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Abstract 

Background:  Breast cancer is a highly heterogeneous disease with multiple drivers and complex regulatory net‑
works. Periostin (Postn) is a matricellular protein involved in a plethora of cancer types and other diseases. Postn has 
been shown to be involved in various processes of tumor development, such as angiogenesis, invasion, cell survival 
and metastasis. The expression of Postn in breast cancer cells has been correlated with a more aggressive phenotype. 
Despite extensive research, it remains unclear how epithelial cancer cells regulate Postn expression.

Methods:  Using murine tumor models and human TMAs, we have assessed the proportion of tumor samples that 
have acquired Postn expression in tumor cells. Using biochemical approaches and tumor cell lines derived from 
Neu+ murine primary tumors, we have identified major regulators of Postn gene expression in breast cancer cell lines.

Results:  Here, we show that, while the stromal compartment typically always expresses Postn, about 50% of breast 
tumors acquire Postn expression in the epithelial tumor cells. Furthermore, using an in vitro model, we show a cross-
regulation between FGFR, TGFβ and PI3K/AKT pathways to regulate Postn expression. In HER2-positive murine breast 
cancer cells, we found that basic FGF can repress Postn expression through a PKC-dependent pathway, while TGFβ 
can induce Postn expression in a SMAD-independent manner. Postn induction following the removal of the FGF-
suppressive signal is dependent on PI3K/AKT signaling.

Conclusion:  Overall, these results reveal a novel regulatory mechanism and shed light on how breast tumor cells 
acquire Postn expression. This complex regulation is likely to be cell type and cancer specific as well as have important 
therapeutic implications.
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Background
Excluding non-melanoma skin cancer, breast cancer is 
the most common type of cancer in women worldwide 
[1]. Breast cancer is a complex and highly heterogene-
ous disease which is typically classified in molecular 
subtypes according to the expression of specific fac-
tors such as estrogen receptor (ESR1), progesterone 
receptor (PGR) and human epidermal growth factor 
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receptor 2 (HER2) [2, 3]. The HER2-positive subtype is 
characterized by an overexpression of HER2 with low 
or no expression of ESR1 and PGR. The prevalence of 
this subtype is approximately 25–30% and is strongly 
associated with highly metastatic disease and a poor 
prognosis [4]. Although the subtypes are generally well 
characterized, the molecular mechanisms of HER2-
mediated tumorigenesis are not completely under-
stood. Multiple genetic and biochemical alterations 
have been shown to contribute to the progression and 
metastasis of breast cancer regardless of their subtype. 
In addition to oncogenes, inflammatory pathways have 
also been demonstrated to recruit immune cells and 
contribute to changes in the tumor microenvironment.

Periostin (Postn), also known as osteoblast-specific 
factor 2 (OSF-2) [5], is a 90  kDa secreted matricel-
lular protein containing an EMI domain (named after 
the EMILIN family of protein), involved in protein–
protein interactions, four tandem repeats of fasciclin-
like domains (FAS1 domains) known to interact with 
integrins and a C-terminal region mediating interac-
tions with other members of the extracellular matrix 
such as tenascin-C [6] and bone morphogenetic pro-
tein 1 (BMP-1) [7, 8]. These interactions make Postn a 
key regulator of cell behavior and extracellular matrix 
remodeling. More specifically, its interactions with 
integrin αvβ3 and αvβ5 have been linked to the acti-
vation of AKT, PI3K and FAK signaling pathways in 
multiple cell types including osteoblasts, normal and 
cancer cells [9–11]. The main role of Postn in healthy 
tissue appears to be binding to BMP-1 and collagen, 
therefore acting as a scaffold to accelerate collagen 
cross-linking by promoting proteolytic activation of 
lysyl oxidase (LOX) [7]. Supporting this, knockout ani-
mals display aberrant collagen fibrillogenesis [12] and a 
reduction in collagen cross-linking in skin, tendons and 
cardiac tissue [13].

Postn gene regulation has been extensively studied in 
a plethora of models. Multiple genes have been identi-
fied as potential regulators, but evidence shows that it 
is strongly context dependent. For example, it has been 
shown that some classical epithelial-to-mesenchymal 
transition (EMT) triggers such as TGFβ and Twist are 
able to promote Postn expression in osteoblastic line-
ages [8, 14]. Furthermore, several cytokines, growth fac-
tors and hormones have also been identified as inducers 
of Postn expression in different animal models and cell 
types. For instance, bFGF, IL-4, IL-13, oncostatin M, 
PDGF and TNFα have all been shown to induce Postn 
expression in various systems [15–19]. Although its 
expression is significantly correlated with poor progno-
sis and metastasis [20–23], the regulation of Postn gene 
expression in breast cancer is poorly understood.

Postn overexpression has been correlated with several 
cancer-driving mechanisms such as cell survival, migra-
tion, angiogenesis, EMT and metastasis through its bind-
ing to members of the extracellular matrix and integrin 
receptors [9, 24]. Although Postn is mostly expressed in 
fibroblasts in normal mammary tissues, acquired expres-
sion by cancer cells has been correlated with poor prog-
nosis and survival in breast cancer patients, making Postn 
expression by epithelial cells of prognostic value [20, 25]. 
A study showed that 57.7% of invasive breast carcinomas 
have a high epithelial Postn expression, while 83.6% have 
high Postn stromal expression [20].

