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Abstract

Postnatal development of the mammary gland relies on
the maintenance of oriented cell division and apicobasal
polarity, both of which are often deregulated in cancer. The
microtubule (MT) network contributes to control these pro-
cesses; however, very little is known about the impact of
altered MT dynamics in the development of a complex organ
and on the role played by MT-interacting proteins such as
stathmin. In this study, we report that female stathmin knock-
out (STM KO) mice are unable to nurse their litters due to
frank impairment of mammary gland development. In
mouse mammary epithelial cells, loss of stathmin compro-
mised the trafficking of polarized proteins and the achieve-
ment of proper apicobasal polarity. In particular, prolactin
receptor internalization and localization was altered in STM
KO mammary epithelial cells, leading to decreased protein
stability and downmodulation of the Prl/PrlR/STAT5 signal-

ing pathway. Absence of stathmin induced alterations in
mitotic spindle orientation, accumulation of mitotic defects,
and apoptosis, overall contributing to tissue disorganization
and further decreasing the expansion of the mammary epi-
thelial compartment. Loss of stathmin in MMTV-D16HER2
transgenic mice decreased the incidence and increased the
latency of these very aggressive mammary carcinomas. Col-
lectively, these data identify the essential mammary protein
stathmin as protumorigenic and suggest it may serve as a
potential therapeutic target in breast cancer.

Significance: Stathmin expression is critical to maintain
oriented cell division and apicobasal polarity in normalmam-
mary glands and to establish a protumorigenic program that
eventually sustains HER2-positive breast cancer formation in
mice.

Introduction
The mammary gland is a highly dynamic and adaptive organ

that completes its morphologic development postnatally, during
puberty and pregnancy (1). The integrity of the mammary gland
relies on themaintenance of oriented cell division and apicobasal
polarity and the preservation of these characteristics is essential
not only for mammary gland functionality, mainly during lacta-

tion, but also for preventing breast cancer. Accordingly, the study
of the mammary gland normal development represents an excel-
lent model for studying the mechanisms underlying tumorigen-
esis (1, 2).

Stathmin 1 (hereafter stathmin) is a microtubule (MT)-
destabilizing protein and, as such, it is critically involved in
the regulation of mitosis, vesicular trafficking, and cell motility.
At the onset of mitosis, stathmin is phosphorylated by Aurora B
kinase and cyclin-dependent kinases, to allow for correct for-
mation of mitotic spindle (3). At the end of mitosis, the mitotic
spindle is disassembled and stathmin activity is turned on by
dephosphorylation events, eventually triggering the microtu-
bule catastrophe and the correct division of the two daughter
cells. Achievement of a balance between MT-stabilizing and
-destabilizing activities in the cell is critical to properly orient
the mitotic spindle and avoid mitotic aberrations (4).

During interphase, MTs are implicated in the maintenance of
the epithelial polarity, because MT orientation along the apico-
basal axis directs intracellular trafficking and MTs serves as tracks
for cargos, such as organelles and vesicles (5). Accordingly, the
inhibition of MT-dependent transport by taxol, dynamin, or
dynein inhibitors impairs the full activation of intracellular sig-
naling cascades, such as the Ras/MAPK pathway. Stathmin is
involved in this process and its activity needs to be finely tuned
for proper Ras recycling and activation (6).

Although dispensable for mouse tumor onset during chemical
carcinogenesis of the muscle, bladder, and skin (7), stathmin is
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highly expressed in several types of human tumors, including
breast cancer, and its high expression correlates with more malig-
nant behavior of the tumor and poor prognosis of the patients
(8, 9).

Stathmin role during mammary gland maturation and breast
cancer onset has never been investigated, so far. Here, by breeding
and characterizing stathmin knock-out female mice, we have
investigated the role of stathmin during mammary gland devel-
opment and, by intercrossing themwith the D16HER2 transgenic
mice, we have explored its involvement in mammary tumorigen-
esis. TheD16HER2 is a splice variant ofHER2 lacking exon 16 that
has been frequently detected in human breast carcinomas. When
expressed in the MMTV-D16HER2 transgenic mouse model,
D16HER2 displays a greatly enhanced transforming activity com-
pared with wild-type HER2 (10).

Here, by investigating the role of stathmin during mammary
morphogenesis, we discover that stathmin expression is necessary
for both normal mammary gland postnatal development and for
D16HER2-driven tumor onset.

Materials and Methods
Study approval

Animal experimentation was approved by the Italian Ministry
of Health (#616/2015-PR) and by our Institutional Animal Care
and Use Committee (OPBA). In vivo experimentation was con-
ducted strictly complying with OPBA and internationally accept-
ed Institutional Animal Care and Use Committee guidelines for
animal research and with the 3R principles.

Animal experimentation and ex vivo analyses
FVB stathmin knock-outmice (STMKO)were housed and bred

as described previously (7). MMTV-D16HER2 mice were gener-
ated and previously characterized (10) and were housed in our
animal facility.Detailedprotocols canbe found inSupplementary
Information.

Apoptosis and immunofluorescence
Detection of apoptosis was performed by TUNEL assay, using

In Situ Cell Death Detection Kit, AP (Roche) or by propidium
iodide uptake in live culture (11). Immunofluorescence analyses
were performed on cultured cells and mammary acini grown in
3D cultures, as described previously (11–14). Detailed protocols
can be found in Supplementary Information.

Mitotic spindle orientation measurements
In mammary glands and in cells grown in 3D matrix, the

mitotic spindle orientation was measured in sections stained for
pSer10 Histone H3 (pSer10-H3), a-tubulin, and nuclei, as
reported by others (15–17). Detailed protocols can be found in
Supplementary Information.

