miR-1246 would also increase
the transcription of IL-6, CCL2 and CCL5 under
inflammatory conditions. To this end, we stimulated MSCs
with TNFa after miR-1246 overexpression and analyzed
the kinetics of /L-6, CCL2 and CCL5 mRNA expressions
in response to NF-kB activation. 48h after transfection,
MSCs were stimulated with TNFa for different time
periods and mRNA expressions were quantified (Figure
6A). Knock-down of RELA in combination with TNFa
stimulation led to a complete block of TNFa-induced /L-
6, CCL2 and CCLS transcriptions compared to siRNA
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Figure 4: PRKARI1A and PPP2CB are potential tumor-suppressor genes in breast cancer. A. mRNA expression analysis
of the METABRIC dataset [72] of PRKARIA or PPP2CB, comparing ER- (n=440) with ER+ (n=1508) patients. B. Quartile based survival
analysis of the METABRIC dataset [72] of PRKARI1A or PPP2CB. Compared were high vs. low gene expressions with n=397 per quartile.
C. Correlation analysis of the METABRIC dataset [72] of miR-1246 expression with either PRKAR1A4 or PPP2CB expression (n=873 was
limited by patients expressing miR-1246 in both analyses). Correlation coefficient (R) and significance were calculated using Spearman
correlation. Analyzed Illumina probe IDs for each gene were ILMN 1738632 for PRKARIA and ILMN for PPP2CB. *** represents

p <0.001.
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control. Transcriptional peaks were observed for all three
transcripts at 24h, followed by decreases in expression at
72h after miR-Ctrl or siCtrl transfections in combination
with TNFa, suggesting transcriptional negative feedback
loops. Strikingly, miR-1246 overexpression released
the apparent negative feedback on [/L-6 transcription
since the levels of /L-6 continued to strongly increase
also at 72h of TNFa stimulation (Figure 6A). Overall,
miR-1246 transfected MSCs expressed /L-6, CCL2 and
CCL5 significantly higher at all time points compared
to the control transfections. Based on these findings, we
investigated if the negative feedback on /L-6 transcription

is mediated via PPP2CB. To this end, we knocked-down
PPP2CB in MSCs and stimulated the cells with TNFa for
different time periods. Indeed, knock-down of PPP2CB
in combination with TNFa stimulation phenocopied the
miR-1246-enhanced transcriptional response of IL-6
in combination with TNFa. Knock-down of PPP2CB
released the negative feedback on IL-6 transcription and
continuously increased /L-6 over time, with a delayed
onset at the 24h time point (Figure 6B). Further, knock-
down of PPP2CB in combination with TNFa stimulation
also significantly increased CCL2 and CCL5 mRNA
expressions at 24h and CCL5 mRNA levels at 72h.
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Figure 5: PKA acts pro-inflammatory in MSCs and miR-1246 increases PKA activity. A. RELA expression analysis by qRT-
PCR after PPP2CB, PRKARIA or RELA knock-down in MSCs. Data was normalized to siCtrl and is presented as mean = SD with n=6,
representing data of two MSC donors. B. MSC total p65 and phospho-p65 (Ser536) protein expression analysis by Western blot with 3-Actin
as loading control. Presented blots represent n=6, performed in MSCs of two different donors (quantifications in Supplementary Figure 7B).
C. FLISA analysis of soluble factors IL-6, CCL2 and CCLS in the CM of MSCs after gene specific knock-down compared to siCtrl. miR-1246
compared to miR-Ctrl was used as positive control. Final concentrations of siRNAs were 30nM, also when different siRNAs were pooled. Data
is presented as mean = SD, n=3. D. PKA kinase activity after miR-1246 overexpression and siPRKAR 1A, compared to the respective control.
Data is presented as mean + SD, n=3. * represents p < 0.05; ** represents p < 0.01; *** represents p < 0.001.
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Both PPP2CB knock-down and miR-1246 knockdown of RELA with each of those conditions

overexpression continuously increased /L-6 mRNA levels completely blocked this effect, demonstrating, that the
over time. Therefore, we quantified released IL-6 in the impact of miR-1246 or PPP2CB knock-down on TNFa-
CM after either PPP2CB knock-down or miR-1246 induced releases of IL-6 was dependent on p65 (Figure 6C).
overexpression in combination with 24h of TNFa stimulation We conclude that PP2A is not only involved in regulation of
in MSCs. Both treatments significantly increased the TNFa. p65 abundance, it could also act as important phosphatase
induced release of IL-6 (Figure 6C). A combinatorial shutting NF-«B signaling off, once it got activated in MSCs.
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Figure 6: miR-1246 and PPP2CB regulate transcription of pro-inflammatory mediators in combination with TNFa
stimulation. A. mRNA expression analysis after miRNA or siRNA transfections in MSCs. Cells were stimulated with TNFa (20ng/ml)
for different time periods and mRNA expression was analyzed by qRT-PCR. Data is presented as mean + SD, n=3. Red asterisks indicate
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after gene specific knock-downs in MSCs with additional TNFa (20ng/ml) stimulation for different time periods. Data is presented as mean
+ SD, n=3. Red asterisks indicate statistical analysis of siPPP2CB compared with siCtrl and black asterisks for siRELA compared to siCtrl.
C. Quantification of MSC released IL-6 by FLISA in CM after gene specific knock-downs or miR-1246 overexpression with additional
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Functional impact of miR-1246 perturbed MSCs
on cells of the TME

Based on our findings that miR-1246 induced
releases of key inflammatory mediators, we followed
up on their functional effects in other cells of the TME.
We investigated if increased IL-6 levels in CM of
MSCs after miR-1246 overexpression would lead to
increased Stat3 phosphorylations in Jak-Stat-negative
breast cancer and epithelial cell lines [73]. To this end,

1246 overexpressing MSCs. Indeed, CM of miR-1246
overexpressing MSCs induced Jak-Stat signaling at
significant higher levels compared to CM of miR-Ctrl
transfected MSCs (Figure 7A). The induction of Stat3
phosphorylation at Tyrosine705 (Tyr705) could be blocked
with IL-6 NAB. Next, we investigated if rh-IL-6 could
induce proliferation of MCF10A cells, a model cell line
of Jak-Stat signaling activation [73]. MCF10A cells
were stimulated with CM retrieved 24h after miR-1246
transfection in MSCs (Supplementary Figure 8) and we

we stimulated the ER- breast cancer cell line SK-BR-3,
ER+ breast cancer cell lines MCF7 and T47D and the
epithelial breast cell line MCF10A with CM of miR-

