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Prolactin Pro-Differentiation 
Pathway in Triple Negative Breast 
Cancer: Impact on Prognosis and 
Potential Therapy
Vanessa M. López-Ozuna1, Ibrahim Y. Hachim1, Mahmood Y. Hachim2, Jean-Jacques Lebrun1 
& Suhad Ali1

Triple negative breast cancer (TNBC) is a heterogeneous disease associated with poor clinical outcome 
and lack of targeted therapy. Here we show that prolactin (PRL) and its signaling pathway serve as 
a sub-classifier and predictor of pro-differentiation therapy in TNBC. Using immunohistochemistry 
and various gene expression in silica analyses we observed that prolactin receptor (PRLR) protein 
and mRNA levels are down regulated in TNBC cases. In addition, examining correlation of PRLR gene 
expression with metagenes of TNBC subtypes (580 cases), we found that PRLR gene expression 
sub-classifies TNBC patients into a new subgroup (TNBC-PRLR) characterized by epithelial-luminal 
differentiation. Importantly, gene expression of PRL signaling pathway components individually (PRL, 
PRLR, Jak2 and Stat5a), or as a gene signature is able to predict TNBC patients with significantly better 
survival outcomes. As PRL hormone is a druggable target we determined the biological role of PRL in 
TNBC biology. Significantly, restoration/activation of PRL pathway in TNBC cells representative of 
mesenchymal or TNBC-PRLR subgroups led to induction of epithelial phenotype and suppression of 
tumorigenesis. Altogether, these results offer potential new modalities for TNBC stratification and 
development of personalized therapy based on PRL pathway activation.

Triple negative breast cancer (TNBC) is typified by lack of expression of estrogen receptor (ER), progesterone 
receptor (PR), and human epidermal growth factor receptor-2 (HER-2). This subtype of breast cancer is char-
acterized by poor histological characteristics, high rate of recurrence, poor patient outcome and lack of targeted 
therapy1,2. Loss of cellular differentiation is a key feature of TNBC tumors that may contribute to its unfavorable/
aggressive phenotype3,4. Therefore, better understanding of the molecular pathways involved in cellular differen-
tiation may provide new opportunities for better patient’s stratification, prognosis and personalized therapy in 
this breast cancer subtype5,6.

Studies performed to understand the biology of TNBC revealed that it is a heterogeneous disease7. Based on 
gene expression analyses, TNBC has been categorised into six subgroups including basal-like (BL1 and BL2), 
mesenchymal (M), mesenchymal stem-like (MSL), immunomodulatory (IM) and luminal androgen receptor 
(LAR)8. The basal-like (BL1 and BL2) subtypes are highly enriched in gene expression patterns associated with 
proliferation-related genes as well as genes involved in DNA damage response. The mesenchymal (M and MSL) 
subtypes are enriched in gene expression patterns associated with epithelial-to-mesenchymal transition process8. 
The immunomodulatory subtype is characterized for gene ontologies of immune cell processes that include 
immune cell and cytokine signaling, antigen processing and presentation9,10. The LAR subgroup is typified for 
being enriched in genes related with androgen receptor (AR) signalling and has been associated with good prog-
nosis within TNBC11,12. In addition to this classification of TNBC other studies have generated various gene 
signatures distinguishing molecular subsets (basal-like, mesenchymal-like (claudin-low) and luminal androgen 
receptor) as well as non-neoplastic cell populations (epithelial claudin-CD24 signature, stromal signature, mark-
ers of blood, adipocytes, angiogenesis and inflammatory signature)13. Due to this diversity in the histological and 

1Department of Medicine, Cancer Research Program, McGill University Health Centre, McGill University, Montreal, 
Quebec, Canada. 2Medical Microbiology Department, RAK Medical and Health Sciences University, UAE. 
Correspondence and requests for materials should be addressed to S.A. (email: suhad.ali@mcgill.ca)

received: 18 February 2016

accepted: 11 July 2016

Published: 02 August 2016

OPEN

mailto:suhad.ali@mcgill.ca


www.nature.com/scientificreports/

2Scientific Reports | 6:30934 | DOI: 10.1038/srep30934

molecular features as well as limited availability of well-defined molecular targets, developing treatments against 
TNBC remains challenging.

