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Abstract

Our recent work has indicated that the DMP1 locus on 7g21, encoding a haplo-insufficient tumour
suppressor, is hemizygously deleted at a high frequency in breast cancer. The locus encodes
DMP1a protein, an activator of the p53 pathway leading to cell cycle arrest and senescence, and
two other functionally undefined isoforms, DMP1p and DMP1y. In this study, we show that the
DMP1 locus is alternatively spliced in ~30% of breast cancer cases with relatively decreased
DMP1a and increased DMP1[ expression. RNA-seq analyses of a publicly available database
showed significantly increased DMP18 mRNA in 43-55% of human breast cancers, dependent on
histological subtypes. Similarly, DMP1p protein was found to be overexpressed in ~60% of
tumours relative to their surrounding normal tissue. Importantly, alteration of DMP1 splicing and
DMP1p overexpression were associated with poor clinical outcomes of the breast cancer patients,
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indicating that DMP1f3 may have a biological function. Indeed, DMP1f increased proliferation of
non-tumourigenic mammary epithelial cells and knockdown of endogenous DMP1 inhibited
breast cancer cell growth. To determine DMP1f's role in vivo, we established MMTV-DMP1j3
transgenic mouse lines. DMP1p overexpression was sufficient to induce mammary gland
hyperplasia and multifocal tumour lesions in mice at 7-18 months of age. The tumours formed
were adenosquamous carcinomas with evidence of transdifferentiation and keratinized deposits.
Overall, we identify alternative splicing as a mechanism utilized by cancer cells to modulate the
DMP1 locus through diminishing DMP1a tumour suppressor expression, while simultaneously
up-regulating the tumour-promoting DMP1p isoform.
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Introduction

Breast cancer (BC), as the most common tumour type in women, causes a significant health
care burden in Western countries [1,2]. Established biomarkers such as hormone receptors
(ER/PR) and HER? play significant roles in the selection of patients for endocrine and
trastuzumab therapies [3]. However, these targeted therapies have not produced the
anticipated improvement in long-term patient survival. The initial response is often followed
by tumour relapse with intrinsic resistance to the first-line therapy [4-6]. In addition, up to
30% of breast cancer patients are overdiagnosed due to the implementation of
mammography screening, with minimal reduction in mortality rates [7]. This suggests that
many women with early diagnosis of an indolent breast tumour might have been spared
psychological stress and therapy-associated side-effects if better prognostic/predictive
stratification strategies had existed. Although proliferation markers such as cyclin D1, cyclin
E, and p27KiP1 have been proposed for molecular stratification of breast cancer, these have
not been routinely used in clinics due to their limited efficacy in deciding therapeutic
strategies [3,8,9]. To develop more reliable biomarkers, it is necessary to further delineate
oncogenic events that drive the initiation and progression of cancer.

Recently, our laboratory has identified DMP1 (cyclin D-binding Myb-like Protein 1;
DMTF1) as a critical tumour suppressor in breast cancer [10-12]. DMP1 is a transcription
factor that transactivates p14~RF (p19~' in mice), leading to p53 stabilization and
senescence [10,13,14]. DMP1 also stabilizes p53 by direct protein—protein interaction to
block Hdm2-mediated ubiquitination, which is the major mechanism of p53 activation by
DMP1 in ARF-null cells [15]. Loss of heterozygosity (LOH) analysis with specific primers
demonstrated that the DMP1 locus on 7g21 is hemizygously deleted in ~42% of breast
tumours with mutual exclusiveness to INK4A/ARF or p53 loss. The intact DMP1 allele
remained wild type without promoter hypermethylation [11]. Similarly, deletion of Dmp1 in
the MMTV-neu mouse model accelerated the development of mammary gland tumours
without a significant difference between Dmp1*/~ and Dmp1~/~ backgrounds, suggesting
haploinsufficiency of Dmp1 for tumour suppression [10]. Dmp1 haploinsufficiency was also
observed in lymphoma and lung tumour mouse models [16,17]. To date, the molecular
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mechanisms for Dmp1's haploid insufficiency remain unknown. Moreover, Dmp1~~
females are unable to nurse pups due to poor expansion of luminal cells, suggesting that the
Dmpl locus may possess functions other than tumour suppression [10,18].

The human DMP1 locus encodes three distinct transcripts via alternative splicing of exon 10
[19]. The bonafide tumour suppressor was hamed DMP1a, while two other transcripts with
mostly unknown functions were named DMP1p and DMP1y. The DMP1f and DMPL1y
proteins lack the DNA-binding and C-terminal trans-activation domains found in DMP1a
and are therefore unable to transactivate p14~RF or other DMP1a target genes
(Supplementary Figures 1A and 1B) [19]. Unlike DMP1y and DMP1a, DMP1f was found
to block differentiation and stimulate monocyte proliferation during PMA-induced
differentiation to macrophages [19]. Hence, the DMP1 isoforms may have unique functions,
in particular those other than tumour suppression.