measured significant increases in MCF10A proliferation,
which could be blocked with IL-6 NAB (Figure 7B).
Further, pre-conditioning of ER- MDA-MB-231 cells
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Figure 7: Functional effects of MSC CM on breast cancer cells. A. Western blot analysis of epithelial and breast cancer cell lines.
Cells were stimulated for 20min with CM after miRNA overexpression in MSCs. B-Actin was used as loading control. IL-6 was used as
positive control for Stat3 phosphorylation at Tyrosine 705 (Tyr705) and IL-6 NAB to neutralize IL-6. Blots are representatives of n=3 for
each cell line. B. Nuclei count of MCF10A cells stimulated with miR-1246 transfected MSC CM (miR-1246 CM). IL-6 was used as positive
control for induction of MCF10A proliferation and IL-6 NAB antibody to neutralize IL-6 in the medium or CM under all conditions. The data
was normalized to cell counts after stimulation with miR-Ctrl overexpressing MSC CM (miR-Ctrl CM) and is presented as mean + SD, n=4.
C. Migration of MDA-MB-231 cells after pre-conditioning for 48h with CM of MSCs overexpressing miR-Ctrl (miR-Ctrl CM) or miR-1246
(miR-1246 CM). Migration towards complete growth medium was measured using a RTCA over a period of 30h. Data for each time point
is presented as mean + SD, n=3. Significance was calculated using Wilcoxon-Mann-Whitney-Test. D. CM medium of MSCs after miRNA
transfection was used for THP-1 cell attraction. A combination of CCL2 NAB + CCL5 NAB (NABs) was used to neutralize the recruiting
effect of THP-1 cell attraction. The data is presented as mean £ SD, n=3. * represents p < 0.05; ** represents p < 0.01; *** represents p <0.001.
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with CM of miR-1246 overexpressing MSCs significantly
increased cell migration compared to control treatments
(Figure 7C). This effect could be reduced significantly
with CCL2 or CCL5 NABs (Supplementary Figure 9). At
last, we investigated if CM of miR-1246 overexpressing
MSCs could recruit also other cell types contributing to
an overall inflammatory environment. To this end, we
tested whether monocytes were attracted by CM of miR-
1246 overexpressing MSCs, compared to CM of miR-
Ctrl-transfected MSCs. Indeed, monocyte recruitment
was increased by CM of miR-1246 overexpressing MSCs
(Figure 7D). Both rh-CCL2 and rh-CCLS5 recruited THP-1
cells when used individually (data not shown), and a
combination of CCL2 and CCL5 NABs was used to block
monocyte recruitment under all conditions (Figure 7D).

DISCUSSION

In this study, we identified miR-1246 as potential
novel oncomiR in breast cancer by analyzing a
comprehensive miRNA expression dataset with long term
clinical follow-up derived from breast cancer patients [70,
72]. miR-1246 has recently gained interest as diagnostic
and prognostic marker in several tumor entities including
breast cancer [74-79]. At the functional level miR-1246
has been shown to promote proliferation, invasion and
migration of cervical or hepatocellular carcinoma cells
[80, 81], as well as metastasis formation of non-small
cell lung cancer in vivo [82]. However, it has been shown
that circulating miR-1246 gets predominantly released by
cancer cells and that it is rather retained by mesenchymal
cells [83]. This retaining of miR-1246 within cells of the
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tumor stroma underlines its biological importance within
these cells.

Prior functional studies of miR-1246 focused on its
expression and function in cancer cells only and neglected
its potential roles in other cell types of the TME. Here,
we demonstrate for the first time by miRNA sequencing
that miR-1246 is expressed in MSCs. We show that
transcription of miR-1246 in MSCs is regulated by CM
of ER- breast cancer cells and reveal that miR-1246
enhances NF-«B signaling independently of TNFa. miR-
1246 elevates cytoplasmic and nuclear levels of total and
phospho-p65 in MSCs. It further increases transcription
of the key inflammatory mediators IL-6, CCL2 and CCL5
in a p65-dependent manner. Most striking, miR-1246
overexpression in combination with TNFa stimulation
leads to continuous increases in /L-6 mRNA levels in
MSCs over time. In summary, we show for the first time
that miR-1246 elevates pro-inflammatory responses in
BM-derived MSCs (schematic overview in Figure 8A).

miR-1246 mediated transcription and release of
inflammatory cytokines and chemokines results in direct
functional effects in different cell types of the TME
(schematic overview in Figure 8B). We demonstrate
that CM of miR-1246 transfected MSCs induces Jak-
Stat signaling in breast cancer and epithelial cells, as
well as proliferation of epithelial cells. The same CM
effectively increases migration of MDA-MB-231 cells and
thereby affects cancer cell motility as key event in tumor
progression. Further, it is well known that recruitment of
monocytes, neutrophils and TAMs is crucial to promote
an inflammatory environment [43, 44] and that MSCs
activated with TNFa can promote this effect [84]. In this
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Figure 8: Schematic overview of the molecular function of miR-1246 in MSCs. A. miR-1246 directly targets the catalytic
subunit PPP2CB of PP2A and the regulatory subunit PRKARIA of PKA. By this, it manipulates the function of both protein complexes
and leads to p65 (NF-kB)-mediated activities in MSCs. It acts independent of TNFa and leads to transcription of the pro-inflammatory
cytokines and chemokines IL-6, CCL2 and CCLS5. B. Pro-inflammatory mediators secreted by MSCs impact on the activities of cells
types within the TME. miR-1246 expressing MSCs secrete high levels of IL-6, CCL2 and CCLS5. IL-6 induces Jak-Stat signaling in breast
epithelial cells (BEC) and breast cancer cells (BCC), and enhances proliferation of BECs. CCL2 and CCLS5 induces migration of BCCs

and recruits monocytes.
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context, we show that CM of MSCs recruits monocytes
and that CM of miR-1246 transfected MSCs increases
this effect. By this, we shed light on miR-1246 as key
mediator of an inflammatory response in tumor-associated
MSCs with impact on different hallmarks of cancer in
neighboring cells.

PRKARI1A has been described as tumor-suppressor
in several cancer entities [48], and ablation of PRKARIA
has recently been shown to induce mammary neoplasia
[85]. We demonstrate that miR-1246 leads to increased
PKA activity by directly targeting PRKARIA. PKA
has been linked to activation of NF-kB by directly
phosphorylating the nuclear factor NF-Kappa-B p65
subunit (p65) [86, 87] or enhancing p65 transcriptional
activity [88], eventually leading to increased expression
of IL-6 [89]. In MSCs, PKA activity has thus far only
been shown to promote cell differentiation [90, 91]. We
demonstrate that knock-down of the PKA regulatory
subunit PRKAR 1A increases p65 levels and upregulates
transcription and release of IL-6 as well as CCL2 in
MSCs, without an additional inflammatory stimulus.
By this, we are the first to define PKA as enhancer of
inflammation in MSCs even in a non-inflammatory
environment (Supplementary Figure 10). However,
knock-down of PRKAR 1A did not affect phosphorylation
of p65 at S536 and we hypothesize that miR-1246 leads
to further activating phosphorylations of p65. These
might address other Serine residues than S536 [92] and
could in context of targeting PRKAR 1A involve S276 of
p65 [87, 93].

