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Prolactin and DNA damage
trigger an anti-breast cancer cell
immune response
Ödül Karayazi Atici1, Nayantara Govindrajan1,
Isbel Lopetegui-González1, Constance A. M. Finney1,2

and Carrie S. Shemanko1,3*

1Department of Biological Sciences, University of Calgary, Calgary, AB, Canada, 2Host Parasite
Interactions Network, University of Calgary, Calgary, AB, Canada, 3Arnie Charbonneau Cancer
Institute, University of Calgary, Calgary, AB, Canada
Introduction: The role of prolactin (PRL) in breast cancer and its role within the

context of the tumor microenvironment are not well understood. In our previous

study, we demonstrated a cross-talk between the ataxia telangiectasia-mutated

(ATM) DNA damage response pathway and the PRL-Janus-kinase-2 (JAK2)-

signal transducer and activator of transcription-5 (STAT5)-heat shock protein-

90 (HSP90) pathway. Here we investigated the role of PRL in tumor initiation and

the effect of DNA damage.

Methods: We used an in vivo model to assess the ability of breast cancer cells to

initiate orthotopic xenograft tumor formation after DNA damage. Breast cancer

cells engineered to secrete human PRL were treated with the DNA damaging

agent doxorubicin and injected into the mammary fat pad of immune-deficient

severe combined immunodeficiency disease (SCID) mice.

Results: Doxorubicin and PRL combination increased the tumor latency,

although PRL secretion alone did not change the tumor latency compared to

the controls. Depletion of glycolipid asialo ganglioside-GM1-positive immune

cells using anti-asialo GM1 antibody resulted in faster tumor formation only in the

PRL-secreting breast cancer cells that were pre-treated with doxorubicin.

Additionally, doxorubicin plus the PRL treatment of breast cancer cells was

shown in vitro to attract cytotoxic NK cells compared to the controls, and this

was dependent on the PRLR.

Discussion: These results demonstrate that combined breast cancer cell DNA

damage and PRL exposure results in the anti-tumor cell activity of asialo-GM1-

positive immune cells.
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1 Introduction

Prolactin (PRL) is a peptide hormone that promotes the

proliferation, differentiation, survival, and motility of mammary

epithelial and mammary or breast tumor cells upon binding to its

receptor (PRLR) (1). Although confirmed as a lactogenic hormone

(2), its interaction with the PRLR is implicated in the progression

and metastasis of breast cancer (3–5). PRL is secreted from the

pituitary gland and extra-pituitary sites in humans where it behaves

as a paracrine/autocrine signaling molecule (6, 7).

Previous studies demonstrated that endocrine and autocrine

PRL signaling in murine models contribute to increased mammary

tumor formation (8–12), though there are some observations that

PRL may have the opposite effect (13). It was reported that

monomeric complexes of long PRLR isoforms promoted

mammary differentiation, while the intermediate and long PRLR

heteromeric complexes promoted tumorigenesis (14). These studies

highlight the complexity of PRL signaling and the need to delineate

the conditions by which PRL has differing effects on breast cancer.

PRL has been demonstrated to have a role in the cytotoxic

resistance of breast cancer to a variety of chemotherapy drugs in

vitro (15, 16). We demonstrated that PRL increases the viability of

breast cancer cells treated with DNA-damaging agents,

doxorubicin, or etoposide and that it was specific to the PRLR.

Our studies confirmed that doxorubicin and etoposide induced

DNA damage and activates the DNA damage response protein,

ataxia telangiectasia-mutated (ATM). The molecular mechanism

established in the study showed that ATM was required for the

PRL-Janus-kinase-2 (JAK2)-signal transducer and activator of

transcription-5 (STAT5)-heat shock protein-90 (HSP90) pathway

to mediate this resistance (15).

Here we used an orthotopic model to investigate the role of

autocrine PRL in breast tumor progression in the context of DNA

damage induced by doxorubicin (15) and the presence of immune

cells. Severe combined immunodeficiency disease (SCID) mice have

severe deficiency in T and B cells; however, they have active natural

killer (NK) cells, which sometimes limit the growth of human

xenografts (17, 18). The anti-asialo-GM1 antibody was developed

(19) to deplete the activity of NK cells and other asialo-GM1-

positive immune cells. We report that autocrine PRL supports the

initiation and growth of xenografts but that the combination of PRL

and the DNA damage response triggers an attack from asialo-GM1-

positive immune cells in SCID mice.
2 Materials and methods

2.1 Materials

Doxorubicin (Sigma-Aldrich Canada Co., Oakville, ON,

Canada), 10 mg, was dissolved in sterile DMSO. Human

recombinant PRL was purchased from A.F. Parlow, National

Hormone and Pituitary Program, CA, USA.
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2.2 Antibodies

A list of antibodies is provided in the supplement.
2.3 Cell culture and cell lines

