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Abstract
The process of organ development requires a delicate balance between cellular plasticity and differentiation. This balance is
disrupted in cancer initiation and progression. N-Myc and STAT interactor (NMI: human or Nmi: murine) has emerged as a
relevant player in the etiology of breast cancer. However, a fundamental understanding of its relevance to normal mammary
biology is lacking. To gain insight into its normal function in mammary gland, we generated a mammary-specific Nmi
knockout mouse model. We observed that Nmi protein expression is induced in mammary epithelium at the onset of
pregnancy, in luminal cells and persists throughout lactation. Nmi knockout results in a precocious alveolar phenotype.
These alveoli exhibit an extensive presence of nuclear β-catenin and enhanced Wnt/β-catenin signaling. The Nmi knockout
pubertal ductal tree shows enhanced invasion of the mammary fatpad and increased terminal end bud numbers. Tumors from
Nmi null mammary epithelium show a significant enrichment of poorly differentiated cells with elevated stem/progenitor
markers, active Wnt/β-catenin signaling, highly invasive morphology as well as, increased number of distant metastases. Our
study demonstrates that Nmi has a distinct role in the differentiation process of mammary luminal epithelial cell
compartment and developmental aberrations resulting from Nmi absence contribute to metastasis and demonstrates that
aberration in normal developmental program can lead to metastatic disease, highlighting the contribution and importance of
luminal progenitor cells in driving metastatic disease.

Introduction

N-Myc and signal transducer and activator of transcription
(STAT) interactor is an evolutionarily conserved, inducible

cofactor initially identified for its interactions with MYC
proteins, as well as STAT transcription factors [1, 2].
Interferon γ and α, and interleukin-2 have all been shown to
induce N-Myc and STAT Interactor (NMI) expression in a
variety of cell types [1]. Moreover, induction of NMI
downstream of cytokine stimulation can alter localization
and fractionation properties of the NMI protein [2].
Accordingly, it has been proposed that the cellular function
of NMI is specific to cell type and potentially even extra-
cellular stimulus [3, 4].

NMI protein expression decreases with progression to
later stage disease in breast and gastric carcinoma tissue
samples [4, 5]. Strikingly, it is noted that about 70% of
primary breast tumors with evidence of metastatic dis-
semination show significantly reduced expression of NMI
[4]. These reports make understanding its function of high
importance, specifically in cancer progression and possibly
metastasis. It has been well observed that cancer co-opts
developmental processes to aid tumor initiation and pro-
gression [6]. However, to date the role of NMI in normal

* Rajeev S. Samant
rsamant@uab.edu

1 Department of Pathology, University of Alabama at Birmingham,
Birmingham, AL, USA

2 Department of Medicine, University of Alabama at Birmingham,
Birmingham, AL, USA

3 Department of Genetics, University of Alabama at Birmingham,
Birmingham, AL, USA

4 Comprehensive Cancer Center, University of Alabama at
Birmingham, Birmingham, AL, USA

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41388-017-0037-7) contains supplementary
material, which is available to authorized users.

12
34

56
78

90

http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-017-0037-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-017-0037-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-017-0037-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-017-0037-7&domain=pdf
http://orcid.org/0000-0001-5681-4976
http://orcid.org/0000-0001-5681-4976
http://orcid.org/0000-0001-5681-4976
http://orcid.org/0000-0001-5681-4976
http://orcid.org/0000-0001-5681-4976
mailto:rsamant@uab.edu
http://dx.doi.org/10.1038/s41388-017-0037-7


developmental processes, as well as tumor initiation and
progression in vivo have not been evaluated.

In the current study, we examine the role of Nmi in
mammary development, as well as tumor initiation and
progression in vivo using a mammary-specific Nmi
knockout mouse model. We identify that Nmi loss results in
erroneous activation of Wnt/β-catenin signaling. This in
turn, blocks luminal differentiation and imparts invasive
and metastatic characteristics in mammary tumors.

Results

Nmi expression is upregulated with differentiation
of mammary epithelium

We investigated the expression profile of Nmi protein
during different stages of mammary development (Fig. 1a).

Nmi protein expression was detected at the highest levels in
mammary epithelial cells during pregnancy and lactation,
however; it was also present albeit at low levels during
puberty and early involution (Fig. 1b). Immunoscoring
revealed a fivefold increase in Nmi expression levels during
pregnancy (Fig. 1c). The majority of Nmi staining was
observed in the cytoplasm in a speckled, punctate pattern.

Imaging at higher magnification revealed that Nmi pro-
tein was clustered at the apical side of the luminal cells
within the ducts and alveoli, most concentrated on the side
facing the lumen (Fig. 1d). These observations suggested
that Nmi protein may have a functional involvement in
mammary development.

To investigate the role of Nmi in mammary develop-
ment, a conditional knockout mouse model specific to the
mammary epithelium was generated using a gene targeting
approach by inserting loxp sites flanking the eighth and
ninth exons of the Nmi gene including the polyadenylation

Fig. 1 Nmi expression is upregulated with differentiation of mammary
epithelial cells. a Schematic representation of mammary ductal tree at
various stages of mammary development (6 weeks, 12 weeks,
10.5 days post conception (dpc), 14.5 days post conception (dpc),
lactation day 1, lactation day 4, involution day 1, involution day 3, and
involution day 8) were fixed and embedded for immunohistochemical
analysis of Nmi expression. b Immunohistochemical analysis of Nmi
expression in developing mammary glands. The respective photo-
micrograph in the 3× 3 array correspond to the stage of development
of ductal tree from the 3× 3 array in a. Scale bar= 30 μM. c Quan-
titation of Nmi immunostaining. The intensity of staining of cells was

