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Breast tissue is very susceptible to radiation-induced
carcinogenesis, and mammary stem/progenitor cells are
potentially important targets of this. The mammary epithe-
lium is maintained as two mostly independent lineages of
luminal and basal cells. To elucidate their immediate
radiation responses, we analyzed the mammary glands of
female Sprague-Dawley rats, a radiation carcinogenesis
model, using colony formation, flow cytometry and immuno-
fluorescence. The results revealed that flow cytometry
successfully fractionates rat mammary cells into CD49fhi

CD24lo basal, CD49fmed CD24hi luminal progenitor, and
CD49flo CD24hi mature luminal populations, resembling
human breast, rather than mouse tissues. The colony-forming
ability of the basal cells was more radiosensitive than the
luminal progenitor cells. Flow cytometry and immunofluo-
rescence showed more efficient cell cycle arrest, c-H2AX
responses, and apoptosis in the irradiated luminal progenitor
cells, than in the basal cells. These results provide important
insights into the early phase of radiation-induced breast
cancer. � 2020 by Radiation Research Society

INTRODUCTION

The cell hierarchy in the tissues of many organisms is
made up of tissue stem cells, progenitor cells and

differentiated cells, while the tissue microenvironment is
composed of stromal cells. Ionizing radiation is a well-
known human carcinogen that induces oxidative DNA
damage, such as DNA double-strand breaks (DSBs) and
oxidized bases (1). The mammary gland is highly
susceptible to radiation-induced carcinogenesis, and mam-
mary stem/progenitor cells are potentially important targets
of this (2).

The mammary gland consists of highly branched ductal
epithelium with lobules at their termini, embedded in
stromal tissue, composed of fibroblasts, vascular endothelial
cells and adipocytes, among others. The epithelial tissues
have an inner layer of luminal cells, which produce milk
during lactation, and an outer layer of basal cells, which are
mostly contractile myoepithelial cells, used for ejecting
milk. Evidence from published studies on humans and mice
suggests that fetal bipotent (i.e., both basal- and luminal-
producing) stem cells produce basal cells (possibly
including progenitor and mature myoepithelial cells), and
luminal cells (progenitor and mature luminal cells), in the
postnatal gland (3) (Fig. 1A). Most recent lineage tracing
studies in mice support a model in which basal and luminal
lineages are produced and maintained independently by
unipotent stem cells in the postnatal gland (Fig. 1A). It has
not been determined whether a bipotent stem cell population
contributes to development of the postnatal gland, given
that some experimental procedures such as transplantation
appear to induce bipotent stem cell activity in some basal
cell populations (3–5). The epithelial tissue undergoes
intensive development after puberty, as these cell popula-
tions are influenced and regulated by the estrous cycle-
related release of ovarian steroid hormones (such as
estradiol and progesterone) and hormonally-regulated
growth factors (6–8). An understanding the hierarchical
composition of the mammary tissue has been aided by the
identification of cell surface antigens for flow cytometry
(FCM), such as integrins b1 (CD29) and a6 (CD49f), the
heat-stable antigen (CD24) and EpCAM (9–11). Cells
sorted by their antigens have been transplanted into
mammary fat pads to evaluate their regenerative activities
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(3). However, it has not been confirmed which of these
cells, especially those with proliferative activities, are cells-
of-origin for cancer (3).

Irradiated cells exhibit various counteractive responses
initiated by the phosphorylation of nuclear proteins, such as
ataxia telangiectasia mutated (ATM) and a histone protein

H2AX, leading to cell cycle arrest, apoptosis and DNA
repair (12, 13). Some of these responses are mediated by an
intracellular signaling pathway, in which p53 plays a key
role (14). Tissue stem cells and progenitor cells are
important not only in the recovery from the radiation-
induced tissue damage but also in carcinogenesis, where
incorrect DNA damage repair results in the increased

probability of mutagenesis in cancer-related genes (15). The
DNA damage responses of stem and progenitor cells have
been intensively investigated over the past decade, provid-
ing an understanding of the characteristic responses of
embryonic (16) and tissue stem cells, such as the
hematopoietic system (17) and hair follicle bulge (18).

In contrast, the response to radiation has been poorly
described for mammary stem/progenitor cells. The basal
and luminal progenitor cells, which have clonogenic

potentials and are identified based on their surface antigens
in some FCM experiments, are of particular importance and
require descriptive analysis. Flow cytometry and cell sorting
have been successfully combined with the measurement of
DNA synthesis as the uptake of 5-ethynyl-20-deoxyuridine
(EdU) (19), phosphorylated H2AX (c-H2AX) as an

indicator of DSBs (20), gene expression (21) and colony-
forming ability (22). These techniques have been used to
investigate radiation-induced changes of mouse and human
mammary epithelial cells, leading to the identification of
distinct responses between the basal and luminal cells (20).
However, such findings have not yet been extended to the
subpopulations of luminal cells (i.e., progenitors and mature

cells), and they have not been validated in radiation-induced
mammary cancer models.

Compared to the mouse model, it has been found that the
rat mammary carcinogenesis model is better for studying
radiation-induced breast cancer, as it is readily inducible
from a single exposure during the postpubertal period and
resembles human breast cancer in pathology and hormone
dependency (23, 24). To understand the basic mechanisms
of radiation-induced carcinogenesis, it is crucial to elucidate

how stem, progenitor and mature epithelial cells initially
respond to DNA damage and maintain their proliferative
capacities. In this study, we used the FCM strategy with
rats, which has been developed for mouse and human
mammary cells, as mentioned above. We analyzed the
radiation responses of the FCM-defined mammary cell

populations of postpubertal female Sprague-Dawley rats, a
widely used model of radiation-induced mammary carcino-
genesis. Findings from this work revealed the differential
radiation responses, including reproductive cell death, cell
cycle arrest, induction of apoptosis, and activation of DNA

damage response signals, for the basal, luminal progenitor,
mature luminal, and stromal cells.

