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Abstract
Cancer stem cells (CSC) are defined as a small population of cells in tumor that are re-
sponsible for the tumor initiation, resistance and recurrence. Chemo-resistance remains 
to be one of the major obstacles in conventional chemotherapies. One of the reasons that 
majority of chemotherapeutics are not effective in eradicating cancer cells is due to the 
existence of CSC, which are usually in a non-proliferative or dormant state. In this paper, 
we hypothesized that in order to improve the outcome of conventional chemotherapy, 
it will be more effective to utilize CSC stimulating factors in combination with con-
ventional chemotherapeutics. The current study aimed to investigate the feasibility of 
using prolactin (PRL), a hormone intimately involved in mammary gland development, 
in combination with cisplatin as an alternative to target breast CSC (BCSC).  Using tu-
morsphere formation assay we demonstrated that PRL was able to alter the cancer cell 
proliferation pattern in tumorspheres, which accompanied with increased CD44+24- cell 
population. We further showed that PRL treatment reduced the ability of breast cancer 
cells to form tumorspheres. Moreover, PRL significantly enhanced cisplatin’s inhibito-
ry effects in tumorsphere formation. The IC50 value of cisplatin was reduced by more 
than half with the addition of PRL in tumorsphere formation assay. The efficacy of this 
combinational approach was further confirmed through in vivo experiments (McNeu A 
allograft tumor growth and 4T1 total survival rate). Finally, PRL and cisplatin combi-
nation treatment significantly delayed naturally developed breast tumor growth in neu-
transgenic mice. Taken together, our study provided evidence to support the hypothesis 
that the addition of PRL to conventional chemotherapy (cisplatin) may be an effective 
alternative to target BCSC.
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Introduction

 There is increasing evidence suggests that cancer stem 
cells (CSCs) are a rare population of cells in tumors capable of 
self-renewal as well as differentiating into multiple lineages, thus 
responsible for tumor initiation, metastasis and recurrence[1].  
Conventional cancer chemotherapy mainly targets proliferating 
cancer cells in a non-specific manner. Patients often experience 
adverse effects of chemo and radiation therapies throughout the 
course of treatment. Furthermore, failure of targeting CSC soft-
en results in treatment resistance and cancer recurrence, which 
remain to be one of the major obstacles in conventional chemo-
therapy[2,3]. Tumors with high CSC markers are often associated 
with higher histological grade and poor prognosis[2,3].  Bonnet 
and Dick reported the existence of a cellular hierarchy in hu-
man acute myeloid leukemia (AML) by using stem cell markers 
CD34+/CD38-[4]. The isolated cells were able to transfer leuke-
mia to immuno suppressed mice[4]. Breast CSCs (BCSCs) were 
first reported by Al-Hajj et al., and identified by surface marker 
expression of CD44+/CD24-/lin-[5] and can be even visualized 
with tumorsphere assay[6]. Despite the clinical efficacy of che-