assessed as 0 (no staining) to 4 (strongest possible intensity of stain-
ing). The immunoscore was derived as the product of the percentage of
cells at each intensity and the corresponding intensity. The products
were added to get an immunoscore for the section. d In all, 100×
photomicrographs of Nmi staining in ductal and alveolar cells of the
mammary epithelium 10.5 days post conception. e Level of Nmi
mRNA transcript in control (Nmifl/fl) mice compared with knockout
(Nmi−/−). Nmi mRNA is reduced 10fold in the in Nmi−/− mice. The
numbers are mouse identifiers. f Immunohistochemical analysis of Nmi
protein in mammary epithelial cells. Top and bottom images corre-
spond to mice lacking and expressing K-14 Cre, respectively. Scale
bar= 30 μM
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sequence (Supplementary Fig. 1A). Cre-mediated excision
of the loxp- flanked region in keratin 14-expressing cells
destabilized the mRNA transcript thereby targeting it for
nonsense-mediated decay. Total RNA from isolated mam-
mary epithelial cells shows a 10-fold decrease in Nmi
mRNA transcript levels (Fig. 1e). Moreover, immunohis-
tochemical staining shows a total loss of Nmi protein
expression specifically in the mammary epithelium of Cre-
positive mice (Fig. 1f). Western blot analysis of isolated
mammary epithelial cells at multiple stages of mammary
development confirmed that Nmi protein is notably absent
thought mammary development (Supplementary Fig. 1B).

Conditional knockout of Nmi in the mammary
epithelium alters mammary development

Phenotypic characterization of the Nmi knockout mice
revealed significantly enhanced ductal extension during
pubertal mammary development, as well as increased
terminal end bud number (Fig. 2a). Furthermore, knockout
mice exhibited prolific alveologenesis during mid preg-
nancy at day 14.5 post conception (Supplementary Fig. 2A),
an observation that was quantified in hematoxylin and eosin
(H&E) sections (Supplementary Fig. 2B). Consequently,
they also exhibited a vividly augmented alveologenesis

Fig. 2 Knockout of Nmi in the mammary epithelium alters mammary
development. a Whole-mounted mammary glands from Nmi knockout
mice and littermate controls. Ductal area in mm2 was measured by
drawing a perpendicular line through the lymph node while excluding
the area of the lymph node. Scale bar= 1000 μM; N= 5 control mice
(Nmifl/fl) and 4 KO mice (Nmi−/−), *p< 0.05. b Mammary glands at
lactation day 1 from Nmi KO and age matched control mice. Whole-
mounted mammary glands and histological photomicrographs depict
alveolar structures. Alveoli were quantified in H&E-stained sections
and plotted as number of alveoli per section of mammary gland; Scale

bar= 50 μM; N= 5 control mice (Nmifl/fl) and 4 KO mice (Nmi−/−),
*p= 0.001. c Ki67 was used to quantify proliferating cells in alveoli.
The percent of Ki67-positive cells per field of view is plotted; Scale
bar= 5 μM; N= 5 control mice (Nmifl/fl) and 4 KO mice (Nmi−/−), *p
= 0.0001. d Isolated mammary epithelial cells from mature nonparous
mice were embedded in matrigel and stimulated with growth factors
known to promote alveologenesis. Arrows indicate structures counted
as individual branches on organoids. e Alveologenesis is plotted as
average number of branches/structure. This experiment was repeated
three times. *p< 0.05
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during lactation day 1 (L1) as demonstrated by whole-
mount and H&E staining (Fig. 2b), although Nmi knockout
mice did not display any noticeable deficiency in lactation.
Mammary epithelial cells in Nmi knockout mice were more
starkly proliferative at L1 as demonstrated by the increased
percentage of Ki67-positive cells (Fig. 2c).

To determine whether this effect was due to stromal
crosstalk or intrinsic characteristics of the cells, mammary
epithelial cells from Nmi knockout and littermate controls
were isolated, enriched, and placed into three-dimensional
(3D) culture. Organoids were exposed to proliferative sti-
muli present during various stages of mammary develop-
ment in mice predominantly during ductal branching and
lactation (Fig. 2d). Organoids from Nmi knockout mice
exhibited a trend toward enhanced alveologenesis (mea-
sured by the number of branches per organoid) when

exposed to members of the fibroblast growth factor (FGF)
family. Notably, significant differences were observed after
treatment with transforming growth factor α (TGFα) and
prolactin, factors present during pregnancy and lactation
(Fig. 2e).

Nmi loss promotes Wnt/β-catenin signaling during
normal mammary development

To determine how the loss of Nmi contributed to a hyper-
proliferative phenotype during puberty and lactation, we
performed global RNAseq analysis from enriched mam-
mary epithelial organoids from L1, the time point when
Nmi protein expression in normal mammary epithelium is at
its highest level. Ingenuity pathway analysis revealed that
molecular events that pertain to cellular development,

Lactation Day 1

β-catenin

Cellular and Molecular Functions BA

C

I II III IV

Nmi +/+ Nmi +/- Nmi -/-
D

Nmi fl/fl Nmi -/-

Fig. 3 Nmi loss promotes Wnt/β-catenin signaling during normal
mammary development. a Ingenuity pathway analysis of differentially
expressed messages from RNAseq analysis of mammary epithelium
from lactating glands from knockout mice. b Gene set enrichment
analysis of total RNA from lactating mammary glands of three control
and three knockout mouse shows overlap with the I. Wnt signaling
KEGG pathway, II. TCF4 target genes, and III, IV transcriptomes of
cells with constitutively active β-catenin. c Lactating mammary glands

Nmifl/fl and Nmi−/− mice were stained for total β-catenin. Quantifica-
tion of staining shows an increased percentage of nuclear β-catenin in
Nmi−/− mammary epithelium (p< 0.05 n= 3 control and 4 knockout
mice). d Mammary glands from 6-week-old bat-gal mice with Nmifl/fl,
Nmi+ /− and Nmi−/− genetic background were evaluated β-galactosi-
dase activity using X-gal as substrate. Blue color is indicative of active
β-galactosidase. Sections were counterstained with nuclear fast red.
Arrows indicate regions of active β-galactosidase. * indicates P<0.05
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growth, and proliferation were significantly enriched with
Nmi loss (Fig. 3a). Gene set enrichment analysis identified
the Wnt/β-catenin signaling pathway as having significant
enrichment. Curated data sets from the Kegg database (Fig.
3b I), as well as TCF4 target genes curated by the Broad
Institute (Fig. 3b II) were identified from GSEA. Addi-
tionally, two data sets from cells expressing constituitively
active β-catenin were also revealed (Fig. 3b III, IV) [7].