A large body of evidence suggests that basic fibroblast 
growth factor (bFGF; FGF2)/FGF receptor signaling is 
critical for multiple biological functions such as embry-
onic development, wound repair, tissue regeneration and 
normal hematopoiesis [26]. Basic FGF is the prototype 
member of the FGF family containing 23 FGF signaling 
ligands and the most extensively studied member as well 
[27]. It can form a complex along with heparan sulfate 
proteoglycans (HSPGs) and FGFRs to activate Ras, Raf, 
MAPK and ERK [28]. Basic FGF has also been identi-
fied as an activator of PI3K/AKT in multiple models and 
tissues [29, 30] and has been classified as mitogenic for 
tumor cells and stromal cells altogether due to its wide 
effects on intracellular signaling [31, 32]. Regulation of 
bFGF and FGFR is highly complex, and receptor inter-
nalization is the main signaling termination mechanism 
[26].

As previously reported [25, 33], here we show that 
40–50% of human breast cancers acquire Postn expres-
sion in epithelial cancer cells. Similarly, acquired Postn 
expression is observed at the same frequency in three 
different murine models of HER2+ breast cancers [34–
36]. To gain insights into the mechanisms regulating 
Postn expression in breast cancer cells, we established 
an in vitro model of acquired Postn expression to iden-
tify potential signaling pathways regulating its expres-
sion. In  vitro analyses showed that Postn expression 
is repressed by bovine pituitary extract, a component 
of mammary epithelial cell culture medium. Further 
analyses showed that bFGF is the repressive activity in 
the culture medium. Removal of bFGF results in Postn 
induction that is dependent on PI3K/Akt and TGFβ, but 
independent of Smad2. Together, our data suggest that 
bFGF can activate a repressive cross talk to PI3K/Akt, 
downstream of TGFβ receptor signaling to regulate Postn 
expression in breast cancer cells.

Methods
Animals
MMTV-NeuNDL [34], MMTV-NIC [35] and MMTV-
PyMT [36] transgenic mice were a kind gift from Dr. 
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William Muller (McGill University). Postn-null mice [37] 
were a kind gift from Dr. Simon J. Conway. Female mice 
only were used for all experiments. Mice were palpated 
twice a week to assess onset, progression and endpoint. 
Tumor onset was defined by a volume of 0.5 cm3, whereas 
endpoint tumors were defined by a total tumor burden of 
1.7  cm3. To determine the size of the tumor, the longest 
diameter of the tumor was used to calculate a spherical 
volume (V = ¾πr3). All mouse experiments were con-
ducted following Animal Care and Veterinary Services 
guidelines and standards at the University of Ottawa.

Analysis of triple‑negative scRNA‑seq data
Single-cell RNA-seq of five TNBC tumors was origi-
nally performed by Wu et  al. [38]. Raw UMI counts 
and cell metadata were acquired from ENA acces-
sion PRJEB35405. The data were processed with 
Seurat v4.0.0 [39]. Normalization and feature selec-
tion were performed using SCTransform [40] while 
regressing out the proportion of mitochondrial reads. 
Normalized data were then processed with princi-
pal component analysis prior to generating UMAP 
embeddings based on the first 30 PCs. We then parti-
tioned the cells using Louvain-based clustering on the 
first 30 PCs using the FindNeighbors(dims = 1:30) and 
FindClusters(resolution = 0.2) functions implemented 
in Seurat. Cell-type annotations from the original pub-
lication were used to define cluster labels for the data. 
All expression data shown in figures correspond to log-
transformed counts per 10,000 UMIs.

Signaling pathway activity inference was performed 
with PROGENy (v1.11.2) [41], which infers activity based 
on pre-built models of pathway effects based from col-
lections of perturbation experiments. Scores were calcu-
lated based on the normalized expression values for each 
cell using the progeny function with top = 500 to base 
scores on the top 500 genes of its models. Activity scores 
correspond to Z-score transformations, and the figures 
presented only show values > 0 to only highlight cells with 
higher-than-average levels of pathway activity.

Cell culture and primary cell isolation
Tumors from MMTV-NeuNDL mice or Postn 
−/−:NeuNDL were harvested at endpoint, minced and 
digested as previously described [42]. Murine breast 
cancer lines were maintained in DMEM/F12 containing 
10% FBS, 1X mammary epithelial growth supplement 
(MEGS), 1% Penicillin–Streptomycin and 1% L-glu-
tamine. The Postn-null cells were then infected using 
retroviral vectors encoding Postn (pMSCV-Postn) or the 
empty control vector (pMSCV) to be used as a re-expres-
sion model.

Plasmids and transfections
Full-length Postn cDNA was amplified and cloned into 
the pMSCV retroviral vector. Infectious retroviruses 
were generated by transient transfections of retroviral 
vectors, a packaging plasmid (pUMCV; Addgene) and 
packaging vector (PCMV-VSV-G; Addgene) into 293  T 
cells (ATCC). Virus-containing medium was collected 
24 h later, filtered through a 0.44-µm filter and then used 
for infection. The Postn gene was re-introduced into 
Postn −/− NeuNDL cells by infecting with pMSCV-
Postn supernatants and 8  µg/ml of polybrene (Sigma). 
Control cells were infected with the empty pMSCV vec-
tor. Infected cells were then selected in 2 µg/ml of Puro-
mycin (Sigma) for 5  days and subsequently maintained 
using 1  µg/ml of Puromycin. For siRNA transfections, 
2 × 105 cells were seeded and transfected with 400 nM of 
each siRNA in 1  mL of full medium for 24  h.  The cells 
were transferred to MEGS-depleted medium for an addi-
tional 24 h and then assessed for Postn and Akt expres-
sion: Akt1 siRNA: AAC​GAU​GGC​ACC​UUU​AUU​GGC; 
Akt2 siRNA: AAA​CUC​CUC​GGC​AAG​GGC​ACC; Akt3 
siRNA: AAG​GAU​GAA​GUG​GCA​CAC​ACU.