However, miR-1246 promotes overall pro-
inflammatory responses in MSCs, also in combination
with TNFa. We show that miR-1246 additionally targets
PP2As catalytic subunit PPP2CB to achieve this effect.
PP2A is deregulated in several tumors (including breast
cancer) and widely described as a tumor-suppressor [55,
94]. It has been shown that blocking of PP2A activities
increases NF-«kB translocation into the nucleus and
upregulates NF-kB-mediated transcriptional activities
[95-97]. It has been shown that PP2A directly interacts
with and dephosphorylates p65 at basal levels and
prevents NF-«B translocation to the nucleus in melanoma
cells [98]. However, even though downregulation of its
catalytic subunit PPP2CB increases p65 levels, knock-
down of PPP2CB without further TNFa stimulation does
not elevate pro-inflammatory mediators in MSCs. In
this context, it has been shown, that inhibition of PP2A
needs an additional TNFa stimulus to upregulate releases
of IL-8 and IL-6 [99]. Our data supports this finding by
demonstrating that knock-down of PPP2CB in MSCs in
combination with TNFa stimulation significantly increases
the transcriptional response of all three inflammatory
mediators IL-6, CCL2 and CCL5. We assume that PP2A
shuts off NF-«B signaling after being activated with
TNFo. In this context, we show that both miR-1246 and
knock-down of PPP2CB release a negative feedback

mechanism of IL-6 transcription after TNFa stimulation.
We conclude that PP2A’s catalytic subunit PPP2CB takes
over a negative regulatory role of pro-inflammatory
responses in MSCs under inflammatory conditions. By
directly targeting PPP2CB, miR-1246 achieves an overall
pro-inflammatory phenotype also in an inflammatory
environment (Supplementary Figure 10).

We reveal that miR-1246 directly targets at least
two genes to increase pro-inflammatory responses in
MSCs. It is important to gain more knowledge about the
interactions of both posttranscriptional modifiers PKA
and PP2A to understand their hierarchical connection
and function in context of miR-1246-mediated pro-
inflammatory responses in MSCs. Both PKA and PP2A
have been widely accepted as antagonistic regulators
of many molecular processes [100-102]. In the context
of inflammation, PKA has been shown to directly
phosphorylate PPP2CB, leading to degradation and
inactivation of PP2A and thereby resulting in increased
NF-kB activities [89]. Contrarily, PKA has also been
described to activate PP2A by directly phosphorylating
PPP2RS5D, one of the regulatory PP2A subunits [103].
In MSCs, miR-1246 acts pro-inflammatory in a TNFa-
independent manner by targeting PRKAR1A and PPP2CB
at the same time. Nevertheless, the functional connection
of both protein complexes in MSCs has not been described
until now. We approached this topic by combinatorial
knock-down of PRKARIA and PPP2CB in MSCs and
detected increases in releases of IL-6 and CCL2 at similar
extents to knock-down of PRKARIA alone. This indicates
that PKA activities dominate the functions of PP2A during
regulation of pro-inflammatory signaling pathways in
MSCs under non-inflammatory conditions. We suggest
complex interactions between PKA and PP2A that lead to
gene specific regulations of pro-inflammatory responses
in MSCs, which are strongly depending on inflammatory
signals of the environment. However, neither knock-
down of PRKARIA, nor of PPP2CB-induced CCLS5
transcription in absence of TNFa stimulation. Therefore,
miR-1246 likely targets a yet unidentified gene, leading to
upregulation of CCL5 under non-inflammatory conditions
and thereby contributing to a complex system of miR-
1246 mediated NF-kB modifications.

CONCLUSION

The aim of this study was to unravel novel miRNA-
mediated mechanisms in cells of the TME in the context
of breast cancer. We demonstrate that miR-1246 is
highly expressed in MSCs and show that it promotes
pro-inflammatory responses via PKA and PP2A by
directly targeting their subunits PRKAR1A and PPP2CB.
The miR-1246-induced secretion of pro-inflammatory
cytokines and chemokines IL-6, CCL2 and CCL5 in MSCs
is mediated via NF-«kB, but independent of TNFa. We
suggest a high level of complexity of miR-1246-mediated
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NF-«kB signaling in MSCs, resulting in direct functional
impact on different cell types of the TME. By this, miR-
1246 forms a key player in MSC-triggered inflammation
in the context of breast cancer and should be evaluated for
in-vivo studies to test its potential as therapeutic target.

MATERIALS AND METHODS

Cell culture

Primary human bone marrow (BM)-derived
MSCs from healthy individuals were purchased from
Lonza, grown in MSCGM™ (Lonza GmbH, Cologne,
Germany) and used until passage 6 (donor information
in Supplemental Materials). Starvation medium was
MSCGM™ with all supplements except serum. Cell lines
MCF7, T47D, SK-BR-3, MDA-MB-231, MDA-MB-468,
MCF10A, THP-1 BT474, HCC1143, HCC1937, HCC1954,
CAMAL, ZR-75-30, BT549 were obtained from ATCC
(LGC Standards GmbH, Wesel, Germany), HEK293-
FT from Invitrogen AG (Invitrogen AG, Carlsbad, USA)
(Growth media in Supplemental Materials). All cells lines
were authenticated by Multiplexion (Heidelberg, Germany)
and negatively tested for mycoplasma contamination.

Recombinant human (rh)-TNFa (PeproTech,
RH, USA) and rh-IL-6 (R&D Systems, Wiesbaden-
Nordenstadt, Germany) were used at final concentrations
of 20ng/ml, rh-CCL2 and rh-CCL5 (R&D Systems,
Wiesbaden-Nordenstadt, Germany) at 50ng/ml. IL-6 and
CCLS5 neutralizing antibodies (NAB) (R&D Systems,
Wiesbaden-Nordenstadt, Germany) were used at final
concentrations of 2ug/ml, CCL2 NAB at 4.5pg/ml.
Protein neutralization was performed for 3h on ice.

Transfections were performed with Lipofectamine®
2000 (Invitrogen AG, Carlsbad, USA) according to
manufacturer’s instructions. miRNAs and siRNAs
were used at final concentrations of 30nM (Details in
Supplementary Table 5).

Conditioned medium (CM) and quantification of
secreted proteins

MSCs were transfected for 48h, starved overnight
(o.n.), and grown in starvation medium for 72h if not
indicated differently. Breast cancer or epithelial cells were
grown for 72h in complete growth medium. Subsequently,
CM was retrieved, cell debris was removed by centrifugation
and stored immediately at -80°C and thawed only once
for experimental usage. For ultracentrifugation (UC), the
CM was first centrifuged for 30min at 2,000g to remove
dead cells and cell debris. The residual supernatant was
centrifuged at 100,000g for 180min using a SW 41 Ti Rotor
in a Beckman L8-70M Ultracentrifuge (Beckman Coulter,
California, USA). Separation of proteins larger than 4kDa in
CM of cancer cells was performed with AMICON® Ultra-4
filtration units (Merck Millipore, Darmstadt, Germany) at
4000g for 30 minutes.

MSC CM was analyzed for secreted proteins using
Human Cytokine Array Kit, Panel A (R&D Systems,
Wiesbaden-Nordenstadt, = Germany)  according  to
manufacturer’s instructions except that IRDye®800CM
Streptavidin (LI-COR, Lincoln, NE, USA) was used in
a 1:4000 dilution in PBS for visualization. Membranes
were scanned with Odyssey Reader and analyzed with
Odyssey 2.1 (LI-COR, Lincoln, NE, USA). Fluorescence
linked-immunosorbent assay (FLISA) was used for protein
quantification in CM (Protocol in Supplemental Materials).