Wnt signaling is an active part of mammary gland
development and uncontrolled activation of this pathway
causes abnormal ductal extension and precocious alveolar
development [8]. To confirm the presence of activated Wnt
signaling during lactation in vivo, mammary glands were
stained for β-catenin and localization was scored in control
and knockout glands. Nmi knockout glands exhibited a
significantly higher percentage of cells with nuclear β-
catenin. This staining is indicative of elevated presence of
transcriptionally active β-catenin in the mammary epithe-
lium of Nmi knockout mouse (Fig. 3c).

To confirm the effect on the transcriptional readout of
Wnt signaling in vivo, we crossed mammary-specific Nmi
knockout mice to the Wnt reporter BAT-gal strain. At
6 weeks of age, mammary glands were analyzed from
control and knockout mice for β-galactosidase activity;
indicative of active Wnt/β-catenin signaling. Glands from
homozygous knockout mice exhibited a stark increase in the
number of blue-stained cells within the ducts of the mam-
mary gland compared with controls, which had very few
blue epithelial cells.

Interestingly, glands from heterozygous mice also
showed noticeable positive staining (Fig. 3d). These
observations clearly confirmed that lack of Nmi expression
in vivo is activating Wnt/β-catenin signaling.

Nmi loss in MMTV-Neu mammary glands drives
accumulation of luminal progenitors by blocking
differentiation and activating β-catenin

We hypothesized that Nmi loss could impact the differ-
entiation of luminal cells by activating Wnt signaling. To
first query this in vitro, we utilized HC11, a murine mam-
mary epithelial cell line that allows for modeling mammary
epithelial differentiation in response to a prolactin stimulus.
These cells were isolated from a mid-pregnant mouse and
have been shown to represent the alveolar branch of the
luminal lineage [9–11]. Nmi protein expression increased in
a time-dependent manner with exposure of HC11 cells to
differentiation media containing prolactin, insulin, and
dexamethasone. These observations corroborated our
in vivo finding. Upregulation of Nmi was concomitant with
an increase in β-casein levels, a bona fide marker of dif-
ferentiation of the HC11 cell line, suggesting that Nmi may
play a functional role in this differentiation process

(Fig. 4a). To determine the effect of Nmi loss, we stably
knocked down Nmi expression using two independent short
hairpin RNA constructs. Nmi knockdown cells produced
significantly less β-casein mRNA and protein when stimu-
lated with differentiation media compared with the non-
targeting control cells. In addition, levels of phosphorylated
β-catenin at residue ser552 (indicative of nuclear and tran-
scriptionally active β-catenin) in Nmi knockdown cells were
concomitantly increased. This indicated that these cells are
deficient in undergoing differentiation (Fig. 4b).

To understand whether this lack of differentiation could
influence the progression of mammary tumors in vivo, we
crossed the mammary-specific Nmi knockout mouse with
the MMTV-Neu transgenic tumor model. The pre-
neoplastic mammary glands of the MMTV-Neu Nmi−/−

mice retained the proliferative alveolar phenotype (Fig. 4c).
The mammary glands exhibited significantly more nuclear
β-catenin, a possible mechanism for the alveolar hyperplasia
(Fig. 4d). Flow cytometry analysis of these glands revealed
an expansion of CD49f CD61 double-positive cells in Nmi
null mammary epithelium, a population identified to be
luminal progenitors and potentially, the cells that originate
MMTV-neu tumors [12] (Fig. 4e).

Nmi loss changes tumor characteristics and
enhances metastasis in two models of spontaneous
mammary carcinoma

Tumors derived from conditional Nmi knockout mice on
the MMTV-Neu background exhibited significantly shorter
latency (Fig. 5a) and overall tumor growth was accelerated
significantly although modestly (Fig. 5b). To examine the
role of Nmi loss on metastasis in vivo, Nmi knockout
MMTV-Neu mice were examined for the presence of
metastatic lesions. Lesions observed by H&E were con-
firmed through Her2-positive immunostaining (Fig. 5c).
Nmi knockout mice overall had a significantly higher
incidence of metastasis while also harboring tumors that
formed more pulmonary metastases (Fig. 5d top, bottom).
To evaluate the effect of Nmi loss independent of the Neu
oncogene background, we investigated the impact of a
carcinogen on the Nmi knockout mice. The conditional Nmi
knockout mice and littermate controls were implanted with
a 50 mg slow release medroxyprogesterone acetate pellet
subcutaneously at 6 weeks of age. Mice were then orally
administered with 1 mg 7,12-dimethylbenz[a]anthracene
(DMBA) carcinogen, dissolved in sesame oil at 9, 10, 12,
and 13 weeks of age (Fig. 5e). The median tumor onset in
both groups occurred at about 50 days post final DMBA
treatment dose, there was no significant difference in control
and Nmi knockout groups (Fig. 5f). Additionally, tumor
growth rate did not change significantly between groups
(Fig. 5g). When the mean tumor diameter reached
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approximately 10–12 mm2 mice were necropsied, lungs
fixed in Bouins solution, and examined for external meta-
static nodules (Fig. 5h). The number of metastatic nodules
on lungs of tumor-bearing Nmi knockout mice was roughly
double the number of nodules found on lungs of control
mice, confirming a distinct role for Nmi in metastatic dis-
semination of tumor cells (Fig. 5h).