MATERIALS AND METHODS

Animals

All animal experiments were approved by the Institutional Animal
Care and Use Committee of the National Institute for Quantum and
Radiological Science and Technology (QST) and conformed to their
institutional guidelines. Female, virgin Sprague-Dawley rats (Jcl:SD;
Clea Japan, Tokyo, Japan) were housed in autoclaved cages and
maintained in temperature- and humidity-controlled rooms (23 6 18C;
45 6 5%, respectively), under a regular 12:12 h light-dark schedule.
Vaginal smears were taken daily over at least one estrous cycle to
confirm their cycling. All experiments used postpubertal rats that were
7–8 weeks old.

Irradiations

Rats were placed in a plastic container and irradiated with 137Cs
gamma rays (0.5 Gy min�1, Gammacellt 40; Nordion, Ottawa,
Canada) between 9:00 and 12:00 a.m. The primary rat mammary cells,
prepared as indicated below, were embedded in a 1% collagen gel (22)
in a 24-well plate and then irradiated.

Isolation of Mammary Cells

EdU (50 lg g�1 body weight, i.p.) was administered to rats at 2 or
24 h after c-ray irradiation. The rats were euthanized under isoflurane-
mediated anesthesia (4% in air) by exsanguination. The fourth, fifth
and sixth pairs of the mammary glands were harvested from the rats,
minced manually with scissors, and then finely with a McIlwain tissue
chopper (Cavey Laboratory, Surrey, UK), and digested with 0.1% w/v
type III collagenase (Worthington Biochemical, Lakewood, MA) in
Hank’s balanced salt solution (HBSS; Thermo Fisher Scientific,
Waltham, MA), with shaking at 50 rpm at 378C for 3 h. Collagenase
digestion was performed in the presence of 2% fetal bovine serum
(FBS; Biowest, Riverside, MO) to suppress the possible apoptosis
from the serum starvation, before the apoptosis detection assay. After
digestion, ductal fragments were washed in HBSS, containing 2%
FBS, collected using a 20-lm nylon mesh (Millipore Sigma,
Burlington, MA), washed in phosphate buffered saline (PBS), treated
with 0.25% trypsin-ethylenediaminetetraacetic acid (STEMCELLe

Technologies, Vancouver, Canada) in PBS, and subsequently digested
in HBSS, containing 5 mg ml�1 dispase II (STEMCELL Technologies)
and 0.02 mg ml�1 DNase I (STEMCELL Technologies). The resulting
cell suspensions were filtered through a 40-lm strainer (Corningt

Inc., Corning, NY) and then a 10-lm nylon mesh (Millipore Sigma) to
remove any remaining cell aggregates. For flow cytometry analysis
containing the in vivo EdU, c-H2AX detection, and apoptosis assays,
the dead cells were stained with a LIVE/DEADt Fixable Near-IR
Dead Cell Stain kit (Life Technologies, Carlsbad, CA), and then the
cells were fixed in 5% phosphate-buffered formalin for 15 min, and
stored at�808C.

Flow Cytometry and Cell Sorting

Thawed cells were first blocked in PBS containing 1% FBS and
then stained with a mixture of antibodies on ice for 30 min. The
primary antibodies used are listed in Supplementary Table S1 (https://
doi.org/10.1667/RR15566.1.S1). When necessary, EdU was subse-
quently stained by using a Click-iTt Plus EdU Flow Cytometry Assay
kit (Life Technologies), containing Alexa Fluort 488-labeled picolyl
azide and saponin-based permeabilization solution, provided in the kit.
For the detection of c-H2AX and apoptosis, the cells were
permeabilized with 0.1% Tritone X-100 in PBS after staining the
cell surface markers and then treated with an anti-c-H2AX antibody
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FIG. 1. Flow cytometry (FCM) and immunofluorescence properties of rat mammary cells. Panel A:
Schematic of the mammary cell hierarchy elucidated in mice and humans (3). Differentiation: thick arrow; self-
renewal: thin circular arrow. Panel B: Representative FCM profiles of the rat mammary cells stained with
CD49f, CD24, CD31 and CD45 antibodies, and a dead cell stain. Panel C: Representative images of the rat
mammary tissues. H&E staining was performed on the paraffin-embedded sections (upper two panels), whereas
the frozen sections were used for immunofluorescence (lower four panels, where red, green and blue signals
represent the stains indicated in the same color). Scale bars ¼ 20 lm. Panel D: Detection of cytokeratin (CK)
proteins in the flow-sorted cell populations by Simple Western analysis. Beta-Actin served as loading control.
The lower panel shows relative expression of CK to b-actin determined by Simple Western analysis. Data are
means and SE of three independent assays. Panel E: Measurement of the marker gene expression in the flow-
sorted cells. Values were scaled to the expression level of the Gapdh as an internal control. Data are means and
SE of three independent assays, each assay being a mean of duplicate measurements that were always
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(Supplementary Table S1), and a DeadEnde Fluorometric TUNEL
system (Promega Inc., Madison, WI), respectively. For the detections
of EdU and c-H2AX, the cells were finally stained with 1 lM 40,6-
diamidino-2-phenylindole (DAPI; Life Technologies) for 5–10 min.
All flow cytometry analyses and cell sorting experiments were
performed using a Guavat easyCytee flow cytometer (Luminext

Inc., Austin, TX) or a MoFloe XDP cell sorter (Beckman Coultert
Inc., Brea, CA), and the data were analyzed using FlowJo version 10
software (BD Biosciences, Franklin Lakes, NJ). Reactivity of all
antibodies was checked using isotype controls.