In vitro model and treatments
Cells were seeded in full growth medium (10% FBS, 
1X MEGS DMEM:F12) for 24  h prior to replacing the 
medium. Briefly, the cells were washed and the medium 
was replenished using the components in 10% FBS 
DMEM:F12 as indicated in figure legends. Cells were 
treated using 3  ng/ml EGF (Sigma), 0.01  µg/ml IGF1 
(Sigma), 0.5 µg/ml hydrocortisone (Sigma), 0.4% v/v BPE 
(Thermo Fisher Scientific) and TGFβ-1 recombinant 
protein (Thermo Fisher Scientific). The TGFβR inhibitor 
SB431542 (SelleckChem) was used at 5 µg/ml, 25 µM of 
PI3K inhibitor LY294002 (SelleckChem), 10 µM of AKT 
inhibitor MK-2206 (SelleckChem), 100  nM of FGFR 
inhibitor BGJ398 (SelleckChem) and 1  µg/ml PKC acti-
vator Phorbol 12-myristate 13-acetate (PMA; Selleck-
Chem). The bFGF neutralizing antibody, clone bFM-1 
(Millipore), was used at 2.5 µg/ml.

Immunohistochemistry
Murine endpoint tumors and human TMA (Biomax 
BR962) were subjected to 10% formalin fixation and 
paraffin embedding, and the sections were processed as 
previously described [43]. Briefly, the sections were sub-
jected to antigen retrieval using 10 mM citrate buffer (pH 
6.0) in a pressure cooker. Sections were then quenched 
in 3% hydrogen peroxide, blocked and incubated over-
night using the indicated primary antibody (Table  1) at 
4  °C. Following incubation with secondary antibodies 
(Table 1), color development and detection was obtained 
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using DAB substrate (Vector Laboratories). Counterstain 
was performed using hematoxylin. Sections were imaged 
using a Zeiss Axio Scan.Z1 slide scanner and then pro-
cessed and analyzed using ImageJ. Quantification was 
done by assessing the amount of positive staining (brown 
pixels) using the color deconvolution tool (ImageJ) in the 
epithelial compartment of the tumors. A set threshold of 
30% positive pixels was used to identify acquired versus 
non-acquired Postn expression status.

Immunofluorescence
Cells were seeded, grown and treated on coverslips for 
the indicated time of the experiment. Cells were then 
washed in PBS, followed by fixation in 4% PFA for 10 min. 
Permeabilization was performed using 0.3% Triton-X for 
5  min and blocked using 5% donkey serum in PBS for 
30 min, followed by a 1-h incubation using the indicated 
primary antibody (Table  1) diluted in PBS containing 
5% donkey serum. Coverslips were then incubated with 
Alexa Fluor secondary antibody (Table 1) for 1 h. Finally, 
the coverslips were washed and mounted using DAPI 
anti-fade (Invitrogen). Quantification of immunofluores-
cence was performed by manually counting of the total 
number of cells (DAPI) and the total Postn-positive cells 
or nuclear-positive cells for SMAD2. The proportion of 
positive cells was obtained by % = (# positive stain/total 
DAPI stain) × 100.

Western blotting analysis
Tissues and cells were collected and homogenized in 
RIPA lysis buffer containing phosphatase and protease 
inhibitors as previously described [44]. The lysates were 

incubated at 4 °C with intermittent vortexing or multi-
ple freeze/thaw cycles. The resulting lysates were then 
centrifuged at 12,000 rpm in a temperature-controlled 
centrifuge set to 4 °C for 10 min to clear the lysates of 
debris. Protein concentration were then determined 
using a Bio-Rad protein assay dye reagent. Equiva-
lent amounts of proteins were incubated at 100  °C for 
5  min in SDS sample buffer, followed by SDS-PAGE 
electrophoresis and transferred to a polyvinylidene 
difluoride (PVDF) membrane (Millipore). Membrane 
was then incubated with the indicated primary anti-
bodies (Table  1) diluted in 5% BSA in TBS-T (0.1%). 
Membranes were then washed in TBS-T, and protein 
signals were detected following incubation with spe-
cies-specific HRP-conjugated secondary antibodies 
(Table  1) and enhanced chemiluminescence reagent 
(PerkinElmer).

RNA extraction and RT‑PCR
Cell pellets were homogenized in Trizol reagent (Life 
Technologies), and total RNA was extracted using the 
manufacturer’s protocol. Total RNA was then sub-
jected to on-column DNase treatment (QIAGEN) fol-
lowed by first-strand cDNA synthesis using 500  ng of 
RNA, SuperScript III (Life Technologies), a mix of ran-
dom primers (Invitrogen) and oligo dT (Invitrogen). 
Gene-specific primers and SYBR Green Reagent (Bio-
Rad) were used to amplify the indicated targets. Reac-
tions was carried out using an Applied Bioscience 7500 
Fast-Real-Time PCR system. The forward and reverse 
primer sequences for Postn are 5′ AAG​TTT​GTT​CGT​

Table 1  List of antibodies

Antibody Supplier Catalog number

Donkey anti-Mouse IgG (H&L), HRP Bio-Rad 170–6516

Goat anti-Rabbit IgG (H&L), HRP Bio-Rad 170–6515

Rabbit monoclonal anti-phospho-AKT (Ser473) Cell Signaling Technology 4060

Rabbit monoclonal anti-Phospho-Smad2 (Ser465/467) Cell Signaling Technology 3108

Rabbit polyclonal anti-AKT Cell Signaling Technology 9272

Rabbit monoclonal anti-Smad2 XP Cell Signaling Technology 5339

Goat Polyclonal Mouse Periostin/OSF-2 Isoform 2 Antibody R&D Systems AF2955

Goat Polyclonal Human Periostin/OSF-2 Antibody R&D Systems AF3548

Mouse anti-Goat IgG-HRP Santa Cruz Biotechnology sc-2354

Mouse monoclonal Anti-p-ERK (Y204) Santa Cruz Biotechnology sc-7383

Mouse monoclonal anti-Smad4 Santa Cruz Biotechnology sc-7966

Rabbit Polyclonal anti-ERK 2 Antibody Santa Cruz Biotechnology Sc-154

Mouse monoclonal anti-beta-Actin Sigma-Aldrich A5316

Donkey anti-Goat IgG Alexa Fluor 488 Thermo Fisher/Invitrogen A-11055

Donkey anti-Rabbit IgG Alexa Fluor 594 Thermo Fisher/Invitrogen A-21207
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GGC​AGC​AC 3′ and 5′ TTC​TGT​CAC​CGT​TTC​GCC​
TT 3′, respectively.