motherapeutic therapies, conventional treatments have not been 
shown to target BCSCs effectively[7,8]. Differentiation therapy 
has been proposed to be an alternative treatment approach in 
treating cancer[9,10]. As differentiated cells are more susceptible 
to chemotherapy[10], differentiation of BCSCs may increase sus-
ceptibility to chemotherapeutic agents. Previously Pece et al., 
demonstrated the similarities of transcriptional content between 
human normal mammary gland stem cells and cancer stem cells, 
in which poorly differentiated cancers displayed higher content 
of BCSCs than well-differentiated tumors[11].
 In the current study we propose to use prolactin (PRL), 
a pituitary hormone responsible for mammary gland develop-
ment and lactation[12-15], combined with chemotherapeutics to 
improve the chemotherapeutic outcome.  The PRL hormone is 
critical for ductal cell differentiation into branches and termi-
nal end alveoli cells[13]. During pregnancy, PRL promotes alve-
oli cell proliferate and lactation[15]. In breast cancer, high serum 
level of PRL has been documented to be associated with breast 
cancer[16]. PRL activates multiple signaling pathways including 
JAK/STAT[17], AKT[18] and MAPK[19] signaling pathways. Pre-
vious findings have also suggested that the addition of PRL to 
conventional chemotherapeutics prevents cells from cell cycle 
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arrest and apoptosis[20]. Though PRL was thoroughly studied in 
previous reports, the role of PRL in BCSCs remains unknown 
in the field. In this study, we focus on the effect of PRL in com-
bination with chemotherapeutics in a rare population of breast 
cancer cells, rather than the whole heterogenous cell population. 
Here we hypothesize that since PRL plays a critical role in reg-
ulating mammary gland proliferation and differentiation, PRL 
may also induce proliferation and differentiation of BCSCs, thus 
making them susceptible to those chemotherapeutic agents tar-
geting proliferating and differentiated cells. By using the 3D tu-
morspheres culturing system, we were able to selectively study 
the effect of PRL in BCSC cells. The data presented in this study 
demonstrated that treatment with PRL decreased tumorsphere 
formation in a concentration dependent manner. Combination of 
PRL and cisplatin further reduced tumorsphere formation. Both 
mouse allograft model and neu mouse model demonstrated that 
PRL and cisplatin combination effectively delay tumor growth. 
Our data provides new insight into the effect of PRL in breast 
cancer. 

Materials and Methods

Cell lines
 Human breast cancer cell lines MCF-7 (ER+/PR+), 
HCC1954 (HER2+) and the murine mammary cancer cell line 
4T1 were purchased from American Type Culture Collection 
(ATCC, Manassas, VA). The cells were propagated in RPMI 
supplemented with 10% FBS and 1 mg/mL Gentamicin (Life 
Technologies, Grand Island, NY). Mammary carcinoma cells 
from a neu transgenic mouse A (McNeu A, HER2+) were gen-
erously provided by Dr. Michael Campbell from the University 
of California, San Francisco. McNeu A cells were propagated in 
DMEM supplemented with 10% FBS and 1 mg/mL of Gentami-
cin. All three cell lines express high levels of PRLR based upon 
immune-blot experiments.  Previous literature also demonstrat-
ed that MCF-7 cells[21] and McNeuA cells[22] express PRLR.

Tumorspheres culture
 Tumorsphere medium was composed of DMEM/F12 
(Sigma, St. Louis, MO) supplemented with 0.4% BSA, 5 mg/
mL insulin (Sigma), 20 ng/mL basic fibroblast growth factor 
(Sigma) and 20 ng/mL epidermal growth factor (Sigma) unless 
otherwise specified[6]. Breast cancer cells MCF-7and HCC1954 
were harvested at 80% confluency and seeded in ultra-low at-
tachment flasks (Corning, Tewksbury, MA) at 2500 cells/mL. 
Cells were cultured in tumorsphere medium for 7 days before 
enzymatic dissociation for secondary tumorsphere formation in 
24-well ultra-low attachment plates at 1000 cells per mL (Corn-
ing). Formation of secondary tumorspheres was evaluated af-
ter 7 days. For studies with PRL treatment, recombinant human 
PRL was produced and purified as described previously[23]. To 
study the effect of PRL in tumorspheres, cells were treated with 
PRL (500 ng/mL) for 7 days and tumorspheres were subsequent-
ly dissociated into single cells for secondary tumorsphere forma-
tion. These secondary tumorspheres received no treatment. For-
mation of secondary tumorspheres indicates the effects of PRL 
in primary tumorspheres in BCSCs. In contrast, experiments on 
PRL enhancing cytotoxic effect of cisplatin, PRL and cisplatin 
treatment were added in secondary tumorspheres culture and 
there was no treatment in primary spheres culture. 

FACS analysis
 Cells were washed three times in PBS prior to staining 
with CD44 antibodies conjugated with FITC and CD24 antibod-
ies conjugated with PE. All antibodies for FACS were purchased 
from BD Biosciences (BD Biosciences, Franklin Lakes, NJ). 
Cells were incubated in 4oC for 30 minutes in dark and subse-
quently washed three times in PBS prior to FACS analysis. 