In Vitro Collagen Gel Assay

Flow-sorted cells were quickly mixed on ice with an EpiCulte-B
medium (STEMCELL Technologies) containing 2 mg ml�1 rat tail
collagen I (Corning Inc.), and 5 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (Thermo Fisher Scientific). A mixture (400 ll)
containing either 100 basal or 400 luminal cells, and 1,000 stromal
cells, was plated in the wells of an ultra-low-attachment 24-well plate
(Corning Inc.), and then incubated at 378C and 5% CO2, to allow for
the gelation of the collagen. After 1 h, the gels were immersed in
EpiCult-B media, supplemented with 5% FBS, 10 ng ml�1

recombinant rat epidermal growth factor (R&D Systemse, Minneap-
olis, MN), 10 ng ml�1 recombinant rat basic fibroblast growth factor
(R&D Systems), 3 lM Y-27632 (Enzo Biochem Inc., Farmingdale,
NY), 10 lM forskolin (Enzo Biochem Inc.), and 0.5 lg ml�1

hydrocortisone or corticosterone, and then detached from the plate
wall using a pipet tip. The media was changed every 2–3 days for 14
days. Thereafter, the gels were fixed in 5% phosphate-buffered
formalin and processed for regular paraffin embedding or whole-
mount immunofluorescence (see below). Organoid colonies with a
diameter of �500 lm were counted manually, using an automated
fluorescence microscope, BZ-9000 (Keyence, Osaka, Japan), whereas
the luminal colonies positive for both anti-CK8 and DAPI and with a
diameter of �20 lm, were counted using the Hybrid Cell Count
function of the BZ-9000. The calculated survival fractions were fitted
with a linear-quadratic model, using R version 3.5.2 (25). The number
of cells constituting an organoid colony was calculated by counting
the trypan blue-excluding cells, on a hemocytometer, after digestion of
the collagen gels with 0.1% collagenase, in HBSS for 30 min, and the
dispersion of the colonies with trypsin and dispase, as described in the
Isolation of Mammary Cells section.

Immunofluorescence

Frozen sections (10 lm) were prepared from tissues embedded in
Super Cryo Mount (Muto Pure Chemicals, Tokyo, Japan) and fixed in
10% phosphate-buffered formalin for 15 min. Paraffin-embedded
sections (3 lm) were prepared from the tissues fixed overnight, in
10% phosphate-buffered formalin; sections were deparaffinized in
xylene, rehydrated in graded alcohol, and then subjected to antigen
retrieval by autoclaving at 1208C in 10 mM sodium citrate buffer (pH
6.0) for 15 min. These sections were further treated with one or two
primary antibodies (Supplementary Table S1; https://doi.org/10.1667/
RR15566.1.S1) at 48C overnight. Thereafter, the sections were rinsed
three times in the PBS and then treated with one or two of the
following secondary antibodies at room temperature for 1 h: goat anti-
mouse immunoglobulin G conjugated with AF488 and goat anti-rabbit
immunoglobulin G conjugated with AF594 (both from Abcamt,

Cambridge, MA). Slides were then mounted with Vectashieldt

mounting medium (Vectort Laboratories, Burlingame, CA) contain-
ing DAPI. For carmine alum staining of the colonies, the collagen gel
was fixed in 5% phosphate-buffered formalin and then stained with
carmine alum solution, containing carmine (Waldeck GmbH & Co.
KG, Münster, Germany) and aluminum potassium sulfate dodecahy-
drate (Millipore Sigma), with shaking at 50 rpm in the dark overnight.
For immunofluorescence, the fixed gels were treated sequentially with
a primary antibody (at 48C overnight), a secondary antibody, and
DAPI, as described elsewhere (26). Fluorescent images were obtained
using the BZ-9000 (Keyence) or a DSU disk scan confocal
microscopy system (Olympus, Tokyo, Japan) mounted on an IX83
inverted microscope (Olympus). The mean intensity of pATM in the
basal and luminal cells were measured using the Hybrid Cell Count
function of the BZ-9000.

RNA Extraction and qRT-PCR

Total RNA was extracted from the flow-sorted cells using AllPrep
DNA/RNA Micro kits (QIAGEN, Hilden, Germany). The RNA
concentrations were measured using the Qubit RNA HS assay kit
(Thermo Fisher). Total RNA (1–2 lg) was reverse-transcribed using
SuperScriptt IV VILO Master Mix reverse transcriptase (Thermo
Fisher), according to the manufacturer’s protocol. PCR was performed
on the LightCyclert 96 (Roche Ltd., Basel, Switzerland) using SYBR
Premix Ex Taqt (TaKaRa Bio Inc., Kusatsu, Japan). Primer sequences
are documented in the Supplementary Information (https://doi.org/10.
1667/RR15566.1.S1). The cycling profile included a hot start at 958C
for 600 s, followed by 50 cycles of a denaturation step at 958C for 5 s,
608C annealing for 20 s, 728C of extension for 10 s, and a fluorescent
signal acquisition at 728C, with a final dissociation curve analysis.

Simple Western Analysis

The flow-sorted cells were washed twice with PBS and then lysed
in a radioimmunoprecipitation buffer (ProteinSimplet, San Jose, CA)
containing protease inhibitors (Nacalai Tesque, Kyoto, Japan) for
approximately 1 h on ice. Lysates were sonicated (200 W, UT-205HS;
Sharp Corporation, Osaka, Japan) for 1 min and then centrifuged at
10,000g for 20 min at 48C. The supernatant was concentrated by
ultrafiltration with a centrifugal filter (Nanosep 3 kDa; Pall, Tokyo,
Japan). Simple Westerne analysis (capillary electrophoresis-based
immunodetection) was performed on a Wese system (ProteinSimple)
(27) using a 12–230-kDa Jess/Wes Separation Module (ProteinSim-
ple). Total protein amounts were measured using the Total Protein
Detection Module (ProteinSimple) and adjusted. The ratio of p63 to b-
actin was calculated using Compass Software for Simple Western
(ProteinSimple).