Carcinogen and MMTV-Neu induced Nmi null
tumors exhibit invasive morphological features

To thoroughly assess the growth characteristics of Nmi
knockout tumor cells from MMTV-Neu and carcinogen-
induced tumors, cells were dissociated from the

extracellular matrix. Tumor cell clusters where allowed to
adhere in two-dimensional culture or overlaid onto a solid
layer of 3D matrix surrounded by media containing 2%
matrix (Fig. 6a).

Following attachment to culture plates, carcinogen-
induced and MMTV-neu tumor cells with and without
Nmi were visualized using phase contrast microscopy. The
most striking difference between tumor cells of different
genotypes from both models was the presence of cells with
numerous invasive projections at the leading edge of the
colonies (foci)s from Nmi knockout animals. Cells at the
leading edge from control mice exhibited far fewer protru-
sions (n= 4 controls and 6 knockout tumors). Interestingly,
this phenomenon was recapitulated in vivo in uninvolved

Fig. 4 Nmi loss in MMTV-Neu mammary glands increases population
of luminal progenitor cells by blocking differentiation and activating β-
catenin. a HC11 cells were induced to differentiate over a course of 72
h with media replenishment every 24 h. Western blot analysis shows
that Nmi as well as β-casein expression increases progressively with
exposure to differentiation medium. b HC11 cells were differentiated
with prolactin, dexamethasone, and insulin for 72 h. Knockdown of
Nmi in two independent clones (sh118 and sh128) decreases transcript
and protein levels of β-casein, a marker of alveolar differentiation.
Both Nmi knockdown clones show increased phosphorylation of β-
catenin at residue 552. c Evaluation of tertiary budding from whole
mounts from control (Nmifl/fl) and Nmi knockout (Nmi−/−) MMTV-
neu nonparous mice. Glands from Nmi−/− mice display on average 150

more tertiary buds/field than control MMTV-neu mice (n= 7 mice per
group) Scale bar= 1000 μM, *p= 0.01. d Mammary glands from
nulliparous Nmifl/fl MMTV-neu and Nmi−/− MMTV-neu mice were
stained for β-catenin. Nmi−/− MMTV-neu exhibit 25% more nuclear β-
catenin staining compared with controls, n= 4 MMTV-Neu Nmifl/fl

and 6 MMTV-Neu Nmi−/−, *p= 0.0001. e Mammary epithelial cells
from Nmifl/fl MMTV-neu and Nmi−/− MMTV-neu mice were analyzed
by flow cytometric analysis for the presence of the progenitor popu-
lation. After the exclusion of lineage, positive cells (CD45, CD31, and
Ter119) were sorted for expression levels of CD49f and CD61. Gates
were established according to the fluorescence minus one controls.
Double-positive cells were quantified and plotted as the percentage of
epithelial cells (n= 4 controls and 6 knockouts) *p= 0.03
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mammary glands of carcinogen-treated mice. Glands were
dissected from and whole mounts were performed to
visualize cellularly dense areas. Control mice formed small
lesions with very stark borders that seemed to be confined
and less invasive. In contrast, invasive fronts of pre-
neoplastic lesions in Nmi knockout mice were much more
difficult to visualize because of microscopic projections of
epithelial cells into the surrounding stroma (Supplementary
Fig. 3A). Upon histological examination, dense cell clusters
in knockout mice visually invaded into the surrounding
stroma (Supplementary Fig. 3B). This morphological phe-
notype was also observed in 3D culture where Nmi

knockout organoids form numerous buds extending out into
the surrounding matrix (Fig. 6b).

Projections from individual organoids were visualized
more specifically through phalloidin staining of fibrillar
actin. Overlays show tumor cells at the leading edge of Nmi
knockout organoids extending projections containing
fibrillar actin into the surrounding area (Fig. 6c). The
invasive ability of MMTV-Neu control and knockout cells
was quantified using a Boyden chamber invasion assay.
Single tumor cells from Nmi knockout mice invaded
through Matrigel coated Boyden chambers more effectively
than control counterparts (Fig. 6d).

Fig. 5 Nmi loss enhances spontaneous metastasis of mammary cancer.
aMMTV-Neu Nmi−/− mice displayed early tumor incidence compared
with their littermate controls (n= 26 controls and 25 knockout) *p=
0.00196 by log-rank test. b The growth rate of tumors depicted as
mean tumor diameter was also enhanced in MMTV-Neu Nmi−/− mice
(n= 25 control and 25 knockout). *p< 0.0001 by linear regression
test. c Lung sections from MMTV-Neu Nmifl/fl and MMTV-Neu Nmi
−/− were stained with hematoxylin and eosin. Metastatic dissemination
of the Erbb2 mammary epithelial cells was confirmed using immu-
nohistochemical analysis of serial sections. d Incidence and number of
metastasis in Nmi knockout mice was increased (n= 12 Nmifl/fl, 17

Nmi−/−) *p= 0.02. e Schematic of strategy for generating DMBA/
medroxyprogesterone acetate (MPA)-induced mammary tumors. Nmi
knockout mice were implanted with a 50 mg/90-day release MPA
pellet subcutaneously as 6 weeks of age. At 9, 10, 12, and 13 weeks of
age, 1 mg DMBA was administered orally to induce carcinogenesis. f
DMBA/MPA induced mammary tumors in Nmi−/− mice displayed no
significant difference in tumor incidence compared with their littermate
controls (n= 17 Nmifl/fl and 16 Nmi−/−). g Tumor growth rate did not
differ between control and knockout mice (n= 15 Nmifl/fl and 14 Nmi
−/−). h Nmi knockout mice showed increased lung metastasis/mouse
compared with controls (n= 14 control, 12 KO) *p= 0.02. The pho-
tomicrographs show representative lungs
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Carcinogen and MMTV-Neu induced Nmi null
tumors contain fewer differentiated cell populations
and activated Wnt/β-catenin signaling

The carcinogen-induced model produces heterogeneous
tumors that can be separated into distinct luminal and basal
populations (Supplementary Fig. 4A). Phenotypic char-
acterization of these tumors revealed that the likely tumor-
initiating cell is derived from the basal compartment of the
mammary gland; however, this clone differentiates into
luminal cells, including cells, which express hormone
receptors [13]. Carcinogen-induced tumors from conditional
Nmi knockout mice have an expansion of the basal

population while also exhibiting fewer luminal cells (Fig.
7a), thus indicating that Nmi loss might hamper luminal
differentiation (or skew the balance of differentiation) in
this model as well.