Alternative splicing is a mechanism for a single locus to encode multiple functionally
distinct proteins that regulates different biological processes [20,21]. Several splicing
factors, RNA-binding proteins regulating alternative splicing, have been identified as proto-
oncogenes and are frequently overexpressed in human cancer [22,23]. Multiple cancer-
associated genes such as PKM, Bcl-x, CD44, cyclin D1, p63, and p73 are alternatively
spliced in tumours, compared with matched normal tissues, to produce their tumour-
promoting isoforms [21,24,25]. The activities of tumour-associated isoforms vary from
regulating novel biological processes to negating the isoforms expressed in normal tissues
[26]. Since DMP1 is a critical mediator of breast cancer development in humans and mice,
we sought to investigate the involvement of the other DMP1 splice isoforms (DMP1f and
DMPL1y) in mammary oncogenesis. Using breast cancer cell lines, clinical samples, and a
newly established transgenic mouse model of breast cancer, we demonstrate that DMP1 is
aberrantly spliced in breast cancer to increase DMP1f and promote disease progression.

Materials and methods

Details of the human breast cancer samples; the generation of a DMP1B-specific polyclonal
antibody in rabbits; the cell lines and mammaosphere assays; the DNA and RNA analyses;
the western blot analyses; the PCR, gRT-PCR TagMan, and shRNA sequences; the source
of the RNA-seq data; the selection and processing of RNA-seq data; the
immunohistochemistry, immunofluorescence, and whole mammary gland mounts; the single
staining immunohistochemistry; and the double staining immunohistochemistry are
provided in the Supplementary materials and methods.

Establishment of MMTV-DMP1Byy mice

The V5 and 6% His tagged human DMP1 cDNA (a gift from B Torbett) was cloned into a
Hindl1l site of the MMTV-SV40-BSK vector (from Dr Philip Leder, Harvard Medical
School). After DNA sequencing confirmation, pronuclear microinjection of the targeting
vector in the FVB/NJ mouse background was carried out by the Transgenic Core Facility at
Wake Forest School of Medicine. The founding offspring were identified by PCR. The
carrier females of the transgene were bred with pure wild-type FVB/NJ males to expand the
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colonies. The female mice were monitored daily for palpable tumour development. All of
the mice were maintained in accordance with an approved IACUC protocol.

Statistical analyses

Results

Kaplan-Meier graphs for tumour-free survival of MMTV-DMP1 mice and relapse-free
survival of breast cancer patients were analysed by MedCalc software, Mariakerke,
Belgium. The following statistical analyses were used in other experiments: two-way
ANOVA for the cell growth assays; unpaired Student's t-test for the mammosphere assays
and RNA-seq analyses; and two-sided chi square tests for the DMP1 LOH versus DMP1j
mRNA/protein expression and Supplementary Table 1. A difference was considered
statistically significant at p < 0.05.