PKH 26 assay
 Breast cancer cells MCF-7 and HCC1954 were stained 
with PKH 26 fluorescence marker (PKH26GL-1KT; Sigma) ac-
cording to manufacturer protocol prior to culture in tumorsphere 
medium. Briefly, cells were washed with PBS and stained with 
2 mM of PKH 26 fluorescence marker in a non-specific manner 
for 10 minutes at room temperature. Subsequently cells were 
washed with PBS after staining and subjected to tumorspheres 
culture at 2500 cells per mL. Tumorspheres with 4-8 cells after 
4 days of incubation were examined microscopically by Nikon 
Eclipse confocal microscope. Images are processed by NIS-el-
ements. Validation of cell division pattern was performed in a 
double-blinded manner to avoid bias.

Immunoblotting
 Total proteins were separated by 10% SDS-PAGE gel 
and subsequently transferred onto Hybond-ECL nitrocellulose 
membrane. Non-specific binding sites were blocked by TBST 
containing 5% non-fat powder milk for 1 hour and incubated 
overnight at 4oC with anti-pAKT antibodies (4060S, Cell Sig-
naling, Danvers, MA) diluted at 1:1000, anti-AKT diluted at 
1:1000 (sc-5928; Santa Cruz Biotechnology, Santa Cruz, CA), 
anti-pERK1/2 (sc-7383; Santa Cruz Biotechnology) diluted at 
1:1000, anti-ERK1/2 diluted at 1:1000 (4695; Cell Signaling), 
or anti-b-actin (A1978; Sigma) diluted at 1:10000. Next, mem-
branes were washed 3 times with TBST and incubated for 1 hour 
with HRP-conjugated goat anti-rabbit IgG or goat anti-mouse 
IgG antibodies (Bio-Rad, Hercules, CA) diluted at 1:2000. 
Western blot signals were detected by using ECL Western Blot-
ting Substrate (GE Healthcare Sciences, Piscataway, NJ) and 
detected by CCD camera (Protein Simple, Santa Clara, CA). 

Evaluation of the combination approach using three mouse 
medels
A. Allograft growth comparison of pre-treated McNeuA 
cells.  McNeuA cells were treated with cisplatin (2 mg/mL), 
PRL (100 ng/mL) and cisplatin (2 mg/ml), or untreated as con-
trol for 3 days in DMEM supplemented with 5% FBS. Treated 
cells were harvested and 5x105 cells were subsequently injected 
into mammary fat pads of neu transgenic mice.  For best growth 
comparison, we injected cisplatin treated cells on the left side 
and PRL and cisplatin combination treated cells on the right side 
of the same mouse. Control tumor cells (cells with no treatment) 
and PRL treated cells were injected in separate mice in the same 
manner. Tumor growth was measured twice weekly, and tumor 
volume is calculated by (width2)*(length/2). 

B. Inhibition of naturally developed breast tumor in neu-
transgenic mice
 When tumor reached approximately 150 mm3 in diam-
eter (usually at 6 months of age), mice were randomly divided 
into three treatment groups: (1), control (no treatment), (2) cis-
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platin, 5 mg/kg/week, i.p.; and (3) PRL (50 mg) daily and cispla-
tin (5 mg/kg/week) for 31 days. Tumor size was measured week-
ly, and tumor volume was calculated by (width2)*(length/2). 

C.  4T1 BALB/c mice overall survival test. 
 Mouse mammary cancer 4T1 cells were injected (5x105 
cells/mouse) into 12 week old BALB/c mice intravenously. Mice 
were randomly divided into three treatment groups, each group 
received intraperitoneal injections of (1) 5 mg/kg of cisplatin 
twice a week or (2) in combination with 50 mg PRL for the first 
week and 100 mg PRL for the remaining course of treatment, or 
(3) control. Survival of mice was observed daily. 

Statistical Analyses
 All statistical analyses were performed using GraphPad 
Prism version 5.01 for Windows (GraphPad Software, La Jolla, 
CA). Results are presented as the mean ± s.e.m. and were ana-
lyzed using Student t test unless otherwise specified. Statistical 
analyses for concentration response curve was based on the val-
ues of the top, bottom and EC50 or IC50. p<0.05 was considered 
statistically significant. 