RNA isolation and analysis

For mRNA or miRNA expression analysis, MSCs
were transfected for 48h unless indicated otherwise.
Total-RNA was isolated using miRNeasy Mini kit
(Qiagen, Hilden, Germany). mRNA was quantified
using TagMan® based qRT-PCR with UPL probes
(Roche Diagnostics GmbH, Mannheim, Germany)
and miRNA was quantified with TagMan® MicroRNA
Assays (Thermo Fisher Scientific, Massachusetts, USA)
(Protocol in Supplemental Materials, primer sequences in
Supplementary Table 6).

Genome wide gene expression analysis was
performed on HumanHT-12 v4 BeadChips (Illumina,
San Diego, CA, USA) by the microarray unit of the
DKFZ Genomics and Proteomics Core Facility (GPCF).
Raw data of miR-1246 overexpression in MSCs of two
donors was uploaded to ArrayExpress (https://www.ebi.
ac.uk/arrayexpress/experiments/E-MTAB-5033/) with the
accession E-MTAB-5033. For miRNA sequencing, MSCs
were grown to 90% confluency, starved o.n. and harvested
at time points Oh and 24h in duplicates. Total RNA was
isolated using miRNeasy Mini kit (Qiagen, Hilden,
Germany). RNA quantity and quality checks, library
preparation and miRNA sequencing were performed
by the sequencing unit of the DKFZ GPCF (Details in
Supplemental Materials).

Immunoblotting

Protein analysis was performed with Western
blot after 72h of miRNA or siRNA transfection, unless
indicated differently (Details in Supplemental Materials;
Primary antibodies in Supplementary Table 7). Secondary
IRDye®680 or IRDye®800-conjugated antibodies
(LI-COR, Lincoln, NE, USA) were used for band
visualization. Membranes were scanned and analyzed with
Odyssey scanner and Odyssey 2.1, respectively (LI-COR,
Lincoln, NE, USA). For quantification, local background
subtraction and B-Actin normalization was performed.

Functional and luciferase reporter assays,
3°UTR cloning

Kinase activity was quantified using PKA
Kinase-Activity Assay Kits (Abcam, Cambridge, Great
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Britain) according to manufacturer’s instructions. See
Supplemental Materials for protocols on NF-kB and
3’UTR reporter assays and cloning (primer sequences
in Supplementary Table 8), as well as functional assays
on MCF10A proliferation, MDA-MB-231 migration and
THP-1 chemo-attraction assays.

Dataset and statistical analysis, and visualization

Survival analysis was performed for mRNAs
and miRNAs (excluding putative miRNAs) using the
METABRIC dataset [70, 72]. Kaplan-Meier analyses was
applied to generate survival curves and log-rank test was
applied to evaluate the significance of group differences in
survival rates (details in Supplemental Materials). mRNA
or miRNA expression analysis was performed with a
combination of all patients of the METABRIC discovery
and validation datasets [72], with available mRNA or
miRNA data of the specific gene.

If not mentioned differently, experimental statistical
analysis was performed with two-tailed Student’s t-test
and equality of variance was tested with the F-Test. Graphs
were created using GraphPad Prism 5 and graphical
illustrations using Inkscape v. 0.91.

ACKNOWLEDGMENTS

We thank the Sequencing and Microarray Units of
the DKFZ Genomics and Proteomics Core Facility for
performing excellent services. This work was supported
in part by the Cooperation Program in Cancer Research
of the Deutsches Krebsforschungszentrum (DKFZ)
and Israel’s Ministry of Science, Technology and Space
(MOST) (Project Ca 153), the German Federal Ministry
of Education and Research (e:Med FKZ:031A429), and
the Baden-Wiirttemberg Stiftung (BWST _NCRNA _035).

CONFLICTS OF INTEREST

The authors declare no potential conflicts of interest.

GRANT SUPPORT

The study was funded by the Cooperation
Program in Cancer Research of the Deutsches
Krebsforschungszentrum (DKFZ) and Israel’s Ministry of
Science, Technology and Space (MOST) (Project Ca 153),
the German Federal Ministry of Education and Research
(e:Med FKZ:031A429), and the Baden-Wiirttemberg
Stiftung (BWST _NCRNA 035).

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA
Cancer J Clin. 2015; 65: 5-29. doi: 10.3322/caac.21254.

10.

11.

12.

13.

Hanahan D, Coussens LM. Accessories to the crime:
functions of cells recruited to the tumor microenvironment.
Cancer Cell. 2012; 21: 309-22. doi: 10.1016/.
ccr.2012.02.022.

Marx J. All in the stroma: cancer’s Cosa Nostra. Science.
2008; 320: 38—41. doi: 10.1126/science.320.5872.38.

Allinen M, Beroukhim R, Cai L, Brennan C, Lahti-
Domenici J, Huang H, Porter D, Hu M, Chin L,
Richardson A, Schnitt S, Sellers WR, Polyak K. Molecular
characterization of the tumor microenvironment in breast
cancer. Cancer Cell. 2004; 6: 17-32. doi: 10.1016/.
¢cr.2004.06.010.

Zhang T, Lee YW, Rui YF, Cheng TY, Jiang XH, Li G.
Bone marrow-derived mesenchymal stem cells promote
growth and angiogenesis of breast and prostate tumors.
Stem Cell Res Ther. 2013; 4: 70. doi: 10.1186/scrt221.

Erez N, Truitt M, Olson P, Arron ST, Hanahan D. Cancer-
associated fibroblasts are activated in incipient neoplasia
to orchestrate tumor-promoting inflammation in an
NF-kappaB-dependent manner. Cancer Cell. 2010; 17:
135-47. doi: 10.1016/j.ccr.2009.12.041.

Coussens LM, Werb Z. Inflammation and cancer. Nature.
2002; 420: 860—7. doi: 10.1038/nature01322.

Studeny M, Marini FC, Champlin RE, Zompetta C, Fidler
1J, Andreeff M. Bone marrow-derived mesenchymal stem
cells as vehicles for interferon-p delivery into tumors.
Cancer Res. 2002; 62: 3603-8.

Studeny M, Marini FC, Dembinski JL, Zompetta C,
Cabreira-Hansen M, Bekele BN, Champlin RE, Andreeft
M. Mesenchymal stem cells: potential precursors for tumor
stroma and targeted-delivery vehicles for anticancer agents.
J Natl Cancer Inst. 2004; 96: 1593—603. doi: 10.1093/jnci/
djh299.

Jotzu C, Alt E, Welte G, Li J, Hennessy BT, Devarajan E,
Krishnappa S, Pinilla S, Droll L, Song YH. Adipose tissue
derived stem cells differentiate into carcinoma-associated
fibroblast-like cells under the influence of tumor derived
factors. Cell Oncol. 2011; 34: 55-67. doi: 10.1007/
$13402-011-0012-1.

Quante M, Tu SP, Tomita H, Gonda T, Wang SS, Takashi
S, Baik GH, Shibata W, DiPrete B, Betz KS, Friedman
R, Varro A, Tycko B, et al. Bone marrow-derived
myofibroblasts contribute to the mesenchymal stem cell
niche and promote tumor growth. Cancer Cell. 2011; 19:
257-72. doi: 10.1016/j.ccr.2011.01.020.

Shangguan L, Ti X, Krause U, Hai B, Zhao Y, Yang Z,
Liu F. Inhibition of TGF-f/Smad signaling by BAMBI
blocks differentiation of human mesenchymal stem cells
to carcinoma-associated fibroblasts and abolishes their
protumor effects. Stem Cells. 2012; 30: 2810-19. doi:
10.1002/stem.1251.

