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Atypical cell cycle regulation promotes e
mammary stem cell expansion during
mammary development and tumourigenesis
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Abstract

Background The cell cycle of mammary stem cells must be tightly regulated to ensure normal homeostasis of
the mammary gland to prevent abnormal proliferation and susceptibility to tumorigenesis. The atypical cell cycle
regulator, Spy1 can override cell cycle checkpoints, including those activated by the tumour suppressor p53 which
mediates mammary stem cell homeostasis. Spy1 has also been shown to promote expansion of select stem cell
populations in other developmental systems. Spy1 protein is elevated during proliferative stages of mammary
gland development, is found at higher levels in human breast cancers, and promotes susceptibility to mammary
tumourigenesis when combined with loss of p53. We hypothesized that Spy1 cooperates with loss of p53 to
increase susceptibility to tumour initiation due to changes in susceptible mammary stem cell populations during
development and drives the formation of more aggressive stem like tumours.

Methods Using a transgenic mouse model driving expression of Spy1 within the mammary gland, mammary
development and stemness were assessed. These mice were intercrossed with p53 null mice to study the
tumourigenic properties of Spy1 driven p53 null tumours, as well as global changes in signaling via RNA sequencing
analysis.

Results We show that elevated levels of Spy1 leads to expansion of mammary stem cells, even in the presence
of p53, and an increase in mammary tumour formation. Spy1-driven tumours have an increased cancer stem
cell population, decreased checkpoint signaling, and demonstrate an increase in therapy resistance. Loss of Spy 1
decreases tumor onset and reduces the cancer stem cell population.

Conclusions This data demonstrates the potential of Spy1 to expand mammary stem cell populations and
contribute to the initiation and progression of aggressive, breast cancers with increased cancer stem cell populations.
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Introduction

The mammalian mammary gland is a hormone-sensitive
organ that undergoes complex structural and functional
changes throughout life to permit lactogenesis. During
puberty, pregnancy and through estrous, cell cycle acti-
vators support cell proliferation and expansion of the
mammary epithelium [1-5]. Mammary cells are guided
by morphological cues to form a branching ductal net-
work with proliferation balanced by apoptosis as well as
differentiation down luminal or myoepithelial lineages
[6, 7]. A perfect balance of these events is required to
ensure proper structure and organization of the mature,
functional adult mammary gland. Aberrant regulation of
mediators controlling these events may initiate or sup-
port tumourigenesis.

Mammary stem cells (MaSCs) and progenitor popu-
lations within the gland have been proposed as the cells
of origin for many breast cancers [8—10]. Tight regula-
tion over the expansion and differentiation of MaSCs
throughout mammary development depends on the
production and destruction of cell cycle mediators as
well as tumour suppressors such as p53. Loss of p53 pro-
motes a switch from asymmetric to symmetric division
of stem and progenitor cells, and results in susceptibil-
ity to tumourigenesis [11-14]. Resolving the molecular
mediators of mammary stem and progenitor populations
throughout development is key to understanding how
breast cancer initiates and progresses.

The atypical cell cycle mediator, Spyl (also referred
to as SpeedyAl, RINGO; gene SPDYA), is tightly regu-
lated throughout mammary development, with protein
levels being high during proliferative and regenerative
phases and downregulated during differentiation [15].
Spyl promotes cell cycle progression through both
G1/S and G2/M by uniquely binding and activating both
Cyclin Dependent Kinase (Cdk)l and Cdk2 [16-18].
Unlike classical cyclin proteins, Spyl activates Cdks
independent of canonical post-translational modifica-
tions including phosphorylation of the Cdk T-loop by
the Cyclin Activated Kinase (Cak) [19]. Previous work
has elucidated a novel negative feedback loop in healthy
cells between Spyl and p53, where p53 promotes Spyl
degradation and supports a cell cycle arrest [20]. Sus-
tained Spyl expression occurs in the absence of p53 and
overrides cell cycle checkpoints and promotes oncogenic
transformation of human cell lines [21-25]. Driving Spy1
with a MMTYV promoter on a mammary tumour resis-
tant background (B6CBAF1/]) increases susceptibility
to carcinogen-induced mammary tumorigenesis [20].
This occurs, at least in part, by overriding p53-mediated
checkpoints allowing for accumulation of DNA damage,
hence supporting that a Spyl-p53 feedback loop plays a
critical role in mediating breast cancer susceptibility [20].
Spy1 protein levels are elevated in cases of human breast
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cancer as well as in other cancers including brain, liver,
ovarian, and several blood cancers [21, 26—30] and ele-
vated levels of Spy1 drives more aggressive, drug resistant
disease in both Estrogen Receptor (ER) positive and Tri-
ple Negative Breast Cancer [26, 31]. Several publications
have implicated Spyl in expanding normal and cancer
stem cell populations in the brain [28, 32, 33]. Recently,
Spy1l has been shown to activate the epigenetic regulator
EZH2 and support reprogramming to a pluripotent state
[34]. Whether Spyl-mediated effects on stemness have
any implications in the mammary gland was not previ-
ously addressed.

Herein we provide the first data demonstrating that
overexpression of Spyl within the mouse mammary
gland alters mammary ductal development and promotes
functional characteristics of MaSCs. We have previously
shown that Spyl cooperates with loss of p53 to increase
susceptibility to tumourigenesis and confirm this finding
on a mouse background sensitive to mammary tumouri-
genesis. Dissecting this further, we provide evidence
that Spyl driven tumours have increased stem cell and
cell cycle progression signaling potentially contributing
to increased therapy resistance, linking early changes in
mammary development to tumourigenic properties. This
work adds to the growing literature supporting a role for
this atypical cell cycle mediator in mammary gland devel-
opment and breast tumourigenesis. More broadly this
work provides a novel mechanistic connection between
expansion of MaSC populations and breast cancer initia-
tion, progression, and response to therapy.

Materials and methods

Generation and maintenance of MMTV-Spy1 transgenic
mice

MMTV-Spyl transgenic mice were generated as
described [20] and backcrossed 10 generations onto an
FVBN/] background. Routine genotyping was performed
as described [20]. The p53 knockout mouse, B6.129S2-
Trp53tm1Tyj/], was purchased from Jackson Labora-
tory (002101) [35] and backcrossed 10 generations onto
an FVBN/J background. Estrous cycle was assessed in all
mice at the time of sample collection using established
protocols [36]. Mice were maintained following the
Canadian Council of Animal Care guidelines under ani-
mal utilization protocol 20—15 approved by the Univer-
sity of Windsor. The maximum allowed tumour volume
of 1.5cm® was not exceeded in any of the described stud-
ies according to protocol guidelines.