DMP1 is aberrantly spliced in breast cancer to overexpress DMP1p

To study whether DMP1 is alternatively spliced in human breast cancer, total RNA from the
tumours of 20 breast cancer patients and the matched normal tissues was isolated and qRT-
PCR was conducted for DMP1a, DMP1p, and DMPL1y transcripts. The expression of
DMP1a was used as an internal control to determine the DMP1§ to DMP1a (DMP1p/a) and
DMP1y to DMPla (DMP1y/a) isoform ratios in each tumour and in its matched normal
mammary tissue. To evaluate the relative expression of the two DMP1 isoforms among
these tissues, we designated the DMP1p/a ratio in normal tissue 05-173, which was at the
median of 20 normal tissues, as 1.0. The DMP1p/a isoform mRNA ratios were significantly
higher (ie 22.0) in eight breast cancer samples (~40%) than in their matched normal tissues
(Figure 1A), while the DMP1y/a isoform ratios were higher in only three (~15%) tumours
(Supplementary Figure 2A). In fact, 12 tumours and their normal tissues had no detectable
DMP1y mRNA, suggesting that DMP1y is unlikely to play a significant role in breast
cancer. Hence, we further investigated the alteration of DMP1J expression in breast cancer.
gRT-PCR for an additional 26 patients was conducted to evaluate the alteration of DMP1f/a
isoform expression. When combined with the patients in Figure 1A, alteration of DMP1
splicing with increased DMP1p/a ratios in the breast tumours versus matched normal tissues
was found in 14 out of 46 patients (~30.4%). Importantly, alteration of DMP1p/a ratios was
found in patients with wild-type DMP1 (LOH-negative cases) and in those with hemizygous
deletion (LOH-positive cases) (p = 0.1394, x2 = 2.185). In agreement with human breast
cancer, Dmp1f/a ratios were high in ~53% (8/15) of mammary tumours from the MMTV-
neu mouse model, regardless of hemizygous deletion of the Dmp1 gene (Supplementary
Figure 2B). Using a publicly available database (GSE58135) for RNA-seq analyses of breast
cancers [42 ER+/HER2- breast cancer primary tumours, 30 uninvolved adjacent breast
tissues, 42 triple-negative breast cancer (TNBC) primary tumours, 21 uninvolved adjacent
breast tissues], we found that the DMP1 levels were higher in breast cancer than in
uninvolved tissues, as shown by the Student's t analyses (p = 0.0058) (Supplementary Figure
3). The mode for DMPIB is higher in breast cancer samples than that of uninvolved
neighbouring tissue (95 versus 45 in ER+/HER2- BC; 85 versus 60 in TNBC). Overall,
significantly increased expression of human DMP13 mRNA (ie 80 hits or higher) was
observed in 23/42 (54.8%) cases of ER+/HER2- breast cancer and 18/42 (42.9%) cases of
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TNBC, which is consistent with the percentage of high DMP1p protein expression in
immunohistochemistry.

Using relapse data, we evaluated the correlation between DMP1/a ratios in tumour and the
clinical outcomes of breast cancer patients. Patients with high tumour DMP1f/a ratios were
found to relapse significantly faster than patients with low DMP1f/a ratios (p = 0.047, x2 =
3.952; Figure 1B). We then studied the correlation between DMP1p/a ratios and clinical
stages and histological subtypes of breast cancer (Supplementary Table 1). High DMP1f/a
ratios tended to associate with stage | and luminal A histological subtypes, but neither was
statistically significant. In summary, aberrant DMP1 splicing is present in a significant
number of breast cancer cases and carries a biological consequence for the patients.

DMP1p protein is elevated in breast tumour tissues and is associated with poor patient

outcomes

Next, we sought to determine whether DMP1p protein is increased in breast cancer. Since
our antibodies to Dmpl (RAX and RAD) [27] detect all the splicing isoforms, we raised a
polyclonal antibody to an amino acid epitope found in the C-terminus of DMP1 and
DMP1y, but not in DMP1a protein (Supplementary Figure 1A). To determine the specificity
of this new DMP1 antibody (named RAB) to different endogenous DMP1 proteins, all three
DMP1 isoforms were simultaneously knocked down to 40% at the RNA level in MDA-
MB-231 cells. We found that endogenous DMP1p (~43kDa) was depleted with each
shRNA (Supplementary Figure 4A). The pattern of expression of DMP1 (ie specific to
cancer cells) was different from that of DMP1a, which was ubiquitously detectable in both
non-transformed and transformed cells (Supplementary Figure 4B). The specificity of RAB
was also confirmed in MDA-MB-175V1I cells (Supplementary Figure 5A) followed by an
immunofluorescent analysis. We further tested the specificity of the RAB antibody to
different DMP1 isoforms by individually transfecting each DMP1 isoform into NIH 3 T3
cells followed by western blot analyses. While our previously developed pan-DMP1
antibody (RAX) was able to detect all three DMP1 isoforms, the RAB antibody only
detected exogenous DMP1p protein, indicating its high specificity to DMP1f
(Supplementary Figures 5B and 5E). Using the RAB antibody, we then carried out
immunohistochemistry (IHC) with paraffin-embedded tumour tissues from 63 breast cancer
patients. The RAB antibody specificity in the IHC analysis was confirmed by the blocked
tumour tissue staining after its pre-incubation with 5ug of the peptide used in the
immunization for its production (Supplementary Figure 5C). The staining intensity and
percentage of the RAB antibody ranged from low (0-3 in combined scores) to high (4-6) in
the tumours compared with surrounding normal breast tissues (Figure 2A and
Supplementary Figure 6). Specifically, 35 of 63 (55.6%) breast tumours were highly stained
with the RAB antibody relative to the surrounding normal tissues. The staining intensity of
the RAB antibody correlated with DMP1 mRNA expression in matched patients
(Supplementary Figure 5D). We graphed a Kaplan—Meier relapse-free survival curve based
on 4-6 versus 0—-3 DMP1 staining intensity. Patients with high DMP1p staining in the
tumours relapsed earlier than those with low or absent DMP1p (n = 63, p = 0.0050, x2 =
7.8653; Figure 2B). There was no correlation between DMP1J protein expression and LOH
of the locus, suggesting that these two events are independent (p = 0.4125). Breast cancers
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with 4-6 DMP1p protein expression were associated with clinical stage | (p = 0.0218, x2 =
5.26), but were not predominantly of any particular histological subtype (p = 0.7642;
Supplementary Table 1). Our data indicate that the DMP1p protein, aside from altered
splicing to increase DMP1B/a ratios, is frequently overexpressed in breast tumour tissues
and that DMP1p protein expression in breast cancer is associated with significantly shorter
survival.