Spaeth EL, Dembinski JL, Sasser AK, Watson K, Klopp
A, Hall B, Andreeff M, Marini F. Mesenchymal stem cell
transition to tumor-associated fibroblasts contributes to

www.impactjournals.com/oncotarget

43910

Oncotarget



14.

15.

17.

18.

20.

21.

22.

23.

24.

fibrovascular network expansion and tumor progression.
PLoS One. 2009; 4: e4992. doi: 10.1371/journal.
pone.0004992.

Mishra PJ, Mishra PJ, Humeniuk R, Medina DJ, Alexe G,
Mesirov JP, Ganesan S, Glod JW, Banerjee D. Carcinoma-
associated fibroblast-like differentiation of human
mesenchymal stem cells. Cancer Res. 2008; 68: 4331-9.
doi: 10.1158/0008-5472.CAN-08-0943.

Di G, Liu Y, Lu Y, Liu J, Wu C, Duan HF. IL-6 secreted
from senescent mesenchymal stem cells promotes
proliferation and migration of breast cancer cells. PLoS

One. 2014; 9: e113572. doi: 10.1371/journal.pone.0113572.

Huang WH, Chang MC, Tsai KS, Hung MC, Chen HL,
Hung SC. Mesenchymal stem cells promote growth and
angiogenesis of tumors in mice. Oncogene. 2013; 32: 4343~
54. doi: 10.1038/0nc.2012.458.

Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW,
Bell GW, Richardson AL, Polyak K, Tubo R, Weinberg RA.
Mesenchymal stem cells within tumour stroma promote
breast cancer metastasis. Nature. 2007; 449: 557-63. doi:
10.1038/nature06188.

Lazennec G, Jorgensen C. Concise review: adult multipotent
stromal cells and cancer: risk or benefit? STEM Cells. 2008;
26: 1387-94. doi: 10.1634/stemcells.2007-1006.

Katanov C, Lerrer S, Liubomirski Y, Leider-Trejo L,
Meshel T, Bar J, Feniger-Barish R, Kamer I, Soria-Artzi
G, Kahani H, Banerjee D, Ben-Baruch A. Regulation
of the inflammatory profile of stromal cells in human
breast cancer: prominent roles for TNF-o and the NF-kB
pathway. Stem Cell Res Ther. 2015; 6: 87. doi: 10.1186/
s13287-015-0080-7.

Lacerda L, Debeb BG, Smith D, Larson R, Solley T, Xu W,
Krishnamurthy S, Gong Y, Levy LB, Buchholz T, Ueno NT,
Klopp A, Woodward WA. Mesenchymal stem cells mediate
the clinical phenotype of inflammatory breast cancer in a
preclinical model. Breast Cancer Res. 2015; 17: 42. doi:
10.1186/s13058-015-0549-4.

Spaeth E, Klopp A, Dembinski J, Andreeff M, Marini F.
Inflammation and tumor microenvironments: defining the
migratory itinerary of mesenchymal stem cells. Gene Ther.
2008; 15: 730-8. doi: 10.1038/gt.2008.39.

Pierce BL, Ballard-Barbash R, Bernstein L, Baumgartner
RN, Neuhouser ML, Wener MH, Baumgartner KB,
Gilliland FD, Sorensen BE, McTiernan A, Ulrich CM.
Elevated biomarkers of inflammation are associated
with reduced survival among breast cancer patients.
J Clin Oncol. 2009; 27: 3437-44. doi: 10.1200/
JCO.2008.18.9068.

DiDonato JA, Mercurio F, Karin M. NF-kB and the link
between inflammation and cancer. Immunol Rev. 2012; 246:
379-400. doi: 10.1111/.1600-065X.2012.01099.x.

Karin M, Greten FR. NF-«B: linking inflammation and

immunity to cancer development and progression. Nat Rev
Immunol. 2005; 5: 749-59. doi: 10.1038/nri1703.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Luque I, Gélinas C. Rel/NF-xB and IkB factors in
oncogenesis. Semin Cancer Biol. 1997; 8: 103—11. doi:
10.1006/s¢bi.1997.0061.

Naugler WE, Karin M. NF-kB and cancer — identifying
targets and mechanisms. Curr Opin Genet Dev. 2008; 18:
19-26. doi: 10.1016/j.gde.2008.01.020.

Grivennikov SI, Karin M. Inflammatory cytokines in
cancer: tumour necrosis factor and interleukin 6 take the
stage. Ann Rheum Dis. 2011; 70: 1104-8. doi: 10.1136/
ard.2010.140145.

Beissert S, Bergholz M, Waase I, Lepsien G, Schauer A,
Pfizenmaier K, Kronke M. Regulation of tumor necrosis
factor gene expression in colorectal adenocarcinoma: in
vivo analysis by in situ hybridization. Proc Natl Acad Sci
U S A. 1989; 86: 5064-8.

Carswell EA, Old LJ, Kassel RL, Green S, Fiore N,
Williamson B. An endotoxin-induced serum factor that
causes necrosis of tumors. Proc Natl Acad Sci U S A. 1975;
72:3666-70.

Hagemann T, Robinson SC, Schulz M, Triimper L, Balkwill
FR, Binder C. Enhanced invasiveness of breast cancer
cell lines upon co-cultivation with macrophages is due to
TNF-o dependent up-regulation of matrix metalloproteases.
Carcinogenesis. 2004; 25: 1543-9. doi: 10.1093/carcin/
bgh146.

Soria G, Ofri-Shahak M, Haas I, Yaal-Hahoshen N, Leider-
Trejo L, Leibovich-Rivkin T, Weitzenfeld P, Meshel T,
Shabtai E, Gutman M, Ben-Baruch A. Inflammatory
mediators in breast cancer: coordinated expression of TNFa
& IL-1p with CCL2 & CCLS and effects on epithelial-to-
mesenchymal transition. BMC Cancer. 2011; 11: 130. doi:
10.1186/1471-2407-11-130.

Ben-Baruch A. The tumor-promoting flow of cells
into, within and out of the tumor site: regulation by
the inflammatory axis of TNFa and chemokines.
Cancer Microenviron. 2012; 5: 151-64. doi: 10.1007/
$12307-011-0094-3.

Soria G, Ben-Baruch A. The inflammatory chemokines
CCL2 and CCLS5 in breast cancer. Cancer Lett. 2008; 267:
271-85. doi: 10.1016/j.canlet.2008.03.018.

van den Berk LC, Jansen BJ, Siebers-Vermeulen
KG, Roelofs H, Figdor CG, Adema GJ, Torensma R.
Mesenchymal stem cells respond to TNF but do not produce
TNEF. J Leukoc Biol. 2010; 87: 283-9. doi: 10.1189/
j1b.0709467.

Crisostomo PR, Wang Y, Markel TA, Wang M, Lahm T,
Meldrum DR. Human mesenchymal stem cells stimulated
by TNF-o0, LPS, or hypoxia produce growth factors by
an NF«kB- but not JNK-dependent mechanism. Am J
Physiol Cell Physiol. 2008; 294: C675-82. doi: 10.1152/
ajpcell.00437.2007.