The human cell lines used in this study (MCF7, SKBR3, and

NK92MI) were obtained and authenticated from American Type

Culture Collection (ATCC) and were used within 6 months when

revived from storage. Mycoplasma testing was routinely performed

using pan-species primers and PCR. Breast cancer cell lines were

maintained in DMEM (Invitrogen, Burlington, ON, Canada), with

10% fetal bovine serum (FBS) (PAA Laboratories Inc., Etobicoke,

ON, Canada). NK9MI cells were maintained in Minimum Essential

Medium Eagle (Millipore Sigma, Burlington, ON, Canada) with

12.5% FBS, 12.5 horse serum (Invitrogen) (ATCC).
2.4 Cell treatments

Breast cancer cells, 1 × 106, were plated into 10-cm cell culture

plates and on the following day treated or not with human

recombinant PRL (25 ng/mL) for 24 h. On the next day, the cells

were treated or not with doxorubicin (1 uM) for 2 h and recovered

for 48 h.
2.5 Creation of syngeneic lines

The human PRL pcDNA3.1/Zeo(+) mammalian expression

vector (plasmid, a gift from Dr. Vincent Goffin, Inserm and

University Paris Descartes, Paris, France) (9) or empty pcDNA3.1/

Zeo(+) plasmid was transfected into MCF7 cells using

polyethyleminine (PEI) MW25K (Polyscience Inc., Warrington, PA,

USA). The stably transfected cells carrying the Zeocin antibiotic

resistance gene (Sh ble) were selected with and maintained in

Zeocin (800 mg/mL) (Invivogen, San Diego, CA, USA). Cells

carrying the empty vector were confirmed by PCR (see the method).

PRLR knockout (KO) SKBR3 cells were created using clustered

regularly interspaced palindromic repeats (CRISPR)/CRISPR-

associated protein 9 (Cas9) genomic engineering, and the PRLR

KO was confirmed by genome sequencing (Center for Genome

Engineering, University of Calgary). Wild-type (WT) and CRISPR

Control (CC) (single-cell clone controls) cells were used as controls

for two independent PRLR KO SKBR3 colonies (SKBR3KO1

and SKBR3KO2).
2.6 Cell viability assay

Alamar blue cell viability reagent (Invitrogen, Burlington, ON,

Canada) was used according to the manufacturer’s instructions to
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determine the cellular proliferation and viability of the cells. The cell

treatments and fluorescence intensity normalization were

previously described (15).
2.7 Nuclear lysate extract

Nuclear lysate extract was used to identify phosphorylated-

STAT5 (p-STAT5), STAT5 as previously described (20) and TATA-

Binding protein (TBP). Cells, 1 × 106, were plated in 10-cm plates

and, on the next day, treated for 30 min with human recombinant

PRL. Immunoblotting for STAT5, p-STAT5 and growth factor

receptor-bound protein 2 (GRB2) was performed as previously

described (15). GRB2 was used as the loading control.
2.8 Soluble senescence-associated b-
galactosidase activity assay

Breast cancer cells were plated into 10-cm cell culture plates in 1 ×

106 cell number and on the following day treated or not with human

recombinant PRL (25 ng/mL) for 24 h. On the next day, the cells were

treated or not with doxorubicin (1 uM) or vehicle control for 2 h and

recovered for 6 days to induce and detect senescence.

To prevent confluency-induced senescence, the cells were split

once if required. The cells were collected and centrifuged, the pellet

was washed in 1X PBS and resuspended in 0.2 M phosphate buffer

at pH 6.0 (87.7 mL of 0.4 M sodium phosphate monobasic, 12.3 mL

of 0.4 M sodium phosphate dibasic heptahydrate, 100 mL ddH2O),

subjected to three cycles of freeze and thaw. The cells were

centrifuged, and protein concentration in the supernatant was

measured with BioRad protein assay; equal protein values were

used for all of the experimental groups. The protein samples were

incubated in a senescence assay buffer (21) containing 2 mMMgCl2,

100 mM b-mercaptoethanol, 1.3 mg/mL ONPG (from previously

prepared 4 mg/mL 2-nitrophenyl b-D-galactopyranoside in 0.2 M

phosphate buffer pH 6.0), and 0.2 M phosphate buffer pH 6.0 for 4

to 9 h at 37°C. The reaction was stopped with 1 M Na2CO3. Optical

densities (420 nm Spectramax M4 Microplate Reader) were

averaged for internal and experimental replicates, and standard

deviations were calculated.
2.9 Calcein-AM assay

Calcein-AM assay was used to test killer cell cytotoxicity (22).

Calcein-AM (Invitrogen, ON, Canada) work solution (1 mg/mL in

DMSO) was prepared in serum-free DMEM at 2 ug/mL

concentration. Following the cell treatments, the cells were

collected within media and centrifuged. Following counting, the

cells were resuspended in Calcein-AM-containing media (1 × 106

cells/mL) and incubated for 30 min at 37 °C. Calcein-AM-stained

breast cancer cells were washed twice with 1X PBS and co-cultured

with NK92MI human NK cells for 24 h s at 1:1 or 1:10 target/
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effector ratio. The fluorescence was read from CM at wavelength

excitation: 485 nm, emission: 535 nm. Calcein-AM-stained breast

cancer cells without NK cells were used as a control for spontaneous

release, and the breast cancer cells treated for 5 min with 1% Triton

X-100 were used as maximum release control. The %lysis was

calculated based on the calculation below.

% Lysis =
(Test release − Spontaneous Release)
(Max Release − Spontaneous Release)

� 100
2.10 Xenograft animal models

All animal procedures were carried out strictly following the

Canadian Council for Animal Care guidelines and ethics approval

from the University of Calgary Life and Environmental Sciences

Animal Care Committee.