Proliferation, migration and invasion assays
Cells were seeded at 50,000 cells per well in a 6-well 
plate, and a Vi-CELL XR cell viability analyzer was used 
to assess live cells using trypan blue every day for up to 
4  days post-seeding. Three counts per well were per-
formed with triplicate wells for each time point. Three 
biological replicates (n = 3) were performed for each cell 
line.

Transwell haptotaxis migration assays were performed 
by seeding cells in the top chamber of a collagen-coated 
Boyden Chamber insert (underside) in low serum con-
ditions (1% FBS) with the same medium in the bottom 
chamber. Cells were left to migrate for 8  h; membranes 
were then fixed with 4% PFA and subjected to crystal 
violet (0.5%) staining. Manual counting was performed 

to assess the number of cells that successfully migrated 
through the pores of the membrane.

Results
Periostin expression is acquired in a subset of breast 
cancers independently of subtype
Postn has been shown to be expressed in the stroma of 
mammary tumors. However, the epithelial compart-
ment has been found to express Postn in about 60% of 
cases and this has been correlated with poor prognosis 
[20]. To assess whether this pattern was also observed in 
murine tumors, we investigated the proportion of tumors 
that acquired epithelial expression of Postn in multiple 
HER2+ breast cancer murine models and compared it to 
human tissue microarrays (hTMA). Human breast cancer 
TMAs containing a mix of subtypes (Biomax BR962) and 
endpoint tumors from MMTV-NeuNDL [34], MMTV-
NIC [35] and MMTV-PyMT [36] were subjected to 
immunohistochemistry using an anti-Postn antibody 
(Fig. 1A). Following staining, tumors that had more than 

Fig. 1  Epithelial Postn is acquired in a subset of breast cancers. A Immunohistochemistry for the expression of Postn was performed on 
mammary tumors from a panel of Neu-driven murine breast cancer models and on human tissue microarrays (TMAs). The models used were 
the MMTV-NeuNDL model (n = 9), MMTV-NIC (n = 10) and MMTV-PyMT (n = 8). The human TMA contained 72 cores with various levels of HER2 
expression. Scale bar = 200 µm. B Tumors were classified as acquired or non-acquired according to their epithelial expression of Postn and 
were represented as a proportion of the total number in a bar graph. C Clustered UMAP embedding of scRNA-seq data of 24,271 cells from five 
triple-negative breast cancer tumors. Data and cell-type annotations were acquired from Wu et al. [1]. D Identical UMAP showing the distribution 
of POSTN expression across the cell types comprised in the tumor. Expression values correspond to log-transformed counts per 10 k transcripts.) 
Summary of the average POSTN expression (Z-score) in each cell type and the percentage of cells with POSTN detection for each patient (P1-5)



Page 6 of 14Labrèche et al. Breast Cancer Research          (2021) 23:107 

30% positive pixels in the epithelial compartments were 
classified as “acquired” Postn expression. After quan-
tification, tumors and TMA cores were classified into 
a non-acquired (no/low POSTN epithelial expression) 
and acquired phenotype (high POSTN epithelial expres-
sion). As previously reported, acquired expression was 
observed in about 45% of human tumor cores, inde-
pendently of the breast cancer subtype (Fig.  1B). Inter-
estingly, murine tumors from all three HER2+ models 
showed acquired POSTN expression in approximately 
50% of the tumors (Fig.  1B), suggesting that murine 
tumors acquire POSTN expression at a similar frequency. 
To further assess the POSTN expression pattern across 
the various cell types in breast tumors, we analyzed sin-
gle-cell RNA sequencing data from five human TNBC 
tumors generated by Wu et al. [38]. Using these data, we 
assessed POSTN levels across cell types and found that 
its expression is largely specific to fibroblasts and can-
cer cell populations (Fig.  1C, D). Comparing its expres-
sion between individual tumors, POSTN is consistently 
expressed in tumor fibroblasts, but is expressed in can-
cer cells in only two of the five tumors (Fig. 1E), suggest-
ing that stromal Postn expression is regulated differently 
than in epithelial cells. Combined with previous studies, 
these results show that Postn expression in the epithelial 
compartment is acquired in about 40–50% of breast can-
cers irrespective of subtypes.

Mammary epithelial growth supplement represses Postn 
expression in vitro
To investigate the role of Postn in tumor cell growth 
and invasion in  vitro, we isolated wild-type and Postn-
deficient tumor cells from MMTV-NeuNDL and 
MMTV-NeuNDL  ×  Postn-null animals, respectively. 
To minimize the effect of cell line variability, Postn was 
re-expressed in a Postn-deficient line and stable pools 
were compared. Interestingly, the loss of Postn did not 
show any differences in growth rate (Additional file  1: 
Figure  S1) or migration (Additional file  2: Figure  S2A, 
B) in  vitro. Similar studies using basement membrane 
extracts also showed no difference in invasive potential 
(not shown). One possibility is that the effects of Postn 
on tumor cells are mediated through reorganization of 
the microenvironment that would not occur in culture. 
Serendipitously, we observed that prolonged culture or 
starvation through mammary epithelial growth sup-
plement (MEGS) removal induced Postn expression in 
cultured tumor cells (Additional file 3: Figure S3A). Inter-
estingly, this induction was also more prominent under 
low serum conditions (Fig.  2A). A MMTV-NeuNDL 
isolate showing strong Postn induction at 36  h was 
selected for the remainder of the studies. To assess Postn 
expression at the single-cell level, we performed Postn 