Ren G, Zhao X, Wang Y, Zhang X, Chen X, Xu C, Yuan
Z, Roberts Al, Zhang L, Zheng B, Wen T, Han Y, Rabson
AB, et al. CCR2-dependent recruitment of macrophages by

WWw

.impactjournals.com/oncotarget

43911

Oncotarget



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

tumor-educated mesenchymal stromal cells promotes tumor
development and is mimicked by TNFa. Cell Stem Cell.
2012; 11: 812-24. doi: 10.1016/j.stem.2012.08.013.

Park CW, Kim KS, Bae S, Son HK, Myung PK, Hong
HJ, Kim H. Cytokine secretion profiling of human
mesenchymal stem cells by antibody array. Int J Stem Cells.
2009; 2: 59-68.

Berishaj M, Gao SP, Ahmed S, Leslie K, Al-Ahmadie H,
Gerald WL, Bornmann W, Bromberg JF. Stat3 is tyrosine-
phosphorylated through the interleukin-6/glycoprotein 130/
Janus kinase pathway in breast cancer. Breast Cancer Res.
2007; 9: R32. doi: 10.1186/bcr1680.

Sullivan NJ, Sasser AK, Axel AE, Vesuna F, Raman V,
Ramirez N, Oberyszyn TM, Hall BM. Interleukin-6 induces
an epithelial-mesenchymal transition phenotype in human
breast cancer cells. Oncogene. 2009; 28: 2940-7. doi:
10.1038/0nc.2009.180.

Scherzed A, Steber M, Gehrke T, Rak K, Froelich K,
Schendzielorz P, Hagen R, Kleinsasser N, Hackenberg
S. Human mesenchymal stem cells enhance cancer cell
proliferation via IL-6 secretion and activation of ERK1/2.
Int J Oncol. 2015; 47: 391-7. doi: 10.3892/ij0.2015.3009.

Yu H, Kortylewski M, Pardoll D. Crosstalk between
cancer and immune cells: role of STAT3 in the tumour
microenvironment. Nat Rev Immunol. 2007; 7: 41-51. doi:
10.1038/nri1995.

Huang B, Lei Z, Zhao J, Gong W, Liu J, Chen Z, Liu Y,
Li D, Yuan Y, Zhang GM, Feng ZH. CCL2/CCR2 pathway
mediates recruitment of myeloid suppressor cells to
cancers. Cancer Lett. 2007; 252: 86-92. doi: 10.1016/].
canlet.2006.12.012.

Raz Y, Erez N. An inflammatory vicious cycle: fibroblasts
and immune cell recruitment in cancer. Exp Cell Res. 2013;
319: 1596-603. doi: 10.1016/j.yexcr.2013.03.022.

Bonecchi R, Locati M, Mantovani A. Chemokines and
cancer: a fatal attraction. Cancer Cell. 2011; 19: 434-5. doi:
10.1016/j.ccr.2011.03.017.

Aldinucci D, Colombatti A, Aldinucci D, Colombatti A. The
inflammatory chemokine CCL5 and cancer progression.
Mediators Inflamm. 2014; 2014. doi: 10.1155/2014/292376,
10.1155/2014/292376.

Hanahan D, Weinberg RA. Hallmarks of cancer: the
next generation. Cell. 2011; 144: 646-74. doi: 10.1016/.
cell.2011.02.013.

Hayden MS, Ghosh S. Signaling to NF-kB. Genes Dev.
2004; 18: 2195-224. doi: 10.1101/gad.1228704.

Bossis I, Stratakis CA. Minireview: PRKARIA: normal
and abnormal functions. Endocrinology. 2004; 145: 5452-8.
doi: 10.1210/en.2004-0900.

Krebs EG, Beavo JA. Phosphorylation-dephosphorylation
of enzymes. Annu Rev Biochem. 1979; 48: 923-59. doi:
10.1146/annurev.bi.48.070179.004423.

Amieux PS, Mcknight GS. The essential role of ria in the
maintenance of regulated PKA activity. Ann N 'Y Acad

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Sci. 2002; 968: 75-95. doi: 10.1111/5.1749-6632.2002.
tb04328 x.

Amieux PS, Cummings DE, Motamed K, Brandon
EP, Wailes LA, Le K, Idzerda RL, McKnight GS.
Compensatory regulation of Rla protein levels in protein
kinase A mutant mice. J Biol Chem. 1997; 272: 3993-8.
doi: 10.1074/jbc.272.7.3993.

Moorhead GBG, Trinkle-Mulcahy L, Ulke-Lemée A.
Emerging roles of nuclear protein phosphatases. Nat Rev
Mol Cell Biol. 2007; 8: 234-44. doi: 10.1038/nrm2126.

Depaoli-Roach AA, Park IK, Cerovsky V, Csortos C,
Durbin SD, Kuntz MJ, Sitikov A, Tang PM, Verin A,
Zolnierowicz S. Serine/threonine protein phosphatases in
the control of cell function. Adv Enzyme Regul. 1994; 34:
199-224.

Cho US, Xu W. Crystal structure of a protein phosphatase
2A heterotrimeric holoenzyme. Nature. 2007; 445: 53-7.
doi: 10.1038/nature05351.

Seshacharyulu P, Pandey P, Datta K, Batra SK. Phosphatase:
PP2A structural importance, regulation and its aberrant
expression in cancer. Cancer Lett. 2013; 335: 9-18. doi:
10.1016/j.canlet.2013.02.036.

Junttila MR, Li SP, Westermarck J. Phosphatase-mediated
crosstalk between MAPK signaling pathways in the
regulation of cell survival. FASEB J. 2008; 22: 954—-65. doi:
10.1096/1j.06-7859rev.

Shanley TP, Vasi N, Denenberg A, Wong HR. The serine/
threonine phosphatase, PP2A: endogenous regulator of
inflammatory cell signaling. ] Immunol. 2001; 166: 966-72.
doi: 10.4049/jimmunol.166.2.966.

Esquela-Kerscher A, Slack FJ. Oncomirs — microRNAs
with a role in cancer. Nat Rev Cancer. 2006; 6: 259—69.
doi: 10.1038/nrc1840.

Uhlmann S, Mannsperger H, Zhang JD, Horvat EA,
Schmidt C, Kiiblbeck M, Henjes F, Ward A, Tschulena U,
Zweig K, Korf U, Wiemann S, Sahin 0. Global microRNA
level regulation of EGFR-driven cell-cycle protein network
in breast cancer. Mol Syst Biol. 2012; 8: 570. doi: 10.1038/
msb.2011.100.

Keklikoglou I, Hosaka K, Bender C, Bott A, Koerner C,
Mitra D, Will R, Woerner A, Muenstermann E, Wilhelm
H, Cao Y, Wiemann S. MicroRNA-206 functions as a
pleiotropic modulator of cell proliferation, invasion and
lymphangiogenesis in pancreatic adenocarcinoma by
targeting ANXA2 and KRAS genes. Oncogene. 2014; 2015:
4867-4878. doi: 10.1038/0onc.2014.408.