Mammary fat pad transplantation and limiting dilution
assay

For limiting dilution assays of normal mammary epi-
thelial cells, mammary epithelial cells were isolated
from 8-week-old and 6-month-old MMTV-Spyl or
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FVBN/] littermate control mice as described [37]. Cells
were transplanted into the cleared glands of 3-week-old
FVBN/] mice and successful clearing was monitored via
the addition of a cleared gland with no injected cells. For
limiting dilution assays of primary tumour cells, cells
were transplanted into the inguinal mammary glands of
6-week-old FVBN/J mice. Mammary epithelial cells from
intercrossed MMTV-Spyl and p53 null 8-week-old mice
were transplanted into the cleared glands of 3-week-old
FVBN/J mice for tumour studies and successful clear-
ing was monitored via addition of cleared gland with no
injection. Analysis was performed as described [38].

Whole mount analysis

Inguinal mammary glands were placed on positively
charged slides and incubated in Clarke’s Fluid (75% ethyl
alcohol 25% acetic acid) overnight. The following day,
slides were placed in 70% ethyl alcohol for 30 min and
stained for a minimum of overnight in carmine alum
(0.2% carmine, 0.5% potassium aluminium sulphate).
Glands were placed in destain solution (1%HCI, 70%
ethyl alcohol) for 4 to 6 h and dehydrated in a series of
ascending alcohol concentrations (70%, 95%, 100%) for
15 min each prior to clearing of the gland overnight in
xylene. Slides were mounted with Permount Toluene
(Fisher Scientific) solution prior to imaging.

Histology and immunostaining

Tissue was collected and fixed in 10% neutral buffered
formalin and immunohistochemistry was performed as
described [39]. Primary antibodies were as follows: Spy1l
(1:200; PA5-29417; Thermo Fisher Scientific)) PCNA
(1:500; sc-9857; Santa Cruz); cleaved caspase-3 (1:250;
9661; Cell Signaling), cytokeratin 8 (1:100; MABT329
Millipore), phospho-histone H3 S10 (1:300; ab5176
Abcam) and smooth muscle actin (1:250; A2547 Sigma).
Slides were imaged using the LEICA DMI6000 inverted
microscope with LAS 3.6 software.

Quantitative real time PCR analysis

RNA was isolated using the Qiagen RNeasy Plus Kit fol-
lowing manufacturer’s instructions. Equal amounts of
cDNA were synthesized using Quanta qScript Master
Mix as per manufacturer’s instructions. Real time PCR
was performed using SYBR Green detection (Applied
Biosystems) and was performed and analysed using Viia7
Real Time PCR System (Life Technologies) and software.

Immunoblotting

Tissue was lysed as previously described [20]. Protein
concentrations were determined via Bradford assay as
per manufacturer instructions and equal amounts of pro-
tein were separated using SDS-PAGE and transferred to
PVDF membrane. Membranes were blocked in 1% BSA
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for 1 h at room temperature and incubated in primary
antibody overnight at 4 °C (Actin 1:1000 (MAB1501;
Millipore), p53 1:1000 (ab131442; Abcam)). Secondary
antibody was used at a concentration of 1:10,000 for 1 h
at room temperature and chemiluminescent peroxidase
substrate (BioRad) was used for visualization as per man-
ufacturer instructions. Images were captured using Bio-
Rad ChemiDoc Imaging System.

Primary mammary epithelial cell culture

Mammary epithelial cells (MECs) were isolated from
inguinal mammary glands as previously described [37]
and cultured at 5% CO, at 37 °C in DMEM/F12 supple-
mented with 10% FBS, 5 pg/mL insulin, 1 pg/mL hydro-
cortisone, 10ng/mL EGF and 1% P/S for adherent culture,
and were sub-cultured using 0.05% trypsin. For mammo-
sphere formation assays, cells were seeded at a density of
10,000-20,000 cells per mL of culture media (DMEM/
F12 supplemented with 20ng/mL bFGE, 20ng/mL EGEF,
B27, 100 pug/mL gentamicin, 1%P/S) in ultra low attach-
ment plates. Mammospheres were dissociated with 0.05%
trypsin to obtain single cell suspensions and seeded at a
density of 1,000—5,000 cells/mL for secondary sphere for-
mation. Transfection of primary MECs with sip53 (Santa
Cruz) and siRNA control (Santa Cruz) was performed
using siRNA Transfection Reagent as per manufacturer’s
instructions. For treatment assays, cells were seeded at
a density of 20,000 cells per well in a 24 well plate and
treated with vehicle control (DMSO), 25nM doxorubi-
cin, 6mM cyclophosphamide, 100nM paclitaxel, 10nM
dinaciclib or 500nM palbociclib.

PKH staining

Primary MECs were stained with PKH26 dye (Sigma)
as per manufacturer’s instructions and seeded for mam-
mosphere formation assays to obtain primary mammo-
spheres. Primary mammospheres were dissociated into
single cell suspensions and sorted based on PKH26 stain-
ing intensity using a BD FACSARIA Fusion flow cytom-
eter where single cell suspensions were then seeded for
secondary sphere formation.

Flow cytometry

Primary MECs were isolated as described [37] and epi-
thelial cells were enriched using the EasySep Mouse
Epithelial Cell Enrichment Kit (Stem Cell Technolo-
gies) as per manufacturer’s instructions. Cells were
stained with EpCAM-APC (BD Bioscience 563,478) and
CD49f-Superbright 436 (Thermo 62-0495-82) and FACS
was performed using a BD LSR Fortessa X-20 (Becton
Dickinson).
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RNA-sequencing and gene expression analysis

Total RNA was isolated using the Qiagen RNeasy Plus
Kit following manufacturer’s instructions. RNA was sent
to Psomagen and quality measured using Agilent 2100
Expert Eukaryote Total RNA NanoDrop. RNA libraries
were prepared using TruSeq Stranded mRNA Library
Prep Kit. Libraries were sequenced using the S4 chipset
on the NovaSeq6000 instrument (Illumina) for 150 bp
paired end sequencing and 60 M total reads. Raw FASTQ
files were processed using the nf-core RNAseq pipeline
(nf-core/rnaseq v3.12.0) [40, 41]. Adapter and qual-
ity trimming was performed using Trim Galore v0.6.7
[42]. FASTQ reads were aligned to the mouse GRCm39
reference genome using STAR [43]. RNA sequencing
transcripts were quantified using Salmon v1.10.1 [44].
Quantified transcripts were analyzed using the nf-core
differential abundance pipeline (nf-core/differentialabun-
dance v1.4.0) [40, 41]. Differential expression analysis was
performed using DESeq2 v1.34.0 and EnhancedVolcano
v1.20.0 from Bioconductor in R. GSEA v4.3.2 was used
for gene set enrichment analysis [45]. Gene expression
plots were made using ggplot2 in R [46].

