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Abstract  44 

Background: Breast cancer is the most common cancer to affect women and one of the 45 

leading causes of cancer related deaths. Proper regulation of cell cycle checkpoints plays 46 

a critical role in preventing the accumulation of deleterious mutations. Perturbations in 47 

the expression or activity of mediators of cell cycle progression or checkpoint activation 48 

represent important events that may increase susceptibility to the onset of carcinogenesis. 49 

The atypical cyclin-like protein Spy1 was isolated in a screen for novel genes that could 50 

bypass the DNA damage response. Clinical data demonstrates that protein levels of Spy1 51 

are significantly elevated in ductal and lobular carcinoma of the breast. We hypothesized 52 

that elevated Spy1 would override protective cell cycle checkpoints and support the onset 53 

of mammary tumorigenesis.   54 

Methods: We generated a transgenic mouse model driving expression of Spy1 in the 55 

mammary epithelium. Mammary development, growth characteristics and susceptibility 56 

to tumorigenesis was studied. In vitro studies were conducted to investigate the 57 

relationship between Spy1 and p53.  58 

Results: We found that in the presence of wild-type p53, Spy1 protein is held ‘in check’ 59 

via protein degradation, representing a novel endogenous mechanism to ensure protected 60 

checkpoint control. Regulation of Spy1 by p53 is at the protein level and is mediated in 61 

part by Nedd4. Mutation or abrogation of p53 is sufficient to allow for accumulation of 62 

Spy1 levels resulting in mammary hyperplasia. Sustained elevation of Spy1 results in 63 

elevated proliferation of the mammary gland and susceptibility to tumorigenesis.  64 

Conclusions: This mouse model demonstrates for the first time that degradation of the 65 

cyclin-like protein Spy1 is an essential component of p53-mediated tumour suppression. 66 
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Targeting cyclin-like protein activity may therefore represent a mechanism of re-67 

sensitizing cells to important cell cycle checkpoints in a therapeutic setting. 68 

Keywords:  Cdk, Cyclin, cell cycle, tumour suppressor, mammary gland, DNA damage 69 

 70 

Introduction     71 

Breast cancer is the most prevalent form of cancer to affect women and represents the 72 

second leading cause of cancer related mortality among this population. Increased 73 

incidence of breast cancer in women can be attributed to the complex cellular changes the 74 

female mammary gland undergoes throughout life in response to hormonal cues. A 75 

delicate balance of cell cycle progression and inhibition is required at each of these 76 

periods of development to ensure maintenance of genomic stability; a crucial factor in the 77 

inhibition of tumourigenesis. Women with inherited mutations in genes that play 78 

fundamental roles in recognition of DNA damage and activation of DNA repair pathways 79 

have an elevated risk of breast cancer. Hence understanding how mammary epithelial 80 

cells monitor and respond to changes in genomic instability throughout development may 81 

reveal novel factors that predispose women to carcinogenesis.  82 

The tumour suppressor p53 plays a critical role in DNA repair mechanisms, 83 

functioning to initiate arrest, repair and apoptotic programs [1-4]. Over 50% of human 84 

cancers contain a mutation in the TP53 gene; individuals with Li-Fraumeni syndrome 85 

harbouring germline mutations in TP53 are at an increased risk of developing cancer, 86 

including breast cancer, and mouse models with germline knockout of p53 develop 87 

normally however spontaneous tumours occur at an increased rate [5-10]. Thus, the 88 

inability of a cell to efficiently recognize and repair DNA damage plays a key role in the 89 
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onset of tumourigenesis. Although p53 is widely mutated in human cancers and 90 

individuals with Li-Fraumeni syndrome have an elevated risk of breast cancer, this 91 

population comprises a small percentage of those with breast cancer, stressing the 92 

importance for cooperating genes in the initiation and/or progression of disease [11]. It is 93 

likely that these genes also play critical roles in normal cellular events that regulate 94 

proliferation, checkpoint activation and detection and repair of DNA damage, as aberrant 95 

expression of such genes would lead to genomic instability. Thus, it is of high importance 96 

to identify additional genes that may be implicated in breast cancer susceptibility. 97 

An atypical cyclin-like protein Spy1 (also called Ringo, Speedy1; gene SPDYA) 98 

was initially discovered in a screen for genes that would override cell death following 99 

ultraviolet (UV) radiation in a rad1 deficient strain of S. pombe, suggesting a role for this 100 

protein in overriding critical checkpoint responses following DNA damage [12]. Several 101 

groups have demonstrated that Spy1 is capable of inhibiting apoptosis and promoting 102 

progression through both G1/S and G2/M phase of the cell cycle [13-16]. Spy1 function 103 

is currently attributed to the direct binding to the cyclin dependent kinases (Cdks), 104 

activating both Cdk1 and Cdk2 independent of threonine 161/160 phosphorylation status 105 

[14-19]. In the mammary gland, Spy1 protein levels are tightly regulated through 106 

development, being high during proliferative stages and downregulated at the onset of 107 

differentiation [20]. Interestingly, levels rise at the onset of involution, a period of 108 

development characterized by apoptosis and the triggering of regenerative processes [20]. 109 

When overexpressed in immortalized cells with a mutated p53 and transplanted in cleared 110 

fat pad assays, elevated levels of Spy1 protein leads to precocious development of the 111 

mammary gland, disrupts normal morphogenesis and accelerates mammary 112 
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tumorigenesis [20]. Spy1 is elevated in human breast cancer [21, 22], as well as several 113 

other forms of cancer including brain, liver, and blood [23-25]. The ability of Spy1 to 114 

both enhance proliferation and override apoptosis and critical checkpoint responses 115 

provides further support for this finding. Spy1 may serve as an important mediator of the 116 

DNA damage response (DDR) in maintaining the proper balance of cellular proliferation; 117 

thus, deregulation of Spy1 may play a crucial role in the transition from precancerous to 118 

cancerous cell.  119 

In this work we drive Spy1 overexpression in the mammary gland using the 120 

mouse mammary tumour virus (MMTV) promoter (MMTV-Spy1). We find that while 121 

glands are significantly more proliferative, there is no gross overall defect or pathology to 122 

the gland. Importantly, when hit with chemical carcinogens MMTV-Spy1 mice 123 

accumulate more DNA damage and have elevated susceptibility to mammary tumour 124 

formation. We noted that in this model endogenous wild-type-p53 was capable of 125 

keeping levels of Spy1 protein in check. We proceed to demonstrate a novel negative 126 

feedback loop with p53. This work demonstrates that tight regulation over the levels of 127 

cyclin-like proteins is a critical component of mammary tumour suppression and loss of 128 

control promotes hyperplastic growth and tumour initiation in the breast.  129 

Materials and Methods 130 

Construction of Transgene 131 

The MMTV-Spy1 transgene was prepared as follows. Site directed mutagenesis was 132 

utilized to create an additional EcoRI site in Flag-Spy1A-pLXSN [26] to allow for 133 

subsequent removal of the Spy1 coding sequence using EcoRI digestion. The MMTV-134 