To stimulate tumor growth with estrogen receptor-positive

breast cancer cells in mice (23), estrogen (17b-estradiol) pellets

(0.72 mg/pellet, 60-day release, cat. no. SE-121, Innovative Research

of America, Sarasota, FL, USA) (24) were inserted subcutaneously

into 9-week-old Fox Chase SCID female mice (strain 236) (Charles

River Laboratories, Montreal, QC, Canada). The cell pellets were

washed and resuspended in cold PBS and Cultrex BME (Cedarlane,

Burlington, ON, Canada) mixture and injected into the fourth

mammary fat pad of mice. Contralateral mammary fat pads were

injected with PBS and Cultrex BME mixture. To deplete NK cell

activity in SCID mice, 20 µL of the 1.1. mg of anti-mouse asialo-

GM1 (Cedarlane, Burlington, ON, Canada) or control serum

(ImmunoReagents , Ra le igh , NC, USA) was in jec ted

intraperitoneally every 3 to 4 days for the duration of the

experiment, following the titration data from the manufacturer.

The tumor volumes were calculated as follows: [V = (W2 × L)/2],

where V is tumor volume,W is tumor width, and L is tumor length.

In tumor latency studies with or without the use of anti-asialo

antibody, n = 5 mice or n = 15 were used; in flow cytometry studies,

n = 3 or n = 6 mice were used following the initial

experimental optimization.
2.11 Mammary gland digestion

Mammary glands were resected, minced, and incubated in a

dissociation buffer containing gentle collagenase/hyaluronidase

(StemCell Technologies, Vancouver, BC, Canada) and DMEM/

F12 (Gibco) with 10% FBS. The erythrocytes were lysed and

removed using a 0.8% ammonium chloride solution in FACS

buffer containing 1X PBS and 5% FBS. Following centrifugation,

the pellet was resuspended in 0.25% trypsin and deactivated by

FACS buffer and centrifuged, followed by Dispase (5 U/mL,

StemCell Technologies) and DNase I solution (1 mg/mL,

StemCell Technologies) and filtered using a 40-um strainer. The

cells were directly used for flow cytometry analysis or fixed using 2%

PFA after being stained with fixable viability stain.
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2.12 Flow cytometry

The flow cytometry experimental design details are described in

the methods. The cells, 1 × 106, were washed once and resuspended

in sodium azide and protein-free Dulbecco’s phosphate-buffered

saline (1X DPBS) without FBS. Then, 0.3 µL of BD Horizon™

Fixable Viability Stain eFluor450-A Stock Solution was added per 1

mL of cell suspension and vortexed immediately. After 15 min of

incubation in the dark at room temperature, the cells were washed

twice with FACS buffer and stained directly with antibodies or fixed

in 2% PFA. The cells were incubated with Mouse Fc Block purified

anti-mouse CD16/CD32 mAb (BD Horizon) at 1 ug/million cells in

100 uL FACS buffer for 5 min at 4°C. Master mixes containing

fluorescent-labeled antibodies, Florescence Minus One (FMO)

controls, IgG, and secondary antibody controls were prepared in

FACS buffer; the samples were incubated for 30 min in the dark.

The washed samples were transferred to FACS tubes for

immediate analysis.

The list of antibodies is provided in methods and used

according to the manufacturer’s protocol. FlowJo software was

used for the analysis of all FCS files.
2.13 Gating strategy

Single cells were gated based on forward and side scatter

patterns. Cells that were negative for fixable viability dye FVD

eFluor 450 were selected as live cells. The immune population was

chosen in vivo by gating for CD45-AF700-positive cells. Within this

CD45-positive population, NK cells were identified as DX5-FITC+,

mature NK cells were identified as NKP46-PerCP-efluor710+ (25,

26), and macrophages were identified as F4/80-BV421-A+ (Wilson

et al., 2022). The values were evaluated in injected and contralateral

glands, normalized to the uninjected gland, and presented as

relative percentages of CD45+DX5+ cells, NKp46+ cells within

CD45+DX5+cells, or CD45+F4/80+cells. The gates for each dye

were adjusted based on single color controls, FMO controls, and

isotype staining for relevant antibodies.
2.14 Statistics

Statistical significance was tested with a paired or unpaired

Student’s t-test; alternatively, analysis of variance (ANOVA) was

used with post-testing for multiple comparisons. Log-rank

(Mantel–Cox) and Gehan–Breslow Wilcoxon statistical analyses

were used to determine differences in tumor latency. One-way

ANOVA followed by Mann–Whitney U-test was used to analyze

tumor volumes. The results were considered significant when the P-

value was lower than 0.05 (P<.05).
Frontiers in Endocrinology 04
3 Results

3.1 Preparation and validation of a PRL-
secreting MCF7 cell line

In order to create a xenograft model with a consistent supply of

human PRL for human breast cancer cells, MCF7 cells were stably

transfected with a human PRL expression (hPRL) plasmid or the

empty vector (EV). The cellular PRL levels were evaluated from

whole cell extracts (Supplementary Figure S1A), and PRL secretion

was evaluated from conditioned media (CM) using western blot

(Supplementary Figure S1B). Colonies 1 and 5 were pooled

(MCF7hPRL). The MCF7EV control line was confirmed by the

amplification of the vector antibiotic (zeocin) resistance gene, Sh

ble, in stable lines (Supplementary Figure S1C). The autocrine PRL

secretion was evaluated over 7 days from CM without refreshing

media, using an ELISA assay. MCF7hPRL cells secreted 24 ng/mL of

PRL daily. A negligible amount of PRL secretion was detected from

MCF7 and MCF7EV cells (Supplementary Figure S1D).