Extensive studies both in vitro and in vivo highlighted PRL and its downstream Jak2/Stat5 signaling pathway 
as central to mammary gland development and terminal differentiation of the mammary epithelial cells14,15. On 
the other hand, the role of PRL in breast cancer development/progression is not fully elucidated. Previous studies 
suggested that PRL could lead to breast cancer development by functioning as a local growth factor through a 
PRL/PRLR autocrine loop16–19. Furthermore, studies using transgenic mice designed to overexpress PRL in mam-
mary epithelial cells resulted in the development of mammary tumors20,21. As well, PRL and PRLR were found 
to play a permissive role in oncogene-induced mammary tumors22. PRL was also found to cooperate with loss of 
p53 to induce claudin-low mammary carcinomas23 and was associated with interfering with BRCA1 regulation of 
expression of the cell cycle inhibitor p2123. In addition, PRL and PRLR were recently implicated in breast cancer 
metastatic spread24,25. While the above studies highlight a role for PRL in promoting tumorigenesis, many recent 
studies, including ours, suggested a different role as a potential suppressor of breast carcinogenesis. Indeed, we 
have previously shown that PRL, through PRLR/Jak2 signaling suppresses epithelial-mesenchymal-transition 
(EMT) and reduces the invasive properties of breast cancer cells26. Furthermore, using both mammary epithe-
lial cells and human breast cancer cells we showed that PRL blocks growth factor-induced mammary cell pro-
liferation and viability of breast cancer cells27. More recently we also found that expression of PRLR and PRL 
in human breast cancer correlate with favorable prognosis and better patient outcome28,29. In support of these 
findings, PRL and PRLR expression were found to be down regulated in breast cancer patients and breast cancer 
cell lines30,31. Moreover, expression/activation of the PRL effector molecule Stat5a was found to associate posi-
tively with increased levels of histologic differentiation of breast cancer tissues and to distinguish breast cancer 
patients with favourable prognosis and response to endocrine therapy32. Stat5a loss of expression was also found 
to be associated with tumor progression and unfavorable clinical outcomes33. As well, the PRL-responsive milk 
proteins whey acidic protein (WAP) and α​-casein were also shown to inhibit tumorigenesis and breast cancer 
cell invasion34–36. Together these findings provide compelling evidence regarding the role of PRL pathway in 
maintaining tissue differentiation and as a suppressor of breast carcinogenesis. This unexpected suppressive role 
of PRL in breast cancer is still emerging and needs to be further elaborated. In addition, the role of PRL in TNBC 
has not yet been investigated.

In this study, we evaluated the role PRL differentiation pathway in prognosis and suppression of tumorigenesis 
in TNBC. Using tissue microarrays and gene profiling databases of breast cancer patients, our results identified 
a novel and relevant subgroup within TNBC characterized by PRLR expression and luminal-epithelial charac-
teristics. This TNBC-PRLR subgroup showed better prognosis represented as prolonged disease free survival. 
Furthermore, functional studies using TNBC cell lines showed that activation of PRL signalling pathway sup-
presses the aggressive nature of TNBC cells in vitro and tumorigenesis in vivo. Overall, these findings propose 
a new management strategy for TNBC patients. This approach is based on screening for PRLR expression in 
patients that may benefit from the use of PRL hormone as a novel pro-differentiation therapy.

Results
PRLR expression is down regulated in TNBC.  To decipher the role of PRL in TNBC, we first examined 
PRLR protein expression in TMA composed of 43 TNBC cases representing different grades, stages and histologi-
cal types (Figure S1A). Interestingly, our analysis revealed that PRLR protein is expressed in only ~2% of the cases 
examined (Fig. 1A,B and Figure S1A). This down regulation of PRLR in TNBC cases was irrespective of grade, 
stage and histological type (Figure S1B–D). We next analyzed PRLR gene expression levels in different breast 
cancer molecular subtypes including TNBC (660 patients), Her-2 (170 patients), luminal A (703 patients) and 
luminal B (170 patients) using robust single sample predictor classification (RSSPC) in bc-GenExMiner 3.0 data-
base. The Molecular subtype prognostic analysis tool of this program allows automatic beforehand classification 
of PRLR gene expression levels into three equal quartiles (low, intermediate and high). Our analyses showed that 
intermediate/high PRLR gene expression levels are least in TNBC (29%) compared to Her-2 (68%), luminal A 
(84%) and luminal B (78%) molecular subtypes (Fig. 1C). Together, these results indicate that while PRLR protein 
expression is down regulated in TNBC its gene expression is still preserved in 29% of cases.