SV40-TRPS-1 vector (kind gift from Dr Gabriel E DiMattia) was digested with EcoRI to 135 
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remove the TRPS-1 coding sequence to allow for subsequent ligation of the Spy1 coding 136 

sequence into the MMTV-SV40 backbone.  137 

Generation and Maintenance of MMTV-Spy1 Transgenic Mice 138 

MMTV-Spy1 (B6CBAF1/J-Tg(MMTV-Spy1)1Lport319, B6CBAF1/J-Tg(MMTV-139 

Spy1)1Lport410, and B6CBAF1/J-Tg(MMTV-Spy1)1Lport413) mice were generated as 140 

follows: the MMTV-Spy1 vector was digested with XhoI and SpeI to isolate the MMTV-141 

Spy1 transgene fragment and remove the remainder of the vector backbone. The 142 

transgene was sent to the London Regional Transgenic and Gene Targeting Facility for 143 

pronuclear injections in B6CBAF1/J hybrid embryos. Identification of founders and 144 

subsequent identification of positive pups was performed by PCR analysis. PCR was 145 

performed by adding 50 ng of genomic tail DNA to a 25µL reaction (1x PCR buffer, 146 

2mM MgSO4, 0.2mM dNTP, 0.04U/µL BioBasic Taq Polymerase, 0.4µM forward 147 

primer [5’CCCAAGGCTTAAGTAAGTTTTTGG 3’], 0.4µM reverse primer [5’ 148 

GGGCATAAGCACAGATAAAACACT 3’], 1% DMSO) (NCI Mouse Repository). 149 

Cycling conditions were as follows: 94°C for 3 minutes, 40 cycles of 94°C for 1 minute, 150 

55°C for 2 minutes, and 72°C for 1 minute, and a final extension of 72°C for 3 minutes.   151 

Mice were maintained hemizygously following the Canadian Council on Animal Care 152 

Guidelines under animal utilization protocol 14-22 approved by the University of 153 

Windsor.  154 

Primary Cell Harvest and Culture  155 

Mammary tissue of the inguinal mammary gland was dissected and primary mammary 156 

epithelial cells were isolated as described [27]. Cells were also seeded on attachment 157 

plates in media containing 5% fetal bovine serum, 5 ng/mL EGF, 5 µg/mL insulin, 50 158 
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µg/mL gentamycin, 1% penicillin/streptomycin (P/S) in DMEM-F12 for BrdU 159 

incorporation assays conducted 1 week after isolation of the cells.  160 

Mammary Fat Pad Transplantation 161 

The p53 knockout mouse, B6.129S2-Trp53tm1Tyj/J, was purchased from Jackson 162 

Laboratory (002101) [10]. Mammary epithelial cells were isolated from 8 week old mice 163 

and transplanted into the cleared glands of 3 week old B6CBAF1/J females. Successful 164 

clearing was monitored via the addition of a cleared gland with no injected cells.  165 

Cell Culture 166 

Human embryonic kidney cells, HEK-293 (CRL-1573; ATCC), MDA-MB-231 (HTB-167 

26; ATCC) and MCF7 (HTB-22; ATCC) were cultured in Dulbecco’s Modified Eagle’s 168 

Medium (DMEM; D5796; Sigma Aldrich) supplemented with 10% fetal bovine serum 169 

(FBS; F1051; Sigma Aldrich) and 10% calf serum (C8056; Sigma Aldrich) respectively, 170 

and 1% P/S. Mouse mammary epithelial cells, HC11 (provided by Dr. C. Shemanko) 171 

were maintained in RPMI supplemented with 10% newborn calf serum, 5 µg/mL insulin, 172 

10 ng/mL EGF and 1% penicillin/streptomycin. All cell lines were maintained at 5% CO2 173 

at 37˚C. A BioRad TC10 Automated Cell Counter was used to assess cell viability via 174 

trypan blue exclusion. MG132 (Sigma Aldrich) was used at a concentration of 10 µM, 175 

and was added 12-16 hours post transfection. Cell lines purchased from ATCC were 176 

authenticated via ATCC. Cells were subject to routine mycoplasma testing. All cell lines 177 

were used within 3 passages of thawing.   178 

Plasmids 179 

The pEIZ plasmid was a kind gift from Dr B. Welm, and the pEIZ-Flag-Spy1 vector was 180 

generated as previously described [24]. pCS3 and Myc-Spy1-pCS3 plasmids were 181 
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generated as previously described [14], the Myc-Spy1-TST pCS3 plasmid was generated 182 

as previously described [28], and the p53-GFP backbone was purchased from Addgene 183 

(11770) (p53-GFP was a gift from Geoff Wahl (Addgene plasmid #11770)), (12091) 184 

(GFP-p53 was a gift from Tyler Jacks (Addgene plasmid #12091))[29]. The Nedd4DN 185 

vector was a kind gift from Dr. Dale S. Haines (Temple University School of Medicine). 186 

CMV10-3xFlag Skp2 delta-F was a gift from Sung Hee Baek (Addgene plasmid # 187 

81116) [30].  188 

DMBA Treatments 189 

Mice were given 1 mg of DMBA (Sigma Aldrich) in 100µL of a sesame:corn oil mixture 190 

(4:1 ratio) via oral gavage once per week.  Treatment began when mice reached 8 weeks 191 

of age and were continued for 6 consecutive weeks. Mice were monitored on a weekly 192 

basis for the presence of tumours via palpitations. Mice were humanely sacrificed when 193 

tumours were noted, and all mice were sacrificed by 8 months of age regardless of 194 

tumour formation. Tissues were collected from sacrificed mice and flash frozen for 195 

immunoblotting and qRT-PCR analysis, or fixed in formalin for immunohistochemistry. 196 

DMBA was dissolved in DMSO for all in vitro experiments and used at a final 197 

concentration of 1.5 µg/mL. 198 

Histology and Immunostaining 199 

Tissue was collected and fixed in 10% neutral buffered formalin. Immunohistochemistry 200 

was performed as described [31]. All primary antibodies were diluted in 3% BSA-0.1% 201 

Tween-20 in 1x PBS with the exception of mouse antibodies, which were diluted with 202 

Mouse on Mouse (MOM) blocker (Biocare Medical). Primary antibodies used were as 203 

follows: Spy1 (1:200; PA5-29417; Thermo Fisher Scientific), BrdU (1:200; 555627; BD 204 
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Bioscience), γH2AX (1:200; 05-636; Millipore) Nedd4 (1:200; MBS9204431; 205 