immunofluorescence on cells growing in full medium or 
MEGS-depleted conditions for 24 h (Fig. 2B). Quantifica-
tion of Postn expressing cells from representative images 
showed a significant increase in the proportion of cells 
expressing Postn in MEGS-depleted medium (Fig.  2C). 
To assess whether Postn induction was due to increased 
mRNA levels, we performed Q-PCR analysis on MEGS-
depleted cultures. Postn mRNA levels were monitored 
in MEGS-depleted medium with varying FBS concentra-
tions from 0 to 10%. As shown in Fig. 2D, MEGS deple-
tion resulted in an increase in Postn mRNA that was also 
suppressed at high serum concentrations. Together, our 
data show that components in the MEGS and serum 
can mediate the repressive effect on Postn gene expres-
sion. To further investigate the kinetics and mechanisms 
of MEGS-mediated repression, we performed time 
course studies following MEGS removal. Western blot-
ting analysis shows that Postn expression is induced 16 h 
following MEGS removal and reaches maximal levels at 
about 36 h (Fig. 3A). The MEGS supplement contains a 
mixture of growth factors (EGF, IFG1, Hydrocortisone, 
BPE), and repressive ability of each individual component 
was assessed at 24  h. Western blot analysis shows that, 
within the MEGS, only the bovine pituitary extract (BPE) 
demonstrates strong repressive ability (Fig. 3B). Similarly, 
Q-PCR analysis shows that the BPE is necessary and suf-
ficient to inhibit Postn mRNA induction (Fig. 3C). Addi-
tional analyses showed that the repressive component(s) 
responsible for Postn repression found in BPE are heat 
labile (Additional file 3: Figure S3B) and that they are act-
ing in a dose-dependent manner (Additional file  3: Fig-
ure S3C). Albeit with different kinetics, the induction of 
Postn following MEGS depletion was also observed in 
different isolates from MMTV-NeuNDL and MMTV-
NIC tumors, suggesting that it is not cell line specific 
(Additional file 4: Figure S4A, B). These data suggest that 
one or more components of the BPE confer the repres-
sive activity on Postn gene expression.

Modulation of Postn expression by TGFβ and bFGF 
is SMAD2‑independent
Several studies have implicated hormones and growth 
factors in the regulation of Postn expression [45]. Based 
on these findings, we tested the repressive ability of 
potential pituitary hormones such as prolactin, luteiniz-
ing hormone and follicle-stimulating hormone. None of 
the hormones tested, including cAMP analogs, showed 
any effect on Postn gene expression (not shown). Inter-
estingly, Postn has been shown to be induced by TGFβ 
and bFGF [8, 19], both produced by the pituitary [46, 
47]. Therefore, we tested their effect on Postn expres-
sion upon MEGS removal. Western blotting analysis 
confirmed the induction of Postn in these cells following 
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Fig. 2  Mammary epithelial growth supplement represses Postn expression in NeuNDL cells. A NeuNDL cells were grown in the presence 
or absence of FBS and MEGS as well as with neither and a combination of both for 24 h. Postn expression was assessed by western blotting 
analysis with β-actin as a loading control. B NeuNDL cells were seeded on coverslips, grown in the presence or absence of MEGS for 48 h and 
immunostained. Individual coverslips were stained for DAPI and POSTN. Scale bar = 100 µm C Representative images were counted to assess 
the percentage of POSTN expressing cells in both conditions. Data are represented as mean ± SEM. N = 10, ***P ≤ 0.001. D NeuNDL cells were 
treated with or without MEGS in varying FBS concentration from 0 to 10%, and Postn mRNA expression was assessed 24 h post-treatment. Data are 
represented as mean ± SEM. N = 3, ***P ≤ 0.001

Fig. 3  Bovine pituitary extract is the active component repressing Postn expression. A NeuNDL cells were seeded and grown in MEGS-depleted 
medium for up to 48 h, and POSTN expression was assessed at multiple time points. β-Actin was used as a loading control. B NeuNDL cells were 
seeded and then grown in either MEGS, or individual components of MEGS (EGF 3 ng/ml, IFG1 0.01 µg/ml, hydrocortisone 0.5 µg/ml, BPE 0.4% v/v), 
and Postn protein levels and mRNA expression C were assessed after 24 h. mRNA expression data are represented as mean ± SEM. N = 3, **P ≤ 0.01
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a 24-h TGFβ-1 treatment (Fig.  4A). Treatment with the 
TGFβR inhibitor SB431542 on MEGS-depleted cul-
tures prevented Postn induction (Fig. 4B). The decrease 
in phospho-SMAD2 levels confirmed the activity of the 
inhibitor (Fig. 4B).

We next assessed the effect of bFGF on Postn expres-
sion. Cultures were treated with bFGF in the presence 
or absence of MEGS. Surprisingly, bFGF treatment in 
the MEGS-depleted cultures repressed Postn induction 
(Additional file 5: Figure S5). This was partially reversed 
upon treatment with the pan-FGFR inhibitor (BGJ398; 
Additional file 5: Figure S5), suggesting that bFGF-medi-
ated Postn repression proceeds through FGFR signaling. 
Further supporting the role of bFGF in BPE-mediated 
repression, treatment of the cultures with BPE that has 
been pre-incubated with an anti-bFGF neutralizing anti-
body is able to partially restore Postn induction (Fig. 4C). 
Additionally, cells treated with TGFβ-1 in combination 
with bFGF showed a repression of Postn, suggesting that 
FGFR signaling activates a repressive cross talk to the 
TGFβ pathway in this context (Additional file  6: Figure 
S6). Supporting the presence of FGF2 in BPE, a protein-
based, thermolabile and growth-promoting “Fibroblast 
Growth Factor” (FGF2) activity was also identified 

in extracts from bovine pituitary glands decades ago 
[48–51].