Cell culture

MCF7 (HTB-22; ATCC) were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; D5796; Sigma
Aldrich) supplemented with 10% foetal bovine serum
(FBS; F1051; Sigma Aldrich) and 1% P/S at 37 °C and 5%
CO,. MCF7 and primary MECs were lentivirally infected
in serum and antibiotic free medium containing 8 pg/
mL polybrene. The pEIZ plasmid was a kind gift from Dr.
B. Welm, and the pEIZ-Flag-Spyl vector was generated
as previously described [28]. The pLKO, pLKO-Spyl.1,
pLKO-shSpyl.2, and pLB, pLB-shSpyl plasmids were
generated as described [16, 28]. The p53-GFP backbone
was purchased from Addgene (11,770) (p53-GFP was a
gift from Geoff Wahl (Addgene plasmid #11,770)), shp53
pLKO.1 puro was purchased from Addgene (19,119)
(shp53 pLKO.1 puro was a gift from Bob Weinberg (Add-
gene plasmid # 19,119 ; http://n2t.net/addgene:19119 ;
RRID: Addgene_19119)) [47].

Statistics

A Mann-Whitney was performed for tumour studies.
For all other data, a Student’s T-Test was performed.
For experiments involving mouse samples and primary
MECs, unequal variance was assumed. For cell line-based
experiments, equal variance was assumed. For differen-
tial expression analysis, DESeq2 calculates p-values using
the Wald test and BH-adjusted p-value (padj) is calcu-
lated using the Benjamini Hochberg method [48]. All
experiments include at least 3 biological replicates and
are representative of at least 3 experimental replicates.
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Results

Spy1 increases ductal branching

The MMTV-Spyl transgenic mouse model previously
generated on a B6CBAF1/] background did not have any
gross morphological differences in mammary develop-
ment, despite changes in proliferation and apoptosis and
a significant increase in mammary tumour susceptibil-
ity [20]. This was likely due to the nature of the model
background as this strain is known to be more resistant
to alterations in mammary development [49, 50]. To
address this, the MMTV-Spyl model was backcrossed 10
generations onto an FVBN/J background, a more com-
monly used strain for studying mammary development.
Levels of Spyl mRNA and protein were confirmed to be
significantly upregulated in MMTV-Spyl mice as com-
pared to littermate controls (Figure S1 A, B). Previous
data has demonstrated that elevation of Spyl in HC11
cells was able to promote accelerated ductal develop-
ment upon mammary fat pad transplantation [15]. Rate
of ductal elongation and number of branch points was
quantified throughout pubertal development. MMTV-
Spyl mice had a significant increase in ductal elongation
at 8 weeks (Fig. 1A) and a significant increase in number
of branch points across all time points collected (Fig. 1B:
upper graph). A significant increase in the overall per-
cent fat pad filling at all time points was also observed
(Fig. 1B: lower graph). These alterations in ductal branch-
ing corresponded to a significant increase in the percent-
age of PCNA positive cells at all time points examined,
and a significant decrease in cleaved caspase 3 (CC3) at
8 weeks of age (Figure S2A, B). Thus, Spyl significantly
increases rates of proliferation and decreases apoptosis
at select time points in the developing mouse mammary
gland. This may be a contributing factor to the increased
ductal branching noted.

Increased rates of proliferation may impact the cellu-
lar composition of the mammary gland by altering cell
cycle dynamics leading to changes in the differentiation
status of the cells. First, inguinal mammary glands from
8-week-old mice were assessed for luminal and myoepi-
thelial markers cytokeratin 8 (CK8) and smooth muscle
actin (SMA) respectively. No change in expression of
either marker was noted in the MMTYV-Spyl inguinal
mammary glands (Figure S2C). Hormone receptor sta-
tus was assessed via immunohistochemistry from 8 and
12-week-old MMTV-Spyl mice and littermate controls.
MMTV-Spyl mice showed accelerated expression of pro-
gesterone receptor (PR) and ERa positive cells at 8 weeks
of age (Figure S3A-B). Previous work has demonstrated
a feedback loop between Spyl and p53 in the mammary
gland [20]. Overall levels of p53 protein and RNA were
assessed in 8-week-old MMTV-Spyl and littermate con-
trol mice to determine if the developmental changes
may be due to changes in p53 expression. No significant
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Fig. 1 Spy1 increases ductal branching. (a) Ratio of ductal progression past the lymph node in 8-week-old inguinal mammary glands from control lit-
termates (Cntl) and MMTV-Spy1 mice (n=3). (b) Whole mount analysis of inguinal mammary glands from 6-, 8- and 12-week-old littermate control and
MMTV-Spy1 mice. Representative images shown in left panels, and quantification of number of branch points per mm (top right panel) and percentage
of fat pad filling (bottom right panel) were quantified using ImageJ software analysis. Scale bar =0.1 mm. (6-week n=4-, 8- and 12-week n=3); Errors bars

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

changes in p53 expression were detected (Figure S3C-D).
This collectively supports that there is an early expansion
of the hormone receptor positive population in mam-
mary glands with Spyl elevation, and potential altera-
tions in the differentiation status of the mammary gland.