We examined phosphorylated-STAT5 (p-STAT5) as a read-out

of PRL-JAK2-STAT5 pathway activation to confirm that the

autocrine PRL successfully activates the PRLR. The MCF7hPRL

cell line had levels of p-STAT5 similar with the two control cell lines

treated with 25 ng/mL recombinant PRL (Supplementary Figure

S1E), consistent with their calculated daily PRL secretion.

Therefore, the MCF7hPRL cell line was confirmed to secrete PRL,

and the secreted PRL activates STAT5 as a readout of

PRLR activation.
3.2 Autocrine PRL causes cellular reduced
sensitivity to doxorubicin

The effect of doxorubicin on PRL secretion was evaluated from

CM by an ELISA assay from MCF7, MCF7EV, and MCF7hPRL

cells following doxorubicin treatment (1 uM). Doxorubicin

treatment did not affect PRL secretion from MCF7 or MCFEV

cells, and it does appear to increase PRL secretion fromMCF7hPRL

cells on days 1 and 2, although the effect was not sustained

(Supplementary Figure S1D).

We examined the PRLR levels following doxorubicin treatment,

and our results confirmed that doxorubicin did not affect the PRLR

levels in any of the MCF7 lines (Supplementary Figure S1F). The

MCF7EV line has the highest level of PRLR compared to the

parental or MCF7hPRL line (Supplementary Figure S1F).

We performed cell viability analysis to test if autocrine PRL

increased the viability of doxorubicin-treated breast cancer cells,

similar to recombinant PRL, as we have observed (15). The

MCF7hPRL cells showed significant reduced sensitivity to

doxorubicin at 3, 4, 5, and 6 uM concentrations (Supplementary
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Figure S1G) when compared to MCF7EV treatments. This result

confirms that autocrine PRL also increases cellular viability against

the DNA-damaging agent, doxorubicin.
3.3 Autocrine PRL delays tumor latency in
the presence of DNA damage

A novel orthotopic model of breast cancer was used to

investigate the role of autocrine PRL and the DNA damage

response on tumorigenicity and tumor volume. MCF7hPRL or

control cells were treated with the DNA-damaging agent,

doxorubicin (1 uM), at conditions demonstrated to activate ATM

in our previous study (15), and allowed to recover for 48 h before

injection into the number 4 mammary fat pad of SCID mice. This

model examines the ability of cells to form a tumor after

chemotherapeutic treatment and test the effect of autocrine PRL

on tumor initiation in a recurrence-style model (15).

To test the effect of autocrine PRL on the tumorigenicity,

latency, and tumor size of breast cancer cells in the xenograft

model, 500,000 MCF7hPRL or MCF7 control cells pre-treated with

doxorubicin were injected into the mammary fat pad and

monitored for 60 days. There was a longer latency to tumor

formation for PRL-secreting, doxorubicin-treated MCF7hPRL

cells compared to all other conditions, and it was significantly
Frontiers in Endocrinology 05
different than the MCF7hPRL tumors (log-rank P = .039, Gehan–

Breslow Wilcoxon, P = .02) (Figure 1A). The tumor volume also

appeared smaller with doxorubicin-treated MCF7hPRL

cells (Figure 1B).

To be able to more subtly observe the latency time between the

groups, we repeated the experiment with a reduced number of

injected cells (250,000 cells). Consistent with the first experiment,

increased latency was observed in the mice injected with

doxorubicin-treated MCF7hPRL cells, as tumor formation was

observed at 34 days after cell injection and detected only in 20%

of mice over 60 days. This delay was statistically different when

compared with the group of mice injected with MCF7hPRL cells

(log-rank P = .042, Gehan–Breslow Wilcoxon P = .039) at 60

days (Figure 1C).

Consistent with the previous experiment, the tumors generated

by doxorubicin-treated MCF7hPRL cells were very small in volume

and statistically different when compared with the tumors formed

with MCF7 control cells (P<.001) (Figure 1D). Upon allowing the

tumors to grow over 120 days, all animals acquired a tumor, and the

delay in latency observed in doxorubicin-treated MCF7hPRL cells

was not permanent (Supplementary Figure S2A).

Overall, we observed that latency to tumor formation in SCID

mice was significantly delayed in MCF7hPRL cells pre-treated with

doxorubicin and resulted in the smallest tumors independent of

cell number.
FIGURE 1

Autocrine PRL delays tumor latency in the presence of DNA damage in SCID mice. (A) Tumor latency in SCID mice after an injection of 500,000
MCF7 or MCF7hPRL cells -/+ doxorubicin over 60 days. (B) Comparison of accumulated tumor volumes between treatment groups over 60 days.
(C) Tumor latency in SCID mice after an injection of 250,000 MCF7 or MCF7hPRL cells -/+ doxorubicin over 60 days. (D) Comparison of
accumulated tumor volumes between treatment groups over 60 days. The sample size is n = 5 mice for each group. Log-rank (Mantel–Cox) and
Gehan–Breslow Wilcoxon tests were used for the statistical analysis. Tumor volumes were tested using one-way ANOVA followed by Brown–
Forsythe test.
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3.4 Autocrine PRL and DNA damage
response attracts asialo-GM1-positive
immune cells in SCID mice

To determine if the reason for the delayed latency to tumor

formation in the MCF7hPRL cells with doxorubicin-induced DNA

damage was due in part to the increased activity or the presence of

immune cells, such as NK cells, we assessed the involvement of

asialo-GM1-positive immune cells in the mechanism. We used the

same recurrence animal model, injecting 500,000 MCF7 control or

MCF7hPRL cells, treated or not with doxorubicin, in each group of

SCID mice. Anti-asialo-GM1 antibody or control serum was

injected intraperitoneally from the start of the experiment to

address the effect on tumor initiation.