To test whether the activation of Postn following 
MEGS removal proceeded through TGFβ canonical sign-
aling (SMAD-dependent), we assessed nuclear localiza-
tion of SMAD2 protein as a readout for SMAD complex 
activation. Although it induces Postn, MEGS removal did 
not alter SMAD2 nuclear import (Fig. 4D and Additional 
file 7: Figure S7). Similarly, bFGF treatment did not affect 
SMAD2 distribution. These results suggest that MEGS-
mediated repression of Postn expression occurs through 
a bFGF-dependent mechanism and that Postn induction 
through MEGS removal is SMAD-independent.

PI3K/AKT pathway activity is required for the induction 
of Postn
Both the TGFβR and FGFR pathways signal to multiple 
systems (reviewed in [52, 53]). To further dissect the 
mechanisms of Postn gene regulation, we treated the cul-
tures with several inhibitors in the presence or absence 
of MEGS. Combined with MEGS removal, treatment of 
the cells with inhibitors for p38 (SB203580) or MEK1 
(U0126) did not affect Postn expression, suggesting that 
their downstream signals do not mediate induction or 

Fig. 4  Modulation of Postn expression by FGFR and TGFβ signaling. A NeuNDL cells were treated in the presence of MEGS with or without 10 ng/
ml of TGFβ-1 for 0.5 and 24 h and assessed for Postn protein levels. pSMAD2 (S465/467) was used as a control for the activation of the TGFβR. B 
Postn protein levels monitored in NeuNDL cells were treated with 5 µg/ml TGFβR inhibitor SB431542 or DMSO in either MEGS-depleted (PBS) 
or MEGS-supplemented medium for 0.5 and 24 h. pSMAD2 (S465/467) was used as a control for TFGβR inhibition. C MEGS-depleted (PBS) and 
BPE-supplemented media were pretreated with bFGF neutralizing antibody (nAb) or control IgG for 1 h at 4 °C prior to addition to the NeuNDL 
cultures and western blotting for Postn. D Immunofluorescence for SMAD2 nuclear localization was performed following a 24-h treatment with PBS, 
10 ng/ml bFGF or 10 ng/ml TGFβ-1 of MEGS-depleted cultures. Manual counting of representative images was conducted to assess localization. 
Data are represented as mean ± SEM. N = 10, ***P ≤ 0.001 (D)
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repression (not shown). Similarly, MEGS removal did not 
affect phospho-c-Jun levels, suggesting that JNK activ-
ity is not critical for Postn upregulation (not shown). We 
then assessed the role of the PI3K pathway, activated by 
both TGFβ and FGFR and an important pro-tumorigenic 
signal in breast cancer. Treatment of MEGS-depleted cul-
tures with the PI3K inhibitor LY294004 or the pan-Akt 
inhibitor MK-2206 resulted in a decrease in pAkt-S473 
levels by 24  h and a complete block of Postn induction 
(Fig. 5A, B). However, bFGF treatment in the presence of 
the same inhibitors had no effect on the repressive abil-
ity of bFGF (Fig.  5A, B). Furthermore, western blotting 
analysis of cells subjected to TGFβ-1 treatment in com-
bination with MK-2206 did not induce Postn expres-
sion (Fig.  5C). Similarly, bFGF neutralizing antibody 
treatment in the absence of MEGS resulted in Postn 
repression in the presence of MK-2206 (Fig. 5D). As for 
MK-2206, knockdown of Akt1 markedly reduced Postn 
induction following MEGS removal (Additional file  8: 
Figure S8). Interestingly, Akt2 or Akt3 knockdowns had 
no effect (not shown). Supporting a role for FGFR down-
stream signaling in Postn repression, treatment with the 
protein kinase C (PKC) activator PMA was as efficient 

as bFGF alone in preventing Postn induction, suggest-
ing that PKC plays a role in Postn repression (Additional 
file 9: Figure S9). Together, these data suggest that Postn 
induction requires the PI3K/Akt pathway that can be 
repressed by bFGF signaling, partly through PKC (Fig. 6).

Discussion
Our data show that Postn regulation in breast cancer 
cells is quite complex, involving multiple signaling path-
ways. The control of its expression can be achieved by the 
FGFR, TGFβ and PI3K/AKT pathways. Our data show 
that the removal of bFGF from the culture medium is 
sufficient to induce Postn gene expression. This requires 
TGFβ/PI3K/Akt signaling. Interestingly, upregulation of 
Postn by this pathway was found to be SMAD-independ-
ent. In addition, Postn repression through FGFR activa-
tion appears to be PKC-dependent. Overall, our data 
suggest that PI3K/AKT is the major pathway responsi-
ble for the regulation of Postn in cultured breast cancer 
tumor cells.