Results

PRL induces symmetric division in BCSCs
 We investigated the effect of PRL on BCSC division.  
The confocal microscopy analysis demonstrated that the prolifer-
ation pattern of tumorspheres in control or in cisplatin treatment 
resulted in minimal dispersal of PKH 26 fluorescence marker, 
indicating the initial cell division of BCSC is asymmetric (Fi-
g1A and C). The addition of PRL resulted in a more even distri-
bution of fluorescence (Fig 1B and D) suggesting the BCSCs un-
derwent symmetric division in response to PRL stimulation. The 
3D intensity surface plots under each confocal image offered a 
different presentation with the same results. In order to avoid 
any bias on confocal images, we have conducted this particu-
lar experiment seven times and two times in a double-blinded 
manner. We also investigated if the above visual proliferation 
pattern alteration in tumorsphere induced by PRL was related to 
CD44+/CD24- population change. By using FACS analysis, we 
found that cells isolated from secondary tumorspheres after PRL 
treatment increased CD44+/CD24- population (Fig 1E).  There 
is no CD44+/CD24- population difference between control and 
PRL treatment in 2D culture condition. 
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Figure1:  Confocal microscopic analysis of MCF-7 tumorspheres.  MCF-7 cells 
were stained with PKH 26 fluorescence marker prior to tumorsphere culture with 
designed treatment conditions, A, control; B, PRL (500 ng/mL); C, cisplatin (2 
mg/mL); and D combination of PRL and cisplatin.  Arrows indicated cells retained 
high density of PKH 26 fluorescence marker in control or cisplatin groups suggest-
ing the potential original stem cells. The bottom picture in each panel represents 
the fluorescence intensity in 3D surface plot. Blue, Hoechst 33342 nuclei fluo-
rescence stain; Red, PKH 26 fluorescence marker.  Original magnification: 400x. 
Scale bar, 20 mm. The result of a FACS analysis of CD44+/24- markers change 
in response to PRL in MCF-7 tumorspheres was shown in Panel E.  *, p<0.05.

PRL reduces tumorsphere forming ability in MCF-7 through 
PRLR 
 We next examined the effect of PRL in tumorspheres 
forming potential. In this experiment, we first collected primary 
tumorspheres formed in the presence or absence of PRL and dis-
sociated the spheres into single cells for secondary tumorspheres 
formation without further exposure to PRL. We reasoned that 
the difference, if any, in the ability of formation secondary tu-
morspheres after PRL treatment indicates the BSCS amount in 
primary tumorspheres. We found that treatment with PRL in 
primary tumorspheres resulted in a 53% reduction of secondary 
tumorsphere formation from 64.3 ± 5.3 to 30.1 ± 4.3 per 1000 
cells (p<0.01) (Fig2A). The inhibitory effect of PRL in total 
tumorsphere formation could be reversed with a PRL receptor 
antagonist, G129R, (Fig2B), suggesting the PRL effect is PRL 
receptor (PRLR) specific. 
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Figure 2: The effects of PRL on the secondary tumorsphere formation in MCF-7 
and HCC1954 human breast cancer cell lines.  There was a significant (53%) 
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reduction of the tumorsphere formation in MCF-7 cells after PRL (500 ng/mL) 
treatment as compared to control (panel A).  The inhibitory effect of PRL could 
be reversed by addition of increasing dose of a PRL antagonist, G129R (1 ug, 
5 ug, and 10 ug, respectively, panel B).  The concentration dependent response 
curves of PRL, with or without fixed dose of cisplatin (2 mg/mL), and the con-
centration dependent response curves of cisplatin, with or without fixed dose of 
PRL (500 ng/mL), were summarized in panels C and D.  Close arrows represent 
control with no treatment at all. Open arrows represent cells treated with cisplain 
only. All data represented mean ± s.e.m. of five separate experiments. 