Importantly, tumor initiation was independent of anti-asialo-

GM1 injection in mice injected with doxorubicin-treated MCF7EV

cells and untreated MCF7hPRL cells when compared to control

serum treatment (Figures 2A, B). Tumor formation was, however,

increased by anti-asialo GM1 injection in mice injected with

doxorubicin-treated MCF7hPRL cells (Figure 2C). We confirmed

our findings in a repeat experiment using 1 × 106 MCF7hPRL cells

treated with doxorubicin and 15 mice per group instead of five

animals. The anti-asialo GM1 injection resulted in tumor formation

in 75% of the mice, whereas only 25% of the mice formed tumor in

the control group in 10 days (log-rank P = .008, Gehan–Breslow

Wilcoxon P = .008) (Figure 2D). Therefore, combined PRL and

doxorubicin treatments resulted in delayed tumor initiation due

largely to the action of asialo-GM1-positive immune cells.

To rule out the effect of anti-asialo GM1 treatment on the

viability of the breast cancer cells, we used an in vitro cell viability

assay and treated breast cancer cells in the presence or absence of

doxorubicin treatment. Anti-asialo GM1 did not have any effect on

cell viability with or without doxorubicin at 24 - 72 h

(Supplementary Figure S3) or with doxorubicin at 96 h

(Figures 2E, F). These results confirmed that the observed effects

of anti-asialo treatment in mice were due specifically to the impact

on anti-asialo GM1-positive cells.
3.5 NK and macrophage recruitment
changes after breast cancer cell and anti-
asialo GM1 injections

Anti-asialo GM1 antibody was originally designed to deplete

NK cells (27), but it can also deplete other immune cells, such as

macrophages (28). Since DNA damage response attracts NK cells

(29–31), we examined the injected mammary glands to understand

NK and macrophage recruitment and depletion by the anti-asialo-

GM1 antibody. To investigate the effect of DNA damaged breast

cancer cells secreting autocrine PRL on immune cell trafficking, we

injected 1 × 106 doxorubicin-treated MCF7hPRL cells, and after 10

days, we examined the recruitment of NK cells and macrophages in

both injected and contralateral mammary glands by FACS analysis

using the following markers: CD45 as a nucleated hematopoietic

marker for immune cells (32), DX5 (CD49b, Integrin alpha 2) as the
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marker for the general NK population in SCID mice, NKp46 as the

major NK marker triggering antitumor activity and natural

cytotoxicity (26, 33), and F4/80 as a macrophage cell marker (34).

The results showed an increasing trend in the recruitment of

NK cells and macrophages, especially in the cytotoxic NKp46+ cells

after 10 days (Figures 3A–C). The glands were also examined at the

end of the anti-asialo GM1 injection experiment at day 25. The anti-

asialo GM1 treatment caused a reduced trend in the macrophage

cell population after 25 days of treatment compared to control

serum injection (Figures 3D–F). We identified two NK populations

and macrophage cells in the mammary glands.
3.6 DNA damage and PRL alter NK ligand
levels in breast cancer cells

The major histocompatibility complex (MHC) known as

human leukocyte antigen (HLA) class I molecules (HLA-A, HLA-

B, and HLA-C) are primary regulators of NK cell activation (35).

Upon cellular stress and DNA damage, HLA class 1 levels may be

downregulated, and activating receptors such as natural killer group

2D (NKG2D) and DNAX accessory molecule 1 (DNAM-1) are

upregulated (36) in an ATM- and ATR-dependent manner (37).

We evaluated HLA (HLA-A, HLA-B, and HLA-C) levels from

MCF7EV and MCF7hPRL following doxorubicin and PRL

treatment by using FACS analysis. We determined a significant

increase in HLA median fluorescence intensity, particularly in

doxorubicin-treated cells, in the presence of PRL. HLA staining

was 1.6-fold higher in doxorubicin-treated MCF7EV cells

compared to PRL-treated cells (P<. 001) and 1.4-fold higher in

doxorubicin-treated MCF7hPRL cells compared to untreated cells

(P<.001) (Figure 4A). These results demonstrated that HLA class I

molecules are upregulated by the DNA damage response and higher

in the presence of PRL.

To identify breast cancer ligands involved in triggering NK cell-

activating receptors, we investigated the protein levels of CD155

and CD112 as DNAM-1 ligands (38) and MICA/B as NKG2D

ligand (29) from MCF7EV and MCF7hPRL cells by using FACS

analysis under the same experimental conditions. The %CD155

levels showed an increase in doxorubicin-treated cells when

compared to the untreated controls; it was 2.1-fold higher in

MCF7EV cells (P = .003) and 2.4-fold higher in MCF7hPRL cells

(P<.001) (Figure 4B). The %CD112 levels demonstrated a decrease

with PRL plus doxorubicin treatment compared to the PRL-treated

(P = .003) MCF7EV cells (Figure 4C). The %MICA/B levels

demonstrated a significant increase in doxorubicin-treated cells

compared to the untreated controls; it was 2.4-fold higher in

MCF7EV cells (P = .001) and twofold higher in MCF7hPRL cells

(P = .002) (Figure 4D).