MyBioSource), PCNA (1:500; sc-9857; Santa Cruz), and cleaved-caspase 3 (1:250; 9661; 206 

Cell Signaling). Secondary antibodies were used at a concentration of 1:750 and were as 207 

follows: Biotinylated anti-mouse, biotinylated anti-goat and biotinylated anti-rabbit 208 

(Vector Laboratories). Slides were imaged using the LEICA DMI6000 inverted 209 

microscope with LAS 3.6 software.   210 

Whole Mount Analysis 211 

Briefly, the inguinal mammary gland was spread onto a positively charged slide 212 

(Fisherbrand 12-550-15) and left in Clarke’s Fluid (75% ethyl alcohol, 25% acetic acid) 213 

overnight. The following day, glands were placed in 70% ethyl alcohol for 30 minutes 214 

before being stained in carmine alum (0.2% carmine, 0.5% potassium aluminum 215 

sulphate) overnight. Glands were destained for 4 to 6 hours with destaining solution (1% 216 

HCl, 70% ethyl alcohol) and subsequently dehydrated in ascending concentrations of 217 

alcohol (15 minutes each 70, 95, 100% ethyl alcohol) before being cleared in xylene 218 

overnight.  Slides were mounted with Permount toluene solution (Fisher Scientific) 219 

before imaging on a Leica MZFLIII dissecting microscope (University of Windsor). 220 

Images were captured using Northern Eclipse software.  221 

Transfection and Infection 222 

MDA-MB-231 and MCF7 mammary cell lines were transiently transfected in serum and 223 

antibiotic free media using 25 µg of polyethylenimine (PEI) and 12 ug of plasmid DNA, 224 

incubated at room temperature for 10 minutes in base media before being added to the 225 

plate. For transfection of HC11 cells, media was changed to serum and antibiotic free 226 

media 4 hours prior to transfection. After 4 hours, 28 ug of PEI and 12 ug of plasmid 227 
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DNA were incubated at room temperature for 10 minutes in base media before being 228 

added to the plate. Transfection of HEK-293 cells was performed in full growth media 229 

with 25 ug of PEI and 10 ug of plasmid DNA.  For all cell lines transfection reagent was 230 

left for 16-18 hours. 231 

Transfection of primary mouse cell lines with sip53 (Santa Cruz) and siRNA 232 

control (Santa Cruz) was performed using siRNA Transfection Reagent (Santa Cruz) as 233 

per manufacturer’s instructions.  234 

UV Irradiation 235 

Media was removed from exponentially growing cells and cells were washed once with 236 

1X PBS and subjected to 254 nm of UV radiation using a GS Gene Linker (Bio Rad). 237 

Immediately following irradiation, fresh medium was added to the cells. 238 

Quantitative Real Time PCR Analysis 239 

RNA was isolated using Qiagen RNeasy Plus Mini Kit as per manufacturer’s 240 

instructions. cDNA was synthesized using Superscript II (Invitrogen) as per 241 

manufacturer’s instructions. SYBR Green detection (Applied Biosystems) was used for 242 

real time PCR and was performed and analyzed using Viia7 Real Time PCR System (Life 243 

Technologies) and software.  244 

Protein Isolation and Immunoblotting 245 

Tissue lysis buffer (50mM Tris-HCl pH 7.5, 1% NP-40, 0.25% Na-deoxycholate, 1mM 246 

EGTA, 0.2% SDS, 150mM NaCl) with protease inhibitors (leupeptin 2 g/mL, aprotinin 247 

5 g/mL, PMSF 100 g/mL) was added to flash frozen tissue. Tissue and lysis buffer 248 

were homogenized on ice using a Fisher Scientific Sonic Dismembrator 50. Samples 249 

were centrifuged at 13000rpm for 20 minutes at 4°C. Supernatant was collected and 250 
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centrifuged again at 13000rpm for 20 minutes at 4°C. Supernatant was collected and 251 

stored at -20°C until future use. Cells were lysed with TNE buffer (50 mM Tris, 150mM 252 

NaCl, 5mM EDTA) with protease inhibitors (leupeptin 2 g/mL, aprotinin 5 g/mL, 253 

PMSF 100 g/mL). Cells were lysed for 10 minutes on ice, centrifuged at 4°C at 254 

10,000rpm for 10 minutes, and supernatant was collected and stored at -20°C until further 255 

use. 256 

Protein concentrations were assessed using the Bradford assay as per 257 

manufacturer’s instructions. Equal amounts of protein were analyzed and separated using 258 

SDS-PAGE and transferred to PVDF membranes.  Membranes were blocked for 1 hour 259 

at room temperature in 1% BSA and incubated in primary antibody overnight at 4°C.  260 

Primary antibodies were used at a concentration of 1:1000 and were as follows: Actin 261 

(MAB1501; Millipore), p53 (ab131442; Abcam), Spy1 (ab153965; Abcam), c-Myc 262 

(C3956; Sigma Aldrich), Flag (F1804; Sigma Aldrich), Nedd4 (MBS9204431; 263 

MyBioSource). Secondary antibody mouse or rabbit IgG (Sigma Aldrich) at a 264 

concentration of 1:10,000 was used for 1 hour at room temperature. Visualization was 265 

conducted using chemiluminescent peroxidase substrate (Pierce) as per manufacturer’s 266 

instructions. Images were captured on Alpha Innotech HD 2 using AlphaEase FC 267 

software. 268 

BrdU Incorporation Assay 269 

15,000 cells per well were seeded in a 96 well plate. BrdU (BD Pharmingen) was added 270 

24 hours later to a final concentration of 10 µM and cells were incubated in media 271 

containing BrdU for 24 hours at 37°C, 5% CO2. Media containing BrdU was removed 272 

and cells were washed three times with 1x PBS. Cells were fixed in 4% PFA for 15 273 
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minutes, washed twice with 1xPBS, incubated for 20 minutes at 37°C in 2M HCl and 274 

subsequently washed once with 1x PBS. Cells were incubated for 45 minutes with Anti-275 

BrdU (BD Biosciences) in 0.2% Tween in 1x PBS.  Cells were washed with 1x PBS and 276 

incubated with anti-mouse IgG and hoescht at a 1:1000 dilution in 1x PBS for 1 hour at 277 

room temperature. Cells were washed one time with 1x PBS, once with distilled water 278 

and stored at 4°C in 50% glycerol until imaged using the LEICA DMI6000 inverted 279 

microscope.  280 

Flow Cytometry 281 

Mammary primary epithelial cells were isolated from inguinal glands as described (27). 282 