The MMTV-neu model is initiated by a small population
of progenitor cells positive for CD61 and expressing high
levels of CD49f (Supplementary Fig. 4A). This population
is capable of recapitulating a more diverse population of
cells containing a wider array of CD49f and CD61
expression levels in xenograft models indicating that they
differentiate in vivo [14]. It remains unclear whether these
cells are luminal progenitors or early alveolar progenitor
cells. However, previous studies have identified this

Fig. 6 Carcinogen and MMTV-Neu induced Nmi null tumors exhibit
invasive morphological features. a Schematic for establishing 3D
organoid cultures: tumors from control and knockout models were
excised and digested using collagenase (10 mg/mL) and pronase (0.1
mg/mL) at 37 °C to separate tumor cells from the extracellular matrix.
Organoids from tumors were overlaid onto 3D matrix (cultrex) in
chamber slides (Millipore). b Morphologic behavior of control and
Nmi knockout tumor cells was studied in 2 or 3-dimensional growth
conditions. For 2D growth, tumor cells were allowed to attach to
culture dishes and imaged prior to passaging. The 3D organoid cultures
were established as described in the schematic a. Photomicrographs
show phase contrast images of 2D and 3D cultures. The 3D culture
images were captured after 14 days of culture to examine invasive
processes. Scale bar= 100 μM for 2D cultures and 25 μM for 3D
cultures. Green arrows in 2D images indicate smooth/cohesive edges of

colonies whereas red arrows indicate non cohesive/serrated edges.
Branches/organoid in 3D culture were counted and represented as bar
graphs *p= 0.002; N= 6 ko mice and 4 cntrl mice (MMTV-Neu) and
*p= 0.0001; N= 20 organoids per group (DMBA/MPA). c Organoid
cultures from MMTV-Neu Nmifl/fl and MMTV-Neu Nmi−/− were
stained for fibrillar actin (phalloidin) to visualize invasive processes.
DAPI was used to stain nuclei. Representative confocal images of
organoids from control and knockout models are presented. d Tumor
cells from MMTV-Neu control and knockout mice were separated into
single cells using 0.25% trypsin/EDTA and dispase II (5 mg/ml) and
placed (50,000 cells) into Boyden chambers using fibronectin (10 µg/
ml) as a chemoattractant. Cells were allowed 24 h to invade through the
matrigel coated chambers, fixed with 4% PFA and stained with crystal
violet (the experiment was repeated independently) N= 5 control
tumors and 4 knockout tumors. Quantification of invasion is a measure
of the percentage of cells that invaded. *p= 0.001
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population as a specific call type termed “parity-induced
mammary epithelial cells”. MMTV-neu tumors are char-
acteristically homogeneous and represent the luminal, as
well as HER2-enriched molecular subtypes of breast cancer
[15]. Fluorescence-activated cell sorting (FACS) analysis of
tumors from control and knockout mice showed that the
Nmi null tumors contained 25% more CD61+CD49f high
cells compared with control tumors (Fig. 7b). Nmi loss
therefore may be blocking differentiation of this particular
luminal cell population during tumorigenesis in the
MMTV-Neu model.

As Wnt signaling is a critical component of stemness and
maintenance of the basal population in the mammary gland,
we hypothesized that the loss of differentiation following
Nmi knockout was due to β-catenin activity [16]. To discern
whether the activated Wnt signaling seen in pre-neoplastic
glands persisted in the primary mammary tumors, total β-
catenin staining was performed on sections from the
MMTV-Neu and carcinogen-induced models (Fig. 7c, d). In
both cases, Nmi loss increased nuclear β-catenin staining
(approximately 25%) compared with Nmi-expressing con-
trols. The effect of activated β-catenin in carcinogen-

Fig. 7 Carcinogen and MMTV-Neu Nmi null tumors contain less
differentiated cell populations. a Carcinogen-induced tumors were
dissociated into single-cell suspension. These cells were stained with
CD24 and CD29 antibodies to distinguish luminal and basal popula-
tions. (n= 7 Nmifl/fl and 4 Nmi−/−). *p= 0.01. b Mammary tumors
from MMTV-Neu control and knockout mice were dissociated into
single cells and stained for lineage markers (CD61 and CD49f) and
analyzed by flow cytometry. Quadrant gates were positioned based on
positivity of the fluorescence minus one controls; the double-positive
population is plotted as percentage of total epithelial cells. Quantifi-
cation shows a 25% increase in CD61 CD49f double-positive cells in
the knockout tumors compared with control (n= 4 MMTV-Neu
Nmifl/fl and 7 MMTV-Neu Nmi−/−). *p= 0.01. Immunohistochemical
staining of β-catenin in c carcinogen-induced tumors n= 4 Nmi−/− and
7 Nmifl/fl mice p= 0.01 and d MMTV-neu model was performed. The