Overall, the results demonstrated that NK ligands CD155 and

MICA/B are upregulated in the presence of PRL and DNA damage,

likely driven by doxorubicin treatment. These results confirmed

that some NK-activating ligands are upregulated in the presence of

PRL and DNA damage response, likely mostly driven by

DNA damage.
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FIGURE 2

Autocrine PRL and DNA damage response in breast cancer cells attract anti-asialo GM1 immune cells in SCID mice. (A) Tumor latency after an
injection of 500,000 doxorubicin-treated MCF7EV cells in mice treated with anti-asialo (AA) GM1 or control serum (CS). The sample size is n = 5
mice for each group. (B) Tumor latency after an injection of 500,000 MCF7hPRL cells in mice treated with anti-asialo GM1 or control serum. The
sample size is n = 5 mice for each group. (C) Tumor latency after an injection of 500,000 doxorubicin-treated MCF7hPRL cells in mice treated with
anti-asialo GM1 or control serum. The sample size is n = 5 mice for each group. Log-rank (Mantel–Cox) and Gehan–Breslow Wilcoxon tests were
used for the statistical analysis. (D) Tumor latency after an injection of 106 doxorubicin-treated MCF7hPRL cells in mice treated with anti-asialo GM1
or control serum. The sample size is n = 15 mice for each group. Log-rank (Mantel–Cox) and Gehan–Breslow Wilcoxon tests were used for the
statistical analysis. (E) Cell viability (Alamar blue) assay showing that anti-asialo GM1 does not affect the viability of MCF7, MCF7EV, and MCF7hPRL
cells. The cells were treated with 20 µL/2.5 mL, 20 µL/2 mL, 20 µL/1.5 mL, and 20 µL/1.25 mL of 1.1 mg of anti-asialo GM1. The cell viability was
observed over 96 h Graphs represent pooled experiments, n = 6. (F) Cell viability (Alamar blue) assay showing anti-asialo GM1 does not affect the
viability of MCF7, MCF7EV, and MCF7hPRL cells in the presence and absence of doxorubicin. The cells were treated with 20 µL/2.5 mL, 20 µL/2 mL,
20 µL/1.5 mL, and 20 µL/1.25 mL of anti-asialo GM1. The cell viability was followed for 96 h The graphs represent pooled experiments, n = 6.
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3.7 DNA damage response increases
senescence

It is well known that DNA damage induces permanent cell cycle

arrest, known as senescence. Cancer cells with WT p53, like MCF7

cells, undergo senescence in response to chemotherapy treatment

(39). To investigate if senescence is part of the mechanism for

increased latency and small tumor formation from doxorubicin-

treated autocrine PRL-secreting cells, we measured the senescence-

associated beta-galactosidase levels.

As expected, doxorubicin treatment increased the senescence

significantly in MCF7 and MCF7EV cell lines compared to the

control cells (P = .008, P<.001). However, there was no significant
Frontiers in Endocrinology 08
difference detected with the addition of recombinant PRL

(Figures 5A, B). Doxorubicin treatment significantly increased the

senescence in MCF7hPRL cells compared to the control group

(P<.001) (Figure 5C). This result confirmed that breast cancer cells

go under DNA-damage-induced senescence likely independent

of PRL.
3.8 Autocrine PRL and DNA damage
response increase NK cell-mediated killing

Given that the anti-asialo GM1 antibody is well known to

deplete NK cells and that we observed NK cells in the tumors, we
FIGURE 3

Percentage of NK cells and macrophages in SCID mice mammary gland after injecting DNA-damaged autocrine prolactin-secreting breast cancer
cells. MCF7EV and MCF7hPRL cells were seeded and treated with 1 uM doxorubicin for 2 h on the following day. After 48 h of recovery time, 106

cells were injected into SCID mice mammary glands. (A–C) The mammary glands were collected 10 days after cell injection. The injected and
uninjected glands were processed separately (n = 3). The injected glands from n = 3 mice were pooled for staining (n = 2), and their contralateral
glands were pooled for staining (n = 2) and uninjected mouse mammary gland (n = 3 mice), the glands were pooled for staining (n = 1). (A) Relative
percentage of CD45+DX5+ cells. (B) Relative percentage of Nkp46+ cells within CD45+DX5+ cells. (C) %CD45+F4/80+ cells. For (A–C), in all cases,
the cell numbers were normalized to those seen in uninjected cells. (D–F) The percentage of cells was evaluated from mammary glands after anti-
asialo GM1 and control serum treatment after 25 days. For the anti-asialo GM1 group (n = 6 mice), the glands were pooled for staining (n = 3), and
for the control serum group (n = 6 mice), the glands were pooled for staining (n = 3). (D) %CD45+DX5+cells. (E) %NKp46+ cells within CD45+DX5+
cells. (F) %CD45+F4/80+ cells.
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investigated whether NK cell cytotoxicity may contribute to our

observation of delayed latency after autocrine PRL and doxorubicin

treatment. DNA damage has been demonstrated to activate several

ligands specific for NK cell receptors (reviewed in (36)).