Ectopic expression or knockdown of DMP1g in breast epithelial cells modulates

proliferation

While the tumour suppressor DMP1a acts as a potent activator of cell cycle arrest and
senescence, the DMP1 locus can be aberrantly spliced and DMP1 is overexpressed in
breast cancer [11,13,19]. Thus, we set out to determine the biological function of DMP1 in
breast non-tumourigenic and cancer cells. MCF10A cells stably expressing DMP1f or
vector alone were used to study the effect on cell growth (Figure 3A, right panel). Whereas
our previously published work indicated that DMP1a expression in MCF10A cells inhibited
proliferation and induced the p53 pathway [11], DMP1-expressing MCF10A cells grew
significantly faster than the cells with the vector alone (Figure 3A, left panel). MCF10A
cells expressing DMP1p formed significantly larger mammospheres than those from the
control when plated in a 3D Matrigel™ culture system (Figure 3B). To study the
consequences of endogenous DMP1p on human breast cancer cell lines, we designed several
shRNAs specifically targeting DMP1p and two shRNAs targeting all three DMP1 isoforms.
Due to a very limited sequence specific to DMP1p, we encountered difficulty in generating
effective sShRNAs to specifically silence DMP1f (data not shown). However, the ShRNAs
(DMP1-1131 [17] and DMP1-465) targeting all three DMP1 isoforms significantly reduced
their expression (Figures 4A and 4B). The DMP1-1131 and DMP1-465 shRNAs,
independent of mutation or deletion status of the p53 pathway, reduced the proliferation of
BT474 and MDA-MB-231 (Figures 4A and 4B), as well as that of MDA-MB-175VII and
ZR-75-1 (Supplementary Figure 7B, data not shown). The p53-independent effect of
DMP1p on cell proliferation was also con-firmed in SK-BR-3 cells (p53 mutant)
(Supplementary Figure 7A). Similarly, when MDA-MB-175VII (p53 wt) cells with the
DMP1 shRNA were plated in 3D Matrigel™ culture, they formed significantly smaller
mammospheres than the cells expressing a control ShRNA (Figure 4C). The growth of non-
transformed MCF10A cells was much less affected by DMP1 shRNA (Supplementary
Figure 7C). This means that DMP1f plays an essential role in the cell growth of breast
cancer cells, but not in non-transformed breast epithelial cells. In summary, our data indicate
that DMP1p has a distinct biological role compared with DMP1a; while DMP1a activates
the p53 pathway and induces senescence [11,13], the DMP1 isoform increases the
proliferation of breast epithelial cells in a p53-independent fashion.