PRL enhances cytotoxic effect of cisplatin in tumorsphere 
assay
 We further tested if PRL will increase the efficacy of 
cisplatin through stimulation of BCSC using two breast cancer 
cell lines, MCF-7 and HCC1954. A PRL dose dependent inhi-
bition of tumorsphere formation was first established in both 
MCF-7 (IC50=202 ng/mL) and HCC1954 cells (IC50=251 ng/
mL) (Fig 2C). Maximum inhibitory effect of PRL is ~500 ng/
mL in both MCF-7 and HCC1954 cells. Addition of a fixed dose 
of cisplatin (2 mg/mL) enhances the response of PRL, resulting 
lowered IC50=147 ng/mL in HCC1954 cells but not in MCF-7 
cells (EC50=210 ng/mL). It is interesting to note that although 
there is no change in IC50, the maximum inhibition (total tumor-
spheres count) was enhanced (from 16.89 ± 2.73 to 7.21 ± 3.11) 
with the addition of cisplatin.
 After obtaining the PRL response curve, we established 
complete dose-response curve for cisplatin in the presence or 
absence of the maximum dose of PRL in both cell lines.  As 
presented in Fig. 2D, PRL (500 ng/mL) significantly reduced the 
IC50 of cisplatin from3.56 mg/mL to 1.03 mg/mL in MCF-7 cells 
and from 3.75 mg/mL to 2.05 mg/mL in HCC1954 cells. 

PRL enhanced cisplatin treatment through the AKT and 
MAPK pathways
 In order to test the effects of PRL and cisplatin com-
bination, we compared tumor growth of allografts of McNeuA 
cells that were pre-treated in vitro with cisplatin or cisplatin 
plus PRL.  Tumor outgrowth of this allograft experiment rep-
resents drug effects prior to transplantation. As expected there 
was a delay of McNeuA allograft tumor growth after cisplatin 
treatment when compared to control (Fig3A).However, the PRL 
and cisplatin combination treatment was more effective in de-
laying tumor growth (Fig3A). It is noticed that McNeuA cells 
treated with PRL had slightly increased tumor growth potential 
(no statistical difference). This observation should not be a con-
cern since PRL was not proposed to be used alone. Immuno-
blotting analysis revealed that expression levels of pAKT and 
pERK were down-regulated by cisplatin.  The inhibitory effect 
of cisplatin was enhanced with the addition of PRL (Fig3B).  In 
contrast, these two bio-markers behaved differently in tumors.  
There was a significant increase in pAKT and pERK in cisplatin 
pre-treated tumors (Fig3C). It is important to point out that ad-
dition of PRL (combination treatment) would reverse the effect 
of cisplatin, i.e. reducing pAKT and pERK expression back to 
basal level. 

Figure 3: Comparison of MCneuA allograft tumor growth after cisplatin, PRL or 
cisplatin and PRL combination treatment.  McNeu A cells that were pre-treated 
with cisplatin, PRL or combination in vitro for 3 days were harvested and inoc-
ulated into recipient female mice (n=6/group). Tumor growth curves from each 
group were plotted for comparison (panel A). *, p<0.05 as compared to cisplatin 
alone treatment. Immunoblotting of pAKT and pERK from McNeu A cells prior 
to implantation (panel B) or from allografted tumors removed at the end of the 
experiments (panel C) were performed. 