Cells were stained using CD24 (APC; BD 562349) and CD45 (PeCy7; BD 552848), and 283 

FACS was performed using a BD LSR Fortessa X-20 (Becton Dickinson).  284 

Statistical Analysis 285 

For tumour studies, a Mann-Whitney test was performed for statistical analysis. For all 286 

other data, a Student’s T-Test was performed. Unequal variance was assumed for 287 

experiments involving mouse tissue samples and primary mammary epithelial cells. Cell 288 

line data analysis assumed equal variance. All experiments, both in vitro and in vivo, 289 

included at least 3 biological replicates and results are representative of at least 3 290 

experimental replicates. No randomization or blinding occurred for animal studies. 291 

Significance was scored as *p<0.05, **p<0.01, ***p<0.001.  292 

See supplemental information for more materials and methods. 293 

Results 294 

Generation of MMTV-Spy1 transgenic mice. 295 
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The flag-Spy1 coding sequence was cloned into the MMTV-SV40 plasmid (Figure 1A) 296 

and injected into B6CBAF1/J pronuclei. PCR analysis identified three founders, with 5 to 297 

15 copies of the transgene (data not shown), all of which successfully transmitted the 298 

transgene to their progeny (Figure S1A). Analysis of both mRNA and protein levels from 299 

6-week-old mice revealed that mammary glands from MMTV-Spy1 mice contained 300 

significantly higher levels of Spy1 as compared to control littermates (Figure S1B). 301 

Western blot analysis of other tissues in the MMTV-Spy1 mice did not demonstrate 302 

significant elevation of Spy1 (Figure S1C). 303 

 Previous data demonstrated that increased levels of Spy1 in immortalized 304 

‘normal’ mouse mammary cells (HC11 cells) transplanted into cleared fat pads can 305 

disrupt morphology of the mammary gland and promote accelerated development in vivo 306 

[20]. Histopathological analysis of MMTV-Spy1 glands during puberty revealed modest 307 

phenotypic changes in the gland including a thickening of the ductal walls and some 308 

abnormal, proliferative characteristics (Figures 1C black arrowheads). Additionally, Spy1 309 

appeared to be expressed primarily in luminal cells and showed varying expression in 310 

myoepithelial cells (Figures 1B, S1D). Flow cytometry was used to delineate between 311 

basal and luminal populations of cells as described [32] and while there does appear to be 312 

increases in epithelial content, no significant difference was observed (Figure S1E). 313 

Gross morphology of the gland was not altered in whole mount analysis or histological 314 

analysis at any developmental time point analysed (Figures S2A,B,C). All MMTV-Spy1 315 

female mice successfully nursed their litters, even following multiple rounds of 316 

pregnancy and there were no tumours noted when mice were aged for 2 years.  317 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 18, 2019. ; https://doi.org/10.1101/535310doi: bioRxiv preprint 

https://doi.org/10.1101/535310
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 
 

Spy1 increases cell proliferation in a variety of cell types when exogenously 318 

expressed [14, 22]. To determine if MMTV-Spy1 mammary glands exhibited increased 319 

rates of proliferation, immunohistochemical analysis was performed to examine the 320 

expression of PCNA throughout a developmental time course. MMTV-Spy1 mice had 321 

significantly more PCNA positive cells than their littermate controls indicating increased 322 

proliferation at all points examined except for day 4 of involution (Figure 1D,F,S3). To 323 

determine if there was a bone fide increase in proliferation with no subsequent increase in 324 

apoptosis to counterbalance enhanced proliferation, glands were analyzed for expression 325 

of cleaved-caspase 3. No differences in cleaved-caspase 3 were detected at 12 weeks, day 326 

16.5 pregnancy or during lactation; however, a significant reduction in apoptosis was 327 

seen at 8 weeks and day 4 of involution (Figure 1E,F,S3). This suggests that Spy1 is 328 

capable of not only enhancing proliferation but also overriding apoptosis in an in vivo 329 

setting. To further validate this finding, primary mammary epithelial cells were isolated 330 

from the inguinal mammary glands of control and MMTV-Spy1 mice and treated with 331 

BrdU. Cells from MMTV-Spy1 inguinal mammary glands were found to have a 332 

significantly higher percentage of BrdU positive cells (Figure S2D). Hence, MMTV-333 

Spy1 mice display modest phenotypic and no gross morphological changes in the 334 

mammary gland despite having enhanced proliferation and decreased apoptosis.  335 

Spy1 increases mammary tumour susceptibility. 336 

Although MMTV-Spy1 mammary glands exhibit significant changes in proliferative 337 

capacity, they develop normally and do not present with spontaneous tumours. Increased 338 

protein levels of Spy1 have been implicated in several human cancers including that of 339 

the breast, ovary, liver and brain [20, 22-24]. To assess whether or not elevated levels of 340 
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Spy1 may affect tumour susceptibility, MMTV-Spy1 mice and control littermates were 341 

treated with the mammary carcinogen 7,12-dimethlybenz(a)anthracene (DMBA) once per 342 

week for 6 consecutive weeks during puberty (Figure 2A). DMBA induces DNA damage 343 

through the formation of DNA adducts and is commonly used in rodent models to study 344 

the onset and timing of mammary tumour formation [33-35]. Mice were monitored on a 345 

weekly basis for tumour formation. The timing of tumour initiation was not altered 346 

(Figure 2B) however, 95% of MMTV-Spy1 mice developed tumours as compared to only 347 

45% of control mice (Figure 2C). Of the tumours developed, 80% of MMTV-Spy1 mice 348 

presented with mammary tumours both benign and malignant, as compared to only 30% 349 

of littermate controls. Interestingly, ovarian tumours occurred in MMTV-Spy1 mice, but 350 

there was no incidence of ovarian tumours in littermate controls. Tumour tissue was sent 351 

for pathological analysis, and MMTV-Spy1 mice had significantly more malignant 352 

mammary tumours over littermate controls (Figures 2D-E).  353 

p53 can regulate protein levels of Spy1.  354 

Previous mammary fat pad transplantation of Spy1 overexpressing HC11 cells leads to 355 

increased tumour formation in vivo [20]. HC11 is an immortalized cell line with mutated 356 

p53 that renders p53 non-functional [36-38]. Spy1 is capable of preventing checkpoint 357 

activation [15] and since p53 plays a critical role in mediating proper checkpoint 358 

activation, it is plausible then that the lack of spontaneous tumours in the MMTV-Spy1 359 

mice may be attributed to the presence of wild-type p53. To test this theory, primary 360 

mammary epithelial cells were extracted from an MMTV-Spy1 mouse and p53 was 361 

knocked down using siRNA (Figure 3A). Interestingly, with only a modest decrease in 362 

p53 protein levels (Figure 3A; middle panel) there was a very significant increase in Spy1 363 
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protein levels (Figure 3A; left panel). Given that tumour formation was seen in a cell line 364 

with non-functional p53, and Spy1 can prevent checkpoint activation [13, 15, 16, 20], it is 365 

plausible then that wild-type p53 may work to downregulate Spy1 to allow for p53 366 

mediated cell cycle arrest, and elevated Spy1 with loss of p53 function would allow for 367 

enhanced genomic instability. To test the ability of wild-type p53 to regulate levels of 368 