sections were scored for percent nuclear l3-catenin. *p= 0.0001; N= 4
MMTV- Neu Nmifl/fl and 7 MMTV-Neu Nmi−/−. e DMBA/MPA
carcinogen-induced tumors from Nmifl/fl and Nmi−/− genetic back-
ground were evaluated for their histological categories. Photo-
micrographs representing the four major histologic categories are
shown. Stacked bar graph represents the percent abundance of specific
histological category. f The TCGA data set of breast invasive carci-
noma (BRCA, n= 880) were downloaded and used for generation of
the heat map and correlation coefficients. The FPKM-normalized
values were used and hierarchical clustering was performed on samples
by using PARTEK genomic suite (PGS, St. Louis, MO, USA). The
NMI expression was shown as ranked from low (blue) to high (red).
Only those samples with NMI expression ranked as top or low 25% (n
= 440) were used. Pearson correlation methods were used to generate
correlation coefficients (r)
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induced Nmi tumors produced a significant difference in the
histological subtype of tumors formed. Seventy percent of
carcinogen-induced Nmi knockout tumors exhibited squa-
mous differentiation (Fig. 7e). Interestingly, the effect of
active β-catenin on squamous differentiation of normal
mammary epithelium and mammary tumors has been
observed previously by numerous groups [9, 17]. These
results suggest that loss of Nmi augments an activation of
Wnt/β-catenin signaling, which maintains the cells in a
dedifferentiated state ultimately leading to the formation of
mammary tumors with squamous differentiation.

We queried TCGA data set for breast invasive carcinoma
to evaluate if displays an activation of Wnt signaling in
correlation with loss of NMI expression. Interestingly, we
observed a broad impact of NMI loss on Wnt/β-catenin
signaling. Expression of secreted Wnt inhibitors, Dkk1 and
SFRP1, was directly correlated with NMI levels in breast
tumors, whereas the Wnt ligand, Wnt3, expression inversely
correlated with NMI levels. Interesting correlations with
Wnt/β-catenin signaling target genes were also revealed.
Cyclin D1, a bona fide target of β-catenin transcription and
neuronal cell adhesion molecule (NRCAM) another known
target of β-catenin-driven transcription showed inverse
correlation with NMI expression. Cyclin-dependent kinase
inhibitor 2A (CDKN2A) has been shown to be down-
regulated by active Wnt signaling and that showed a direct
correlation with loss of NMI expression (Fig. 7f).

Discussion

The mammary ductal tree is a highly dynamic structure that
develops largely postnatally. Although many studies have
focused on elucidating mechanisms of normal mammary
development, only a limited number of studies have focused
on how aberrations in this developmental process contribute
to breast cancer initiation and progression. In vivo investi-
gations of the mammary epithelial lineage have determined
that lineage restricted stem/progenitor cells give rise to the
luminal and basal compartments of the mammary ductal
tree [18]. Detailed characterization and molecular profiling
of these compartments have identified similarities between
populations within the epithelial hierarchy and different
molecular subtypes of breast cancer [19]. Gene expression
studies have shown that most subtypes of breast cancer arise
from the luminal lineage, and therefore it is essential to
further understand the process of luminal differentiation, as
well as critical molecules that contribute to the function of
luminal cells [19].

Nmi impacts multiple signaling pathways in a context-
dependent manner [3, 20]. In particular, recent work from
Zhao et al. shows divergent results in hepatocellular carci-
noma where knockdown of Nmi may inhibit pulmonary

metastasis, an interesting observation that highlights the cell
and tumor type-specific role of Nmi in cancer [21]. Our
study brings to light very important contributions of Nmi
expression in mammary development and defines a phe-
notypic consequence of its loss on tumor progression and
metastasis. We have studied this in various models that
were generated to interrogate the consequence of absence of
Nmi. We observed that Nmi knockdown in murine mam-
mary epithelial cells, HC11, renders them incapable of
proper differentiation. In agreement with this, the Nmi
knockout mice show an increased progenitor population
(25% increase); more specifically, the parity-induced
mammary epithelial cells (PI-MECs) are increased.
Through careful characterization of our mammary-specific
Nmi knockout model, we demonstrate that Nmi has a dis-
tinct role of restricting Wnt/β-catenin signaling in vivo,
particularly in PI-MECs that make up a component of the
luminal lineage.

Evidence from multiple studies supports the notion that
tertiary buds and their subsequent alveolar counterparts are
niches for cells with stem-like properties [22, 23]. More-
over, in vivo reporter assays confirmed the presence of
mammary stem cells in alveolar buds during early and mid
pregnancy [24, 25]. Prior to the onset of pregnancy, mam-
mary glands are exposed to cycling ovarian steroid hor-
mones, which results in the formation of numerous tertiary
buds, the precursors to alveoli, during diestrus. In limiting
dilution assays, epithelial cells from glands in diestrus had a
significantly greater capacity for repopulation upon trans-
plant into cleared fat pads compared with cells isolated from
glands in estrus [22]. These studies support a theory that
tertiary buds and alveoli formation are concomitant with an
expansion of cells with stem-like characteristics.