Elevated levels of Spy1 lead to expansion of the mammary
stem cell population

An increase in proliferation coupled with alterations to
the hormone receptor status in the mammary gland may
impact the MaSC population, as this population is hor-
mone receptor negative [51, 52]. To determine if Spyl
can promote expansion of the MaSC population, a lim-
iting dilution assay was performed to assess functional
properties of MaSCs using mammary epithelial cells
(MECs) isolated from 8-week-old mice to match time
points collected during pubertal development. Strikingly,
the MMTV-Spyl mice had more than a 10-fold increase
in the stem cell population (Fig. 2A). This increase was
maintained over time as demonstrated using limiting
dilution assays on MECs isolated from 6-month-old mice
(Fig. 2B). As a secondary measurement of functional

properties of the stem cell population, primary MECs
were isolated from 10-12-week-old MMTV-Spyl mice
and their control littermates and a mammosphere forma-
tion assay was performed. MECs isolated from MMTV-
Spyl mice had a significantly higher sphere formation
efficiency (SFE) as compared to control MECs when
assessing the formation of primary spheres (Fig. 2C).
Furthermore, a higher rate of SFE was sustained when
sequentially passaged, whereas mammospheres from
littermate controls demonstrated a decline in SFE over
time (Fig. 2C). To further address the ability of Spyl to
promote stem cell characteristics in the mammary gland,
primary MECs from MMTV-Spyl and littermate con-
trol mice were isolated, stained with the label retaining
dye PKH26 and seeded for a mammosphere formation
assay. PKH26 is a fluorescent dye which binds cell mem-
branes and segregates into daughter cells such that it
can be used to identify proliferative history. It has been
previously shown that mammary cells which retain high
PKH26 staining contain a higher proportion of MaSCs as
compared to PKH26 negative cells [11, 13, 53]. Follow-
ing mammosphere formation, cells were sorted based on
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Fig. 2 MMTV-Spy1 mice have an increased MaSC population. Limiting dilution assays were performed using primary cells from (a) 8-week-old and (b)
6-month-old littermate control (FVB-Cntl) and MMTV-Spy1 mice. (c) Mammospheres from MMTV-Spy1 and littermate control mammary primary cells
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(See figure on previous page.)

Fig. 3 Spy1 overrides p53 to promote MaSC expansion. (a) Primary mammary epithelial cells were isolated from inguinal mammary glands of MMTV-
Spy1 and littermate control mice and cultured as mammospheres in the presence and absence of 2.5uM Nutlin3. Sphere forming efficiency of primary
mammospheres (left panel) and secondary mammospheres (right panel) is depicted (n=3). (b) Control (pElZ) or Spy1 overexpression (Spy1) MCF7 cells
were treated with 2.5uM Nutlin3 and cultured as mammospheres. Sphere forming efficiency in the presence or absence of Nutlin3 is depicted. (c) siRNA
mediated knockdown of p53 was performed in primary mammary epithelial cells from control and MMTV-Spy1 inguinal mammary glands, and cells were
cultured as mammospheres. Sphere forming efficiency is depicted (n=5). (d) MCF7 cells were lentivirally infected with pEIZ, pEIZ Spy1 (Spy1), pLKO, pLKO
shSpy1 (shSpy1.1, shSpy1.2), p53 or shp53. MCF7 cells with Spy1 overexpression (left panel) or Spy1 knockdown (right panels) in the presence or absence
of p53, were cultured as mammospheres. Sphere forming efficiency was assessed and quantified (lower panels). Representative images shown in upper

panels. Scale bar =200 um; n=3; Errors bars represent SE; Student’s T-test. *p < 0.05, **p <0.01, ***p < 0.001

PKH26 staining and seeded as secondary mammospheres
as PKH26"e" and PKH26"°#"¢ populations (Fig. 2D). As
expected, PKH26"8%¢ populations had a reduced SFE
compared to PKH26"#" populations, however MMTV-
Spyl mammospheres increased SFE significantly in both
PKH26"¢#%"e and PKH26"8" populations. Increased SFE
in MMTV-Spyl PKH26"€ cell populations is indica-
tive of increased functional properties of stemness in a
population known to have reduced stem cell potential as
has been previously demonstrated [13]. Taken together,
this suggests that elevated levels of Spyl promote stem
cell potential of MECs, leading to expansion of the MaSC
population.

Spy1 overrides p53 to promote expansion of the MaSC
population
Spyl can cooperate with the loss of p53 to promote sus-
ceptibility to mammary tumourigenesis, and function-
ally overrides p53 in response to various types of DNA
damage [20, 24, 25]. Loss of p53 on its own leads to an
increase in symmetric division and expansion of MaSC
populations [11-14]. On the other hand, elevation of p53
supports a reduction in the MaSC population, asymmet-
ric division and an increase in differentiation [11-13]. To
determine if Spyl plays a role in p53-mediated effects in
the MaSC population, primary MECS from MMT V-Spyl
and littermate control mice were cultured as mammo-
spheres in the presence and absence of Nutlin3, a small
molecule that inhibits MDM?2 dependent degradation
of p53 leading to p53 stabilization [54]. SFE in control
mammospheres was significantly reduced in the pres-
ence of Nutlin3 whereas no effect was seen on MMTV-
Spyl mammospheres (Fig. 3A), thus indicating that Spy1
can override p53 to allow for continued expansion of the
MaSC population. This effect was also seen in MCF7 cells
manipulated with lentivirus to overexpress Spy1 (Fig. 3B).
To assess the effects of loss of p53 in Spyl overex-
pressing samples, primary MECs were again isolated
from MMTV-Spyl and littermate control mice and p53
was knocked down via siRNA and cells were seeded for
mammosphere formation. As expected, knockdown of
p53 increases SFE, however, while MMTV-Spyl alone
increased SFE, the combination of MMTV-Spyl with
sip53 did not result in a significant increase in SFE over
that of sip53 alone (Fig. 3C). This suggests that Spyl

effects on MaSC expansion are via the ability to over-
ride p53. To further validate this result, MCF7 cells were
manipulated with lentivirus to overexpress and knock-
down both Spyl and p53 in varying combinations. Spyl
was able to promote SFE in the presence of elevated
p53 (Fig. 3D) and was not able to significantly increase
SFE with loss of p53 (shp53) over that of shp53 alone
(Fig. 3D). Interestingly, knockdown of Spy1 alone lead to
a significant decrease in SFE and when combined with
knockdown of p53, completely ablated the effects of loss
of p53 on SFE indicating that in MaSCs with loss of p53,
the ability to expand this population may be dependent
on Spyl (Fig. 3D). Taken together this data demonstrates
that Spyl can override p53 to promote MaSC expansion
and may be required for promoting MaSC division with
loss of p53.