Postn has been identified as an indicator of poor 
prognosis whether it is found in the serum of patients 
or expressed by the tumor cells. Previous observations 

Fig. 5  PI3K/AKT pathway activity is required for the induction of Postn by bFGF removal and TGFβ activation. A NeuNDL cells were treated with 
25 µM LY294004 or DMSO control in both PBS and 10 ng/ml bFGF supplemented medium in the absence of MEGS for 0.5 and 24 h. pAKT (S473) 
was used as a control for the inhibition of PI3K. B NeuNDL cells were treated the exact same way as in (A) but with 10 µM of MK-2206 instead of 
LY294004. C NeuNDL cells were treated with or without 10 ng/ml TGFβ-1 in combination with either 10 µM MK-2206 or DMSO controls. pSMAD2 
(S465/467) and pAKT (S473) were used as control for TGFβR activation and AKT inhibition, respectively. D Medium was pretreated with bFGF 
neutralizing antibody or control IgG in combination with either DMSO or 10 µM MK-2206. pAKT (S473) was used as control for AKT inhibition. In all 
panel PBS designates MEGS-depleted conditions
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showed that Postn from epithelial and stromal origin 
(CAFs) might have distinct but important role in pro-
moting tumorigenesis [33, 54]. TGFβ has been shown 
to have tumor suppressor activity by inducing cell cycle 
arrest and apoptosis [55]. Although, in the context of 
transformation, it can promote EMT which facilitates 
cancer cell migration and metastasis [56], it is unclear 
how this switch from tumor suppressor to promoter of 
metastasis occurs. FGF2 downregulation has been identi-
fied as a marker of poor prognosis in breast cancer using 
a methylation-based bioinformatic approach [57]. The 
PI3K/AKT pathway is generally associated with cancer 
progression. The PIK3CA gene, coding for a subunit of 
the catalytic domain of PI3K, is often mutated or ampli-
fied in breast cancer, and therapeutic [58] inhibition of 
this pathway has shown some promising results in some 
types of breast cancer (Reviewed in [59]). Interestingly, 
our data show that Postn gene expression also appears to 
proceed through a TGFβ/AKT pathway in this context. 
Together with the loss of FGF2 expression [57], activation 
of the TGFβ/AKT axis could lead to Postn induction in 
tumor cells, contributing to increased invasion and worse 
outcomes.

In an attempt to identify transcription factors and 
consensus transcription factor binding sites, we have 

analyzed DNA fragments up to 10  kb upstream of the 
Postn start site using luciferase reporter assays. No signif-
icant change in reporter activity was observed following 
MEGS removal system (not shown). This suggests that 
the critical elements regulating Postn in our model are 
likely to be located further upstream or downstream of 
the start site. A study used a similar approach and iden-
tified a YingYang-1 (YY1) consensus binding sequence 
in the −  4  kb proximal promotor region validating this 
as a regulator of Postn in Schwann cells. Interestingly, 
no other cell types responded to that transcription fac-
tor [60], suggesting a cell-type specificity and likely a 
context-dependent regulation of Postn. Supporting this, 
another study identified recombination signal binding 
protein for immunoglobulin kappa J region (RBPJ) bind-
ing to a region relatively close to the YY1 binding sites, 
specifically in hepatocytes and liver cancer cells [61].

Postn has been previously identified as a target gene 
of TGFβ signaling in osteoblasts [8]. TGFβ signal-
ing has also been shown to have cross talk to the PI3K/
AKT pathways [62, 63]. Interestingly, binding and activa-
tion of p85, the regulatory subunit of PI3K, by TGFβRI 
and TGFβRII, have been demonstrated in mammary 
epithelial cells [64]. Whether this is the case in MEGS-
depleted cells remains to be tested. Nevertheless, a cross 
talk between activation of TGFβ signaling and PI3K/
AKT pathway activation has been well documented [65, 
66]. Similarly, in cancer models, PI3K/AKT signaling has 
been shown to antagonize TGFβ-induced apoptosis and 
growth arrest by interacting directly with SMAD3 [67, 
68]. It has been proposed that activation of PI3K/AKT 
leads to TGF-β-dependent pro-oncogenic responses in 
breast cancer [69].

In contrast to our observations, a study using the non-
small-cell lung cancer cell line A549 showed that bFGF 
could induce Postn expression in a PI3K/AKT-dependent 
manner [19]. It is likely that Postn expression is subject to 
tissue- as well as tumor-specific regulation. However, it is 
interesting to note that Postn induction proceeds through 
PI3K/AKT in both models. Interestingly, germline and 
conditional bFGF (FGF2) loss of function studies showed 
some phenotypic overlap with Postn loss of function 
studies. Basic FGF-null and Postn-null phenotypes both 
include muscle and skeletal development issues [37, 70, 
71]. Similarly, the conditional deletion of FGF2 results 
in decreased cardiac hypertrophy induced by ischemic 
injury, delayed wound healing and increased bone min-
eralization, while Postn has been linked to cardiac issues, 
wound healing and bone regeneration [72–76].

Although it is not clear what the downstream AKT 
effectors are, the signaling mechanisms identified here 
demonstrate interplay between FGFR, TGFβ and PI3K/
AKT pathways. We have shown that blocking the TGFβ 

Fig. 6  Postn gene expression is regulated by both bFGF and TGFβ. 
Schematic summarizing the regulation of Postn by TGFβ and FGF2. 
PI3K/AKT is the main drive of Postn expression. Although the exact 
effectors remain to be identified, FGFR signaling can repress Postn 
expression by acting on the PI3K/AKT pathway at one or multiple 
levels. TGFβ signaling is shown to activate PI3K to promote AKT 
activation and the expression of Postn. Other growth factor receptors 
and surface integrins shown to activate Postn through AKT are also 
represented
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or PI3K/AKT pathway leads to a complete repression 
of Postn, while bFGF is also repressing its expression. 
Our data suggest that bFGF signaling, through PKC, is 
repressing the PI3K/AKT pathway. One possibility is that 
it prevents TGFβR from recruiting and signaling to PI3K. 
Alternatively, the FGF signal prevents AKT signaling to 
its downstream effectors or components of the transcrip-
tional complex. FGFR signaling might also be competing 
with the TGFβ/PI3K/AKT axis. This could potentially 
imply that FGFR signaling promotes a more proliferative 
state, while the TGFβ/PI3K/AKT axis could promote a 
more mesenchymal and invasive state by inducing Postn 
expression. Supporting this, TGFβ has been shown to 
activate PI3K to promote EMT [77]. A study showed that 
PKCα can suppress AKT activity through a protein phos-
phatase 2A (PP2A)-dependent mechanism [78]. Given 
the number of PKC isoforms and targets, it is also pos-
sible that some of its substrates are acting throughout the 
TGFβ/PI3K/AKT axis (Reviewed in [79]). For instance, 
the SKI protein, negatively regulating TGFβ through the 
SMAD family, is a potential PKC substrate [80].