Wnt signaling is a critical determinant of the balance
between proliferation and differentiation of the mammary
ductal epithelium [26]. Activated Wnt/β-catenin signaling
has been implicated and extensively studied in mammary
cancer. However, the key contributions of Wnt regulators
(modulators) during mammary gland development and
cancer progression have been less understood. Interestingly,
aberrations in mammary epithelial differentiation caused by
Nmi loss results in a precocious alveolar phenotype similar
to that phenotype observed in models of activated β-catenin
signaling [8, 19]. Results from BAT-gal mice in the back-
ground of heterozygous and homozygous deletion of Nmi
confirm that Nmi loss enhances active Wnt/β-catenin sig-
naling in the mammary epithelium. Molecularly, NMI
expression in patients positively correlates with Dkk1 and
SFRP1, two potent secreted inhibitors of Wnt/β-catenin
signaling. Dkk1 has a prominent role in mammary devel-
opment, and when ectopically expressed can completely
abolish the formation of the ductal tree during embry-
ogenesis [27]. Similarly, SFRP1 expression changes also
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have profound effects on mammary development. Interest-
ingly, Nmi knockout mice phenocopy SFRP1 knockout
mice through the development of a precocious alveolar
phenotype. Without SFRP1 expression nonparous mam-
mary glands exhibit clear lobulo-alveolar development [28].
Furthermore, both Dkk1 and SFRP1 suppress autocrine
Wnt signaling in breast cancer cells [29]. In addition to
positively correlating with Wnt inhibitor expression, NMI
levels in patient tumors inversely correlate with expression
levels of Wnt3 ligand, a factor that is known for imparting
self-renewal capabilities to mammary epithelial cells [30].
CCND1, CDKN2A, and NRCAM are all established Wnt/
β-catenin target genes. Although CCND1 and NRCAM are
reported to be upregulated by β-catenin, CDKN2A is
downregulated with active Wnt signaling [31–33]. Our data
show that low NMI levels in patient breast tumors corre-
sponds to increased CCND1 and decreased CDKN2A, a
result of which would profoundly impact cell cycle pro-
gression. In concordance with these findings, our model
shows that mammary-specific Nmi loss does accelerate
tumor growth on the MMTV-Neu background and early
tumor incidence in both carcinogen, as well as MMTV-Neu
models.

Congruent with our findings, Wnt/β-catenin signaling
activation was seen in Nmi knockout model during lacta-
tion, as well as in tertiary buds of MMTV-Neu/Nmi−/−

glands. Wnt responsiveness has previously been observed
within the myoepithelial and stromal compartments of the
pubertal mammary gland [30]. Moreover, Wnt signaling
was recently implicated in facilitating early dissemination
and metastasis in the MMTV-Neu model [34, 35]. These
recent studies represent an evolution of our understanding
of the metastatic cascade and underscore the need for fur-
ther investigate genetic regulators of drivers of tumor pro-
gression in order to design efficacious drugs to target
metastasis.

Luminal progenitor cells are thought to give rise to all
molecular subtypes of breast cancer except claudin low
tumors [36]. Thus, luminal progenitor cells contribute to a
substantial amount of metastatic breast cancers and it is
essential to understand how these cells contribute to tumor
progression. Spontaneous mammary tumor models have
provided mechanistic insight into the impact of luminal
differentiation on metastasis. The MMTV-PyMT sponta-
neous tumor model forms exclusively luminal tumors, and
has one of the highest metastatic rates of any model of
mammary tumorigenesis. Moreover, abrogating luminal
differentiation by knocking out critical luminal cell fate
transcription factors GATA-3 and ELF5 leads to sig-
nificantly enhanced metastasis in vivo [37–39].

Overall our study shows that understanding the nature of
normal mammary epithelial cell development will give

insight into tumor behavior and characteristics. This will
open the possibility to identify novel therapeutic targets.

Materials and methods

Animals

K-14 Cre (B6N.Cg-Tg(KRT14-cre)1Amc/J, stock no:
018964), MMTV-Neu (FVB/N-Tg(MMTVneu)202Mul/J,
stock no: 002376), and BAT-Gal (B6.Cg-Tg(BAT-lacZ)
3Picc/J, stock no. 005317) mice were purchased from
Jackson Labs. All mice were bred and maintained in the
University of Alabama at Birmingham (UAB) Animal
Facility in accordance with the guidelines of the IACUC. In
the article, use of −/− notation means that the animals are fl/
fl, cre+and knockout confirmed.

Studies with carcinogen-induced mammary tumor
model

To induce tumors with carcinogen, 6-week-old control and
Nmi knockout FVB/N mice were subcutaneously implanted
with a 50 mg/90-day release medroxyprogesterone acetate
pellet (Innovative research of America, Sarasota, FL). At 9,
10, 12, and 13 weeks of age, mice were administered 1 mg
DMBA dissolved in sesame oil by oral gavage. Tumor
growth was measured three times weekly with digital cali-
pers and reported as mean tumor diameter. All experiments
were conducted with the approval, and according to the
guidelines of the UAB-IACUC.

Antibodies

The following antibodies were used: β-catenin 6B3 rabbit
mAb (1:5000), Ki67 D3B5 rabbit mAb (1:500) (Cell Sig-
naling Technology, Boston, MA, USA), β-casein M-14
(1:5000) (Santa Cruz Biotechnology), phospho β-catenin
serine 552 (1:1000) (Cell Signaling Technology), and β-
actin mouse monoclonal antibody (1:100 000) (Sigma
Aldrich, St Louis, MO, USA).

Histology and whole mounting of mammary glands

Mammary glands were fixed in 4% paraformaldehyde,
embedded in paraffin, sectioned, and stained with H&E. For
whole-mount analysis, inguinal mammary glands were
dissected from mice of the indicated stage of mammary
development, and fixed using Carnoy’s fixative for 1 h at
room temperature. Glands were then stained in carmine
aluminum stain overnight at room temperature, dehydrated
through graded ethanols (70, 80, 90, and 100% for 1 h at
room temperature), and cleared in xylene overnight. Glands
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were mounted using Permount (Fisher Scientific) mounting
medium.

Immunohistochemistry and immunofluorescence

Immunohistochemical detection of Nmi was performed
using the Dako Envision Dual Link System-HRP system
with the labeled polymer-HRP anti-rabbit (Dako). Sections
(5 µm) were immunostained with the Nmi antibody at a
dilution of 1:200 overnight at 4 °C after antigen retrieval.
Immunofluorescence was performed on formalin-fixed
paraffin-embedded (FFPE) sections using Alexafluor sec-
ondary detection reagents and mounted with Vectashield
mounting medium (Vector Labs, Burlingame, CA, USA).
Images were captured using a Nikon Eclipse Ti inverted
microscope (Nikon, Tokyo, Japan).