DMP1B induces proliferation and mammary gland tumours in vivo

To examine DMP1f function in vivo and whether it has the capacity to induce proliferation
of mammary epithelial cells, we set out to establish MMTV-DMP1p transgenic mouse lines.
Human V5/6xHis-DMP18 cDNA was subcloned into the MMTV-LTR vector for
establishment of the transgenic mice (Figure 5A). The founder mice were genotyped by
PCR and four transgenic females were identified for the colony expansion (Figure 5A).
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Western blot and gRT-PCR analyses confirmed the expression of transgenic DMP1f protein
and mRNA in the mammary glands of MMTV-DMP1 mice (Figure 5B). In agreement,
immunohistochemistry using RAB and pan-DMP1 (RAD [27]) antibodies detected DMP1
protein expression in the luminal cells of transgenic mice (Figure 5C), but not in control
tissues (lung, liver; data not shown). Pregnancy in mice significantly alters tumourigenic
susceptibility and activity of the MMTV-LTR promoter [28,29]; therefore, we analysed both
nulliparous and multiparous female mice. Parous (n = 19 for transgenics; n = 18 for non-
transgenics) and nulliparous (n = 26 for transgenics; n = 19 for non-transgenics) females
were monitored for mammary lesions/tumour development for 6-20 months. DMP1-
transgenic (42% parous) females developed mammary tumours with a mean latency of 16
months (p < 0.0001, 2 = 19.7818; Figures 6A and 6B, upper). Multiparous DMP1p-
transgenic females developed mammary tumours earlier than non-parous transgenic females
(meanlatency 460 versus 545 days, p = 0.0052, x2 = 7.8233; Figure 6B, lower). Thus, the
onset of mammary tumours in MMTV-DMP1B-transgenic females was earlier than that of
MMTV-cyclin DI/D3/E, c-rel, but later than MMTV-ErbB2 mice [28]. We also observed a
low incidence (>4%) of pituitary prolactinomas, which have been linked to spontaneous
tumours in the FVB strain at an average age of 100 weeks and therefore were eliminated
from the analysis [30]. As expected, the whole mammary gland mounts and H&E analysis
of the mammary glands from the 18-month-old transgenic mice of the four strains showed
extensive hyperplasia with multifocal tumour lesions (Supplementary Figures 8 and 9).
Immunohistochemical studies demonstrated strong staining of the proliferation markers,
Ki67 and cyclin D1, in DMP1-transgenic mammary glands, which further confirmed the
hyperplastic phenotype of the glands (Figure 6C). The observed tumour lesions were highly
infiltrated with immune cells (Figure 7) and showed evidence of keratinization and
squamous differentiation. The immune infiltrates were mostly T lymphocytes as they were
positive for CD3 (Supplementary Figure 10A), but negative for CD20 (not shown). To
ascertain which cellular compartment of the mammary gland proliferated within tumours,
we double stained these lesions with antibodies for markers of basal/myoepithelial cells
(cytokeratin 14; CK14) and luminal cells (cytokeratin 8; CK8). The majority of the tumour
cells were positive for CK8, suggesting the luminal phenotype of the tumours; however,
some tumour cells were positively stained for both CK8 and CK14 (Figure 7 and
Supplementary Figures 10B and 10C). As expected, the keratinized sheets were exclusively
positive for CK14, supporting the transdifferentiation phenotype (Supplementary Figure 11
for double staining). We observed low cytoplasmic staining for ER and undetectable
staining for PR, indicating that these hormone receptors are not involved in the DMP1j-
induced tumour initiation or progression (Figure 7). Hence, the observation that DMP1f has
a distinct role from DMP1a in vitro was recapitulated in our in vivo mouse model. Overall,
while DMP1a functions as a bona fide tumour suppressor to activate the p53 pathway, we
provide evidence that the DMP1 splice isoform induces cell proliferation and mammary
tumour formation.

Discussion

In this study, we have uncovered a novel function of DMP1, an alternative splicing isoform
of DMP1. The DMP1 locus encodes three unique mRNA transcripts [19], which were found
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alternatively spliced in breast tumours but not in matched normal tissues. The splicing
alteration increased the tumour DMP1p/a isoform ratio in ~30% of breast cancer cases and
the DMP1 protein was highly expressed in ~60% of breast cancers; both were associated
with poor clinical outcomes of the patients. The other DMP1 isoform, DMP1y, was rarely
increased and often completely absent in the tumour tissues. Hence, our finding supports a
notion for the existence of a selective advantage in breast tumours to overexpress DMP1j
but down-regulate DMP1a and perhaps also DMP1y. Alternative splicing of cancer-
associated genes by tumour tissues has been reported previously. For example, prostate
tumours express a fetal pyruvate kinase isoform, PKM2, which promotes aerobic glycolysis,
a phenomenon known as the Warburg effect, and stimulates tumour progression [31].
DMP1p was previously reported to block PMA-induced differentiation of monocytes to
allow continued proliferation, while DMP1y had little effect in this setting [19]. The
evidence that the Dmp1 locus regulates other mammary gland processes aside from the p53
pathway came from Dmp1-null females, as they are unable to nurse offspring due to poor
mammary gland development resulting from reduced proliferation of luminal cells [10,18].
In agreement with the role of DMP1f in monocytes, our analysis indicates that patients with
high DMP1p/a ratios in their tumours exhibited poor clinical outcomes. By developing a
DMP1p-specific antibody, we also show that DMP1p protein is overexpressed in the
tumours, while maintained at low levels in the surrounding normal tissues.