Spy1 protein, mammary cells with mutated p53 (HC11 and MDA-MB-231 cells) were 369 

transfected with pEIZ, pEIZ-Spy1, p53 or pEIZ-Spy1 and p53 and lysates collected at 24 370 

hours for Western blot analysis. Levels of Spy1 protein were significantly decreased in 371 

the presence of wild-type p53 (Figure 3B). To determine if p53 also affected Spy1 372 

mRNA, MDA-MB-231 cells were transfected with pEIZ, pEIZ-Spy1, p53 or pEIZ-Spy1 373 

and p53 and levels of mRNA were assessed via qRT-PCR. There was no effect on levels 374 

of Spy1 mRNA in the presence of elevated p53 indicating that p53 likely regulates Spy1 375 

expression at the level of protein expression (Figure S4A). Previous data has 376 

demonstrated that Spy1 is targeted for proteasome-dependent degradation via either the 377 

E3 ubiquitin ligase Nedd4 [28] or the Skp2 ubiquitin ligase [39], which pathway is active 378 

may depend on phase of the cell cycle. To determine if the downregulation of Spy1 by 379 

p53 is proteasome dependent, Spy1 and p53 were expressed in the presence of the 380 

proteasome inhibitor MG132. Inhibition of the proteasome in the presence of p53 381 

abrogated the downregulation of Spy1 protein, supporting that p53 regulates protein 382 

levels of Spy1 via a proteasome dependent mechanism (Figure 3C). To determine 383 

whether Nedd4 or Skp2 were responsible for p53-mediated degradation of Spy1, Spy1 384 

and p53 were overexpressed along with dominant negative forms of both Nedd4 and 385 

Skp2. Levels of Spy1 were significantly decreased in the presence of p53 and the 386 
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dominant negative Skp2; however, loss of Nedd4 activity significantly reduced the ability 387 

of p53 to decrease levels of Spy1 (Figure 3D). To determine if p53 is capable of 388 

mediating levels of Nedd4, p53 was overexpressed and protein and RNA levels of Nedd4 389 

were examined. No significant differences were seen at either the levels of protein or 390 

RNA (Figure S4B,C). Previous data has also demonstrated that post-translational 391 

modification of Spy1 at residues Thr15, Ser22, Thr33 targets Spy1 for degradation by 392 

Nedd4 [28]. Wild-type Spy1 and a mutant non-degradable by Nedd4 (Spy1-TST) were 393 

both overexpressed in the presence of p53. Levels of wild-type Spy1 are significantly 394 

decreased in the presence of p53; however, p53 is unable to downregulate Spy1-TST 395 

indicating that post-translational modifications of Spy1 play an important role in p53 396 

mediated degradation of Spy1 (Figure 3E). This data supports that Spy1 levels are tightly 397 

controlled by p53 and this response is dependent on the E3 ligase Nedd4.  398 

Spy1 downregulation is a necessary component of the DDR. 399 

Spy1 can override the function of downstream effectors of p53 [13, 15], hence we 400 

hypothesize that negative regulation of Spy1 by wild-type p53 may be essential to ensure 401 

a healthy DDR response. To test this, cell proliferation was measured in HC11, MCF7 402 

and MDA-MB-231 cells following Spy1, p53 or Spy1 and p53 overexpression in the 403 

presence or absence of DNA damage stimuli (Figures 4A-B). Spy1 was capable of 404 

overriding the effects of constitutive expression of p53 both in the presence and absence 405 

of damage in both DMBA (Figure 4A) and UV damage (Figure 4B). It is notable that this 406 

effect was independent of endogenous p53 status. To further examine the functional 407 

relationship between Spy1 and p53 in primary mammary epithelial cells, p53 levels were 408 

manipulated with siRNA in cells extracted from the MMTV-Spy1 mice or littermate 409 
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controls (Figure 4C; left panel). Cell proliferation was measured in the presence and 410 

absence of UV damage (Figure 4C; right panel). These data demonstrate that endogenous 411 

levels of wild-type p53 keep a check on primary mammary populations in both the 412 

presence and absence of damage and that loss of p53 resulted in a robust increase in 413 

Spy1-mediated effects on proliferation.   414 

Spy1 expression disrupts the DDR in the presence of DMBA. 415 

To validate the in vitro findings that Spy1 elevation can alter proper checkpoint 416 

activation, MMTV-Spy1 mice were treated with 1 mg DMBA, and inguinal mammary 417 

gland tissues were collected after 48 hours and analysed for alterations in known DDR 418 

proteins (Figure 5A). Spy1 was significantly overexpressed at the mRNA level in 8-419 

week-old MMTV-Spy1 mice with and without DMBA (Figure S5A). Spy1 protein levels 420 

were also elevated in the MMTV-Spy1 mice over littermate controls both in the presence 421 

and absence of DMBA (Figure 5B; left panel). Importantly, Spy1 protein levels increased 422 

in control mice following treatment with DMBA in accordance with previous data 423 

demonstrating Spy1 is upregulated in response to damage [15]. Interestingly, p53 levels 424 

were significantly higher in the MMTV-Spy1 mice over littermate controls after DMBA 425 

treatment (Figure 5B compare left to right panels, Figure S5B). MMTV-Spy1 mice 426 

treated with DMBA were also found to have a significant increase in Nedd4 expression at 427 

the same time as p53 suggesting an upregulation in pathways responsible for Spy1 428 

mediated degradation (Figure 5C).   429 

Elevated levels of Spy1 lead to accumulated DNA damage. 430 

The effects of Spy1 on the level of DNA damage following exposure to DMBA was 431 

investigated in vivo. MMTV-Spy1 mice at 8 weeks of age were again treated once with 432 
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DMBA and samples were collected and analyzed 48 hours post treatment. MMTV-Spy1 433 

mice had significantly more γH2AX positive cells as compared to littermate controls, 434 

indicating a lack of repair in response to DMBA (Figure 5D). To determine if this is 435 

ubiquitous for different forms of DNA damage, primary inguinal mammary gland cells 436 

from MMTV-Spy1 mice and control littermates were isolated and UV irradiated with 50 437 

J/m2. Expression of γH2AX was monitored at a time course following damage. Cells 438 

from MMTV-Spy1 mice had significantly more γH2AX positive cells at 24 hours post 439 