RESULTS

Flow Cytometry Gating Strategy is Applicable to Rats

To quantitatively analyze the subpopulations of the rat
mammary cells using flow cytometry, we attempted to
apply the gating strategy that was developed for mice and
humans. In general, 106–107 mammary cells were retriev-
able from a rat (data not shown). After removing the debris,

 
reproducible. Panel F: Number and percentage of cell populations (mean 6 SE of n ¼ 3 rats) in the lineage-
negative cells, for the bilateral 4th–6th mammary glands. The values in the bottom four lines do not sum up to
100% because not all cells were classified as such. Footnotes: aNumber per bilateral 4th, 5th, and 6th mammary
glands; bRelative to the mean number of lineage-negative cells. *P , 0.05 by Mann-Whitney U test (panel D)
and Student’s t test (panel E). Bas¼CD49fhi CD24lo basal; Lum I¼CD49med CD24hi luminal I; Lum II¼CD49flo

CD24hi luminal II; Str ¼ CD49f– CD24– stromal.
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non-singlets, dead cells, CD31þ vascular endothelial cells
and CD45þ leukocytes, the remaining population (lineage-
negative or ‘‘Lin–’’) was divided into four fractions,
according to the fluorescence intensities for CD49f and
CD24 (Fig. 1B). To localize these antigens in situ, we
immunostained frozen sections of CD49f and CD24 with
luminal (CK8) and basal (CK14) cell markers. The
immunofluorescence results revealed that the high expres-
sions of CD49f and CD24 in the mammary epithelium
corresponded to those of CK14 and CK8, respectively (Fig.
1C), in line with previously published findings in mice (9).
This pattern of marker expression was reproduced in protein
(Fig. 1D) and transcript (Fig. 1E) expression analyses of the
flow-sorted cells. It should be noted that histological
information for the ducts and alveoli, comprising the major
and minor parts of the gland, respectively, were lost in the
flow cytometry and sorting experiments. The evidence thus
suggests that the CD49fhi CD24lo fraction (Bas in Fig. 1B)
were basal cells, whereas the CD49fmed CD24hi and CD49flo

CD24hi (Lum I and Lum II, respectively, in Fig. 1B)
fractions were luminal cells, hereafter referred to as luminal
I and II, respectively. The basal and luminal I fractions were
a minor part of the Lin– cells, whereas the luminal II and
stromal fractions were the majority (Fig. 1F).

Basal and Luminal I Cells Exhibit Colony Forming in
Three-Dimensional Cultures

We evaluated the colony-forming ability of the above-
mentioned cell populations using three-dimensional cultures
of the flow-sorted cells in a collagen gel (Fig. 2A). Sorted
CD49fhi CD24lo basal cells, co-cultured with CD49f– CD24–

stromal cells, formed colonies characterized by bifurcation
and budding structures, resembling the architecture of the
mammary gland [‘‘organoid colonies’’ (Fig. 2B and C)].
The colony formation rate was 12.6 6 2.0% (mean 6 SD,
n¼ 3). These colonies remained small for the first few days;
by day ;6, they reached ;1 mm in size, by extending their
branches. Thereafter, they grew robustly and developed
bud-like structures by days 10–14 (Supplementary Fig.
S1A; https://doi.org/10.1667/RR15566.1.S1). These organ-
oid colonies were positive for the basal cell markers CK14,
p63 and CD49f (Fig. 2C, Supplementary Fig. S1B), and
were comprised of 2.2 6 0.1 (mean 6 SD, n ¼ 5) 3 103

cells on day 11, suggesting that a single basal cell
underwent 11 daily doublings to make up a colony of
;211 (¼ 2,048) cells. Organoid colonies became robust and
had bud-like structures only when the basal cells were co-
cultured with �100 stromal cells (Supplementary Fig. S1C);
otherwise, they had a small number of bifurcations, without
bud-like structures (Supplementary Fig. S1D).

Conversely, cells in the luminal I fraction formed
spherical colonies with a diameter of 30–50 lm when
cultured in the same conditions (Fig. 2D). The colony
formation rate was 13.7 6 4.8% (mean 6 SD, n¼ 3). These
colonies expressed the luminal marker CK8 (Fig. 2E),

indicating that this fraction contains luminal progenitors.
The luminal II fraction did not generate colonies in the same
culture conditions (data not shown), suggesting that this
fraction is composed of more mature luminal cells than the
luminal I fraction. These results are in line with previously
published observations in human mammary glands (8, 11,
22). While the CD49f– CD24– stromal cells did proliferate,
they did not generate colonies (Fig. 2F); these cells were
positive for vimentin, a marker of fibroblasts and endothe-
lial cells (Fig. 2G and Supplementary Fig. S2A).

The results indicate that the CD49fhi CD24lo fraction
contains the basal cells with robust clonogenic activity, that
the luminal I fraction is rich in luminal progenitor cells, that
the luminal II fraction is composed of mature luminal cells,
and the CD49f– CD24– fraction contains stromal cells. The
high clonogenic activity of the basal cells is expected, as a
high proportion of phenotypically differentiated basal cells
of mice have been reported to form both colonies in cultures
and regenerate the mammary glands when transplanted (4).

Basal Cells are More Prone to Radiation-Induced
Reproductive Cell Death than Luminal Progenitor Cells

We assessed the colony-forming abilities of the basal and
luminal progenitor cells in rats using irradiated flow-sorted
cells ex vivo at various doses and measured the colony
formation rates in collagen gels (Fig. 3A). The surviving
fractions (i.e., colony formation relative to the nonirradiated
controls) of the CD49fhi CD24lo basal and CD49fmed CD24hi

luminal progenitor fractions decreased with doses, reaching
;10% and ;40% at 4 Gy, respectively (Fig. 3B). Therein,
nearly all colonies were large enough to meet the size
criteria for counting (see Materials and Methods), even after
irradiation, suggesting that the surviving cells retained
almost full colony-forming ability. The 50% lethal radiation
doses (LD50) were 1.9 Gy and 3.4 Gy for CD49fhi CD24lo

basal and CD49fmed CD24hi luminal progenitor fractions,
respectively, indicating that the basal cells were more
radiosensitive than the luminal cells.