Chemotherapeutic agent-induced cellular stress and DNA damage

response do attract NK cells (29–31). To examine if the

combination of autocrine PRL secretion and DNA damage

response makes breast cancer cells more susceptible to NK cells,

we performed a Calcein-AM assay to evaluate the percent lysis of

breast cancer cells by NK cells under different experimental

conditions. Human NK92MI NK cells were co-cultured with

doxorubicin-treated and untreated MCF7, MCF7EV, and

MCF7hPRL at 10:1 and 1:1 effector/target ratios. To compare the

effect of autocrine and recombinant PRL, the MCF7 and MCF7EV
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cells were also treated with 25 ng/mL human recombinant PRL in

the indicated groups. The results demonstrated that DNA damage

increases NK-mediated lysis significantly in all three MCF7 lines at

1:1 (Supplementary Figure S4) and 10:1 ratios (Supplementary

Figure S4D, Figure 6A, B). In the MCF7EV cells, human

recombinant PRL and doxorubicin treatment increased the

percentage of lysis fivefold compared to doxorubicin alone (P =

.001) (Figure 6A). The strongest effect was observed in autocrine

PRL-secreting cells treated with doxorubicin, with the percentage of

lysis 133-fold higher compared to the untreated control (P<.001)

and 220-fold higher compared to the vehicle-treated control

(P<.001) (Figure 6B). The results confirmed that doxorubicin and

PRL, particularly autocrine PRL, increases the susceptibility of

breast cancer cells to the cytotoxicity of NK cells.
FIGURE 4

DNA damage and prolactin alters NK ligand expression in breast cancer cells. FACS analysis measuring the NK ligands from MCF7hPRL and MCF7EV
cells in the presence or absence of doxorubicin treatment. Cells, 1 × 106, were seeded, and MCF7EV cells were pre-treated with 25 ng/mL human
recombinant prolactin for 24 h, followed by 2 h of doxorubicin treatment (1 uM). The cells were trypsinized after 48 h of recovery time and stained
with CD155, CD112, MICA/B, and HLA markers for FACS analysis. The graphs represent a pooled experiment, n = 3. (A) HLA median fluorescence
intensity on HLA+ MCF7EV cells and HLA+ MCF7hPRL cells. (B) %CD155+ MCF7EV and MCF7hPRL cells. (C) %MICA/B+ MCF7EV and MCF7hPRL
cells. (D) %CD112+ MCF7EV and MCF7hPRL cells. Statistically significant analysis *P<.05, **P<.01, ***P<.001.
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3.9 Active PRLR and DNA damage
response increase NK cell-mediated killing

To further evaluate if the NK killing is due to the PRLR on

breast cancer cells, we performed Calcein-AM assays with SKBR3

cells that have a CRISPR/Cas9-mediated deletion of the PRLR gene

[SKBR3PRLR-knockout-(KO)] and CRISPR Control (CC) SKBR3

cells. We validated the PRLR KO with western blots (Figure 6C). As

expected, there was no STAT5 phosphorylation in the PRLR KO

lines compared to the SKBR3 and SKBR3-CC cells treated with 25

ng/mL human recombinant PRL (Figure 6D).

We performed Calcein-AM assays in co-cultures with NK92MI

cells and SKBR3 cell lines at a 10:1 effector/target ratio

(Supplementary Figure S4E, Figure 6E, F). In SKBR3 CC cells,

doxorubicin treatment increased the NK-mediated lysis

significantly compared to the vehicle control (P<.001), and PRL

plus doxorubicin increased lysis significantly compared to PRL (P =

.005) or doxorubicin alone (P = .01) or (Figure 6E). In SKBR3PRLR-

KOs, although doxorubicin induced lysis by NK cells (P<.001),

there was no PRL-mediated increase in lysis in the doxorubicin-

treated cells, indicating that the effect of PRL on NK lysis was PRLR-

mediated (Figure 6F). Therefore, we confirmed increased NK-

mediated lysis with doxorubicin treatment in SKBR3, SKBR3 CC,

and SKBR3PRLR-KO cells. PRL plus doxorubicin treatment

resulted in a further increase in NK-mediated lysis in SKBR3CC

cells, and this was abrogated by the loss of the PRLR.
4 Discussion

In our breast cancer recurrence model, we demonstrated that

autocrine PRL in the tumor microenvironment does, in fact, not

delay tumor initiation, but in the context of the DNA damage
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response (15), combined PRL signaling with DNA damage leads to

immune cell attack, in particular by cytotoxic NK cells, and

increases the latency of tumor formation. These observations may

clarify the role of PRL and the PRLR in breast cancer tumorigenesis

and tumor progression.

In our previous study (15), we demonstrated that PRL increases

cellular viability against DNA damaging chemotherapy agents and

established a PRLR-dependent crosstalk between the PRL-Stat5

pathway and the ATM DNA damage repair pathway. It is well

known that the ATM-mediated DNA damage response alters breast

cancer NK ligand levels and attracts more NK cells (36). We suggest

that the crosstalk between PRL/PRLR signaling and DNA repair

pathways affects breast cancer NK cell activating ligand levels as

well as cytokine/chemokine secretion, making breast cancer cells

more susceptible to NK cell-mediated killing. On the other hand,

NK cells are known to have PRLR and their activation is dependent

on PRLR and PRL (40). We believe that the autocrine PRL that is

secreted from breast cancer cells may also affect their activation and

attraction in the breast cancer microenvironment.