Cell culture, qRT-PCR, and Western Blot analyses
BPE-3 cells were purchased from Live Tissue Culture Service

Center (LTCC; LTCC@med.miami.edu) and grown in BMI-P
medium (LTCC), supplemented with cholera toxin 100 ng/mL
(Sigma), as published previously (18) and strictly following all
manufacturer's instructions. NMuMG cells were a kind gift of Dr.
Andrei V. Bakin at Roswell Park Comprehensive Cancer Center
(Buffalo, NY; ref. 19) and grown in DMEM (Sigma) and sup-
plemented with 10%FBS (Carlo Erba). BPE-3 andNMuMG cells
were expanded and frozen immediately into numerous aliquots

immediately after their arrival. Cells revived from the frozen
stock were then used for 4 to 6 passages and, however, not
exceeding a period of 1month. HEK293 cells (ATCC) and 293FT
cells (Invitrogen, Thermo Fisher Scientific) were used for ade-
noviral or lentiviral production and grown in DMEM supple-
mented with 10% FBS (Carlo Erba). All cell lines were routinely
tested to exclude Mycoplasma contamination (MycoAlert,
Lonza). Human cell lines were authenticated by short tandem
repeat (STR) analysis in 2018, according to PowerPlex 16 HS
System (Promega) protocol and using GeneMapper software 5
(Thermo Fisher Scientific) to identify DNA STR profiles. Stath-
min-silenced cells were generated by adenoviral or lentiviral
system, as indicated. The adenoviral system used to silence
stathmin expression has been described elsewhere (20, 21).
RNA from mammary tissue or cells was extracted using TRIzol
reagent (Invitrogen). Protein lysates and Western blot analyses
were performed essentially as described previously (22).
Detailed protocols can be found in Supplementary Information.

Time-lapse microscopy
To evaluate mitosis duration and mitotic defects associated

with cell death, stathmin-silenced or controlNMuMGcloneswere
seeded in 12-well plate (7.5� 104 cells/well) and video-recorded
for 16 hours at 37�C with controlled humidity and CO2 concen-
tration, using timelapse AF6000LX workstation (Leica). Images
were collected every 5 minutes, using a 20� objective. Video was
generated assembling the images with the Volocity software
(PerkinElmer), as described previously (6, 23).

Colony and soft-agar assay
NMuMG D16HER2–expressing cells, silenced or not for stath-

min, were seeded and incubated in complete medium. After 2
weeks, crystal violet–stained colonies or soft-agar colonies were
manually counted, as described previously (12, 24). Detailed
protocols can be found in Supplementary Information.

Gene expression profiling and data mining tools
Gene expression profiling (GEP) were performed essentially

as described previously (25). Briefly, RNA from mammary
glands of 13 weeks old D16HER2-WT and -STM KO mice was
extracted using TRIzol and purified in columns of RNEasy kit
(Qiagen). GEP was performed with 150 ng total RNA labeled
with cyanine (Cy)-3 dye. Cy3-labeled RNA was hybridized to
the Whole Mouse Genome (4 � 44 K) oligo microarray
(Agilent Technologies) and analyzed with an Agilent Micro-
array Scanner (Agilent Technologies) and with the Agilent
Feature Extraction Software 10.7.3 (Agilent Technologies), as
reported previously (25). After preprocessing and prefiltering
steps, the final dataset was subjected to supervised analyses
using GeneSpring (Agilent Technologies). Gene expression
profile results were visualized by hierarchical clustering apply-
ing Ward's method with Euclidean distance. Microarray data
have been deposited in NCBI Gene Expression Omnibus
(GEO) repository (#GSE121088).

Statistical analyses
Statistical significance, means, median, and SD were deter-

mined by using GraphPad PRISM software (version 6.01), using
the most appropriate test, as specified in each figure. Significance
is indicated by a P < 0.05. More details on the statistical methods
can be found in Supplementary Information.
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Results
Stathmin KO female mice display severe lactation defects

Stathmin (STM) KO mice are viable and do not exhibit overt
developmental abnormalities, as previously reported by our
group and others (25, 26). However, we observed that litter born
from STM KO female mice very frequently died one-day post-
partum (Fig. 1A). This phenotype was not strain dependent
(Supplementary Fig. S1A) and was mitigated after the second
pregnancy, when the number of viable litters born from STM KO
mice reached approximately 50% (Fig. 1A, graph). No macro-
scopicmorphologic defectswere observed in pups born fromSTM
KOmice, but examination of their stomach showed that no milk
was present, suggesting that STM KO females failed to nurse (Fig.
1A, pictures).

On the basis of this phenotype, we decided to study in more
detail themorphology ofmurinemammary glands (MMG) inWT
and STM KO mice. We collected the inguinal MMG from prepu-
bertal (5 weeks of age), adult virgin (9–11 weeks of age), day 13.5
of pregnancy, andone-daypostpartum(lactation) femalemice. At
all stages analyzed, but in particular during pregnancy and lac-
tation, STM KO mice exhibited a delay in mammary develop-
ment, displaying lower number of branches and side ramifica-

tions (Fig. 1B). In WT animals, alveolar structures of lactating
MMGwere clearly turned intomilk-secreting lobules covering the
entire mammary fat pad, while in STM KO mice, they were still
immature and displayed abundant adipose tissue in the inter-
ductal spaces (Fig. 1B, bottom)with the area covered by epithelial
mammary structures significantly reduced (Fig. 1C; Supplemen-
tary Fig. S1B). In accord with these results, during pregnancy and
lactation, stathmin RNA and protein expression strongly
increased in WTMMG (Fig. 1D and E) and other stathmin family
members did not compensate for stathmin loss in STM KOMMG
(Supplementary Fig. S1C).

Together, these results suggest that stathmin plays a critical role
in normal MMG postnatal development.

Loss of stathmin reduces the proliferative rate of mammary
epithelial cells

We next determined whether loss of stathmin affected the
proliferation and/or apoptosis of mammary epithelial cells. At
all stages analyzed, STM KO MMG showed a decreased prolifer-
ation rate in comparison with WT ones (Fig. 2A; Supplementary
Fig. S2A) and an increase in apoptosis (Fig. 2B; Supplementary
Fig. S2B). These results were also confirmed in vitro, using mouse

Figure 1.