Basal Cells Exhibit More Active EdU Uptake and Shorter
Radiation-Induced Cell Cycle Arrests than Luminal
Progenitor Cells

To further explore the proliferative activity of the basal and
luminal populations of the rat mammary cells, we studied
their incorporation of EdU, a thymidine analog. Since the 4–
5-day estrous cycle (i.e., proestrus, estrus, metestrus, and
diestrus) of rats dramatically affects the mammary gland
physiology, via estradiol and progesterone secretions from
the ovaries, especially between proestrus and estrus (6), we
first evaluated the cell cycle distribution by quantifying EdU
administered 2 h before sacrifice at proestrus, estrus and
metestrus (Fig. 4A). The estrous cycle was determined by
combining vaginal smear cytology and the serum estradiol
measurements (Supplementary Fig. S3; https://doi.org/10.
1667/RR15566.1.S1). The uptake of EdU differed among the
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FCM-defined cell types of, in descending order, CD49fhi

CD24lo basal, CD49fmed CD24hi luminal progenitor, CD49flo

CD24hi mature luminal, and CD49f– CD24– stromal popula-

tions, consistent with their colony-forming abilities; the

highest EdU uptake into the CD49fhi CD24lo basal and

CD49fmed CD24hi luminal progenitor cells was observed at

estrus and metestrus, respectively, whereas the lowest uptake

was at proestrus (Fig. 4B and C; https://doi.org/10.1667/

RR15566.1.S1 and Supplementary Fig. S4A). Immunofluo-

rescence staining of the sectioned mammary ducts confirmed

that the EdUþ basal cells were strikingly more abundant at

estrus than proestrus (Fig. 4H). The presence of EdU in the

circulation was confirmed by analysis of the serum collected

at autopsy (Supplementary Fig. S4B). These observations are

plausible, as the progesterone, secreted between the late

proestrus and early estrus (Supplementary Fig. S4C) is a

known stimulator of fat pad repopulating activity in mouse
mammary basal cells upon transplantation (7, 28).

Next, we analyzed the EdU uptake 2 and 24 h after c-ray
irradiation at estrus. When the rats received at EdU 2 h
postirradiation, the percentage of EdUþ cells did not differ
from that of the nonirradiated controls, in any of the cell
populations on FCM (Fig. 4B and C), indicating that G1

arrest had not yet come into effect. In contrast, when given
EdU 24 h postirradiation, the percentage of EdUþ cells
significantly decreased in all populations, the decrease
being smaller in the CD49fhi CD24lo basal population
(;0.5-fold) than other populations (,0.1-fold) (Fig. 4E and
F, pinteraction , 0.01 by two-way ANOVA). The amount of
EdU incorporated, as determined by the mean fluorescence
intensities of the individual cells, significantly decreased 2 h
postirradiation in all cell populations (Fig. 4B and D,
pinteraction , 0.01), indicating they were undergoing S phase

FIG. 2. Collagen gel colony formation assay of the flow-sorted rat mammary cells. Panel A: Experimental
procedure. Mammary tissue was dissected from the rats and digested to obtain the cells, which were then sorted
and cultured in collagen gels. Panels B and C: Representative images of the organoid colonies formed from the
flow-sorted CD49fhi CD24lo basal (Bas) cells: carmine alum staining (panel B); immunofluorescence (IF) for
cytokeratin (CK) 14 (green) with DAPI (blue) (panel C). Panels D and E: Representative images of the spherical
colonies formed from flow-sorted CD49med CD24hi luminal I (Lum I) fractions: carmine alum staining (black
arrows, colonies) (panel D); CK8 immunofluorescence (green) with DAPI (blue) (panel E). Panels F and G:
Representative images of the flow-sorted CD49f– CD24– stromal (Str) cells, after 10 days of culture: carmine
alum staining (panel F); immunofluorescence for vimentin (green) (panel G). Scale bar¼ 200 lm (panel B) and
50 lm (panels C–G).
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arrest. At 24 h postirradiation, the change in the mean
fluorescence intensity showed heterogeneity among the cell
types (Fig. 4G, pinteraction , 0.01) that was similar to the
tendency seen as to the percentage of EdUþ cells (Fig. 4F).
Of note, in the CD49fhi CD24lo basal population, the mean
fluorescence intensity in the S phase reduced significantly at
2 h postirradiation but recovered after 24 h (Fig. 4I). Thus,
basal cells are proliferative and exhibit only transient
decreases in EdU uptake after radiation exposure, whereas
luminal progenitor cells are arrested for a longer period.

Basal Cells Show Very Low Radiation Induction of c-H2AX,
Compared to Luminal I and II Cells

The above findings led us to hypothesize that the earlier
DNA damage responses may be different in the basal and
the two luminal populations. Phosphorylation of the histone
variant H2AX at the DNA DSB sites (known as induction
of c-H2AX foci) is an example of a damage response,
which initiates after a few seconds, peaks after 0.5–1 h, and
then gradually decreases over a few hours (29, 30).
Immunofluorescence staining of mammary gland sections
from 4 Gy irradiated rats revealed that the c-H2AX foci
were widely distributed in the luminal cells after 1 h, then

decreased after exposure over a 24 h period [Fig. 5A (upper
panel) and B], after which the apoptotic pan-nuclear c-
H2AX staining (16) appeared in a few luminal cells (Fig.
5B, arrows). Quantification of the number of foci indicated
a tendency of stronger induction in the luminal cells (Fig.
5B, right). Although residual foci at 24 h often suggest
subsequent cell death, the differential induction between the
cell types precludes that these foci are a good marker of
cellular damages. To analyze the c-H2AX induction in the
FCM-defined cell fractions, the primary mammary cells
were irradiated, placed in collagen gels for 1 h and analyzed
by flow cytometry (Fig. 5A, lower panel). This method was
adopted for several reasons: 1. Preparation of mammary
cells from the irradiated rats required . 6 h; 2. Preliminary
analysis showed increased, possibly apoptotic, c-H2AX
signals in the cells placed directly on the culture plates (data
not shown); and 3. The above-mentioned experiment (see
Fig. 2) indicated stability of the cells in the collagen gel. As
a result, radiation increased the percentage of c-H2AXþ

cells in the CD49fmed CD24hi luminal progenitor fraction
[Fig. 5C and D (lower panel)], in which the median
fluorescence intensity was significantly elevated [Fig. 5D
(lower panel)], whereas the response of the CD49fhi CD24lo