PRL and cisplatin combination treatment delays tumor 
growth in naturally developed breast tumor in neu transgen-
ic mice and prolongs overall survival in BALB/c mice 
 We examined the effectiveness of PRL and cispla-
tin combination treatment in naturally developed breast tumor 
(treatment starts when the tumor reached ~150 mm3 volume) us-
ing neu transgenic mice. Our results revealed that cisplatin alone 
treatment had little effect in inhibition of tumor growth whereas 
the combination of PRL and cisplatin significantly delays tumor 
growth (Fig4A).We further tested combination efficacy using a 
more aggressive 4T1 mouse breast cancer metastatic model[24]. 
By tail vein injection of 4T1 cancer cells, we examined the sur-
vival time of the BALB/c mice. The median survival time of 
the cisplatin treatment group was significantly prolonged when 
compared to control (31 days vs 19 days). The addition of PRL 
to cisplatin treatment further extended the median survival time 
to 34.5 days (Fig4B). 
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Figure 4: Comparison of naturally developed mammary tumors in neu trans-
genic mice in response to cispaltin or cisplatin and PRL combination treatment.  
Tumor bearing neu transgenic mice (tumors grew to 150 mm3 in diameter) were 
assigned randomly into three groups, control (n=9); cisplatin (5 mg/kg, weekly, 
n=9); or PRL (50 mg, daily) and cisplatin (5 mg/kg, weekly) combination (n=10) 
for 31 days. Tumor growth curves from each group were plotted for compari-
son (panel A). *, p<0.05 as compared to cisplatin alone treatment. Panel B was 
a Kaplan-Meier survival curve of cisplatin, or PRL and cisplatin combination 
treatment in 4T1 cell inoculated BALB/c mice.  4T1 cells were intravenously 
injected into BALB/c mice and randomized into three groups, control (n=11); 
cisplatin (n=15) and PRL and Cisplatin combination (n=14).  The combination 
treatment group resulted in the longest survival time of the three groups.  Sta-
tistical significance was calculated by log-rank test. *p<0.01 when compared to 
cisplatin treated group

Discussion

 There is increasing evidence that breast cancer is driv-
en and maintained by a small population of cells that exhibit 
stem cell properties[25]. Resistance of BCSCs to cytotoxic che-
motherapy remains one of the major obstacles in successful can-
cer treatment[26,27]. In the current study we have demonstrated 
the principle of using a stem cell differentiation factor (PRL) in 
combination with a conventional chemotherapeutic (cisplatin) to 
improve the outcome of chemotherapy. By using tumorsphere 
and PKH 26 assays, we attempted to demonstrate that PRL mod-
ulates BCSC cell division patterns (Fig 1).  Cicalese et al., re-
ported that by staining cells with PKH 26 fluorescence marker 
prior to culture in tumorsphere-forming conditions, it is possible 
to identify the parental BCSC in a tumorsphere[28]. The data pre-
sented in Figure 1 and Supplementary 1 revealed that after expo-
sure to PRL, BCSCs underwent symmetric division, evidenced 
by dispersed PKH 26 fluorescence marker in tumorspheres (Fig 
1B and 1D). In contrast, minimal dispersal of the PKH 26 flu-
orescence marker is observed in the control or in the cisplatin 
treated groups (Fig 1A and 1C). To further confirm the effect of 
PRL on BCSCs, we compared the ability of tumorsphere forma-
tion from cells isolated from primary spheres. We were able to 
demonstrate that cells isolated from spheres after PRL treatment 
formed fewer tumorspheres in the subsequent passage (Fig 2A). 
These data indicate that PRL is able to modulate BCSCs division 
pattern, thus decrease the potential of tumorsphere formation. 
Such modulation of division pattern and decreased tumorspheres 
formation capacities indicate that PRL may have driven these 
cells into differentiation, since the treated cells exhibit differen-
tiated cells characteristics, i.e. symmetrical division and losing 

tumorspheres formation abilities. These results provide support-
ive evidence to our hypothesis that PRL indeed stimulate CSC 
proliferation/differentiation.

Supplementary figure.  Confocal microscopic analysis of MCF-7 tumor-
spheres. Panel A control. Panel B treatment of PRL (500 ng/mL). Panel C cis-
platin (2 mg/mL). Panel D PRL and cisplatin combination. MCF-7 cells were 
stained with PKH 26 fluorescence marker prior to tumorspheres culture. Arrows 
indicated cells retained high density of PKH 26 fluorescence marker in control 
and cisplatin groups. Bottom pictures of each panel represent the fluorescence 
intensity in 3D surface plot. Blue, Hoechst 33342 nuclei fluorescence stain; Red, 
PKH 26 fluorescence marker. Original magnification: 400x. Scale bar, 20 mm.