Loss of stathmin impairs mouse mammary gland development. A, Graph reports the percentage of viable litters born fromWT or STM KO female mice in the first or
following pregnancies, as indicated. Litters were considered viable when at least one pup was nursed and survived. Bottom, representative pictures of pups
born from WT (left) or STM KO (right) dam are reported. Dashed line highlights the pup stomach, with or without milk inside. Data from C57/BL6 and FVB mouse
backgrounds were merged together and at least 25 litters/genotype were evaluated. B, Whole mount of mammary glands collected from WT (top) and
STMKO (bottom) femalemice at different phases of development: prepubertal stage (5weeks of age), adult virgin (9–11 weeks of age), during pregnancy (day 13.5 of
gestation), and during lactation (one day postpartum). At least four mice/stage/genotype were analyzed. C, Quantification of epithelial coverage per area (ducts
and alveoli) in hematoxylin and eosin–stained mammary gland sections (shown in Supplementary Fig. S1A), collected at the same developmental stages
described in B. Images were taken with a 5� objective and quantified with the ImageJ software. D, qRT-PCR analysis of stathmin transcript level in WT mammary
glands, collected at the indicated stages. E, Representative Western blot analysis of stathmin protein level in lysates from WT and KO mammary glands,
collected at the indicated stages. Ponceau staining was used as loading control. From B to E, results are from n ¼ 4 samples/stage. In all graphs, significance was
calculated by Student t test and is indicated by a P < 0.05.
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Figure 2.

Loss of stathmin decreases proliferation and altersmitotic spindle orientationofmammary epithelial cells.A,Graph reports the percentage of Ki67-positive cells, evaluated
by IF, in mammary glands from WT and STM KO female mice, collected at the indicated stages. B, Histogram displays the percentage of apoptotic cells, evaluated
by TUNEL assay, in mammary tissue collected fromWT and STM KO mice during pregnancy and lactation. In A and B, results are from n ¼ 4 samples/stage/genotype.
At least 10 fields/section from 63� pictures were scored. C, Immunoblot analysis of indicated proteins in NMuMG cells transduced with adenoviral particles expressing
shCTR or shSTM, serum starved and released in complete medium for the indicated times. Tubulin was used as loading control. Arrow, specific stathmin band.
Asterisk, nonspecific band. D, Acini formation assay in 3D Matrigel of human breast primary epithelial cells (BPE-3) silenced for stathmin (shSTM) or not
(CTR). TendaysafterMatrigel embedding, thenumber of colonies/fieldwascounted.E,Colonyareaofexperiment described inDmeasuredusing theVolocity software and
expressed in arbitrary units (A.U.). Each dot corresponds to one colony. F and G, Graphs report the duration of mitosis (F) and the number of cells unable to successfully
resolve mitosis and dying over the total number of mitoses/field (G) evaluated by time-lapse microscopy in CTR and shSTM NMuMG, serum starved, and
released in complete medium and recorded every 5 minutes for 16 hours. For calculating the duration of mitosis, at least 30 mitotic events/clone were measured. Three
different silenced clones were tested in both experiments. H, Graph (top) and representative images (bottom) reporting the percentage of aberrant mitoses in
CTR and shSTMNMuMG, serum starved, released for 18 hours in completemedium, and analyzedby immunofluorescence.Multi-centrosomeormitoseswith alteredmitotic
spindle orientation (rotated) were counted in three different clones. Cells were immunostained with g-tubulin (green), a-tubulin (red), and nuclei (TO-PRO-3, blue).
Scale bars, 11 mm. I, Graph (top) and representative images (bottom) reporting the percentage of cells showing a mitotic spindle angle higher or lower than 70�,
evaluated in CTR and shSTMBPE-3 cells, grown in 3DMatrigel. The anglewas calculatedmeasuring the intersectionof a line drawnbetween the spindle poles (spindle axis)
and a line drawn from the acini centroid to themidpoint of the spindle axis. The 3D acini were immunostained for pSer10-H3 (red),a-tubulin (green), and nuclei (TO-PRO-3,
blue). Confocal imagesofmetaphase or anaphasemitotic cellswere collected and analyzed using the ImageJ software. Scale bars, 11mm. J,Graph reports the quantification
of 3D colonies presenting NMuMG cells (control and shSTM, as indicated) uptaking the propidium iodide in live culture. Values indicate the percentage of positive colonies
over the number of total colonies. K, Graph reports the quantification of mitotic cells/field in WT and STM KO mammary glands collected during pregnancy
and lactation. Sectionswere stained for pSer10-H3 and positive cells were counted from63� images. Results are from n¼ 4 samples/stage. At least 10 fields/sectionwere
scored and counted. L, Left, graph reports the percentage of cells showing amitotic spindle angle higher or lower than 30� , evaluated inmammary gland sections fromWT
and STM KO mice during lactation. The angle was calculated measuring the intersection between the spindle axis of mitotic cells and the basement membrane.
Right, representative imagesshowthe immunostaining forpSer10-H3(red),a-tubulin (green), andnuclei (TO-PRO-3, blue). Scalebars, 10mm.Whennototherwisespecified,
n ¼ 3 independent experiments were conducted. In all graphs, significance was calculated by Student t test or Mann–Whitney test, as appropriate, and is
indicated by a P < 0.05.
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and human normalmammary epithelial cells (NMuMGandBPE-
3; ref. 18), silenced for stathmin (shSTM) or not (control, CTR).
When challenged with serum starvation and release, stathmin-
silenced cells displayed a pronounced upregulation of apoptotic
markers, as measured by cleaved caspase-3 levels (Fig. 2C). When
grown in 3D Matrigel, both number and area of the mammary
acini reflected what observed in vivo and loss of stathmin led to a
significant decrease in the ability to form colonies (Fig. 2D and E,
for BPE-3 cells; Supplementary Fig. S2C-S2F, for NMuMG cells).

These data suggest that stathmin is important for achieving the
right level of proliferation and survival in the mouse mammary
epithelial cell compartment, particularly during those develop-
mental stages, such as pregnancy and lactation, in which great
expansion is needed.