basal and other fractions were relatively small (Fig. 5C and

FIG. 3. Colony formation ability of the irradiated mammary cell populations. Panel A: Experimental
procedure. CD49fhi CD24lo basal (Bas), CD49fmed CD24hi luminal (Lum) I, and CD49f– CD24– stromal cells,
were flow-sorted from dispersed rat mammary gland cells. The basal or luminal I cells were co-cultured with
stromal cells in collagen gels, c-ray irradiated, and incubated for 10 days, to measure colony formation. Panel B:
Dose responses of the surviving fractions of the basal and luminal I cells. The values were scaled to the average
colony numbers in the nonirradiated group. Fitting with the linear-quadratic model S¼ exp (–aD2 – bD), where S
is survival fraction and D is the dose, were consistent with a¼ 0.17 and b¼ 0.037, for the basal cells, and a¼
0.0097 and b¼ 0.17, for the luminal I cells. Data are the means and S.E. of the three independent assays, each
with at least triplicate measurements. *P , 0.05, **P , 0.01 by Student’s t test.
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D). Microscopic observations of the stained cells confirmed
that the increased fluorescence intensity was due to the
induction of c-H2AX foci (Supplementary Fig. S5A; https://
doi.org/10.1667/RR15566.1.S1). The median fluorescence
intensity of the c-H2AX increased in a dose-dependent
manner at 0.5 h and then decreased 2 h after irradiation (Fig.
5E and Supplementary Fig. S5B).

To further explore the limited induction of c-H2AX in the
basal cells, we analyzed the foci of the phosphorylated
ATM (pATM), which induced the phosphorylation of
H2AX after irradiation, with in situ immunofluorescence
staining. The results showed that the pATM foci were
induced mostly in the luminal cells, with some rare staining
in the basal cells (Fig. 5F). The above-mentioned
suppressed cell cycle arrest in the basal cells, compared to
the luminal cells, is explained in part by the insufficient
DNA damage response.

Radiation Induces Apoptosis Preferentially in the Luminal I
and II Cell Populations

Due to the pan-nuclear c-H2AX staining only in the
luminal cells, we investigated the frequency of apoptosis in
the FCM-defined cell populations, using terminal deoxy-
ribonucleotidyl transferase-mediated DNA end labeling, and
quantified the transcript level of Bax, a p53-dependent
proapoptotic protein, using quantitative reverse transcrip-
tion-polymerase chain reaction (qRT-PCR) (Fig. 6A). The
analysis indicated that at 24 h postirradiation, apoptosis was
most frequent in the CD49lo CD24hi mature luminal cells,
moderate in the CD49fmed CD24hi luminal progenitor
fractions, very rare in the CD49fhi CD24lo basal cells, and
showed no increase in the CD49f– CD24– stromal fractions
(Fig. 6B). In situ DNA end labeling of the paraffin-
embedded sections located the apoptotic cells in the luminal
cells, indicating significant increase of apoptosis in the
luminal cells by 24 h (Fig. 6C). qRT-PCR and Simple
Western analysis showed larger increases of both Bax
transcript and p53 protein levels in the CD49fmed CD24hi

luminal progenitor and CD49flo CD24hi mature luminal
populations after irradiation (Fig. 6D and Supplementary
Fig. S6; https://doi.org/10.1667/RR15566.1.S1); thus, their
above-mentioned proficiency in DNA damage responses
may lead to the induction of apoptosis, in addition to
efficient cell cycle arrest. Due to the small induction of
apoptosis, direct comparison between the different cell
populations resulted in no consistent significant difference.

A p53 Antagonist DNp63 is Expressed in the CD49fhi CD24lo

Basal Cells

The above results on cell cycle arrest and apoptosis led us
to question the operability of p53 after irradiation. The
protein p63, a mediator of the basal cell phenotype in the
mammary gland (3), antagonizes p53-mediated gene tran-
scription via its splice variant DNp63 (31). We hypothesized
that the inefficient DNA damage responses of the basal cells

were, in part, related to the expression of DNp63. We
investigated the expression of p63 in rat mammary glands,
using anti-pan-p63 antibody, which recognizes all known
isoforms, and a specific anti-DNp63 antibody. Double
staining, with a basal marker CK5 and one of the two p63
antibodies, indicated a positive reaction for both anti-p63
antibodies in all the basal cells with their nuclei in the section,
whether they were irradiated or not (Fig. 7A). In the Simple
Western analysis, p63 expression was characteristic of the
flow-sorted CD49fhi CD24lo basal cells (Fig. 7B). Compar-
ison of the electropherograms of the anti-DNp63 and anti-
pan-p63 antibodies indicated that the DNp63 peaking at ;66
kDa was the most abundant of the p63 isoforms in the
CD49fhi CD24lo basal cells (Fig. 7C). The molecular weight
that was slightly larger than 66 kDa likely corresponds to the
DNp63a isoform (32, 33). Thus, DNp63 may suppress p53-
mediated radiation responses in basal cells.

DISCUSSION

The current study identified various mammary cell
populations in female virgin Sprague-Dawley rats, which
are frequently used for experiments on radiation-induced
breast cancer. To our knowledge, there has been only one
previously reported study regarding the fractionation of rat
mammary cell populations, using the cell surface antigens
that were developed for mice and humans, and three
populations, CD29hi CD24þ basal, CD29med CD24þ luminal,
and CD29– CD24– stromal cells, were fractionated (31). In
the current study, four cell populations, CD49fhi CD24lo

basal cells, CD49fmed CD24hi luminal progenitor cells
(luminal I), CD49flo CD24hi mature luminal cells (luminal
II), and CD49f– CD24– stromal cells, were identified
through combinations of FCM, localization of the antigens,
and the colony-forming ability of the flow-sorted cells. The
two types of luminal cells (i.e., progenitors and mature
cells), based on CD49f, were more consistent with human
mammary glands than those of mice (3), suggesting that the
rat is a better model of the human mammary glands, in this
respect. To our knowledge, this is the first study showing
the presence of two types of luminal cells in the rat
mammary glands.