Korner C, Keklikoglou I, Bender C, Worner A,
Miinstermann E, Wiemann S. MicroRNA-31 sensitizes
human breast cells to apoptosis by direct targeting of protein
kinase C € (PKCe). J Biol Chem. 2013; 288: 8750-61. doi:
10.1074/jbc.M112.414128.

Keklikoglou I, Koerner C, Schmidt C, Zhang JD,
Heckmann D, Shavinskaya A, Allgayer H, Giickel
B, Fehm T, Schneeweiss A, Sahin O, Wiemann S,

WWw

.impactjournals.com/oncotarget

43912

Oncotarget



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Tschulena U. MicroRNA-520/373 family functions
as a tumor suppressor in estrogen receptor negative
breast cancer by targeting NF-kB and TGF-f signaling
pathways. Oncogene. 2012; 31: 4150-63. doi: 10.1038/
onc.2011.571.

Clark EA, Kalomoiris S, Nolta JA, Fierro FA. Concise
review: microRNA function in multipotent mesenchymal
stromal cells. Stem Cells. 2014; 32: 1074-82. doi: 10.1002/
stem.1623.

Oskowitz AZ, Lu J, Penfornis P, Ylostalo J, McBride J,
Flemington EK, Prockop DJ, Pochampally R. Human
multipotent stromal cells from bone marrow and
microRNA: regulation of differentiation and leukemia
inhibitory factor expression. Proc Natl Acad Sci U S A.
2008; 105: 18372-7. doi: 10.1073/pnas.0809807105.

Chou J, Shahi P, Werb Z. microRNA-mediated regulation of
the tumor microenvironment. Cell Cycle. 2013; 12: 3262—
71. doi: 10.4161/cc.26087.

Hsieh JY, Huang TS, Cheng SM, Lin WS, Tsai TN, Wang
HW. miR-146a-5p circuitry uncouples cell proliferation and
migration, but not differentiation, in human mesenchymal
stem cells. Nucleic Acids Res. 2013; 41: 9753-63. doi:
10.1093/nar/gkt666.

Perng D, Yang D, Hsiao Y, Lo T, Lee OK, Wu M, Wu Y,
Lee Y. miRNA-146a expression positively regulates tumor
necrosis factor-o-induced interleukin-8 production in
mesenchymal stem cells and differentiated lung epithelial-
like cells. Tissue Eng Part A. 2012; 18: 2259-67. doi:
10.1089/ten.tea.2011.0634.

Zhang Y, Yang P, Sun T, Li D, Xu X, Rui Y, Li C, Chong
M, Ibrahim T, Mercatali L, Amadori D, Lu X, Xie D,
et al. miR-126 and miR-126* repress recruitment of
mesenchymal stem cells and inflammatory monocytes to
inhibit breast cancer metastasis. Nat Cell Biol. 2013; 15:
284-94. doi: 10.1038/ncb2690.

Huang F, Zhu X, Hu XQ, Fang ZF, Tang L, Lu XL,
Zhou SH. Mesenchymal stem cells modified with miR-
126 release angiogenic factors and activate Notch ligand
Delta-like-4, enhancing ischemic angiogenesis and cell
survival. Int ] Mol Med. 2013; 31: 484-92. doi: 10.3892/
ijmm.2012.1200.

Dvinge H, Git A, Graf S, Salmon-Divon M, Curtis C,
Sottoriva A, Zhao Y, Hirst M, Armisen J, Miska EA, Chin
SF, Provenzano E, Turashvili G, et al. The shaping and
functional consequences of the microRNA landscape in
breast cancer. Nature. 2013; 497: 378-82. doi: 10.1038/
nature12108.

Agarwal V, et al. TargetScanHuman. TargetScan.org. 2015.
Available from http://www.targetscan.org/

Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM,
Dunning MJ, Speed D, Lynch AG, Samarajiwa S, Yuan
Y, Griaf S, Ha G, Haffari G, et al. The genomic and
transcriptomic architecture of 2,000 breast tumours reveals
novel subgroups. Nature. 2012; 486: 346—52. doi: 10.1038/
nature10983.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Xiang M, Birkbak NJ, Vafaizadeh V, Walker SR, Yeh JE,
Liu S, Kroll Y, Boldin M, Taganov K, Groner B, Richardson
AL, Frank DA. STAT3 induction of miR-146b forms a
feedback loop to inhibit the NF-kB to IL-6 signaling axis
and STAT3-driven cancer phenotypes. Sci Signal. 2014; 7:
rall-rall. doi: 10.1126/scisignal.2004497.

FuLl, LiZ, Zhu J, Wang P, Fan G, Dai Y, Zheng Z, Liu Y.
Serum expression levels of microRNA-382-3p, —598-3p,
—1246 and —184 in breast cancer patients. Oncol Lett. 2016;
12: 269-74. doi: 10.3892/01.2016.4582.

Jones CI, Zabolotskaya MV, King AJ, Stewart HJS,
Horne GA, Chevassut TJ, Newbury SF. Identification of
circulating microRNAs as diagnostic biomarkers for use in
multiple myeloma. Br J Cancer. 2012; 107: 1987-96. doi:
10.1038/bjc.2012.525.

Y,

Ogata-Kawata H, Izumiya M, Kurioka D, Honma Y,
Yamada Y, Furuta K, Gunji T, Ohta H, Okamoto H, Sonoda
H, Watanabe M, Nakagama H, Yokota J, et al. Circulating
exosomal microRNAs as biomarkers of colon cancer. PLoS
One. 2014; 9: €92921. doi: 10.1371/journal.pone.0092921.
Takeshita N, Hoshino I, Mori M, Akutsu Y, Hanari N,
Yoneyama Y, Ikeda N, Isozaki Y, Maruyama T, Akanuma N,
Komatsu A, Jitsukawa M, Matsubara H. Serum microRNA
expression profile: miR-1246 as a novel diagnostic and
prognostic biomarker for oesophageal squamous cell
carcinoma. Br J Cancer. 2013; 108: 644—-52. doi: 10.1038/
bjc.2013.8.

Hannafon BN, Trigoso YD, Calloway CL, Zhao YD, Lum
DH, Welm AL, Zhao ZJ, Blick KE, Dooley WC, Ding
WQ. Plasma exosome microRNAs are indicative of breast
cancer. Breast Cancer Res. 2016; 18: 90. doi: 10.1186/
$13058-016-0753-x.

Nagamitsu Y, Nishi H, Sasaki T, Takaesu Y, Terauchi
F, Isaka K. Profiling analysis of circulating microRNA
expression in cervical cancer. Mol Clin Oncol. 2016; 5:
189-94. doi: 10.3892/mc0.2016.875.

Chen J, Yao D, Zhao S, He C, Ding N, Li L, Long F. MiR-
1246 promotes SiHa cervical cancer cell proliferation,
invasion, and migration through suppression of its target
gene thrombospondin 2. Arch Gynecol Obstet. 2014; 290:
725-32. doi: 10.1007/s00404-014-3260-2.

Sun Z, Meng C, Wang S, Zhou N, Guan M, Bai C,
Lu S, Han Q, Zhao RC. MicroRNA-1246 enhances
migration and invasion through CADM1 in hepatocellular
carcinoma. BMC Cancer. 2014; 14: 616. doi:
10.1186/1471-2407-14-616.