X-gal staining

Mammary glands were dissected, fixed in 2% paraf-
ormaldehyde (PFA) with 0.2% glutaraldehyde at room
temperature before embedding in optimal cutting tempera-
ture (Tissue-Tek® O.C.T.). Sections (20 μm) were cut and
washed three times with phosphate-buffered saline (PBS)
0.02% NP40, 0.01% Na deoxycholate (Sigma Aldrich), and
2 mM MgCl2 for 2 min. X-gal staining (1 mg/ml) was per-
formed at 37° overnight in a humidified chamber in the
dark. Sections were counterstained with nuclear fast red
(Sigma Aldrich) and dehydrated through graded ethanols
before mounting in cytoseal (Richard Allen Scientific).

Alveologenesis assay and 3D culture

Mammary epithelial cells were isolated from 12- to 14-
week-old nonparous mice and embedded (200 organoids
per well) in Matrigel (BD Biosciences, San Jose, CA) in a
96-well plate, and allowed to solidify for 30 min. Organoid
growth medium (150 μl per well, Dulbecco’s modified
Eagle’s medium (DMEM)/F12, 5% fetal bovine serum,
insulin-transferrin-sodium selenite (ITS) (Sigma Aldrich),
gentamycin (50 µg/ml), penicillin/strepomycin, fungizone
(Life Technologies, Carlsbad, CA, USA) was overlaid and
incubated for 24 h. Alveologenesis medium (DMEM/F12,
ITS, gentamycin (50 µg/ml), pen/strep, fungizone) including
growth factors (9 nM FGF10 (Life Technologies), 9 nM
bFGF, 9 nM TGFa, and 9 nM recombinant mouse prolactin
(Sigma Aldrich)) was added, and replaced every third day.
Images were captured on the seventh day after seeding.

RNASeq analysis

Global RNAseq analysis from enriched mammary epithelial
organoids from L1 was performed. Second and third

mammary glands were used from wild-type and Nmi
knockout mice (three mice per group) on the first day of
lactation, minced and dissociated in digestion medium
(Hank’s balanced salt solution containing collagenase I
(Sigma Aldrich) (1 mg/ml) and Pronase (Sigma Aldrich)
(0.1 mg/mL) for 2 h at 37 °C with shaking. Epithelial
organoids were washed in PBS and enriched by pulse
centrifugation to 1500 rpm at least three times before sub-
sequent assays. mRNA sequencing was performed on the
Illumina HiSeq2500 using the latest versions of the
sequencing reagents and flow cells. The quality of the total
RNA was assessed using the Agilent 2100 Bioanalyzer.
Total RNA with a RNA integrity number (RIN) of ≥7.0 was
used for the RNA library prep that started with two rounds
of poly A+selection to isolate the mRNA. The SureSelect
Strand-Specific mRNA library generation kit was used as
per the manufacturer’s instructions (Agilent, Santa Clara,
CA, USA) to generate the sequence ready libraries. The
complementary DNA libraries were quantitated using
quantitative PCR in a Roche LightCycler 480 with the Kapa
Biosystems kit for library quantitation (Kapa Biosystems,
Woburn, MA, USA) prior to cluster generation. mRNA
sequencing was done on the Illumina HiSeq2500 with
onboard clustering by loading 11 pM of the pooled libraries
and paired end 50 bp sequencing by standard techniques
(Illumina, Inc., San Diego CA, USA). Approximately 30
million reads were generated per sample. The accession
code for the RNA Seq data deposited in GEO database is
GSE104238.

Invasion assay

Epithelial cells from mammary tumors were harvested from
MMTV-Neu Nmi knockout and control mice and dis-
sociated into single cells using 0.25% trypsin/EDTA and
dispase II (5 mg/ml, Sigma). In each invasion chamber,
50,000 cells were seeded. Cells were allowed to invade
through Matrigel coated 8 µM polyethylene terpthalate fil-
ters (BioCoat™ Matrigel Invasion Chambers, BD Phar-
mingen) for 16 h followed by fixing in 4% PFA and staining
with 0.05% crystal violet. Fibronectin (10 µg/mL) was used
as a chemoattractant.

Flow cytometry

FACS analysis was done using an Attune Nxt flow cyt-
ometer (Thermo Fisher). Mammary epithelial cells were
dissociated into single cells using 0.25% trypsin/EDTA and
Dispase II (5 mg/ml, Sigma) and stained with with the
following antibodies: CD24-PE, CD49f-FITC (BD Bios-
ciences) CD61-APC, CD14-FITC, CD29- Alexa700, Sca-1-
BV510, and CD117-BV405 (Biolegend, San Diego, CA,
USA).
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Statistical analysis

The results were reported as mean±s.d. or mean±s.e.m.,
and are indicated in the figure legends. A two-sided
unpaired t-test was used for comparison among different
data sets unless otherwise specified. Log-rank test was used
for Kaplan–Meier curve analysis of tumor-free mammary
glands. Data were plotted using GraphPad Prism (La Jolla,
CA, USA). The observations were rendered statistically
significant for p < 0.05. To calculate the necessary sample
size for proposed experiments, we considered an analysis of
variance model with two groups. If we are planning for N=
12 mice per group. For an effect size of 0.57, this sample
size will be sufficient to provide 80% power at significance
level of 0.05 (using NQuery Advisor). Prior to any analyses,
the first step consisted of a check of data quality. The data
were examined for outliers, and consistency between
replicates. Data were summarized using descriptive statis-
tics (mean, standard deviation, median, minimum, and
maximum values) for continuous variables and tables of
counts and frequencies for categorical variables. For com-
parisons of central tendencies, normally distributed data sets
were analyzed using unpaired two-sided Student’s t-tests
under assumption of equal variance. Non-normally dis-
tributed data sets were analyzed using non-parametric
Mann–Whitney U-tests. The normality of data set was
evaluated visually using Q-Q plots and tested statistically
using Shapiro–Wilk tests. The metastasis counts and other
comparative studies (mammary ductal area, branching etc.)
were verified by independent counting by a blinded
investigator.
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