UV as compared to control littermate cells (Figure 5E). Data from the MMTV-Spy1 440 

mouse both in vivo and in vitro shows a significant increase in γH2AX following DNA 441 

damage, which is in opposition to previously published data, which shows a significant 442 

decrease in γH2AX with Spy1 overexpression [13, 16]. To determine if this is due to a 443 

difference in the time points studied, HC11 cells were transfected with pCS3 or Myc-444 

Spy1-pCS3, UV irradiated and studied at a wide time course. At all times collected in 445 

non-irradiated cells, Spy1 overexpression led to a significant decrease in γH2AX as 446 

compared to control (Figure 5F). Following UV however, γH2AX was significantly 447 

lower in Spy1 cells at early time points and then significantly higher at 48 hours post UV. 448 

Previous work has examined the role of Spy1 in checkpoint activation following damage 449 

[13, 16]. Spy1 overexpression lead to decreased activation of both S phase and G2M 450 

checkpoints, as well as decreased activation of DDR signaling as assessed through Chk1 451 

phosphorylation status [13, 16]. Spy1 also decreased rates of removal of damage 452 

following UV, indicating that elevated levels of Spy1 prevent cellular checkpoint 453 

activation and impair removal of damage [13]. This data supports that elevated levels of 454 

Spy1 may promote proliferation and a delayed or impaired recognition of DNA damage 455 
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at early time points, however overriding checkpoints over time leads to an accumulation 456 

of DNA damage. 457 

In the absence of p53, Spy1 drives hyperplasia.  458 

To determine if loss of p53 cooperates with Spy1 to promote tumourigenesis, levels of 459 

p53 were assessed in DMBA treated MMTV-Spy1 mice and their control littermates at 460 

end point (Figure 2A) to determine if a decrease in p53 correlated with the development 461 

of tumours in DMBA treated MMTV-Spy mice. Levels of p53 were significantly lower 462 

in both MMTV-Spy1 DMBA induced mammary tumours as well as surrounding normal 463 

mammary tissue as compared to control (Figure 6A). Interestingly, there was no 464 

difference in p53 expression in control surrounding normal mammary tissue as compared 465 

to control DMBA mammary tumours, while MMTV-Spy1 DMBA mammary tumours 466 

had significantly lower p53 as compared to MMTV-Spy1 normal mammary tissue 467 

(Figure 6A).To determine if the loss of p53 is sufficient to drive spontaneous 468 

tumourigenesis with elevated levels of Spy1, MMTV-Spy1 mice were crossed with p53 469 

null mice. Mammary fat pad transplantation was performed when mice were 8 weeks of 470 

age to transplant extracted primary mammary epithelial cells from the resulting crosses 471 

into the cleared fat pad of 3 week old wild type mice to eliminate the possibility of other 472 

tumours forming prior to the onset of mammary tumours. Mice were left to age for up to 473 

2 years and monitored for formation of spontaneous mammary tumours. Whole mount 474 

analysis was performed on glands that did not develop tumours to assess for the 475 

formation of hyperplastic alveolar nodules (HANs) (Figure 6B, C). There was a 476 

significant increase in formation of HANs and tumours in fat pads of wild-type mice 477 

reconstituted with mammary epithelial cells from intercrossed MMTV-Spy1 p53-/- mice 478 
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as compared to mice reconstituted with wild-type mammary epithelial cells. One MMTV-479 

Spy1 p53+/- mouse developed a mammary tumour at 25 weeks post-transplant, while no 480 

p53+/- mice developed tumours even when left to 2 years of age. Two p53-/- and two 481 

MMTV-Spy1 p53-/- mice developed tumours and there was no difference in number of 482 

glands with HANs or tumours when comparing p53+/- to MMTV-Spy1 p53+/-. Complete 483 

loss of p53 with elevated levels of Spy1 lead to increased formation of HANs when 484 

comparing p53 loss alone with p53 loss combined with elevated Spy1 (Figure 6B).  485 

Numbers of both p53 -/- and MTMV-Spy1 p53-/- were lower than expected Mendelian 486 

ratios likely due to embryonic lethality. Elevated levels of Spy1 appear to enhance 487 

hyperplastic growth of mammary gland tissue when combined with loss of p53. This data 488 

supports the conclusion that wild-type p53 holds Spy1 levels in check to permit 489 

successful checkpoint regulation and preserve genomic integrity of the gland.  490 

Discussion 491 

Development of the transgenic MMTV-Spy1 mouse has yielded new insight into the 492 

molecular regulation of the breast during development, revealing how misregulation of 493 

cell cycle checkpoints can impact susceptibility to tumorigenesis. On the tumor resistant 494 

B6CBAF1/J background the MMTV-Spy1 mice develop normally, showing no overt 495 

phenotypic differences and no spontaneous tumorigenesis, despite a significant increase 496 

in proliferative potential of mammary epithelial cells [40] Primary mammary epithelial 497 

cells also demonstrate increased proliferative potential. Previous data demonstrated that 498 

overexpression of Spy1 in the murine HC11 cell line shows disrupted two-dimensional 499 

acinar development in vitro, accelerated ductal development in vivo, and increased 500 

tumourigenesis when transplanted into cleared mammary fat pads [20]. One difference 501 
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between these systems is the HC11 cell line contains a mutated p53 which renders p53 502 

non-functional [36-38]. Investigating this hypothesis, we found that that knockdown of 503 

p53 in MMTV-Spy1 primary mammary epithelial cells increases Spy1 protein levels 504 

significantly. To examine the relationship between Spy1 and p53, we turned our attention 505 

to in vitro cell systems, using a variety of cell lines differing in the status of p53 and 506 

DNA repair pathways. We found an inverse relationship between Spy1 and p53 protein 507 

levels in every cell system studied, and constitutive induction of Spy1 was capable of 508 

abrogating p53 mediated effects on proliferation in all scenarios. This supports previous 509 

functional data demonstrating that Spy1 can override the DDR and bypass checkpoint 510 

responses [12, 13, 15, 16]. We also demonstrated that p53 mediated degradation of Spy1 511 

is proteasome dependent and specifically requires the E3 ligase Nedd4. Collectively, 512 

these data support that p53 targets Spy1 protein levels to ensure the normal functioning of 513 

the DDR.  514 

Mice treated with DMBA had elevated p53 levels, along with a significant 515 

increase in the number of γH2AX cells. The elevated p53 seen in the MMTV-Spy1 mice 516 

upon exposure to DMBA without the subsequent decrease in Spy1 levels shown in cell 517 

systems may be due to the strong viral promoter in the transgene which would allow for 518 

consistent elevation of Spy1 despite the mounting p53 response to try and decrease 519 

levels. Increased levels of γH2AX can signify latent unrepaired damage, or perhaps a 520 

delay in the repair response to DNA damage. Increased expression of γH2AX is 521 

indicative of increased levels of DNA damage, which in turn can lead to accumulation of 522 

deleterious mutations and onset of tumourigenesis. Alterations in the accumulation and 523 

subsequent decrease in γH2AX is also shown in vitro indicating alterations to the DNA 524 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 18, 2019. ; https://doi.org/10.1101/535310doi: bioRxiv preprint 

https://doi.org/10.1101/535310
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 
 

damage response. We demonstrate that indeed the MMTV-Spy1 mice present with a 525 

significant increase in tumour formation. While there were some interesting findings with 526 

the histology of DMBA induced tumours, no significant differences were found between 527 