We have previously reported that DMP1 is hemizygously deleted in the tumours of ~42%
breast cancer cases, while maintaining the other wild-type allele without promoter
hypermethylation [11]. The question why the loss of one DMP1 allele is sufficient to
inactivate DMP1a tumour suppressor activity remained unanswered. Here we provide a
possible explanation for this phenomenon by showing that increased DMP1f/a ratios
occurred in both LOH(+) and LOH(-) cases, indicating that tumours may modulate the
wild-type DMP1 allele with or without hemizygous DMP1 deletion. Similarly, MMTV-neu
tumours had altered Dmp1 splicing in both Dmp1 wild-type tumours and those with a
naturally occurring hemizygously deleted Dmp1 locus. Thus, the DMP1 locus is inactivated
by two independent mechanisms: (1) hemizygous deletion of the DMP1a gene that has a
tumour-suppressive function (p53-dependent), and (2) altered splicing that increases the
DMP1p isoform with tumour-promoting activity (p53-independent). These two mechanisms
could have synergistic effects in tumour development, which needs to be addressed in future
experiments by crossing Dmp1-knockout mice and DMP1f-transgenic mice.

The generation of oncogenic splicing variants from tumour suppressor loci has been
reported for p63 and p73 [24,25]. In both cases, the products of the oncogenic splicing
isoforms that lack N-terminal transactivation domains are overexpressed in tumours and act
in a dominant-negative fashion to all p53 family proteins (p53, p63, and p73) [25,32]. The
function of DMP1a is dependent on its ability to stabilize the wild-type p53 via
transactivating ARF expression or directly interacting with p53 [11,13,15-18]. The DMP1f
protein lacks the DNA-binding domain and C-terminal transactivation domain of DMP1a,
both of which are necessary for activating the Arf promoter and protein-protein interaction
with p53 [15,33]. Therefore, it is unlikely that DMP1 directly modulates the Arf-p53
pathway. Our data and previously published work suggest a p53-independent mechanism of
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tumour promotion by DMP1B. Dmp1-null animals show a distinct mammary gland
phenotype from MMTV-DMP18 mice, supporting the notion that DMP1f does not primarily
function as a dominant-negative isoform on DMP1a. In fact, Dmp1-null female mice rarely
develop mammary tumours even after 2 years of age. Hence, the tumour-promoting function
of DMP1 is independent of the DMP1a—p53 axis. The detailed mechanism underlying
DMP1f's action deserves further investigation using molecular/genetic approaches and in
vivo mouse models.

Our previous work showed that knockdown of endogenous DMP1 using ShRNAs targeting
all three DMP1 isoforms surprisingly reduced proliferation in two out of three breast cancer
cell lines [11]. Due to limited isoform-specific sequences, we were unable to design
effective sShRNAs unique to each DMP1 isoform. DMP1 splicing occurs on exon 10, where
a short sequence containing the TAA stop codon is retained to produce DMP13 and DMP1y
proteins. DMP1a-specific ShRNAs cannot be designed because the sequence of this
transcript is included in all DMP13 and DMP1y isoforms. Thus, we used ShRNAs targeting
all three DMP1 isoforms to show reduced proliferation in multiple breast cancer cell lines.
Since overexpression experiments indicate that DMP1p accelerates proliferation while
DMP1a induces growth arrest in the same breast epithelial cells, we attribute the attenuated
growth of the DMP1-knockdown cells to the effect of DMP18 silencing [11]. The DMP1 -
knockdown cells proliferate more slowly regardless of the p53 mutation or deletion status,
suggesting a p53-independent mechanism.

A recently developed MMTV-Dmpla transgenic mouse provided evidence that Dmpla
overexpression was non-tumourigenic but induced the p53 pathway, resulting in impaired
mammary glands. Additionally, Dmpla delayed HER2/neu-induced mammary gland
tumour initiation, which further demonstrated its tumour suppressor function [12].
Conversely, mammary glands from our newly established MMTV-DMP1f transgenic mice
developed normally without evidence of impairment. Indeed, when analysed at 6-20 months
of age, mammary glands from MMTV-DMP1p transgenic mice had developed diffuse
hyperplasia and multifocal tumours in four independent transgenic strains. The latency for
mammary tumour development was much earlier (460days) in multiparous DMP1f3
transgenic mice than in nulliparous (545 days) females. The tumours and surrounding glands
in the transgenic mice were hyperplasic, as they were strongly stained by the proliferation
markers Ki67 and cyclin D1. All of the tumour lesions had evidence of keratinization,
suggesting that the tumours are of the adenosqua-mous phenotype. In fact, the tumour
epithelial cells were stained with both CK8 and CK14, suggesting transdifferentiation.
Although adenosquamous carcinomas are infrequent in human breast cancer, they are
induced in the mammary glands of cyclin D1 and cyclin D3-transgenic mice [34-36].
Likewise, tumours from MMTV-DMP1 mice were composed of keratinized sheets with
evidence of transdifferentiation. Therefore, it is possible that cyclin D3 and DMP1f3
converge on the same signalling pathways to induce the transformation of mammary
epithelial cells.