The prognostic relevance of PRL differentiation pathway in TNBC.  Next we investigated 
whether PRL pathway expression could impact the prognosis of TNBC patients. To assess this point, we ana-
lyzed the association between PRLR gene expression and patient outcome, any event free survival (AEFS) 
using bc-GenExMiner 3.0 database of basal-like intrinsic breast cancer subgroup (representing TNBC) in two 
sub-classification methods (Hu and Sorlie)2,37. Interestingly, we observed a significant association between PRLR 
gene expression and prolonged AEFS (Hu 1,072 patients and Sorlie 724 patients) (Fig. 2A,B). Next we investi-
gated the prognostic value of PRL signaling components Jak2 and Stat5a using the same methods of classification 
mentioned above. Interestingly, we also observed a significant correlation between Jak2 (Hu 1,122 patients and 
Sorlie 778 patients) (Fig. 2C,D) and Stat5a (Hu 1,124 patients and Sorlie 770 patients) (Fig. 2E,F) gene expression 
and prolonged AEFS.

Moreover, we investigated PRLR, Jak2 and Stat5a gene expression individually in relation to relapse free 
survival (RFS) using KM plotter database of TNBC patients38. Our results showed the same trend of signifi-
cant association between PRLR, Jak2 and Stat5a gene expression and prolonged RFS (Figure S2) in 580 TNBC 
patients. We next investigated the prognostic power of PRL hormone gene expression in TNBC. Indeed, while 
PRL gene expression showed only marginal significance with better AEFS using Hu (1,139 patients) and Sorlie 
(783 patients) methods of classification (bc-GenExMiner 3.0), it was significantly associated with prolonged RFS 
using KM plotter database (580 patients) (Figure S3). For better evaluation of the prognostic role of PRL and its 
signaling pathway in determining TNBC patient outcome, we next generated a gene signature representing PRL 
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pathway including PRL, PRLR, Jak2 and Stat5a. Gene expression levels were classified into high or low according 
to the mean expression levels for each gene grouped together. This was achieved using the multi-gene classifier 
tool of KM plotter database (Materials and Methods) in 580 TNBC patients. Importantly, our results showed 
a significant association between high PRL pathway based gene signature and prolonged RFS (P =​ 6.5e–09) in 
TNBC patients (Fig. 2G). Together, these findings indicate that PRL pathway expressers constitute a subgroup 
within TNBC patients displaying favorable outcome and prolonged survival.

PRLR is a novel sub-classifier of TNBC patients.  Recent studies have indicated the heterogenic nature 
of TNBC that impacts treatment options and patient outcome8,13. Therefore, here we examined PRLR gene 
expression in relation to metagenes representative of the molecular heterogeneity of TNBC using robust molecu-
lar subtype predictor classification (RMSPC) in bc-GenExMiner 3.0 that includes a cohort of 580 TNBC patients.

Interestingly, as shown in Fig. 3, PRLR gene expression was inversely correlated with genes related to basal-like 
subtype (basal keratins KRT14, KRT14, KRT5 and KRT6a), mesenchymal-like (claudin low) and genes repre-
sentative of the non-neoplastic cell populations. However, PRLR gene expression showed a significant positive 
correlation with members of two metagene clusters. The first metagene represents luminal-like genes associated 
with LAR signaling (FOXA1 and AR) and the second metagene represents epithelial cell-cell adhesion and lumi-
nal differentiation (Claudin-CD24). These data suggest that PRLR identifies a novel and distinct subgroup of 
TNBC with luminal-epithelial differentiation. To validate and gain further insights into this new TNBC-PRLR 
subgroup, we analyzed the positive association between PRLR and AR protein expression using immunohisto-
chemistry in the TMA of human TNBC cores used above39. As expected, AR protein expression was positive in 

Figure 1.  PRLR protein and gene expression in TNBC cases. (A) Positive immunohistochemical staining 
of PRLR in a case of invasive ductal carcinoma (10X, 40X and 100X). (B) Negative immunohistochemical 
staining of PRLR in a case of invasive ductal carcinoma (10X, 40X and 100X). (C) Table represents PRLR gene 
expression levels in different breast cancer molecular subtypes stratified according to robust single sample 
predictor classification (RSSPC) method using breast cancer gene-expression miner v3.0 database. PRLR gene 
expression levels were stratified into high, intermediate and low levels (Materials and Methods).
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~29% of TNBC cases. Interestingly, only ~10% of these cases showed positive association with PRLR protein 
expression (Fig. 4A,B and Figure S4) confirming the metagenes association findings described above and high-
lighting that TNBC-PRLR is an independent subgroup. Previous reports have suggested that AR expression is 