Loss of p53 does not alter Spy1 mediated effects on normal
mammary development

Despite alterations to ductal branching, early increases in
hormone receptor positive cells and an increase in func-
tional properties of stemness, only 2 spontaneous mam-
mary tumours were documented over 50 MMTV-Spyl
mice allowed to age up to 2 years of age. Previous data
has shown that Spyl cooperates with loss of p53 to pro-
mote mammary tumourigenesis; however, whether the
changes observed with Spyl elevation during develop-
ment, particularly with the MaSC population, contrib-
ute to increased susceptibility on a p53 null background
has not yet been explored. To address this, MMTV-Spyl
mice were intercrossed with p53 null mice. First, inguinal
mammary glands were collected at 8 weeks to determine
if the loss of p53 altered any of the developmental pheno-
types noted in the MMTV-Spyl model. While there was
a reduction in ductal elongation in the MMTV-Spyl p53
heterozygous mice as compared to MMTV-Spyl mice
alone, the complete loss of p53 did not affect the abil-
ity of Spyl to promote ductal elongation or increase the
number of branch points, and rates of ductal elongation
and branch points remained elevated over that of control
mice and p53 heterozygous mice (Figure S4). No changes
in differentiation status were observed with CKS8 and
SMA when assessing MMTV-Spyl mice as compared
to MMTV-Spyl mice with partial or complete loss of
p53 (data not shown). Previous work has characterized
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a positive feedback loop between ERa and p53 [55, 56].
Additionally, there was no change on the ability of Spy1 to
increase PR or ERa expression at 8 weeks in the absence
of p53 (Figure S5A-B). Interestingly, p53 null mice had a
significant increase in PR positive cells as compared to
p53 heterozygous mice, however there was no significant
difference in the presence of the MMTV-Spyl transgene
(Figure S5B). Collectively, these data support that Spyl
effects on mammary development are independent of
p53 status.

To assess the cellular composition of the ductal net-
work in the MMTV-Spy1 and p53 null intercrossed mice,
flow cytometry was performed on MECs isolated from
inguinal mammary glands of 8-week-old mice. While
no significant differences were found between control,
MMTV-Spyl, p53 heterozygotes and p53 null mice,
MMTV-Spyl mice with partial or complete loss of p53
both showed significant expansion of the luminal cell
population (Figure S5C). MMTV-Spyl p53 null glands
also had a significant decrease in the basal cell population
as compared to wildtype littermate controls (Figure S5C).
This data supports that elevation of Spyl combined with
alterations in p53 status may alter the cellular composi-
tion of the mammary gland.

Spy1 p53 null tumours have elevated stem cell and cell
cycle signaling

While loss of p53 did not alter ductal development or
differentiation status of the mammary gland in combina-
tion with elevated Spy1, Spyl and p53 do appear to have
a link with respect to the MaSC population. To address
the impact of increased stemness properties on Spyl
p53 null driven tumours, MMTV-Spyl mice were again
intercrossed with p53 null mice. Primary MECs were
extracted at 8 weeks of age and mammary fat pad trans-
plantation was performed in cleared glands of 3-week-
old FVBN/J mice as described to eliminate the potential
of other tumours arising on a p53 null background prior
to mammary tumours developing [20]. Similar to previ-
ous findings, Spyl cooperated with partial or complete
loss of p53 to increase hyperplastic alveolar nodules
(HANs) and tumour formation (Fig. 4A). MMTV-Spyl
p53 null mice had a significant increase in both HANs
and tumour formation over that of control mice, and
p53 null and MMTV-Spyl p53 heterozygous mice dis-
played significant increases in HANs formation over that
of control mice. When comparing rates of both HANs
and tumour formation between p53 altered genotypes
with and without Spyl elevation, no significant differ-
ences were noted despite an increasing trend in incidence
rates (Fig. 4A). No significant difference in rate of tumour
onset was found (Figure S6A). Immunohistochemical
analysis revealed a significant increase in the percentage
of phospho-histone H3 positive cells in all tumours with
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Spy1 elevation as compared to p53 heterozygous and p53
null tumours alone (Fig. 4B). p53 null tumours had the
highest percentage of CC3 positive cells and a significant
decrease in CC3 positive cells was seen in Spyl, Spyl p53
heterozygous and Spyl p53 null tumours as compared to
p53 null alone (Fig. 4C). Interestingly, p53 heterozygous
tumours had the lowest amount of CC3 positive cells
with Spyl p53 heterozygous and Spyl p53 null tumours
having significantly increased rates of apoptosis over p53
heterozygous alone (Fig. 4C). p53 expression levels were
confirmed to be significantly reduced as compared to
control mammary gland tissue via qRT-PCR (Figure S6B)
and western blot analysis (data not shown) with no signif-
icant differences when taking into consideration the pres-
ence of the MMTV-Spyl transgene. Taken together, this
data demonstrates that Spy1 elevation alone or in combi-
nation with partial or complete loss of p53 increases rates
of proliferation and decreases apoptosis as compared to
p53 null tumours (Fig. 4B-C).

Histological analysis revealed that the Spyl, p53 null
and Spyl p53 null tumours shared close histological fea-
tures within groups rather than shared features between
groups (Figure S6C), suggesting differences in tumour
subtypes and cellular composition. Differences in histol-
ogy may point to alterations in key signaling pathways
between p53 null and Spyl p53 null driven tumours.
To further elucidate these differences, RNA sequenc-
ing (RNAseq) followed by Gene Set Enrichment Analy-
sis (GSEA) [45] was performed on p53 null and Spyl
p53 null tumours. GSEA revealed upregulation of path-
ways associated with branching in mammary gland
duct morphogenesis, as well as elevated breast cancer
and mammary luminal progenitor pathways (Fig. 5, S7,
S8). Pathways associated with breast cancer progression
and increased cell cycle signaling were also upregulated
(Fig. 5, S7-S9). Thus, this analysis revealed common-
alities in upregulated signaling pathways associated
with changes observed in the normal mammary gland
that may be contributing factors to susceptibility to
tumourigenesis.