This study indicated for the first time that rat mammary
cell populations exhibit different radiation responses in
terms of c-H2AX induction, cell cycle arrest, apoptosis and
reproductive cell death. Gamma-H2AX induction was
highest in the luminal progenitor cells but very weak and
transient in the basal cells, and this tendency was
recapitulated with the induction of pATM, which is
upstream of c-H2AX. In addition, the sensitivity of the
basal cells to the induction of reproductive cell death
indicates that they incurred a sufficient level of DNA
damage. Thus, although the generation of DSBs generally
triggers the autophosphorylation of ATM and the formation
of the Mre11-Rad50-Nbs1 complex, to activate ATM (12),
this process appears to be insufficient in the basal cells.
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The varying degrees of c-H2AX induction among the cell

populations are likely related to the differences in their

subsequent cell cycle arrests and deaths. In the analysis of

the cell cycle arrest, the decreased EdU intake in the basal

cells observed at 2 h postirradiation suggests that the early-

phase DNA damage checkpoint was in the S phase.

However, the return of the EdUþ cells after 24 h in the

basal cells, as well as the continued suppression of the EdU

uptake in the luminal and stromal cells, suggests that there

was a p53-dependent arrest in the G1 and G2 phases of the

luminal cells, but not the basal cells (14, 35). A similar

difference in radiation-induced cell cycle arrest has been

reported in established human mammary cells with the

basal- and luminal-like phenotypes (36). The basal cells

were also resistant to the radiation-induced apoptosis (a

p53-dependent process in general) compared to the two

types of luminal cells. This is consistent with a previously

study in mice, although the two luminal cell types were not

distinguished therein (20). Thus, inefficient DNA damage

signaling, only transient cell cycle arrest, refractoriness to

apoptosis, and sensitivity to the reproductive cell death of

the basal cells, are explained in a consistent manner. Since

the basal cells are deficient in inducing c-H2AX, a trigger of

homologous recombination repair (HRR), more error-prone

machinery of non-homologous end joining (NHEJ) will

play an important role in repairing DNA DSBs in basal cells

FIG. 4. 5-Ethynyl-20-deoxyuridine (EdU) incorporation into rat mammary cell populations. Panel A: Experimental procedure. Rats were
exposed to 4 Gy c rays and injected with EdU at either 2 or 24 h postirradiation. After 2 h, the mammary glands were obtained for flow cytometry
(FCM) and immunofluorescence (IF) analyses. (panels B and E). Representative FCM profiles of DAPI and EdU signals at 2 (panel B) and 24
(panel E) h after 4 Gy c-ray irradiation at estrus, with the respective nonirradiated controls. The number outside the gate is the frequency of each
phase (%). Panels C, D, F and G: Frequency of EdUþ cells and mean fluorescence intensity of each population at 2 h (panels C and D) and 24 h
(panels F and G) postirradiation. Panel H: Representative EdU localization in the nonirradiated rat mammary glands, at proestrus (left) and estrus
(right), at 2 h after EdU injection. The cyan signals (superposition of green and blue) showed EdUþ (green) cells in the basal and luminal
compartments. Blue represents DAPI. Scale bar¼ 20 lm. Panel I: Mean fluorescence intensities in the CD49fhi CD24lo basal cell populations in S
phase at 2 and 24 h postirradiation. Data are means and SE of three independent assays, each with at least triplicate measurements. *P , 0.05, **P
, 0.01 by Student’s t test. Bas, CD49fhi CD24lo basal; Lum I, CD49fmed CD24hi luminal I; Lum II, CD49flo CD24hi luminal II; and stromal CD49f–

CD24– stromal.
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(1, 13, 14), as has been suggested in mouse mammary

glands (20), and may possibly lead to more mutations. The

luminal progenitor cells have efficient DNA damage

responses and a tendency to retain their colony-forming

activity after irradiation; they may survive with mutations.

Thus, both the basal and luminal progenitor cells can play

roles in carcinogenesis, although they have different

characteristic radiation responses.

A couple of underlying mechanisms can explain the
different radiation responses among the mammary cell
populations. In embryonic stem cells, DNA damage
response signaling, including the induction of c-H2AX, is
suppressed by epigenetic silencing via histone modifica-
tions, such as H2AX tyrosine-142 phosphorylation and
histone-3 lysine-56 acetylation (16). As basal cells in the
mammary glands easily transit to a stem-cell-like state (4),
epigenetics might be a key mechanism regulating their

FIG. 4. Continued.
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DNA damage response. Also, high CD49f expression in the

basal cells has been reported to confer lowered c-H2AX

signaling and anti-apoptotic property to breast cells through

Akt/Erk signaling pathways after irradiation (37). Another

possible mechanism is the regulation of p53, which plays a

central role in regulating radiation-induced cell cycle arrest

and apoptosis. Upon irradiation, p53 escapes from ubiq-

uitination by MDM2 and activates the transcription of genes

related to cell cycle arrest and apoptosis (such as p21 and

Bax, respectively) as well as HRR. It is well known that the

FIG. 5. Induction of c-H2AX in the irradiated rat mammary cell populations. Panel A: Experimental procedures. Rats were exposed to 4 Gy c
rays, and mammary glands were obtained for immunofluorescence (IF) analysis after 1–24 h (upper). Primary rat mammary cells were temporarily
placed in collagen gels and irradiated; cells were then harvested by collagenase digestion and analyzed by flow cytometry (FCM) (lower). Panel B:
Left-side panel shows representative in situ immunofluorescent images of c-H2AX, with cytokeratin (CK) 14 expression, in the mammary glands
at 1–4 h after 4 Gy irradiation at estrus. The red stain represents c-H2AX; green stain represents CK14; blue stain represents DAPI. Arrows
indicate pan-nuclear c-H2AX. Scale bar¼ 10 lm. Right-side panel shows the number of c-H2AX foci per cell for the basal (CK14-positive) and
luminal (CK14-negative inside ducts) cells, calculated as the number of foci divided by total cells (on average ;80 cells per experiment) on
images obtained at 4 and 24 h after 4 Gy irradiation at estrus (mean and SE). Panel C: Representative histograms of c-H2AX intensity at 1 h after 4
Gy irradiation at estrus. The numbers on the upper right-side and left-side corners indicate median intensity and c-H2AX-positive cells (%),
respectively. The threshold (dashed line) was determined by the isotype control. Panel D: The frequency of c-H2AX positive cells (upper) and
median c-H2AX fluorescence intensity (lower) at 1 h after 4 Gy irradiation at estrus. The data show mean and SE of five independent assays.
Panel E: Median c-H2AX fluorescence intensity at 1–8 Gy (mean and SE of three independent assays). Estrous cycles were not controlled. Panel
F: Immunofluorescence of Ser1981-phosphorylated ATM [pATM (red)] and CK14 (green), at 1 h postirradiation. Blue represents DAPI. Scale bar
¼ 10 lm. Right-side panel shows the mean intensity of pATM in basal cells (CK5-positive) and luminal cells (CK5-negative inside ducts) on
images (mean and SE of three independent assays). *P , 0.05, **P , 0.01 by Student’s t test. Bas¼ CD49fhi CD24lo basal; Lum I¼CD49fmed