Huang W, Li H, Luo R. The microRNA-1246 promotes
metastasis in non-small cell lung cancer by targeting
cytoplasmic polyadenylation element-binding protein 4. Diagn
Pathol. 2015; 10: 127. doi: 10.1186/s13000-015-0366-1.
Pigati L, Yaddanapudi SC, Iyengar R, Kim DJ, Hearn SA,
Danforth D, Hastings ML, Duelli DM. Selective release of
microRNA species from normal and malignant mammary
epithelial cells. PLoS One. 2010; 5: e13515. doi: 10.1371/
journal.pone.0013515.

WWw

.impactjournals.com/oncotarget

43913

Oncotarget



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Yu PF, Huang Y, Han YY, Lin LY, Sun WH, Rabson AB,
Wang Y, Shi YF. TNFa-activated mesenchymal stromal
cells promote breast cancer metastasis by recruiting
CXCR2+ neutrophils. Oncogene. 2017; 36: 482-90. doi:
10.1038/0on¢.2016.217.

Beristain AG, Molyneux SD, Joshi PA, Pomroy NC,
Di Grappa MA, Chang MC, Kirschner LS, Privé GG,
Pujana MA, Khokha R. PKA signaling drives mammary
tumorigenesis through Src. Oncogene. 2015; 34: 1160-73.
doi: 10.1038/onc.2014.41.

Gao N, Hibi Y, Cueno M, Asamitsu K, Okamoto T.
A-kinase-interacting protein 1 (AKIP1) acts as a molecular
determinant of PKA in NF-«kB signaling. J Biol Chem.
2010; 285: 28097-104. doi: 10.1074/jbc.M110.116566.

Zhong H, SuYang H, Erdjument-Bromage H, Tempst P,
Ghosh S. The transcriptional activity of NF-«B Is regulated
by the IkB-associated PKAc subunit through a cyclic
AMP—independent mechanism. Cell. 1997; 89: 413-24. doi:
10.1016/S0092-8674(00)80222-6.

Takahashi N, Tetsuka T, Uranishi H, Okamoto T.
Inhibition of the NF-«xB transcriptional activity by protein
kinase A. Eur J Biochem. 2002; 269: 4559-65. doi:
10.1046/j.1432-1033.2002.03157 x.

Choi HK, Park SY, Oh HJ, Han EJ, Lee YH, Choi KC,
Yoon HG. PKA negatively regulates PP2CP to activate
NF-kB-mediated inflammatory signaling. Biochem
Biophys Res Commun. 2013; 436: 473—7. doi: 10.1016/j.
bbrc.2013.05.129.

Jia B, Madsen L, Petersen RK, Techer N, Kopperud R,
Ma T, Dgskeland SO, Ailhaud G, Wang J, Amri EZ,
Kristiansen K. Activation of protein kinase A and exchange
protein directly activated by cAMP promotes adipocyte
differentiation of human mesenchymal stem cells. PLos
One. 2012; 7: e34114. doi: 10.1371/journal.pone.0034114.

Siddappa R, Martens A, Doorn J, Leusink A, Olivo C,
Licht R, van Rijn L, Gaspar C, Fodde R, Janssen F, van
Blitterswijk C, de Boer J. cAMP/PKA pathway activation
in human mesenchymal stem cells in vitro results in robust
bone formation in vivo. Proc Natl Acad Sci U S A. 2008;
105: 7281-6. doi: 10.1073/pnas.0711190105.

Chaturvedi MM, Sung B, Yadav VR, Kannappan R,
Aggarwal BB. NF-kB addiction and its role in cancer: “one
size does not fit all.” Oncogene. 2011; 30: 1615-30. doi:
10.1038/0nc.2010.566.

Yoon C, Korade Z, Carter BD. Protein kinase A-induced
phosphorylation of the p65 subunit of nuclear factor-kB
promotes Schwann cell differentiation into a myelinating
phenotype. J Neurosci. 2008; 28: 3738-46. doi: 10.1523/
JNEUROSCI.4439-07.2008.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Sablina AA, Hahn WC. The role of PP2A A subunits in
tumor suppression. Cell Adhes Migr. 2007; 1: 140-1.

Breuer R, Becker MS, Brechmann M, Mock T, Arnold
R, Krammer PH. The protein phosphatase 2A regulatory
subunit B56y mediates suppression of T cell receptor
(TCR)-induced nuclear factor-kB (NF-kB) activity.
J Biol Chem. 2014; 289: 14996-5004. doi: 10.1074/jbc.
M113.533547.

Sontag E. Protein phosphatase 2A is a critical regulator of
protein kinase C zeta signaling targeted by SV40 smallt to
promote cell growth and NF-kappa B activation. EMBO J.
1997; 16: 5662—71. doi: 10.1093/emboj/16.18.5662.
Thévenin C, Kim SJ, Rieckmann P, Fujiki H, Norcross
MA, Sporn MB, Fauci AS, Kehrl JH. Induction of nuclear
factor-kappa B and the human immunodeficiency virus
long terminal repeat by okadaic acid, a specific inhibitor of
phosphatases 1 and 2A. New Biol. 1990; 2: 793-800.

Yang J, Fan GH, Wadzinski BE, Sakurai H, Richmond
A. Protein phosphatase 2A interacts with and directly
dephosphorylates RelA. J Biol Chem. 2001; 276: 47828-33.
doi: 10.1074/jbc.M106103200.

Rahman MM, Rumzhum NN, Morris JC, Clark AR,
Verrills NM, Ammit AJ. Basal protein phosphatase 2A
activity restrains cytokine expression: role for MAPKs and
tristetraprolin. Sci Rep. 2015; 5. doi: 10.1038/srep10063.
Firulli BA, Howard MJ, McDaid JR, Mcllreavey L, Dionne
KM, Centonze VE, Cserjesi P, Virshup DM, Firulli AB.
PKA, PKC, and the protein phosphatase 2A influence
HAND factor function: a mechanism for tissue-specific
transcriptional regulation. Mol Cell. 2003; 12: 1225-37.
doi: 10.1016/S1097-2765(03)00425-8.

Juhész T, Matta C, Somogyi C, Katona E, Takacs R, Soha
RF, Szabo 1A, Cserhati C, Sz6dy R, Karacsonyi Z, Bako
E, Gergely P, Zakany R. Mechanical loading stimulates
chondrogenesis via the PKA/CREB-Sox9 and PP2A
pathways in chicken micromass cultures. Cell Signal. 2014;
26: 468-82. doi: 10.1016/j.cellsig.2013.12.001.

Reilein AR, Tint IS, Peunova NI, Enikolopov GN, Gelfand
VI. Regulation of organelle movement in melanophores
by protein kinase A (PKA), protein kinase C (PKC), and
protein phosphatase 2A (PP2A). J Cell Biol. 1998; 142:
803—13. doi: 10.1083/jcb.142.3.803.

Ahn JH, McAvoy T, Rakhilin SV, Nishi A, Greengard P,
Nairn AC. Protein kinase A activates protein phosphatase
2A by phosphorylation of the B568 subunit. Proc Natl
Acad Sci U S A. 2007; 104: 2979-84. doi: 10.1073/
pnas.0611532104.

www.impactjournals.com/oncotarget

43914

Oncotarget