Stathmin controls mitotic duration and spindle orientation in
dividing mouse mammary epithelial cells

Stathmin expression and function is necessary for the comple-
tion of a successful mitosis, both in normal and tumor-derived
cells (21, 27). Maintenance of proper cell division is fundamental
for preserving correct polarity in the mammary epithelial com-
partment (15, 28, 29). We thus analyzed by time-lapse micros-
copy the progression through the cell cycle of NMuMG cells in
culture. shSTM cells showed a significant delay in the time
required to progress from cell round-up to cytokinesis and, as a
consequence, the duration of their mitosis almost doubled the
one of CTR cells (Fig. 2F).When counting cells thatwere unable to
successfully resolve the mitosis, we could appreciate that stath-
min-silenced cells died significantly more than control cells
and were continuously cleared out from the culture (Fig. 2G;
Supplementary Video S1 and S2).

Thus, we more carefully investigated the mitoses of prolif-
erating shSTM cells and noted that the outcome was often
aberrant. In 2D culture, where the mitotic spindle orientation is
roughly parallel to the substrate plane (30), we observed an
increased number of cells displaying misaligned spindle and/or
multi-centrosomes when stathmin was silenced (Fig. 2H). In
3D culture, where orientation of the spindle is critical for the
formation of correctly polarized mammary acini (16, 17), we
observed that in control acini the majority of spindles were, as
expected, oriented perpendicular to the lumen (i.e., angle
�70�), whereas in stathmin-depleted cells, spindle orientation
was randomized and the percentage of spindle oriented per-
pendicular to the lumen was reduced to 14% (Fig. 2I). As a
consequence, the acini formed by stathmin-silenced cells dis-
played significantly higher apoptotic rate than those of control
cells (Fig. 2J).

Importantly, the same findings were recapitulated in the
mammary gland, in vivo. Significantly fewer cells were positive
for the mitotic marker pSer10-Histone H3 in STM KO MMG
(Fig. 2K). As expected, 86% of the mitotic cells in normal
mammary glands displayed their spindles oriented parallel to
the basement membrane (angle 0�–30�; ref. 15), whereas only
22% of STM KO mitotic cells fell into this category and the
majority exhibited abnormal spindle orientation with an angle
�30� (Fig. 2L).

These data indicate that loss of stathmin in mouse mammary
epithelial cells results in alteration of spindle orientation, in
mitotic aberration anddelayedmitosis completion,which togeth-
er possibly lead to increased cell death and, eventually, reduced
mammary cell expansion.

STM KO mammary glands display a disordered organization
An altered mitotic division is likely to impact on the architec-

ture of the wholemammary gland (31). Accordingly, while inWT
MMG, we observed the typical organization of the mammary
epithelium, with ductal structures composed by an outer layer of
myoepithelial cells (cytokeratin 14, in green) and an inner layer of
luminal cells (cytokeratin 8, in red) that delineate the lumen, at all
stages of development (Fig. 3A, for the lactation stage, and
Supplementary Fig. S3, for all other stages), MMG collected from
STM KO mice displayed poorly organized structures, in which
bilayeredductswere hardly detectable andoccasionallyfilledwith
both luminal and myoepithelial cells (Supplementary Fig. S3).
This phenotype was exacerbated in STM KO mammary glands
collected one-day postpartum, in which, although some ductal
and alveolar structures were present, their organization was large-
ly immature compared with the WT counterpart (Fig. 3A). In
addition, when we looked at proteins that typically localize with
an apicobasal polarity, such as WAP, E-cadherin and Rab7, we
observed that the well-ordered asset of these markers was pro-
foundly altered in STM KO MMG (Fig. 3A).

To understand whether these alterations were due to defects
intrinsic to the mammary epithelial cells or whether the stromal
counterpart contributed to it, we isolated mouse primary mam-
mary epithelial cells (mMEC) from theMMGandchallenged them
to form organotypic cultures in 3DMatrigel. Consistent withwhat
observed in vivo, also in this context STM KO mMECs formed
smaller and disorganized acinar structures (Fig. 3B).

Overall, these data suggest that loss of stathmin expression in
mammary epithelial cells leads to severe defects in MMG organi-
zation and development, through a cell-autonomousmechanism.

Loss of stathmin alters the Prl/PrlR/STAT5 signaling pathway
A major driver of mammary development during pregnancy

and lactation is the pituitary hormone prolactin (Prl). Intrigu-
ingly, female mice carrying in heterozygosis a germline mutation
of the prolactin receptor gene (Prlr) showed a substantially over-
lapping phenotype to what we observed in the STM KO model,
resulting in failure of lactation due to reduced mammary gland
development after their first, but less in subsequent, pregnancies
(32, 33).

We thus evaluated the status of Prl/PrlR signaling pathway in
our setting. No significant change was detected in prolactin levels
betweenWT and STMKOmice, either inMMG lysates or in serum
(Fig. 4A). However, PrlR protein was significantly decreased in
STM KO versus WT MMG, while the mRNA levels remained
comparable (Fig. 4B and C). Despite some variability in Western
blot analysis, mainly due to mammary fat tissue contamination,
the level of activation of PrlR downstream signal transducer,
STAT5, was consistently and robustly decreased in all STM KO
mammary glands (Fig. 4C andD). Accordingly, also expression of
milk proteins, representing transcriptional targets of STAT5, such
as a- and b-casein and WAP, was decreased (Fig. 4E). These data
were also confirmed in WT and STM KOmMECs and in CTR and
shSTM NMuMG cells stimulated in vitro with prolactin (Fig. 4F;
Supplementary Fig. S4A–S4C), overall demonstrating a deficient
activation of the Prl/PrlR/STAT5 signaling pathway when stath-
min expression was lost.