When assessing changes in gene expression, approxi-
mately 500 genes were significantly upregulated while
over 600 genes were significantly downregulated in
Spyl p53 null tumours as compared to p53 null alone
(Fig. 6A). Among the top genes significantly upregulated
was Chi3l1 (Chill) (Fig. 6B), a gene associated with poor
prognosis in breast cancer [57]. In addition, other genes
associated with stem cell populations or changes seen in
MMTV-Spyl mice during normal mammary develop-
ment were also impacted. FoxA1, a known driver of stem
cell proliferation and regulator of ERa expression [58], as
well Prom1, a regulator of luminal cell differentiation and
ductal branching [59] were also significantly upregulated
(Fig. 6C, D). Significantly downregulated was Cdknla, a
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target of p53 and inhibitor of MaSC expansion (Fig. 6E).  tumour samples confirmed the findings from RNAseq,
To validate these findings, expression of Chi3ll, FoxAl, and similar trends were seen in p53 null and MMTV-
Proml and CdknlA were examined via qRT-PCR in  Spyl p53 null 8-week-old inguinal mammary glands
Spyl p53 null and p53 null tumours as well as MMTV-  (Figure S10), thus demonstrating that early changes in
Spyl p53 null intercrossed inguinal mammary glands normal development may contribute to the onset of
from 8-week-old mice (Figure S10). qRT-PCR analysis of  tumourigenesis and tumour characteristics.
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Expansion of the breast cancer stem cell population with

loss of p53 and elevated Spy1 drives therapeutic resistance
Given the changes in signaling pathways associated with
stem cell populations seen in Spyl p53 null tumours,
the stem cell population was assessed to determine if
tumours arising in glands with elevated Spyl had an
increased proportion of stem cells. Primary tumour cells

were isolated and cultured in non-adherent conditions
to test SFE. When comparing cells from p53 null and
MMTV-Spyl p53 null tumours, a significantly higher SFE
was found in the MMTV-Spy1 p53 null tumours as com-
pared to p53 null tumours alone (Fig. 7A). A higher rate
of SFE was seen when examining secondary sphere for-
mation, although this effect was not significant (Fig. 7A).
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(See figure on previous page.)

Fig. 7 Loss of Spy1 delays tumour onset. (a) Cells were isolated from tumours developed following mammary fat pad transplantation and mammo-
sphere formation assays were performed. Sphere forming efficiency was quantified in primary (left panel) and secondary (right panel) mammospheres
(n=3). (b) Primary cells from Spy1, p53 null and Spy1 p53 null tumours were injected into fat pads of wildtype mice for a limiting dilution assay. (c) Primary
tumour cells from Spy1, p53 null and Spy1 p53 null tumours were treated with a panel of therapeutic agents for 24 h (top panel) and 72 h (bottom panel).
Trypan blue exclusion analysis was performed to assess total number of live cells (n=3). (d) Primary cells from p53 null tumours were infected with lenti-
virus containing control (pLB) or Spy1 knockdown (pLB-shSpy1) and cultured as mammospheres. Sphere forming efficiency was assessed and quantified
for primary and secondary spheres (n=3). (e) p53 null primary tumour cells infected with control (pLB) or knockdown of Spy1 (pLB-Spy1) were injected
into fat pad of FVBN/J mice. Timing of tumour onset is depicted (n=10). Errors bars represent SE; Student’s T-test (a, ¢, d), Mann-Whitney (e). *p <0.05,

**p<0.01, ***p <0.001. Single asterisks over bar indicates significance to DMSO within genotype in panel c)

MMTV-Spyl p53 heterozygous primary tumour cells had
comparable SFE to p53 null tumour cells in both primary
and secondary sphere formation assays, and MMTV-
Spyl p53 null primary and secondary spheres had the
highest SFE across all genotypes of primary tumour
cells examined correlating with the highest incidence
of HANs and tumour formation (Fig. 7A). In addition,
mammospheres from Spyl tumours were significantly
larger than mammospheres from any tumours with p53
alteration (Figure S11). A limiting dilution assay was per-
formed on primary tumour cells from Spyl, p53 null and
Spyl p53 null tumours as a gold standard test of func-
tional stem cell properties to the observed increase in
the breast cancer stem cell (BCSC) population. p53 null
tumours had the lowest population of BCSCs as com-
pared to Spyl alone and Spyl p53 null tumours (Fig. 7B).
Taken together, this data demonstrates that Spy1 leads to
expansion of not only the normal MaSC population, but
also the BCSC population.

Spyl driven tumours have a significant increase in the
BCSC population, and increased cell cycle progression
signaling. The BCSC population is hypothesized to be a
driving force in driving breast tumour growth and relapse
[10], due in part to drug resistance, and this combined
with alterations in cell cycle progression, may point to a
role for Spyl in driving drug resistance. To test this, pri-
mary tumour cells from Spyl, p53 null and Spy1 p53 null
tumours were treated with a variety of chemotherapeu-
tic agents and inhibitors that target various aspects of the
cell cycle machinery for 24 and 72 h. While the trends for
each agent used varies, in most cases those tumours with
elevated Spyl displayed increased cell viability to varying
degrees following drug treatment over p53 null tumours
alone (Fig. 7C).

Loss of Spy1 delays tumour formation and decreases the
BCSC population

To determine if Spy1 is essential for expanding the BCSC
population in p53 null tumours, Spyl was knocked down
using lentiviral manipulation in two p53 null primary
tumour cell lines. Manipulated cells were then seeded
for mammosphere formation assays. A decrease in Spyl
levels resulted in a significant decrease in SFE in both
primary tumour cell lines in both primary and second-
ary mammospheres (Fig. 7D). Next, control and Spyl

knockdown p53 null primary tumour cells were injected
into inguinal mammary glands of 6-week-old mice and
followed for tumour formation. The knockdown of Spyl
lead to a significant decrease in tumour formation as
compared to control (Fig. 7E). Thus, Spyl cooperates
with loss of p53 to drive the initiation and progression of
drug resistant breast tumours with an increased BCSC
population, which may be a contributing factor to ther-
apy resistance and relapse (Fig. 8).

Discussion

Disruptions during normal mammary development
that alter the ductal network and cellular composition
of the mammary gland can have long lasting implica-
tions including increased susceptibility to mammary
tumourigenesis. The transgenic MMTV-Spyl mouse
model revealed that sustained elevation of Spyl can pro-
mote susceptibility to breast tumourigenesis by altering
normal ductal development and increasing the MaSC
population, a vulnerable population of cells thought to
be the cell of origin for many types of breast cancer [8,
9]. Overexpression of Spyl within the mouse mammary
gland leads to increased ductal branching and enhanced
ductal elongation, in part due to increased proliferation.
While common luminal and basal differentiation mark-
ers remain unaltered, Spyl accelerated the expression of
hormone receptors. Previous work has shown that Spyl
mediated activation of ERK signaling leads to a signifi-
cant increase in ligand independent phosphorylation and
activation of ER« [31]. Whether the increase in ERx seen
in vivo is mediated through a similar mechanism is an
important next step of investigation. Given the impor-
tant role hormone receptor signaling plays in regulating
MEC proliferation, alterations in hormone receptor sta-
tus may have profound implications on proliferative sta-
tus and mutational accumulation over the lifetime of the
mammary gland. Thus, the alteration in hormone recep-
tor status and proliferative state of the mammary glands
of MMTV-Spyl mice may create an environment primed
for oncogenesis.