DMBA induced tumours in control versus MMTV-Spy1 mice. Many of the histologies 528 

noted are commonly found in DMBA induced tumours, however, further investigation is 529 

warranted to determine if Spy1 is capable of driving different subtypes or histologies of 530 

breast cancer [41, 42].   531 

When crossed with p53 null mice, fat pads of wild-type mice reconstituted with 532 

mammary epithelial cells from intercrossed MMTV-Spy1 mice with loss of p53 had more 533 

hyperplasia and tumours over wild-type mice reconstituted with wild-type mammary 534 

epithelial cells. The data suggests that complete loss of p53 may enhance the ability of 535 

Spy1 to drive tumourigenesis. To test this MMTV-Spy1 primary mammary epithelial 536 

cells were manipulated for p53 levels and data supports this hypothesis, there is a 537 

significant increase in proliferation in the absence of p53. Future work to combine this 538 

with known oncogenic drivers is an important next step. Reports in the literature show the 539 

loss of p53 alone on a susceptible strain of mouse leads to formation of mammary 540 

tumours in 75% and 55% of p53 null and heterozygous mice respectively [43]. It is 541 

important to note the differences in strain between the reported literature and the MMTV-542 

Spy1 and p53 intercross described in this study. While Balb/C mice are known to be 543 

more susceptible to mammary tumour formation, C57BL/6 mice are known to be more 544 

resistant, which may also account for lower rates of tumour onset seen with the MMTV-545 

Spy1 and p53 null intercross [40, 44].  Our data supports that elevated protein levels of 546 

Spy1 cooperate with these events. 547 
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Increased susceptibility to breast cancer, such as familial cases of breast cancer, 548 

are often caused by inherited mutations in genes that regulate the DDR, such as BRCA 549 

and p53 [5, 11, 45, 46]. It is likely that other genes which mediate cell cycle progression 550 

and alter the DDR may also be involved in enhanced susceptibility. Interestingly, studies 551 

investigating genes involved in breast cancer susceptibility have identified chromosome 552 

2p, and specifically 2p23.2, as a site which may have genes that contribute to increased 553 

breast cancer risk [47-49]. This identified location maps directly to the chromosomal 554 

location of the Spy1 gene (SPDYA). While further work is needed to definitively identify 555 

Spy1 as a breast cancer susceptibility gene, the current data provides support for Spy1 in 556 

enhancing susceptibility.  557 

Conclusions 558 

Collectively, this work presents a novel feedback loop between the atypical cell 559 

cycle regulator Spy1 and the tumour suppressor protein p53, where tight control over 560 

Spy1 protein levels is required to maintain normal expansion of the developing mammary 561 

epithelium. When p53 is mutated, or Spy1 is expressed at elevated levels, this will allow 562 

for deleterious mutations to accumulate, increasing susceptibility to tumourigenesis 563 

(Figure 7). Restoring p53 function has been an elusive target in the clinic. Spy1-Cdk 564 

regulation is a unique and potentially potent mechanism for drug design, which may 565 

represent a novel therapeutic approach for select forms of breast cancer.  566 
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 761 

Figure Legends 762 

Figure 1: Characterization of MMTV-Spy1 mice. A) Schematic representation of the 763 

MMTV-Spy1 transgenic vector used in pronuclear injections for the generation of the 764 

MMTV-Spy1 mouse. B) Spy1 expression in 8-week-old MMTV-Spy1 and control 765 

littermate (Cntl) inguinal mammary glands, where blue stain is haematoxylin and brown 766 

stain represents Spy1 expression. Representative images in left panels with quantification 767 
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of Spy1 levels using ImageJ software analysis shown in right panel. Scale bar= 100 µm. 768 

C) Representative H&E stain of inguinal mammary glands from 6-week-old MMTV-769 

Spy1 mice and control littermates (Cntl). Scale bar = 50 µm. D) PCNA expression in 770 

MMTV-Spy1 and littermate controls via immunohistochemical analysis. Quantification 771 

of percentage of PCNA positive mammary epithelial cells over 5 fields of view per 772 

sample (8 week Cntl n=3, MMTV-Spy1 n=4; 12 week Cntl n=3, MMT-Spy1 n=3; 16.5 773 

day pregnant Cntl n=1, MMTV-Spy1 n=2; 4 day lactation Cntl n=3, MMTV-Spy1 n=2; 4 774 

day involution Cntl n=2, MMTV-Spy1 n=2). E)  Cleaved caspase 3 (CC3) expression in 775 

MMTV-Spy1 and littermate controls via immunohistochemical analysis. Quantification 776 

of percentage of CC3 positive mammary epithelial cells over 5 fields of view per sample 777 

(8 week Cntl n=3, MMTV-Spy1 n=4; 12 week Cntl n=3, MMT-Spy1 n=3; 16.5 day 778 

pregnant Cntl n=1, MMTV-Spy1 n=2; 4 day lactation Cntl n=3, MMTV-Spy1 n=2; 4 day 779 

involution Cntl n=2, MMTV-Spy1 n=2).  F) Summary of proliferation and apoptosis data 780 

for developmental time course. Error bars reflect standard error (SE), Student’s T-test 781 

*p<0.05, **p<0.01, ***p<0.001. See also Figures S1 and S2. 782 

 783 

Figure 2: Spy1 overexpression leads to increased mammary tumour susceptibility. A) 784 

Schematic of DMBA treatment. B) Graphical representation of timing of tumour onset 785 

(n=20). C) Graphical representation of percentage of mice with tumours (n=20). D) 786 

Representative images of tumour pathology from DMBA induced mammary tumours i) 787 

and ii) adenosquamous carcinoma, iii) adenomyoepithelioma. Scale bar= 300 µm. E) 788 

Graphical representation of the number of mice with malignant mammary tumours 789 

(n=20). Mann-Whitney*p<0.05, **p<0.001 790 
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 791 