Loss of stathmin alters PrlR stability
Given that stathmin expression is critical for apicobasal polarity

(above results) and is also involved in vesicle trafficking and
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recycling of proteins (6), we hypothesized that it could impact on
PrlR signaling by altering its localization and/or stability. We thus
looked at PrlR levels in CTR- or shSTM NMuMG cells stimulated
with Prl. Blocking protein neosynthesis, we observed that PrlR
stability quickly dropped down in shSTM-cells while, in the same
time frame, it remained quite stable in CTR ones (Fig. 5A). In the
same cells, PrlR expression and localization was monitored by
immunofluorescence over the time. Already after 5 minutes from
Prl stimulation, CTR cells started to internalize the receptor and a
substantial fraction of it recycled to the cell membrane within
1 hour. Conversely, shSTM cells displayed delayed internalization
coupledwithno recyclingof the receptor to theplasmamembrane
(Fig. 5B). To confirm these results, we treated NMuMG cells with
the microtubule-stabilizing drug Taxol, at a dose known to
specifically target MT dynamics without interfering with cell
proliferation and survival (5, 6, 29). We similarly observed a
decrease in PrlR expression (Fig. 5C), further suggesting that
proper MT dynamics and, thus, balanced expression and activity
of stathmin are required for PrlR recycling and activation of the Prl
pathway.

Altogether, these data provide evidence that stathmin loss in
the mammary epithelium induces an altered PrlR trafficking and
stability, eventually leading to Prl/PrlR/STAT5 pathway down
modulation.

High stathmin expression correlates with poor prognosis in
patients with breast cancer

Perturbation of the mechanisms governing cell proliferation
and differentiation in the normal mammary gland are strongly
implicated in breast cancer development (2). Stathmin overex-
pressionhas been detected in several cancer types (8, 34). In breast
cancer, high stathmin expression positively correlates with high
proliferation rate, aggressiveness, and it has been proposed as
potential predictor of poor outcome (8, 9, 34). Using the Kaplan–
Meier Plotter online tool (http://kmplot.com) to analyze patients
with breast cancer (n ¼ 3,951), we generated a Kaplan–Meier
survival curve based on stathminmRNA expression. The resulting
curve confirmed the literature data, showing that higher expres-
sion of stathmin correlated with shorter disease-free survival of
patients with breast cancer, both when putting all patients with

Figure 3.

Loss of stathmin alters the mammary gland organization. A, Representative images of immunofluorescence analyses of mouse mammary glands collected
from WT or STM KO mice during lactation, as indicated. At least three MMG/genotype were analyzed. Tissue sections were immunostained (from left
to right) for cytokeratin 8 (luminal marker, red), cytokeratin 14 (basal marker, green), and nuclei (TO-PRO-3, blue); Rab7 (red) and nuclei (TO-PRO-3, blue);
IL4R (green) and whey acidic protein (WAP; red); E-cadherin (red) and nuclei (TO-PRO-3, blue), as indicated. On the right side, an enlargement of the
E-cadherin/nuclei panels, to highlight differences in the duct structure, is shown. Scale bars, 11 mm. B, Acini formation assay in 3D Matrigel of primary
mMECs extracted from WT and STM KO mammary glands (n ¼ 3). Twelve days after Matrigel embedding, the colonies were immunostained for ZO-1 (green)
and nuclei (TO-PRO-3, blue; left), and for acetylated a-tubulin (red) and nuclei (TO-PRO-3, blue; right). Scale bars, 14 mm.
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Figure 4.

Loss of stathmin leads to decreased STAT5 activation. A, Graph reports the results from ELISA assay evaluating the concentration of prolactin hormone in mouse
MMG lysates (left) and in circulation (serum; right), in WT and STM KO mice during pregnancy and lactation, as indicated. B, Graph reports the normalized
transcript level of PrlR in MMG collected from WT and STM KO mice during pregnancy and lactation, as indicated. At least four mice/genotype were analyzed.
C, Western blot analysis of protein lysates extracted from MMG of WT and STM KO mice during lactation, as indicated. Each lane corresponds to a different
mouse. Ponceau stainingwas used as loading control. Arrow, specific stathmin band. Asterisk, a nonspecific band. Right, graphs report the quantification of the bands
corresponding to pY694 STAT5 and PrlR, normalized by the total level of STAT5 and by the Ponceau staining of the lysates. D, Immunofluorescence analysis
of pY694 STAT5 (green), b-catenin (red), and nuclei (TO-PRO-3, blue), performed on sections of MMG collected fromWT and STM KOmice during lactation. Scale
bars, 18 mm. E, qRT-PCR analysis of STAT5 target genes in MMG collected from WT and STM KO mice during lactation. Normalized mRNA level of a-Casein,
b-casein, and WAP is reported. At least four mice/genotype were analyzed. F, qRT-PCR analysis of STAT5 target genes, a-Casein, b-Casein, and WAP in mouse
primary mMECs extracted from WT and STM KO virgin mice, serum starved (untreated, Unt), and stimulated with murine prolactin (100 ng/mL) for 1 hour. Results
derive from the use of n ¼ 3 cell populations/genotype and are expressed as fold change in respect to the untreated. When box whisker plots were used,
minimum,median, andmaximumvalues are shown in the graph. In all graphs, significancewas calculated by Student t test orMann–Whitney test, as appropriate, and
is indicated by a P < 0.05.
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breast cancer together and when dividing the analysis for each
breast cancer subtype (Supplementary Fig. S5A–S5E).

Stathmin KO in D16HER2 transgenic mouse model leads to
pronounced delay in mammary gland maturation and partial
resistance to tumor formation

To verify the effect of stathmin ablation in breast cancer, we
intercrossed STM KO mice with a transgenic mouse model of
mammary tumorigenesis that expresses the D16HER2 oncogenic
splicing variant in the mouse mammary gland (10). D16HER2
lacks 16 amino acids in the juxtamembrane domain, allowing this
HER2 isoform to form stable and constitutively activated
D16HER2 homodimers, with increased transforming potential
comparedwith full-lengthHER2. The transgenicD16HER2mouse
developsmultiple andmultifocal mammary tumors already at 15
weeks of age, with a 100% penetrance (10).

Whole-mount analyses showed that, also in the context of
D16HER2, STM KO virgin adult animals displayed a delayed
development of the MMG (Supplementary Fig. S6A).