Figure 2.  Expression of PRL signalling pathway components correlates with favorable patient’s outcome 
in TNBC. Kaplan-Meier survival curves for PRLR (A,B), Jak2 (C,D) and Stat5a (E,F) gene expression levels 
according to Hu et al. and Sorlie methods respectively using AEFS as an endpoint. Gene expression is stratified 
by median into high (green line) and low (red line) expression levels using breast cancer gene-expression miner 
v3.0. G) Kaplan-Meier survival curves for PRL pathway (PRL, PRLR, Jak2 and Stat5) based gene signature using 
RFS as an endpoint in basal breast cancer subtype using the KM plotter database.
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Figure 3.  PRLR gene expression and its association with different TNBC gene signatures representative 
of molecular subtypes. Analysis of PRLR gene expression levels in association with different clusters of 
correlated genes (metagenes) used to distinguish molecular heterogeneity of TNBC. PRLR gene expression 
inversely correlates with genes related to basal-like subtype (basal keratins KRT14, KRT14, KRT5 and KRT6a), 
mesenchymal-like (claudin low) and genes representative of the non-neoplastic cell populations (red). PRLR 
expression shows a significant positive correlation with members of two metagene clusters (green) apocrine/
androgen receptor signaling (FOXA1 and AR) and claudin-CD24 (CLDN3, CLDN4 and CD24) representing 
luminal/epithelial differentiation.
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a marker of favorable prognosis in TNBC12,40. Therefore, using the prognostic gene expression analysis tool of 
bc-GenExMiner 3.0 database, we then analyzed the prognostic value of AR gene expression in comparison to 

Figure 4.  AR protein and gene expression in TNBC cases. (A) Positive immunohistochemical nuclear 
staining of AR in PRLR positive breast cancer case (4X, 40X and 100X). (B) Negative immunohistochemical 
staining of AR in a TNBC case (4X, 40X and 100X). (C,D) Kaplan-Meier survival curves for AR m-RNA levels 
in basal-like subtype stratified according to Sorlie’s and Hu’s classifications respectively, using AEFS as an 
endpoint using the breast cancer gene-expression miner v3.0. Gene expression is stratified according to median 
into high (green line) and low (red line) expression levels.
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that of PRLR gene expression using the same methods of classification (Hu and Sorlie) as indicated in Fig. 2. In 
contrast to PRLR, AR gene expression showed no significant association with better patient outcome (Hu 1,072 
patients and Sorlie 724 patients) (Fig. 4C,D). Together, these results indicate that PRLR expression is an inde-
pendent biomarker of favorable patient outcome in TNBC and defines a novel TNBC subgroup.

Restoring PRL signalling pathway in TNBC cells reduced cell viability, invasion capacity, mes-
enchymal properties and tumorigenesis.  Previous studies have shown that the highly aggressive 
mesenchymal-like TNBC cell line MDA-MB-231 lacks expression of the PRLR41. To investigate the role of PRL 
and its signaling pathway in regulating TNBC biology we restored PRLR expression in MDA-MB-231 cell line 
using a dox-dependent lentiviral transduction method (Materials and Methods). As shown in Fig. 5A, significant 
PRLR protein expression was induced following dox treatment in MDA-MB-231/PRLR cells in comparison to 
MDA-MB-231/vector cells. In contrast to MDA-MB-231/vector cells, treatment of MDA-MB-231/PRLR cells 
with rhPRL led to the activation of PRL signaling molecule Stat5, indicative of a successful restoration of the 
PRL pathway in MDA-MB-231/PRLR cells (Fig. 5A). We next investigated the biological effects of restoring 
PRL signaling in regulating cell viability of MDA-MB-231 cells. Interestingly, our results showed that PRL treat-
ment induced a significant decrease in cell viability (34–40%) of MDA-MB-231/PRLR cells in comparison to 
MDA-MB-231/Vector cells (P =​ 2.209e–006) (Fig. 5B). We next performed transwell invasion assays to gain fur-
ther insights on the role of PRL pathway restoration in modifying the high invasive capacity of these TNBC cells. 
As shown in Fig. 5C, activation of PRL signaling pathway dramatically decreased the invasive capacity (78.5%) 
of MDA-MB-231/PRLR cells. As shown in Figure S5, this loss of invasive activity of MDA-MB-231/PRLR is not 
due to loss of cell viability. Next we examined the ability of PRL in regulating the expression of EMT markers 
including transcription factors (slug, snail, twist and zeb1) as well as E-cadherin, vimentin and fibronectin. As 
shown in Fig. 5D, we observed down regulation of all mesenchymal markers examined in MDA-MB-231/PRLR 
cells when compared to MDA-MB-231/vector cells following hPRL treatment. On the other hand, the epithelial 
marker E-cadherin was significantly up regulated by hPRL in MDA-MB-231/PRLR cells when compared to con-
trol MDA-MB-231/vector cells. Together these results indicate that restoring PRL pathway in TNBC suppress 
their aggressive behaviour and mesenchymal phenotype.