CD24hi luminal I; Lum II ¼ CD49flo CD24hi luminal II.
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transcription-activating potential of p53 is antagonized by

the DNp63 isoform of the p63 protein (31), the expression

of which we have confirmed in the basal cells of the rat

mammary glands, like that of humans (38). Thus, the

expression of DNp63 may also explain the differences in the

mammary cell population’s response to radiation.

A pioneering series of studies have used peanut lectin

(PNL) and an anti-Thy1.1 antibody to fractionate rat

mammary cells, and to identify the clonogenic (39), and

repopulating (40) activities in the PNL– Thy1.1þ fraction.

This fraction was later found to include CD29hi CD24þ

basal and CD29med CD24þ luminal cells. In contrast, the

PNLþ Thy1.1– fraction corresponded to most of the CD29med

CD24þ luminal cells (34). The current study reports the

formation of organoid colonies, from a more well-

characterized, flow-sorted rat mammary basal epithelial

FIG. 5. Continued.
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FIG. 6. Apoptosis in irradiated rat mammary cell populations. Panel A: Experimental procedure. Rats were
exposed to 4 Gy of c-rays, and mammary glands were obtained for flow cytometry (FCM), quantitative real-
time polymerase chain reaction (qRT-PCR) and immunofluorescence (IF) analyses at 24 h post irradiation.
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cell. The rate of organoid colony formation from a single rat
CD49fhi CD24lo basal cell herein (12.6 6 2.0%) is similar to
those reported previously, where a single mouse CD29hi

CD24þ basal cell forms an organoid colony with an
efficiency of 20% (41). We also observed that the robust
organoids with branched structures were formed only when
they were co-cultured with stromal cells. In mice, the fat pad
repopulating activity of the basal cells is positively
regulated by the interplay of the epithelial hedgehog

secretions and the resulting Gli2-mediated growth factor
secretions from the fibroblasts (8). A similar mechanism
may operate during the generation of robust organoid
colonies from the basal mammary cells of rats, as supported
herein by the Gli2 expression in the stromal cells.

This current study of radiation-induced breast cancer,
using the Sprague-Dawley rat model, revealed that the basal
cells had a high clonogenic potential and showed
incomplete DNA damage responses, whereas the luminal

FIG. 7. p63 expression in rat mammary cell populations. Panel A: Immunofluorescence of p63 in the
mammary gland of nonirradiated (left and right panels) and 4 Gy irradiated (middle panel) rats. Left and middle
panels: An antibody for all p63 isoforms; right panel: Antibody for DNp63. Scale bar¼ 10 lm. Panel B: Simple
Western analysis of all p63 isoforms in the flow-sorted CD49fhi CD24lo basal (Bas) and CD49fmed CD24hi

luminal (Lum) I populations, at 4 and 24 h after 4 Gy irradiation. Arrowhead indicates p63 protein. Beta-actin
served as loading control. The numbers described below the panel represent the ratio of p63 to b-actin. Panel C:
Electropherogram of a Simple Western analysis showing molecular markers (upper) and proteins recognized by
anti-pan-p63 (middle) and anti-DNp63 (lower) antibodies, in the nonirradiated CD49fhi CD24lo basal cells. Total
protein amounts were adjusted. The numbers on the peaks indicate the molecular weight (kD).

 
Panel B: Representative flow cytometry profiles, showing the frequency of apoptotic cells, as detected by
DNA end labeling (TUNEL), at 24 h after 4 Gy irradiation at estrus (left) and median fluorescence intensity
of the apoptotic signal (right, mean and SE of three independent assays; *P , 0.05, **P , 0.01 by
Student’s t test). Panel C: Representative in situ images (left and middle) and frequencies (right) of the
apoptotic cells in the rat mammary gland at 4 (left) and 24 h (middle) after 4 Gy irradiation at estrus. The
right panel shows the frequency of TUNEL-positive cells for the basal (CK14-positive) and luminal (CK14-
negative and located in the luminal layer) cells on fluorescent images (mean and SE). More than 100 cells
were counted for each experiment. Green stain indicates apoptotic bodies; red stain indicates cytokeratin
(CK) 14; blue stain indicates DAPI; arrows indicate apoptotic cells in the luminal layer. Scale bar¼ 20 lm
(**P , 0.01 by Student’s t test). Panel D: qRT-PCR analysis of the expression of Bax. Expression levels
relative to Gapdh, as an internal control, were scaled to the level in the nonirradiated control. Data are
means and SE of four independent assays, each with duplicate measurements (*P , 0.05 vs. 0 Gy by Mann-
Whitney U test). Bas¼CD49fhi CD24lo basal; Lum I¼CD49fmed CD24hi luminal I; Lum II¼CD49flo CD24hi

luminal II.
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progenitor cells responded efficiently with a tendency to
survive after irradiation, indicating their distinct behaviors
as potential target cells of mammary carcinogenesis. The
dependence on the location in the mammary gland (such as
the bud, duct and alveolus) and the differences between the
strains having distinct cancer susceptibility, are among the
issues that require further investigation in the future.
Additional basic research is needed to provide a complete
picture of the biology of the target cells of radiation
carcinogenesis.
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