We analyzed neoplastic foci in 13-week-old D16HER2-positive
animals, two weeks before the appearance of palpable tumors. As
expected, these lesions were positive for HER2 expression, con-
firming that they were initiated by D16HER2 oncogenic expres-
sion, and were of the luminal subtype, because they expressed
cytokeratin 8, but not cytokeratin 14 (Supplementary Fig. S6B and
S6C). Intriguingly, these tumor foci displayed stathmin expres-
sion atmuch higher level than the surrounding normalmammary
tissue, suggesting that stathmin expression might be a relevant
step in D16HER2-driven tumor initiation (Fig. 6A). In line with

the established role of stathmin as MT-destabilizer, level of
acetylated-a-tubulin, marker of stable MTs, inversely correlates
with that of stathmin, both in theMMGand in tumor foci (Fig. 6A).

We next focused on the evaluation of the impact of stathmin
loss in the tumorigenic potential of D16HER2. At 13weeks of age,
the number of neoplastic lesions observed in D16HER2mice was
on average 4 foci/section of MMG, while D16HER2 STM KO
mammary glands displayed almost no foci at this stage
(Fig. 6B; P ¼ 0.0001). Ki67 immunostaining of D16HER2 mam-
mary glands showed that STM KO displayed a significant reduc-
tion in proliferating cell number, compared with WT ones (Fig.
6C; P ¼ 0.001).

However, the decreased proliferation rate observed in the
D16HER2 STM KO was not the cause of the reduced and/or
delayed number of neoplastic lesions because, even at longer
follow-up, these foci translated in significantly lower number of
mammary tumors/mouse, as seen at 20 weeks of age (5 vs. 17
tumors/mice in STM KO vs. WT, Fig. 6D, P ¼ 0.007). Also, these
tumors displayed fewer Ki67-positive cells (Fig. 6E and F).

These findings support the possibility that stathmin loss ren-
ders mammary epithelial cells partially resistant to D16HER2-
driven transformation.

Stathmin KO in D16HER2 transgenic mouse model reduces
tumor growth by a cell-autonomous mechanism

Genetic ablation of stathmin in our model is not specific
for mammary epithelial cells, so we could not rule out which
component of the mammary gland was contributing the most
to the observed phenotype. We thus performed syngeneic

Figure 5.

Stathminmodulates PrlR stability.A,Western blot analysis of PrlR inNMuMGcontrol cells (CTR) or silenced for stathmin (shSTM). Cellswere serum starvedovernight,
treated with cycloheximide (CHX; 50 mg/mL) for 2 hours and then stimulated with murine Prl (200 ng/mL) for indicated times. GAPDH was used as loading control.
B, Analysis of PrlR internalization and trafficking in NMuMG cells control cells (CTR) or silenced for stathmin (shSTM). Cells were serum starved for 4 hours and
stimulated with murine Prl (100 ng/mL) for 1 hour on ice. Cells were then incubated at 37�C for the indicated time and immunostained with PrlR (green),
RAB5 (red), and phalloidin (blue). Scale bars, 7 mm. C, Representative confocal images of NMuMG CTR cells, STM-silenced cells (shSTM), or taxol-treated CTR cells
(100 nmol/L). Cells were immunostained with PrlR (green), RAB7 (red), and nuclei (TO-PRO-3, blue). Scale bars, 18 mm. When not otherwise specified, n ¼ 3
independent experiments were conducted.
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injections experiments, to distinguish between the contribu-
tions of stathmin loss in transformed mammary epithelial cells
(cell-autonomous role) from that in stromal cells (non–cell-
autonomous role). D16HER2-transformed cells collected from
tumors grown in D16HER2 STM WT or KO mice (donors)
were implanted into nontransgenic WT or STM KO mice
(recipients). The results clearly showed that D16HER2 STM KO

tumor cells displayed longer latency (� 80 vs 60 days) and
their growth was slower, independently from the genotype
of the recipient mouse (Fig. 6G and H).

Thus, stathmin expression in D16HER2-transformed mamma-
ry epithelial cells is important for tumor initiation and growth,
while its expression or loss in stromal cells is not significantly
involved in these processes.

Figure 6.

Loss of stathmin induces partial resistance to D16HER2-driven tumorigenesis. A, Immunofluorescence analysis of stathmin (green) and acetylated a-tubulin
(red) expression in MMG collected from D16HER2-WT mice at 13 weeks of age. Arrowhead, neoplastic lesion. Scale bars, 35 mm. B, Graph reports the
number of neoplastic foci detected per hematoxylin and eosin–stained section ofmammary glands collected from D16HER2-WT or -STM KOmice at 13 weeks of age,
as indicated. Representative images of hematoxylin and eosin–stained mammary glands, taken with a 5� objective, are reported at the bottom of the graph.
Arrowheads, neoplastic lesions. At least n¼ 5mice/genotype were scored. Scale bars, 500 mm. C,Graph (top) and representative images (bottom) of Ki67-positive
cells (green), evaluated by immunofluorescence analysis, in sections from the same samples described in B. Nuclei were stained with propidium iodide (red).
Results are from n ¼ 5 mice/genotype. Scale bars, 25 mm. D, Graph reports the number of tumors detected in D16HER2-positive, STM WT, or KO mice of 20 weeks
of age (5–6 weeks from palpable tumor onset) at necropsy examination. At least 6 mice/group were evaluated. E and F, Graph (E) and representative images
(F) of Ki67-positive cells (green), evaluated by immunofluorescence analysis in tumors from D16HER2-WT, or STM-KO mice described in D. Nuclei were stained
with propidium iodide (red). Scale bars, 70 mm. G and H, Graphs report the onset (G) and growth (H) of palpable tumors derived from syngeneic injection
experiments. Tumors from D16HER2-positive, WT-, or STM-KOmice (donors) were disaggregated and plated as primary cultures. Upon achievement of confluence,
3� 105 cells were injected in mammary fat pad of D16HER2-negative, WT-, or STM-KOmice (recipients). At least 5 mice/group and three different cell populations/
group were utilized. In all graphs, significance was calculated by Student t test or Mann–Whitney test, as appropriate, and is indicated by a P < 0.05.
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Stathmin KO impairs the tumorigenic potential of D16HER2
mammary epithelial cells

On the basis of the phenotype observed in the normal
mammary gland, we asked whether stathmin loss in
D16HER2-transformed mammary epithelial cells impinged
on the Prl/PrlR/STAT5 signaling pathway. However, STAT5
activation level was not different in the presence or absence of
stathmin when D16HER2 tumors were analyzed (Fig. 7A).
This result was somehow expected, because constitutive acti-
vation of HER2 signaling overrides the physiologic role of
STAT5 signaling, as also demonstrated by others (35). We next
looked at the mitotic spindle orientation in dividing mam-
mary epithelial cells, in mice at 13 weeks of age, to evaluate
whether this phenotype was conserved in the D16HER2 con-
text. In line with what was observed in nontransgenic mice,
D16HER2 STM KO mammary gland displayed a lower number
of proliferating cells (Fig. 6C) and accumulated a substantial
number of mitotic cells orienting their spindles with an angle

greater than 30� with respect to the basement membrane
(62%; Fig. 7B).