Finally, we analyzed the role of PRL pathway restoration in regulating tumorigenesis of MDA-MB-231 cells 
using NOD/SCID mouse xenograft animal model. Animals were inoculated with either MDA-MB-231/vec-
tor or MDA-MB-231/PRLR cells subcutaneously into the right flank of each mouse. Animals were randomly 
assigned into three groups: MDA-MB-231/vector and MDA-MB-231/PRLR treated with dox and hPRL and 
MDA-MB-231/PRLR treated with dox only. Animals were treated intra-peritoneal from day 1 following cell 
implantation and tumor growth was monitored for 8 weeks (Supplementary Materials and Methods). As shown 
in Fig. 5E, MDA-MB-231/vector xenografts showed considerable tumor growth reaching a volume of 20.81 mm3 
at the time of sacrifice. Moreover, within the MDA-MB-231/PRLR untreated group only one mouse showed 
tumor growth that reached a maximum volume of 0.875 mm3 suggesting that mouse PRL while it is described 
as a weak agonist of the hPRLR, it is sufficient to induce activation of the overexpressed hPRLR. Importantly, 
all mice within the MDA-MB-231/PRLR treated group failed to develop any detectable tumors throughout the 
period examined (Fig. 5E) suggesting that PRL abrogates tumor formation in vivo. Altogether, these results indi-
cate that restoration of the PRL pathway in TNBC results in suppression of cell viability, invasion capacity and 
tumorigenesis.