In addition to alterations in hormone receptor sta-
tus, the MaSC population was significantly increased in
MMTV-Spyl mice. Elevated levels of Spyl were able to
impart stemness properties to cell populations known
to have reduced stem cell potential and increased the
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frequency of the MaSC population as observed through
functional assays assessing stem cell properties. MaSC
populations are considered vulnerable cell populations to
damaging events and may be the cell of origin for mam-
mary tumourigenesis [8, 9]. Tumour suppressors such as
p53 have tight control over expansion of this population,
with p53 promoting asymmetric division, preventing
dangerous expansion of this population [11]; however,
Spyl was able to override p53 and promote continued
expansion of the MaSC population even in the presence
of elevated p53. In addition, knockdown of p53 demon-
strated that the enhanced stem cell expansion seen with
loss of p53 requires Spyl expression as the combined loss
of Spyl and p53 prevented continued expansion of the
stem cell population. Further work is required to deter-
mine the exact mechanism by which this occurs and if
Spyl1 is expanding the MaSC population via alterations in
asymmetric versus symmetric division, as has been seen
in the brain tumour initiating cell population [28].
Further demonstrating the implications of an expanded
MaSC population, the combined loss of Spyl and p53 led
to development of mammary tumours with an increased
BCSC population and increased signaling associated
with breast cancer progenitor populations. This demon-
strates the critical role that maintenance of checkpoint
signaling plays in restraining the MaSC population to
prevent the expansion of a vulnerable cell population
with potentially deleterious mutations that can act as the

cell of origin in mammary tumourigensis. Further work
is needed to address whether MaSCs are truly the cell of
origin in Spyl mediated mammary tumourigenesis. Lin-
eage tracing assays are a critical next step in assessing cell
fate and cellular hierarchies to determine exactly which
cell populations Spyl is implicated in, and whether the
MaSC population is driving Spyl mediated tumour sus-
ceptibility. Tumours with elevated Spyl had a significant
increase in various mediators of breast cancer progno-
sis and normal mammary gland development that were
also altered in samples obtained from MMTV-Spyl p53
null intercrossed mice during puberty. Chi3l1 is associ-
ated with poor prognosis and has recently been shown to
have a role in promoting an immunosuppressive tumour
immune microenvironment in a mouse model of breast
cancer [60]. Whether Spyl may also be capable of con-
tributing to an immunosuppressive state in mammary
tumours is an important area of future study. Spyl p53
null tumours also had a significant increase in FoxAl
and Prom]l, both important mediators of normal mam-
mary development and both implicated in BCSC popu-
lations [58, 59, 61, 62]. These changes in expression are
linked to changes observed in mammary gland develop-
ment of MMTV-Spyl mice, as increased ductal branch-
ing and accelerated hormone receptor expression were
observed and would be consistent with elevated FoxAl
and Proml expression [58, 59]. Importantly, Spyl has
previously been shown to expand Prom1 cancer stem cell
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populations in brain tumours [28]. Given the evidence to
support the existence of a Prom1 positive BCSC popula-
tion [62], exploring whether Spy1 is selectively mediating
this population through similar changes in symmetric
division seen in Prom1l positive brain tumour initiating
cell populations is important future work [28].

Analysis of the tumours revealed an increase in cell
cycle signaling in tumours with elevated Spyl and loss
of p53 as compared to loss of p53 alone. Spyl p53 null
tumours were more resistant to various forms of therapy
and had increased proliferative and decreased apoptotic
capacity. This increase in tumour cell cycle signaling
highlights the important role intact cellular checkpoints
play in maintaining the integrity of the cell, and points
to a potential role for Spyl in the early stages of the ini-
tiation of tumourigenesis via disruption of cellular check-
points and altered proliferative status. Restoration of
cellular checkpoints to inhibit cellular proliferation and
promote apoptosis has long been a goal of therapeutic
intervention. This data supports that Spyl could be a
novel therapeutic target for a select subset of breast can-
cer patients with elevated levels of Spyl.

Conclusions

Collectively, this data demonstrates that the atypical cell
cycle regulator Spy1 plays an important role during nor-
mal mammary development. Overexpression of Spyl
alters the proliferative status of the mammary gland lead-
ing to acceleration of ductal elongation and increased
ductal branching. Spyl also alters the cellular composi-
tion of the mammary gland leading to altered hormone
receptor status expression and expansion of the MaSC
population. This data shows for the first time that the
ability of Spyl to override p53 can lead to changes in
distinct cell populations with Spyl able to override p53
driven asymmetric division of the MaSC population
promoting increased expansion. This leads to increased
susceptibility to mammary tumour formation with altera-
tions in key checkpoint signaling pathways elucidating an
important potential new therapeutic target for the treat-
ment of select subsets of breast cancer patients.

Abbreviations

BCSC Breast cancer stem cell
ca Cleaved caspase 3

Cdk Cyclin dependent kinase

CcK Cytokeratin
ERa Estrogen receptor alpha
HANs  Hyperplastic alveolar nodules

MaSC ~ Mammary stem cell

MEC Mammary epithelial cell
PR Progesterone receptor
SFE Sphere forming efficiency
SMA Smooth muscle actin
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Supplementary Figure 1: Spy1 is overexpressed in MMTV-Spy1 mammary
glands. (@) gRT-PCR analysis of inguinal mammary glands from MMTV-
Spy1 and littermate controls (Cntl) for Spy1 levels corrected for GAPDH
(n=4). (b) Spy1 expression in inguinal mammary glands collected from
8-week-old MMTV-Spy1 and littermate control (Cntl) mice. Representative
images in bottom panels with quantification of Spy1 levels using Image)J
software analysis shown in the top panel. Scale bar =100 um (n=3). Errors
bars represent SE; Student’s T-test. *p < 0.05, **p < 0.01, ***p < 0.001