To better characterize this phenotype, we generated D16HER2-
overexpressing NMuMG cells, silenced or not for stathmin
(shSTM and CTR). When subjected to serum deprivation and
then released to reenter into the cell cycle, D16HER2 NMuMG
STM–silenced cells massively died (Fig. 7C), as also evidenced by
the strong cleavage of caspase-3 (Fig. 7D). Accordingly, when
challenged in clonogenic assay or in anchorage-independent cell
growth, absence of stathmin led to significantly decreased number
of colonies (Fig. 7E and F), further supporting that stathmin
expression was necessary to sustain survival and tumorigenic
potential of these cells. Together, these experiments strongly
indicated that, in the context of D16HER2 oncogenic driver,
stathmin was necessary to support the transformed phenotype
of mammary epithelial cells.

To better characterize this point, we used a gene expression
profiling approach looking at the coding genes in preneoplastic

Figure 7.

Loss of stathmin in D16HER2 mammary epithelial cells leads to alteration of mitotic spindle orientation and decreased growth. A, Immunofluorescence analyses on
sections from D16HER2-WT or -STM KO mammary tissue excised at 13 weeks of age, immunostained for pY694STAT5 (green), cytokeratin 8 (red), and
nuclei (TO-PRO-3, blue). Images are representative ofwhat observed in n¼4differentmice. Scale bars, 28mm.B,Quantification ofmitotic spindle angle inmammary
glands from 13weeks of ageD16HER2-WTor -STMKOmice. The angle betweenmitotic axis andbasementmembranewas calculated using ImageJ in sections stained
for pSer10-H3, a-tubulin, and nuclei. Results are from four mice/genotype. C, Pictures of NMuMG D16HER2-expressing cells transduced with Ad shCTR or Ad
shSTM, serum starved, and released in complete medium for the indicated times. Pictures represent cells after 48 hours from release. Scale bars, 100 mm. D,
Immunoblot analysis of lysates from cells described in C. Arrow, specific stathmin band. Asterisk, nonspecific band. Vinculin was used as loading control.
E,Histogramdisplays thenumber of colonies formedbyNMuMGclones expressingD16HER2and stably silenced (shSTM)or not (CTR) for stathmin. Cellswere stained
with crystal violet and visible colonies were counted in n ¼ 3 different clones tested. F, Anchorage-independent growth of NMuMG cells stably silenced (shSTM)
or not (CTR) for stathmin. Cellswere included in soft agar in presence of completemedium for 3weeks. Graph reports the count of colony number from n¼ 3 different
clones tested.When not otherwise specified, n¼ 3 independent experiments were conducted. When boxwhisker plots were used, minimum, median, andmaximum
values are shown in the graph. In all graphs, significance was calculated by Student t test or Mann–Whitney test, as appropriate, and is indicated by a P < 0.05. G,
Heatmap showing the differential regulation of 502 probes (P < 0.05; FC>2) between MMG from 13 week-old D16HER2 mice, WT, or KO for stathmin gene.
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mammary glands from 13-week-old WT and STM KO D16HER2
transgenicmice. Using a fold change (FC) cutoff >2 and a P < 0.05,
we identified 502 genes differentially expressed between WT and
STM KO (Fig. 7G). Interestingly, gene enrichment analyses dem-
onstrated that STM absence dampened the expression of genes
normally upregulated in HER2-preneoplastic signature and
enriched those downregulated in HER2-preneoplastic signature,
as defined by Landis (Supplementary Fig. S7A and S7B; Ref. 36),
supporting a central role of STM for the establishment of HER2-
driven transformation. Accordingly, STM KO D16HER2 preneo-
plastic mammary glands displayed lower expression of several
oncogenic signatures, such as extracellularmatrix remodeling and
organization, luminal progenitors, TGFb1 signaling, and breast
cancer progression (Supplementary Fig. S7C–S7H).

Collectively, these data confirmed at molecular level that,
before the establishment of an overt tumor phenotype, STM is
necessary on one side to prevent mitotic defects that would
eventually lead to cell apoptosis rather than tumor initiation,
and, on the other hand, to establish a protumorigenic transcrip-
tional program that leads to the formation of HER2-positive
breast cancer in mice.

Discussion
Many processes implicated in mammary gland development

are altered during breast cancer onset and progression, supporting
the notion that understanding the mammary gland is critical to
understanding breast cancer. Cell polarity is certainly one of these
processes, fundamental in multicellular organisms for cell divi-
sion, differentiation, organ morphogenesis, and disrupted in
cancer (2). The establishment of cell polarity in the mammary
gland involves a coordinated series of events, leading to asym-
metric distribution of organelles and segregation of plasma
membranes into an apical secretory domain, facing the lumen,
and a basolateral one, in contact with the basement membrane
(1).Microtubule organization contributes to the establishment of
polarity at multiple levels. It is well known that, upon integrin-
basement membrane engagement, microtubules polarize within
the cell. The MT network polarization and its dynamics are then
critical for determining oriented vesicle trafficking and segrega-
tion of components that establish unique cellular domains,
eventuallymodeling the apicobasal polarity, orienting themitotic
spindle, and forming themammary lumen structure (4, 5, 37, 38).
In linewith these notions, we showhere that theMT-destabilizing
protein stathmin governs processes strictly linked to polarity, such
as trafficking, recycling of polarized proteins, and orientation of
the mitotic spindle, necessary for MMG normal development.
Our results indicate that loss of stathmin expression induces a
marked delay in the postnatal maturation and development of
normal mouse MMG, due to severe defects in the expansion and
architecture of the epithelial cell compartment that eventually
results in inability of female mice to nurse their litters. In partic-
ular, during pregnancy and lactation stages, stathmin loss led to
decreased PrlR trafficking, stability, and intracellular signaling via
STAT5. These data are in accord with previous demonstration that
stathmin regulates the intracellular trafficking of IL4 receptor a in
T lymphocytes (39) and Ras in fibroblasts (6).