Previous studies indicated the potential involvement of PRL and

PRLR in immune and inflammatory responses in breast cancer (41,

42). In breast cancer patients, the differentially released

immunosuppressive cytokine interleukin (IL)-10 altered PRLR

expression in peripheral blood mononuclear cells and reduced the

PRL-mediated anti-inflammatory response (42). In a recent study,

knockdown of long-form PRLR in metastatic triple-negative breast

cancer cells reduced metastasis and increased survival, reducing T

regulatory cell recruitment to the tumor by modulating the CCL17

levels (41). While the breast cancer subtypes differ in this study

compared to ours, it is evident that the prolactin receptor can

modulate the adaptive immune response. These previous studies,

however, did not address the recruitment of other immune cell

types, such as NK cells, to tumor or its microenvironment.
FIGURE 5

Autocrine prolactin and DNA damage increases cellular senescence (A–C). Determining the increased effect of doxorubicin on senescence in
MCF7hPRL, MCF7EV, and MCF7 cells. The MCF7 and MCF7EV cells were pre-treated with human recombinant prolactin (25 ng/mL) for 24 h,
followed by 2 h of doxorubicin treatment (1 µM). The cells were recovered in the presence or absence of prolactin for 6 days. The ONPG levels were
measured by using a spectrophotometer. The graph represents six independent experiments. Statistically significant analysis ***P<.001.
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NK cells are an important factor in cancer cell dormancy (43, 44),

and cancer cell dormancy is an important clinical consideration, in

particular for estrogen receptor-positive breast cancer patients (45).

Our research has shown that high levels of the PRLR in the primary

breast tumor shortens the time to bone metastasis in human patients

(4). Recently, a fusion protein was created, consisting of the extra-

cellular portion of MICA and a variant of PRL, G129R, that activates

NK cells specifically on PRLR-positive cells as a new approach for

breast-cancer-specific immunotherapy (46).

The anti-asialo antibody was designed to deplete NK cells, but

previous studies have discovered that it can also target basophil cells
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(47), NK, NKT, CD8+T, gdT, some CD4+T cells, macrophages, and

eosinophils (28, 47–50). Although SCID mice do not have

functional B or T cells, they do have functional NK cells,

macrophages, eosinophils, and basophils (18), of which NK cells

(51), eosinophils (52), basophils (53), and macrophages (54) have

been implicated in anti-tumor activity.

PRL has been previously implicated in the recruitment of

immune cells to the mammary gland though it was not until that

it was reported that autocrine PRL recruited NK cells to breast

cancer cells. PRL treatment of female mice increased the

lymphocytes in the mammary gland (55). PRL treatment of
FIGURE 6

Autocrine prolactin and DNA damage increases NK cell-mediated cell lysis in vitro. (A, B) Calcein-AM assay determining the NK cell-mediated lysis of
MCF7hPRL and MC7EV cells in the presence or absence of DNA damage. The MCF7EV cells were pre-treated with human recombinant prolactin (25 ng/mL)
for 24 h, followed by 2 h of doxorubicin treatment (1 uM). The cells were trypsinized after 48 h of recovery time and co-cultured with NK cells in a 10:1
effector/target ratio. The cell viability of breast cancer cells was determined by Calcein-AM assay and the %lysis was calculated. (C) PRLR and GRB2 (loading
control) protein levels from SKBR3, SKBR3 CC, SKBR3PRLRKO1, and SKBR3PRLRKO2 cells. (D) p-STAT5 and total STAT5 and TBP-1 (loading control) protein
levels from SKBR3, SKBR3 CC, SKBR3PRLRKO1, and SKBR3PRLRKO2 cells treated or not with 25 ng/mL human recombinant PRL. (E) Calcein-AM assay
determining the NK cell-mediated lysis of SKBR3CC (Crispr control cells) cells in the presence or absence of DNA damage at 1:10 effector/target ratio. (F)
Calcein-AM assay determining the NK cell-mediated lysis of a PRLR knockout cell clone (PRLRKO1) in the presence or absence of DNA damage at 1:10
effector/target ratio. Statistically significant analysis *P<.05, **P<.01, ***P<.001.
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mammary HC11 cells also increased the migration of B cells, CD4+

T cells, CD4+ memory T cells, CD8+ memory cells, macrophages,

monocytes, neutrophils, eosinophils (55), and basophils (47, 56).

PRL was also shown to directly improve the antitumor effects of NK

cells in Balb/c and SCID mice via the PRLR on NK cells (40, 57, 58).

PRL has been shown to directly upregulate the NK major receptors

involved in lytic cell death (59). In our study, we found that breast

cancer cells have increased levels of certain ligands, known to

activate major NK receptors, in the presence of PRL and DNA

damage response. This could be part of the mechanism of the

observed antitumor effect in SCID mice.

In summary, we observed that PRL supports mammary tumor

formation, but that PRL in combination with the DNA damage

response increases the tumor latency of breast cancer cells in an

orthotopic xenograft model in a mechanism that involves asialo-

GM1-expressing immune cells, likely NK cells. This may have

implications for the use of PRLR antagonists during anti-cancer

treatment with doxorubicin.
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