In conclusion, we have demonstrated that the DMP1 locus is alternatively spliced to increase
the DMP1 isoform during mammary oncogenesis, which was associated with breast cancer
progression. Our data strongly support the notion that isoform switching at the DMP1 locus
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observed in the tumours was not a mere reduction in DMP1a expression, but rather
simultaneous inactivation of tumour suppressor activity mediated by DMP1a and an
increase in the DMP1p isoform which promotes cell proliferation. The signalling pathways
regulating DMP1 splicing in normal and tumour tissues remain unknown. Exon 10 of DMP1
contains multiple consensus sequences for splicing factors such as SF2/ASF, Tra2-f, and
SC35, all of which have been implicated in tumourigenesis [23,37-39]. It is possible that
HER2/neu signalling is involved since we have observed alteration of Dmp1 splicing in
MMTV-neu tumours. Moreover, the mechanism of DMP1-induced proliferation is still
unclear. DMP1p lacks the necessary domains to function as a transcription factor and
therefore is most likely acting through protein—protein interactions. Future studies are
needed to dissect the upstream signalling that regulates DMP1 splicing in breast cancer and
delineate DMP1f-interacting partners necessary for its oncogenic activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
DMP1 alternative splicing in breast cancer leads to increased DMP1p/a ratios. (A) gRT-

PCR analysis for DMP1 splicing in 20 breast tumours versus matched normal breast tissues
showing increased DMP1B/a mRNA ratios in eight patients. Error bars for normal and
tumour tissues of each patient represent experimental variations in the real-time PCR
analyses. The arrows indicate patients with significantly altered DMP1p/a splicing in
tumours compared with their matched normal tissues. DMP1 LOH (loss of heterozygosity)
below each patient indicates breast tumours with hemizygous DMP1 deletion [LOH(+) =
one DMP1 allele deletion; LOH(-) = wild-type DMP1 locus]. (B) Kaplan-Meier relapse-
free survival analysis of patients with high DMP1/a ratios (n= 14) versus patients with low
DMP1p/a ratios (n = 32) (p = 0.047, x2 = 3.952)
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Figure 2.

DMP1B immunohistochemistry in human breast tumours. (A) Representative images of
DMP1p immunohistochemistry staining from three breast cancer patients (patients 05-972
and 02-135: high DMP1p expression; patient 07—729: low DMP1f expression). A total of
63 human breast tumours were stained with DMP1p-specific antibody (RAB). DMPf
staining was significantly higher in the tumour tissues (05-972 and 02-135) than in the
surrounding normal tissues. (B) The immunohistochemical staining sections were scored on
both the intensity and the percentage of positive cells with RAB, and Kaplan-Meier relapse-
free survival curves were graphed between the high (4-6) and the low (0-3) staining groups.
Patients with significantly higher DMP1f scores in tumours had a significantly shorter
relapse-free survival than patients with tumours with lower scores (p = 0.0050, y2 = 7.8653).

J Pathol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Maglic et al.

>

-e- pMSCV-Vector
3%105 *

-& pMSCV-DMP1p
2
S DMP1p,
3 H
13
2
5 ACTIN
B 6x10' %k
pMSCV-Vector pMSCV-DMPI1p -|—
. -ﬁ 4x10'
i E
2x10'
=
&
g"f f"”&
Figure 3.

DMP1p expression in hon-tumourigenic human breast cell line increases proliferation. (A)
Human DMP1p cDNA was stably expressed in MCF10A cells using the pMSCV-puro
retroviral vector and growth curves were generated using puromycin-resistant cell pools.
DMP1p expression was confirmed by western blot analysis with an antibody to V5. Cells
expressing DMP1[3 grew more rapidly (*p < 0.001). (B) MCF10A cells stably expressing
DMP1p were grown as 3D mammaospheres in Matrigel™ for over 14 days when images
were taken. Relative sizes of mammospheres between vector and DMP1j-expressing
MCF10A cells were measured using Image J software (*p < 0.001).

J Pathol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Maglic et al. Page 16

A 12 4 BT474
uDMPlalpha
mDMPlbeta
= x4 gk 2.0%x10%7 -~ pSR-Control
2 *
Z -&- pSR-DMP1 1131
@ 8
& “ 2 1.5%10%
%] ]
= 06 'S
= = 1.0x1054
< 04 s |\ g
< = 5.0x10%
P
Z 2| @B B 2 pee—E-
B 0.0
0 A T
3 & 0 2 4 6 8
a ~
55? 35 Days
P <
a
B 12 MDA-MB-231
“DMPlalpha

s BDMPibeta

g 14 X 1.5%10°7 o (SR-Control *

-

= -=- pSR-DMP1 1131

E 08 - 2 P

A S 1.0x10%

"E 0.6 - ?