PRL supresses cell viability and tumor growth of TNBC-PRLR subgroup.  Our previous results 
showed that PRLR gene expression sub-classifies a distinct population of TNBC tumors enriched with luminal 
and epithelial differentiation gene signatures associated with favourable outcome. To investigate the role of PRL 
and its signalling pathway in this TNBC subtype we tested PRL pathway activation in a representative cell line 
(MDA-MB-453). As shown in Fig. 6A, MDA-MB-453 cells express endogenous levels of PRLR8,42. PRL stimula-
tion of these cells also resulted in Stat5 activation suggesting the presence of a functional PRL pathway in this cel-
lular model of TNBC-PRLR subgroup. Next we investigated the role of PRL in regulating cellular viability in this 
model. Interestingly, we found that PRL caused a significant reduction in cell viability after 72 hrs of treatment 
(~15%) (P =​ 0.0001) (Fig. 6B). To further characterize the role of PRL in TNBC-PRLR subgroup, we analyzed the 
effects of PRL in regulating tumorigenesis using NOD/SCID/MDA-MB-453 animal xenograft model. Animals 
were inoculated with MDA-MB-453 cells subcutaneously into the right flank of each mouse. The mice were ran-
domly assigned into two groups according to PRL treatment into MDA-MB-453 untreated and MDA-MB-453 
treated (Supplementary Materials and Methods). Tumor growth and/or progression of the disease were moni-
tored up to 8 weeks after cell inoculation. Notably, our results revealed that in the absence of PRL, mice showed 
signs of dissemination of the disease as well as a high incidence of morbidity (50%). These were assessed and 
measured by the appearance of paraneoplastic conditions (cachexia, anorexia, dehydration, respiratory difficul-
ties, loss of weight, changes in the texture and coloration of the fur, skin dryness and loss of vibrissae), predom-
inance of lethargic behavior as well as the presence of palpable tumors (Fig. 6C). In contrast, none of the above 
mentioned features were seen in the PRL treated group. PET/SPECT/CT studies were next performed to further 
evaluate disease progression. PET/SPECT/CT fusion of coronal and axial views of untreated group revealed the 
presence of high fludeoxyglucose (FDG) uptake area in the flanks, thymus and liver in addition to the expected 
normal tissues (brain, heart, and bladder) that normally exhibit a high rate of FDG uptake. Importantly, in the 
PRL treated group no FDG uptake was observed except for brain, heart, and bladder suggesting absence of tumor 
formation in this group of mice (Fig. 6D and Figure S6). All animals were subjected to necropsy to confirm the 
presence or the absence of secondary tumors by gross examination after PET/SPECT/CT analysis. The lack of 
tumor growth and/or dissemination in the PRL treated group was also confirmed by histological examination 
of lung and liver tissues (Figure S7). These findings further demonstrate the growth inhibitory effects of PRL  
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Figure 5.  Restoring PRL-differentiation pathway in TNBC suppresses tumorigenesis. (A) Cells 
(MDA-MB-231/vector and MDA-MB-231/PRLR) were incubated in DMEM (2% FBS) and stimulated or 
not with dox (100 ng/ml) O/N and stimulated or not with hPRL 250 ng/ml for 15 minutes. Cell lysates were 
immunodetected using antibodies to PRLR, p-Stat5, Stat5 and β​-tubulin. (B) Control MDA-MB-231/vector and 
MDA-MB-231/PRLR cells were plated in starvation media and treated or not with dox (100 ng/ml) and hPRL 
(250 ng/ml) for 72 hrs. MTT assays were performed and the results are presented as means ±​ SEM for triplicates 
of five independent experiments (p =​ 2.209e–006). (C) MDA-MB-231/PRLR cells were stimulated with dox 
(100 ng/ml) and stimulated or not with hPRL (250 ng/ml) for 72 hrs. Then equal number of cells was plated 
on Matrigel for invasion for 24 hrs. Columns represent means of triplicates of three independent experiments 
(P =​ 0.00068). Microscope images of invaded cells taken from 4 fields of a representative well (left). (D) 
MDA-MB-231/vector and MDA-MB-231/PRLR cells were treated with dox (100 ng/ml) and hPRL (250 ng/ml)  
for 72 hrs and the expression of EMT markers (as indicated) was examined using q-RT-PCR. Results are 
expressed as log2 fold change of triplicates of three independent experiments. (E) Graph depicting tumor 
volume of MDA-MB-231/Vector or MDA-MB-231/PRLR xenografts after treatment for a period of 8 weeks as 
indicated.
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Figure 6.  PRL suppresses viability and tumorigenesis of MDA-MB-453 cells representative of TNBC-PRLR 
subgroup. (A) MDA-MB-453 cells were lysed and immunoprecipitated using antibody to PRLR or control IgG 
and immunodetected using antibody to PRLR (Materials and Methods). MDA-MB-453 cells were incubated 
in L-15 (2% FBS) for an O/N period. Cells were then stimulated or not with hPRL (250 ng/ml) for 15 minutes. 
Cell lysates were immunodetected using antibodies to p-Stat5 and β​-tubulin. (B) MDA-MB-453 cells (5 ×​ 103 
cells) were plated in L-15 (2% FBS) and treated or not treated with hPRL (250 ng/ml) for 24–72 hrs as indicated. 
MTT assays were performed and results are presented as the mean ±​ SEM of triplicates of five independent 
experiments. (C) Representative pictures of NOD/SCID mice untreated or treated with r hPRL for 8 weeks. 
Graph depicting measurements of body weight in untreated or treated MDA-MB-453 xenograft mice.  
(D) Whole-body imaging of MDA-MB-453 xenograft using PET/SPECT/CT scan. FDG uptake is observed in 
brain (Br), heart (H) and bladder (Bl) as well as in xenograft tumors (white arrows).
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in vitro and in vivo in TNBC-PRLR subgroup and highlight the possible use of PRL as a novel therapeutic strategy 
in TNBC. Altogether, these results emphasize that PRLR expression can categorize a specific TNBC subgroup 
with epithelial-luminal differentiation and favorable prognosis. Furthermore, PRLR can be used as a predictive 
marker for the possible use of PRL as a pro-differentiation therapy in breast cancer.