Supplementary Figure 2: Spy1 increases proliferation and decreases
apoptosis. (@) PCNA expression in MMTV-Spy1 and littermate controls via
immunohistochemical analysis. Quantification of percentage of PCNA
positive mammary epithelial cells over five fields of view per sample. Scale
bar =100uM (b) Cleaved caspase-3 (CC3) expression in MMTV-Spy1 and
littermate controls via immunohistochemical analysis. Quantification of
percentage of CC3-positive mammary epithelial cells over five fields of
view per sample. Scale bar =100uM. (c) Representative images of immu-
nohistochemical analysis of CK8 and SMA. Scale bar = 100uM. n=3; Error
bars represent SE; Student's T test. *p <0.05, **p <0.01, ***p < 0.001

Supplementary Figure 3: Altered hormone receptor status with elevated
Spy1. Immunohistochemical analysis of (a) PR and (b) ER in 8- and
12-week-old MMTV-Spy1 and littermate control inguinal mammary
glands. Representative images shown in left panels, where blue represents
hematoxylin nuclear stain and brown represents (a) PR or (b) ER. Quantifi-
cation of the percent positive (a) PR and (b) ER cells are depicted in right
panels. Scale bar =100 pum; (c) gRT-PCR analysis of inguinal mammary
glands from control (cntl) and MMTV-Spy1 mice of p53 levels corrected
for GAPDH. (d) Levels of p53 were assessed via western blot analysis in
inguinal mammary glands of control (cntl) and MMTV-Spy1 mice. Left
panel depicts densitometry analysis of p53 expression corrected for actin
and right panel depicts representative blot. n=3; Errors bars represent SE;
Student's T-test. *p < 0.05, **p < 0.01, ***p < 0.001

Supplementary Figure 4: Loss of p53 does not alter Spy1 driven mammary
development effects. Whole mount analysis was performed on inguinal
mammary glands from 8 week old MMTV-Spy1 and p53 null intercrossed
mice. (@) Ductal progression past lymph node and (b) number of branch
points per mm of primary duct was quantified (Cntl n=4, MMTV-Spy1
n=5,p53+/-n=5, p53-/-n=4, MMTV-Spy1 p53+/- n=7, MMTV-Spy1 p53-
/-n=3). Scale bar = 100uM. n=3; Error bars represent SE; Student's T test.
*p<0.05 **p<0.01, **p<0.001

Supplementary Figure 5: Loss of p53 does not alter hormone recep-

tor expression in MMTV-Spy1 mice. Immunohistochemical analysis of
the percent positive (a) ER and (b) PR in 8-week-old inguinal mammary
glands of MMTV-Spy1 and p53 null intercrossed mice. Percent positive
cells is represented graphically (Cntl n=6, MMTV-Spy1 n=7, p53+/- n=4,
p53-/-n=3, MMTV-Spy1 p53+/- n=6, MMTV-Spy1 p53-/- n=3). (c) Flow
cytometry analysis of primary mammary epithelial cells from inguinal
glands of MMTV-Spy1 and p53 null 8-week-old intercrossed mice (Cntl
n=6, MMTV-Spy1 n=8, p53+/- n=6, p53-/-n=3, MMTV-Spy1 p53+/-
n=8, MMTV-Spy1 p53-/- n=4); Errors bars represent SE; Student’s T-test.
*p<0.05,**p<0.01, **p<0.001

Supplementary Figure 6: Primary mammary epithelial cells from MMTV-
Spy1 and p53 null intercrossed mice were injected into the cleared fat
pads of wildtype mice and monitored weekly for HANs and tumour
development. (a) Timing of tumour onset is depicted. (b) gRT-PCR analysis
of p53 levels corrected for GAPDH in Spy1, p53 null and Spy1 p53 null
tumours (Spy1 n=1; p53 null n=3; Spy1 p53 null n=3). (c) Representative
hematoxylin and eosin stained images from Spy1, p53 null and Spy1 p53
null tumours. Scale bar = 100uM. (Cntl n=15, MMTV-Spy1 n=17, p53+/-
n=21,p53-/- n=14, MMTV-Spy1 p53+/- n=21, MMTV-Spy1 p53-/- n=13)

Supplementary Figure 7: Dot plots depicting 2 sets of gene sets altered in
Spy1 p53 null tumours as compared to p53 null tumours. Plots depict al-
tered (a) breast specific gene sets and (b) cell cycle progression gene sets

Supplementary Figure 8: Spy1 driven tumours have enrichment in pro-



https://doi.org/10.1186/s13058-024-01862-1
https://doi.org/10.1186/s13058-024-01862-1

Fifield et al. Breast Cancer Research (2024) 26:106

genitor and breast cancer progression signaling. GSEA demonstrated that
Spy1 p53 null tumours are enriched in (@) mammary luminal progenitors,
(b) branching morphogenesis, and (c) breast cancer progression gene sets
and are depleted for genes downregulated in (d) breast cancer progeni-
tors and (e) breast cancer progression

Supplementary Figure 9: Spy1 driven tumours are enriched in cell cycle
progression gene sets. GSEA demonstrated that Spy1 p53 null driven
tumours are enriched in () cell cycle checkpoint signaling, (b) cell cycle
G2 M phase transition, (c) E2F targets, (d) G2 M DNA damage checkpoint,
and (e) cell cycle DNA replication gene sets

Supplementary Figure 10: Changes in expression in Spy1 driven tumours
are reflected during normal development. gRT-PCR analysis of expression
of (@) Chi3l1, (b) Prom1, (c) FoxA1 and (d) Cdkn1a corrected for GAPDH in
Spy1 p53 null and p53 null tumours (p53 null n=3; Spy1 p53 null n="5).
gRT-PCR analysis of expression of (e) Chil3I1, (f) Prom1, (g) FoxA1 and (h)
Cdkn1a corrected for GAPDH from inguinal mammary glands of 8 week
old MMTV-Spy1 p53 null intercrossed mice (n=3). Errors bars represent SE;
Student's T-test. *p < 0.05, **p<0.01

Supplementary Figure 11: (@) Primary tumour cells from MMTV-Spy1 and
p53 null tumours were cultured as mammospheres. Sphere diameter

of primary (left panel) and secondary (right panel) mammospheres

was quantified. N=3; Error bars represent SE; Student's T test. *p < 0.05,
*p<0.01,***p<0.001

Supplementary Figure 12: (a) Uncropped gel images from western blot
images depicted in figure S3d
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