Conclusions
Taken together, our studies have identified the TGFβ/
PI3K/AKT and FGFR as major pathways regulating Postn 
expression in HER2+ breast cancer cells. These have 
complex regulation and cross talk mechanisms that are 
likely to be cell type and cancer specific. The identifica-
tion of critical transcriptional elements and additional 
FGF-TGFβ cross talk pathways will help delineate the 
mechanisms responsible for acquired Postn expression in 
breast cancer cells.

Abbreviations
BMP-1: Bone morphogenetic protein 1; EMT: Epithelial-to-mesenchymal transi‑
tion; ESR1: Estrogen receptor 1; FAK: Focal adhesion kinase; FGF: Fibroblast 
growth factor; HER2: Human epidermal growth factor receptor 2; LOX: Lysyl 
oxidase; MEGS: Mammary epithelial growth supplement; OSF-2: Osteoblast-
specific factor 2; PI3K: Phosphoinositide 3-kinase; PGR: Progesterone receptor; 
TMA: Tissue microarray.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13058-​021-​01487-8.

Additional file 1: Figure S1. Growth rate is not affected in Postn-null 
breast cancer cells. NeuNDL Postn −/− cells were infected with retrovi‑
ruses encoding Postn (pMSCV-Postn) or the empty vector (pMSCV). The 
cells were seeded and assessed for proliferation for up to 4-day post-
seeding. This was performed on 2 independent isolates of Postn −/− cells 
(A and B). Data is represented as mean ± SEM. N = 3.

Additional file 2: Figure S2. Migration rate is unaffected by forced 
expression of Postn. (A) Haptotaxis was assessed between NeuNDL Postn 

−/− cells stably re-expressing Postn (pMSCV-Postn) or the empty vector 
control (pMSCV). This was performed on 2 independent isolates of Postn 
−/− cells (A and B). Representative pictures of crystal violet stained 
membranes are shown. Scale bar = 200 µm. (B) Quantification by manual 
counting of 10 representative field of view per membrane is shown in the 
bar graph.  Data is represented as mean ± SEM. N = 3.

Additional file 3: Figure S3. A short-lived heat labile BPE component 
represses Postn expression. (A) NeuNDL cells were left to grow in MEGS 
supplemented media and assessed for Postn protein expression after 
2, 4 and 6 days without changing the medium. Upregulation of Postn 
suggests the depletion of a repressive activity. (B) NeuNDL cells were 
treated with PBS, MEGS and BPE were pre-incubated at 37°C or 100°C for 
15 min to assess the heat sensitivity of the repressive components. Postn 
relative mRNA expression is shown in the bar graph for each condition. (C) 
NeuNDL cells were treated using 0%, 0.1%, 0.2% and 0.4% BPE to assess 
a dose-dependent relationship for the repression of Postn. Postn relative 
mRNA expression is shown in the bar graph for each condition. Data is 
represented as mean ± SEM. * = P ≤ 0.05 (C)

Additional file 4: Figure S4. Removal of MEGS also induces Postn in 
other cell lines. An independent isolate (iso 2) of a MMTV-NeuNDL tumor 
(A) and an isolate from a MMTV-NIC tumor (B) were subjected to MEGS-
deficient medium and Postn protein expression was assessed up to 96 h 
post-plating.

Additional file 5: Figure S5. FGF2-mediated repression of Postn is 
rescued by an FGFR inhibitor. NeuNDL cells were plated in the absence 
of MEGS with 10ng/ml bFGF in combination with a pan-FGFR inhibitor 
BGJ398 at 100 nM. Postn protein expression was assessed by western blot‑
ting at 0.5- and 24-h post-treatment.

Additional file 6: Figure S6. TGFβ-mediated induction of Postn is blocked 
by bFGF. NeuNDL cells were plated in the absence of MEGS and treated 
with 10 ng/ml of TGFβ-1 in combination with 10ng/ml of bFGF. Periostin 
protein expression was assessed 0.5- and 24-h post-treatment by western 
blotting analysis. Phospho-specific SMAD2 was used as a control for the 
activation of TGFβRs.

Additional file 7: Figure S7. Postn induction is independent of SMAD2 
activation. NeuNDL cells were subjected to MEGS-depleted conditions 
supplemented with either PBS, bFGF (10 ng/ml) or TGFβ-1 (10 ng/ml). 
Immunofluorescence using an anti-SMAD2 antibody is shown as a single 
channel and merged with DAPI. MEGS removal or FGF addition did not 
affect SMAD2 localization. Scale bar = 100 µm

Additional file 8: Figure S8. Akt1 knock down impairs Postn induc‑
tion following MEGS depletion. Cultures were transfected with an Akt1 
siRNA (or non-targeting control; NTC) in the presence of MEGS and then 
switched to MEGS depleted medium for 24 h. Postn and Akt1 expression 
were assessed by western blot.

Additional file 9: Figure S9. PKC activation can repress Postn expression 
and enhanced the effect of bFGF. NeuNDL cells were treated in absence 
of MEGS with PMA (1 µg/ml) in combination with bFGF (10 ng/ml). Postn 
expression was assessed by western blotting analysis and phospho-
ERK1/2 was used as a control for PKC activation by PMA.
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