Discussion
TNBC represents an enormous clinical challenge due to its aggressive nature, heterogeneity and lack of targeted 
therapy6,43. Histologically, the majority of TNBC tumors are poorly differentiated and show high grade, a charac-
teristic that promotes the aggressive phenotype resulting in poor overall survival44. Recent advances in the field 
have helped in characterizing 6 different TNBC intrinsic subgroups8. Still, identification of novel biomarkers in 
this breast cancer subtype is critically needed to help understand the biology of TNBC and the development of 
new tools for prognosis and therapy.

Loss of cellular differentiation is a common feature of TNBC tumors. In addition, TNBC tumor cells are 
thought to originate from a progenitor mammary stem cell population. Therefore, elucidating the role of mam-
mary differentiation pathways in TNBC biology might provide novel approachs in advancing classification, prog-
nosis and treatment. PRL hormone is known to play an important role in mammary gland development and 
terminal differentiation of mammary epithelial cells14. The role of PRL in breast cancer development/progression 
is not fully elucidated and further studies are clearly required to clarify its role. Previous work described PRL 
and its receptor to play a permissive role in the development of mammary tumors and metastasis16–25. However 
recent studies have not only questioned this role of PRL but highlighted that it can act as a suppressor of breast  
tumorigenesis26,27. In addition PRL and PRLR were found to be down regulated in breast cancer and their  
expression correlate with good prognostic and better patient outcome28–31. This is consistent with recent evidence 
showing that PRLR receptor antagonists did not show any anti-tumorigenic effects and therapeutic benefits in 
clinical trials45.

Here we examined the prognostic and therapeutic role of PRL and its signalling pathway in TNBC. Our results 
indicate that while PRLR expression is down regulated in TNBC in comparison to other breast cancer molecular 
subtypes, intermediate/high PRLR mRNA levels are still preserved in ~30% of TNBC cases. Based on metagene 
cluster analyses we identified a TNBC-PRLR subgroup. This subgroup represents a distinct TNBC subgroup 
characterized by luminal-like differentiation (FOXA1 and AR) and epithelial (claudin-CD24) gene signatures. 
Moreover, our gene expression/prognosis analyses revealed that TNBC-PRLR subgroup has better patient overall 
survival outcomes in comparison to all subgroups of TNBC. Interestingly, these results are in agreement with 
a recent study describing PRL pathway to be enriched in the TNBC LAR subtype46,47. Altogether these results 
indicate that PRLR represents an independent and precise marker to distinguish a unique TNBC subgroup with 
specific molecular and prognostic features.

Nowadays, cytotoxic chemotherapy remains the mainstay of treatment for patients with TNBC in spite of 
the increasing number of targeted therapies. Targets such as epidermal growth factor receptor (EGFR)48, vas-
cular endothelial growth factor receptor (VEGFR)49, DNA repair molecules50, cell-cycle control and cell sur-
vival genes51,52 as well as inhibitors of AR53 have been utilized to develop treatment modalities against TNBC. 
Still these treatment approaches show limited benefits, mostly due to toxic effects, resistance and tumor relapse. 
Pro-differentiation based therapies have been recently proposed in the hope of developing less aggressive treat-
ments against cancer based on the reprograming/reversing cancer cells into less aggressive benign phenotype45,46. 
Our present study supports the pro-differentiation concept as a mean to revert/suppress tumorigenesis. Indeed, 
we provide in vitro and in vivo evidence indicating that restoration and activation of the PRL differentiation pro-
gram in TNBC results in reversal of the highly proliferative, invasive, mesenchymal and tumorigenic phenotype 
through induction of cell differentiation. This reprograming into more epithelial and non-invasive features may 
explain the better overall survival seen in TNBC-PRLR subgroup.

Together our findings highlight the relevance of using differentiation pathways in suppressing tumorigenesis. 
Indeed, cancer cells are known to be plastic in nature and can be reverted to a less aggressive phenotype under 
favorable stimulus. Therefore exploiting pro-differentiation pathways in cancer should be considered as a viable 
avenue for developing novel prognostic and therapeutic approaches.

Material and Methods
All experimental protocols were done in accordance with McGill University Health Centre, McGill University 
guidelines and regulations.