& L 3

< 04 E 5.0%10%

z 5

o =z

CENCEEE EEEE N R

Figure4.
Knockdown of endogenous DMP1 reduces breast cancer cell proliferation. (A, B) BT474

and MDA-MB-231 cells were stably infected with pSUPER.retro.puro retroviral vectors
expressing the DMP1-1131 shRNA or a control sShRNA. gRT-PCR confirmed the
knockdown of endogenous DMP1a and DMP1f isoforms in puromycin-resistant cell pools.
Cell proliferation was measured by cell counting over the time period indicated. (C) MDA-
MB-175VI1I cells were infected with retrovirus carrying a shRNA targeting endogenous
DMP1 3’'UTR (DMP1-465) and puromycin-resistant cells were plated in Matrigel™. The
growth inhibitory effect of the DMP1 shRNA on mammospheres was quantitated with
Image J software and graphed (*p < 0.001).

J Pathol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Maglic et al.

Page 17

A §8 &
[ —
9535 e §
MMTV-hDMP14VH ZRR R
SVADpolyA
’ SIltsml MMTV-LTR MMMI—“T“ “13
BamHi 1300 I
Pail(s200)
—
hOMP1T VSHa (500 bes)
80
B s M
NON-TG MMTV-DMPIg -
-
= o & 3 e B B ;ﬂ_‘l. ]
Mouse#: & 2 X SmEe anon 3
—— el % % ®©® o w® K 2 40
Anti-V5 . & l' l" “- ‘EL 30
(DMP1pyy) , X ?-:: =
3
&
-
afs
Ay "=
A -
o o
[_‘ (£
> A
E [ ]

-

e,
Z. |

Figure5.
Establishment of MMTV-DMP1ByH mice and expression of the transgene in mammary

glands. (A) Schematic map of the MMTV-LTR targeting construct used for expressing of
V5/6x His-tagged human DMP1p cDNA. DNA agarose gel analysis of the PCR genotyping
results shows four transgenic strains (strains 7, 10, 13, and 22) used for expanding the
colonies. (B) Western blot analysis shows the DMP1p protein expression in the mammary
glands of DMP1p transgenic mice. gRT-PCR analysis shows specific expression of the
DMP1 mRNA in mammary gland versus other tissues from MMTV-DMP1By transgenic
females (MG = mammary gland). The DMP1Byy proteins migrated as multiple bands at
45-50 kDa dependent on possible post-translational modifications. (C)
Immunohistochemical analysis of mammary glands from MMTV-DMP1 and non-
transgenic females using DMP1-specific (RAB) and pan-DMP1 (RAD) antibodies.
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Figure6.
DMP1p induces mammary gland tumours in vivo. (A) Macroscopic image of a palpable

mammary gland tumour in an MMTV-DMP1 mouse. The arrow indicates a large tumour
mass in the mammary gland. (B) Kaplan-Meier tumour-free survival curves analysing
DMP1p-transgenic versus non-transgenic and parous versus nulliparous mice. MMTV-
DMP1B mice developed tumours around 16 months of age (upper) (p = 0.0001, 32 =
19.7818). Since the frequency of hyperplasia was equal in transgenic and non-transgenic
cases, only the animals with tumours and without tumours are shown. Tumour development
in DMP1B-transgenic mice was accelerated when females went through several rounds of
pregnancy (lower) (mean latency, 460 versus 545 days; p = 0.0052, x2 = 7.8233). (C)
Representative histological analysis of mammary glands from MMTV-DMP18 and non-
transgenic mice at 18 months of age. The transgenic mammary glands show evidence of
hyperplasia with focal tumours, immune cell infiltrate, and keratinized deposits indicative of
adenosquamous carcinoma. Black arrows indicate areas of keratinization. Proliferative
markers, Ki67 and cyclin D1, were overexpressed in mammary glands from transgenic
females.
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Figure7.
Characterization of mammary tumours from MMTV-DMP1 mice. Immunohistochemical

staining of tumour lesions from two transgenic strains for oestrogen receptor (ER) and
progesterone receptor (PR), and double staining for cytokeratin 8 (CK8; brown) and
cytokeratin 14 (CK14; blue). CK8/CK14 double staining indicates that tumour epithelial
cells mostly express luminal marker (CK8), while some cells express the basal/
myoepithelial marker (CK14). Double CK8/CK14 staining is indicative of
transdifferentiation. Black arrows indicate keratinized sheets strongly stained with basal
marker (CK14). Red arrows indicate immune cell infiltrates. ER staining was weak and
mostly cytoplasmic, indicating a non-active receptor. PR staining was completely absent in
tumour cells.
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