We also observed that, after stathmin depletion, the mitotic
spindle orientation of epithelial cells was randomized, withmany
spindles oriented in a way that they produce a daughter cell in the
center of the lumen. This phenotype eventually resulted inmitotic

aberrations and increased epithelial apoptosis, further contribut-
ing to disordered and delayed mammary gland organization. The
first demonstration that impinging on microtubule dynamics
could result in spindle misorientation came from Toyoshima and
Nishida studies, showing that the activity of the microtubule
stabilizing protein EB1was necessary to orient themitotic spindle
of nonpolarized epithelial cells in 2D setting, in vitro (40). More
recently, Akhtar and Streuli have demonstrated that Itgb1 KO
mice display severely defective mammary gland morphogenesis
due to disoriented epithelial cell polarity (5). Atmechanistic level,
they showed that absence of b1-integrin led to altered microtu-
bule stabilization and polarization, eventually resulting in
improper deposition of trafficking cargo along the apicobasal
axis. Furthermore, the correct orientation of the mitotic spindle
relies on binding to MTs of polarized protein, such as LGN and
NuMA (37, 38). Thus, polarity controls the formation and main-
tenance of epithelial tissue architecture by ensuring the proper
orientation of mitotic spindles during symmetric cell division.

We now add a new piece of information and show that the
ablation of stathmin and the consequent disruption of MT
dynamics, substantially alters all processes that require a func-
tional cell polarity, from (dis)oriented mitosis to precise (de)
localization of apicobasalmarkers, to eventual (de)formation of a
(dis)organized ductal tree and development of a (im)mature
MMG.

To what extent the downmodulation of the PrlR/STAT5 path-
way observed in STM KO MMG is per se responsible for the
morphogenic defects, has not been completely clarified by our
experiments. However, considering the great impact that the
alteredmitotic spindle orientation playedonmammary epithelial
cell survival and on gland development, we believe that both
processes contributed to the final phenotype of STM KO female
mice.

We also evaluated the impact of stathmin loss in a mouse
model of breast cancer, the MMTV-D16HER2 (10). Given the
alteration of polarity and mitosis that we observed in the normal
MMG, we quite expected to observe a promotion of the trans-
formed phenotype, at least at late stages. On the contrary, all our
data indicated that stathmin loss led to partial resistance to
D16HER2-driven tumor formation. Although not obvious, our
results are well in line with the pathologic evidence that stathmin
is frequently hyper-, rather than hypoexpressed in breast cancer
(8, 9, 34). Furthermore, high stathmin expression levels correlate
with poor prognosis in patients with breast cancer (Supplemen-
tary Fig. S5).Our results are in linewith those recently reported for
Pik3c2a–null and Pten-null mouse mammary epithelial cells, in
which misoriented cell division induces apoptosis as first in vivo
effect, likely to preserve the mammary gland architecture and
function (15, 29). However, while loss of PI3K-C2a initially
impairs HER2/Neu tumor growth but later leads to the evolution
of clones that exploit the presence of mitotic checkpoint defects
(29), loss of luminal PTEN, as we observed here in the case of
stathmin, is not sufficient for evading apoptosis and promoting
tumor formation and progression (15).

Our molecular analyses on D16HER2-transformed cells dem-
onstrated that stathmin loss strongly impacted onmitotic spindle
disorientation, but no longer affected the Prl pathway. This result
was somehow expected, for twomain reasons. On one side, in the
context of an overtly growing neoplastic lesion, the maintenance
of polarity is lost by definition. On the other, it has been dem-
onstrated that constitutive activation of HER2 signaling overrides
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the functional role of Jak2/STAT5 signaling, particularly in the
initial stages of mammary tumorigenesis (35). These data suggest
that, in the context of D16HER2-established tumors, the intracel-
lular pathway normally induced by Prl is already constitutively
stimulated by the oncogenic transgene. However, we observed
that stathmin expression was necessary to induce the complex
transcriptional program associated with HER2 transformation,
thus pointing to a central role in the context of both normal and
transformed proliferating mammary epithelial cells.

Although our current data show that stathmin expression is
critical for D16HER2-driven breast cancer onset, this finding
cannot be generalized to all tumor contexts. We know already
that following chemical carcinogenesis, relying on Ras or p53
mutations, stathmin is dispensable for tumor onset in mice,
indicating that different pathways can overcome, solve, or even
exploit the mitotic defects induced by stathmin loss, in different
ways. Alternatively, because stathmin expression is generally low/
undetectable in adult nonproliferating tissues, with the exception
of brain, testis, and lymph nodes, it is also conceivable that its
function could become only relevant in an organ, such as the
developing mammary gland, in which stathmin expression is
induced, as we observe during mouse pregnancy and lactation.

Our study has been performed both in vitro, in mouse and
humanmodels, and in vivo, in genetically modifiedmice. Beyond
solid pathologic correlations, we need now to carefully verify the
transferability of the new knowledge to the human pathology. In
this regard, it is worth noting that taxanes, such as paclitaxel and
docetaxel, whose mechanism of action is the inhibition of micro-
tubule dynamics, are chemotherapeutic drugs that still represent a
mainstay for treatment of breast cancer (but not only) patients.
Future studies, establishing the implication of stathmin expres-
sion in the response to taxane-based therapies and, possibly, in
the selection of taxane-responsive patients, may have important
potential repercussion in the field of personalized cancer therapy.
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