Generation of stable cell lines.  MDA-MB-231 parental cells were used to generate stable cell lines 
(MDA-MB-231/vector and MDA-MB-231/PRLR) overexpressing the human long from PRLR cDNA using dox-
ycycline (dox)–dependent lentiviral system.

Tissue microarray.  TNBC tissue microarray (43 cases with clinico-pathological data) was purchased from 
US Biomax.

Immunohistochemistry.  Slides were incubated with a rabbit polyclonal antibody to PRLR-L (Santa Cruz 
#sc-20992) as describe previously28 and with a rabbit polyclonal antibody to AR (Santa Cruz #CO215), using 
positive and negative controls for both (Figure S1A and Figure S4 respectively).

Gene expression analysis.  Breast Cancer Gene-Expression Miner Version 3.0 (bc-GenExMiner 3.0) 
database was used to evaluate the mRNA levels of PRLR in different molecular subtypes54. As indicated in 
bc-GenExMiner 3.0 the biological validation of this tool was extensively tested and approved for different genes 
as indicated “http://bcgenex.centregauducheau.fr/BC-GEM/GEM_Aide.php#Data_Validation”.

http://bcgenex.centregauducheau.fr/BC-GEM/GEM_Aide.php#Data_Validation
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The prognosis gene expression analysis tool of bc-GenExMiner 3.0 was used to assess the association between 
PRL, PRLR, Jak2 and Stat5a mRNA levels and patient outcome, using gene symbol. The gene expression correlation 
analysis tool of bc-GenExMiner 3.0 was used to study the correlation between PRLR mRNA levels and members of 
the different metagenes within TNBC using robust single sample predictor classification (RSSPC)13. Kaplan-Meier 
plotter database was used to evaluate PRL signaling pathway components individually or as a single gene  
signature, using the following probeset ID (Affimetrix): PRL (205445_at), PRLR (206346_at), Jak2 (205841_at)  
and Stat5a (203010_at) in relation to patient outcome55.

Cell lysis, immunoprecipitations and western blotting.  For whole cell lysates and immunoprecipita-
tions, cells were lysed in lysis buffer as described previously56.

Invasion assay.  80 ×​ 103 cells were seeded in 24-well plates HTS multi-well insert system coated with 
Matrigel. Invasion assays were performed for 24 hours as described previously26.

RNA extraction and qRT-PCR.  Total RNA from MDA-MB-231/PRLR and MDA-MB-231/vector cells 
treated with hPRL for 72 hrs was isolated, reverse transcribed and used for PCR amplification. RT-qPCR of EMT 
markers (slug, snail, twist, FN1, vimentin, E-cadherin, zeb1) was performed.

MTT assay.  MTT assays were performed as previously described57.

Animal models.  All experimental animal work was performed in a specific-pathogen-free animal facility 
according to the guidelines and ethical regulations of the Research Institute McGill University Health Centre 
approved animal used protocol (#2014-7492) in accordance with Canadian Council of animal care guidelines.

MDA-MB-231 xenograft.  18 Female NOD/SCID mice were purchased from Charles River Laboratories 
(Saint-Constant, QC, Canada) and randomly assigned into three groups (n =​ 6 mice/group) according to PRL 
treatment: MDA-MB-231/vector, MDA-MB-231/PRLR untreated and MDA-MB-231/PRLR treated. The mice 
were injected intra-peritoneal with doxycycline (20 mg/kg) daily. Treated group was injected intra-peritoneal 
every second day with rhPRL (0.1 μ​g/g). Tumor growth was monitored up to 8 weeks after implantation.

MDA-MB-453 xenograft.  12 Female NOD/SCID mice were purchased from Charles River Laboratories 
(Saint-Constant, QC, Canada) and randomly assigned into two groups (n =​ 6 mice/group) according to rhPRL 
treatment: MDA-MB-453 untreated or MDA-MB-453 treated. The mice were treated intra-peritoneal with either 
vehicle or rhPRL (0.1 μ​g/g) each second day. Tumor growth was monitored up to 8 weeks after implantation.

Whole-body imaging of NOD/SCID/xenograft mice using PET/SPECT/CT scan.  PET/SPECT/CT 
scan was performed on three mice from each group of MDA-MB-453 animal xenograft. At the end of the exper-
iment mice were sacrificed by CO2 asphyxiation and subjected to necropsy.
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