Figure 3: p53 regulates Spy1 protein levels through the ubiquitin ligase Nedd4. A) 792 

Western blot analysis of Spy1 (left panel) and p53 (middle panel) protein levels in 793 

MMTV-Spy1 primary mammary epithelial cells corrected for Actin. Data is represented 794 

as a fold change as compared to control siRNA (siCntl). Representative blot is shown in 795 

right panel. B) Levels of Spy1 protein were assessed via Western blot analysis 24 hours 796 

after transfection in HC11 (n=6) and MDA-MB 231 (n=5) cells transfected with pEIZ, 797 

pEIZ-Spy1, p53 or both pEIZ-Spy1 and p53. Left panels depict representative blots and 798 

right panels depict densitometry analysis of Spy1 levels corrected for Actin. C) Levels of 799 

Spy1 protein were assessed via Western blot analysis in presence and absence of MG132. 800 

Left panel depicts representative blot and right panel depicts densitometry analysis of 801 

Spy1 protein levels corrected for Actin. Data is shown as fold change to cells transfected 802 

only with the Spy1 vector (n=3). D) Levels of Spy1 protein were assessed in HEK-293 803 

cells after transfections with control vector pCS3 and Myc-Spy1-pCS3, p53, Skp2ΔF, 804 

and Nedd4DN in various combinations. Cells were collected 24 hours after transfection 805 

and subjected to Western blot analysis. Densitometry analysis was performed for total 806 

Spy1 protein levels and corrected for total Actin levels (n=3). E) Levels of Spy1 and 807 

Spy1-TST protein were assessed in HEK-293 cells after transfection with control vector 808 

pCS3, myc-Spy1-pCS3, myc-Spy1-TST-pCS3 and p53. Cells were collected 24 hours 809 

after transfection and subjected to Western blot analysis. Densitometry analysis was 810 

performed for total Spy1 protein levels and corrected for total Actin levels (n=3). Errors 811 

bars represent SE; Student’s T-test. *p<0.05, **p<0.01, ***p<0.001, not significant 812 

(N.S.). See also Figure S3. 813 
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 814 

Figure 4: Spy1 can enhance proliferation in the presence of p53. A) HC11 cells were 815 

transfected with vector control, pEIZ-Spy1, p53 or pEIZ-Spy1 and p53 in the presence or 816 

absence of 1.5µg/mL of DMBA. Levels of Spy1 are depicted (upper panels). Growth of 817 

cells following transfection was assessed via trypan blue analysis (lower panels) (n=3).  818 

B) MCF7 (left panel) and MDA-MB 231(right panel) were transfected with vector 819 

control, pEIZ-Spy1, p53 or pEIZ-Spy1 and p53 in the presence or absence of 50J/m2 UV 820 

damage. Growth of cells following transfection was assessed via trypan blue analysis 821 

(n=3). C) qRT-PCR analysis of p53 levels in littermate control (F1 Cntl) and MMTV-822 

Spy1 primary mammary epithelial cells corrected for total GAPDH. (left panel). 823 

Quantification of BrdU positive cells with and without UV irradiation with (siCntl) and 824 

without p53 (sip53) (right panel). F1 Cntl n=5, MMTV-Spy1 n=5. Error bars represent 825 

SE; Student’s T-test. *p<0.05, **p<0.01, ***p<0.001.  826 

 827 

Figure 5: MMTV-Spy1 mice show alterations in DDR pathway when exposed to 828 

DMBA. A) Schematic of short term DMBA treatment and collection of samples. B) 829 

Western blot for Spy1 (left panel) and p53 (right panel) levels in 8-week-old control mice 830 

and DMBA treated mice 48 hours following DMBA exposure. Densitometry analysis is 831 

depicted with total Spy1 and p53 levels corrected for total levels of Actin. C) 832 

Immunohistochemical analysis for Nedd4 expression in inguinal mammary glands of 8-833 

week-old MMTV-Spy1 mice and littermate controls was performed after exposure to 834 

DMBA. Representative images are shown in left panel. Levels of Nedd4 were quantified 835 

using ImageJ analysis (right panel). Scale bar=100 µm D) Representative images of 836 
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immunohistochemical analysis of γH2AX in inguinal mammary glands of 8-week-old 837 

MMTV-Spy1 and littermate control (Cntl) mice after exposure to DMBA (left panel), 838 

where brown stain is γH2AX and blue stain is haematoxylin. Number of γH2AX positive 839 

cells were counted and quantified as percentage of γH2AX cells (right panel). Scale bars= 840 

100 µm and 50 µm (inset image) E) Primary mammary epithelial cells from MMTV-841 

Spy1 mice and control littermates were isolated and UV irradiated with 50J/m2. Cells 842 

were collected 0, 1, 3 6 and 24 hours post-UV and immunofluorescence was performed to 843 

assess formation of γH2AX foci following damage (n=3). F) HC11 cells were transfected 844 

with pCS3 and Myc-Spy1-pCS3, and UV irradiated with 50J/m2. Cells were analysed at 845 

various times following UV irradiation for the number of γH2AX positive cells via 846 

immunofluorescence. Errors bars represent SE; Student’s T-test. *p<0.05, **p<0.01, 847 

***p<0.001.  848 

 849 

Figure 6: Loss of p53 enhances hyperplasia in MMTV-Spy1 mice. A) 850 

Immunohistochemical analysis for p53 expression in inguinal mammary glands and 851 

tumours of DMBA treated MMTV-Spy1 mice and littermate controls. Representative 852 

images are shown in left panel. Levels of p53 were quantified using ImageJ analysis 853 

(right panel). Scale bar=100 µm B) Fat pads of wild-type mice were reconstituted with 854 

mammary epithelial cells from MMTV-Spy1 mice crossed with p53 null mice and were 855 

monitored for HANs and formation of tumours. Only tumour negative mice were screen 856 

for the formation of HANs. (Wild-type n=5; MMTV-Spy1 n=7, p53+/- n=13; p53-/- n=6; 857 

MMTV-Spy1 p53+/- n=12; MMTV-Spy1 p53-/- n=5) C) Representative images of whole 858 
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mounts. Scale bar=0.1mm. Errors bars represent SE; Student’s T-test (A), Mann-Whitney 859 

(B). *p<0.05, **p<0.01, ***p<0.001.  860 

 861 

Figure 7. Mechanism for increased susceptibility by elevation of Spy1. Left panel 862 

reflects that Spy1 protein levels are held in check by wild-type p53 to allow tightly 863 

regulated bursts of needed mammary proliferation during development.  The panel to the 864 

right reflects the situation when either p53 is mutated/deleted or Spy1 protein levels are 865 

elevated, supporting susceptibility to tumorigenesis.   866 

 867 
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Figure 7
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