 Having established the cell division modulation effect 
of PRL on BCSCs (Fig 2A, 2B), we then investigated whether 
PRL could improve the effect of conventional chemotherapeu-
tics.  We were able to demonstrate that when cells were treated 
with cisplatin alone, the number of tumorspheres is marginally 
lower compared to control (Fig 2C), which agrees with previous 
findings that BCSCs are resistant to chemotherapeutics[27]. When 
cisplatin treatment was combined with PRL, the tumorsphere 
count was significantly decreased in a concentration dependent 
manner in both MCF-7 and HCC1954 cells (Fig 2C, 2D). 
 To further test the effects of PRL in BCSC, we 
pre-treated breast cancer cells with cisplatin or PRL and cispla-
tin combination and then engrafted these pre-treated cells into 
mice to observe if there was a difference in tumor cell growth 
potential. The reason that this modified proliferation assay was 
developed was because we could not detect any difference be-
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tween cisplatin and PRL and cisplatin combination treatment by 
conventional cell proliferation assay. The effects of PRL (i.e. the 
combination treatment) could only be observed when pre-treated 
cells were engrafted into animals and the growth patterns were 
compared (Fig. 3), which underscores the importance of an in 
vivo environment for the growth of tumor cells. Inactivation of 
Akt and MAPK was also observed from the harvested tumors, 
suggesting that the effects of PRL and cisplatin pre-treatment at 
molecular level was sustained and effective. The Akt and MAPK 
pathways have been reported to play central roles in chemore-
sistance[29,30]. Over expression of Akt and ERK is consistently 
observed in clinical samples that exhibit chemoresistance[30,31]. 
Our results suggest that PRL and cisplatin treatment reversed the 
Akt and ERK signaling cascade, which may be a contributing 
factor for the tumor growth delay.
 In addition to the transplantation model, we also exam-
ined mammary tumor growth in response to PRL and cisplatin 
treatment using neu transgenic mice. Our results showed that 
continuous intra peritoneal administration of PRL and cisplatin 
significantly delayed tumor growth (Fig 4A). We further tested 
the PRL effect in BCSC by using 4T1 cells, a highly metastatic 
mouse mammary cancer model[24]. Our results showed that PRL 
and cisplatin combination treatment further increased the surviv-
al time as compared to cisplatin treatment alone (Fig 4B).  
 It is noteworthy to point out that a previous study by 
LaPensee et al., has demonstrated that treatment of breast can-
cer cells with PRL prevented cisplatin-induced G2/M cell cycle 
arrest and apoptosis[20]. It was also reported that in the presence 
of PRL, cisplatin was bounded to DNA, as determined by mass 
spectroscopy. The paper concluded that PRL confers resistance 
against cisplatin by activating a detoxification enzyme, thereby 
reducing drug entry into the nucleus. We believe that the dif-
ference in conclusion between our results and the results from 
LaPensee et al lies upon the cell culturing system. Studies in 
LaPensee et al utilized traditional 2D culturing system[20], in 
contrast, our in vitro study was performed in 3D tumorspheres 
condition. The major difference between the two culturing sys-
tems is that 3D tumorspheres culturing condition is specifically 
culturing proliferation and differentiation of stem/early progen-
itor cells, therefore, treatment of PRL is targeting a specific cell 
type rather than whole cell population in 2D monolayer. Recent 
studies have demonstrated that cells in 3D culturing conditions 
exhibited a different drug response than 2D monolayer condi-
tion[32-34]. Various culturing methods may contribute to different 
PRL response in breast cancer cells. It is also important to note 
that PRL and cisplatin combination treatment reduced tumor 
growth, tumorigenicity, down regulation of PI3K/AKT and 
MAPK pathways in vivo, suggesting the addition of PRL to cis-
platin treatment deserves further investigation.  
 In summary, the data we presented showed that the ad-
dition of PRL to cisplatin treatment in breast cancer cells re-
duced their ability to form tumorspheres, suggesting that PRL 
may increase the susceptibility of BCSCs to cisplatin. We further 
demonstrated that PRL and cisplatin combination treatment de-
layed tumor growth and in mice. This study provides new in-
sight that though PRL has stimulatory role in breast cancer, in 
principle, the addition of a differentiation factor to conventional 
chemotherapeutic treatment may be an alternative method tar-
geting BCSCs.
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