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Abstract

Breast tumors display tremendous heterogeneity in part due to varying molecular alterations,
divergent cells of origin, and differentiation. Understanding where and how this heterogeneity
develops is likely important for effective breast cancers eradication. Insulin-like growth factor
(IGF) signaling is critical for normal mammary gland development and function, and has an
established role in tumor development and resistance to therapy. Here we demonstrate that
constitutive activation of the IGF1 receptor (IGF1R) influences lineage differentiation during
mammary tumorigenesis. Transgenic IGF1R constitutive activation promotes tumors with mixed
histologies, multiple cell lineages and an expanded bi-progenitor population. In these tumors,
IGF1R expands the luminal-progenitor population while influencing myoepithelial differentiation.
Mammary gland transplantation with IGF1R-infected mammary epithelial cells (MECs) resulted
in hyperplastic, highly differentiated outgrowths and attenuated reconstitution. Restricting IGF1R
constitutive activation to luminal versus myoepithelial lineage-sorted MECs resulted in ductal
reconstitutions co-expressing high IGF1R levels in the opposite lineage of origin. Using /n vitro
models, IGF1R constitutively activated MCF10A cells showed increased mammosphere formation
and CD44+/CD24~ population, which was dependent upon Snail and NFxB signaling. These
results suggest that IGF1R expands luminal progenitor populations while also stimulating
myoepithelial cell differentiation. This ability to influence lineage differentiation may promote
heterogeneous mammary tumors, and have implications for clinical treatment.
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Background

The mammary gland, which undergoes extensive remodeling throughout a lifetime, is a
highly dynamic organ comprised of a complex hierarchy of cell lineage differentiation, from
stem and progenitor cells, to the luminal-based lineage that line the duct, and the
myoepithelial lineage that contracts to push milk through the ducts. Breast tumors show
tremendous heterogeneity in both lineage cell type and molecular markers; there are 18
histological and at least six molecular subtypes currently recognized [1-5]. The capability of
cancer cells to evolve and alter cell fate may depend upon the cell of origin, and/or the type
of molecular alterations. Additionally, the cell of origin may determine the extent by which a
genetic modification can re-direct cell differentiation. Importantly, a tumor’s molecular
subtype(s) and potential to change cell fate may greatly affect how a breast tumor cell
responds to treatment [6-8]. The complexity of cell of origin versus molecular alteration is
perhaps best exemplified in the basal/triple-negative subset of breast cancers. These tumors
have characteristics of both the luminal ductal and myoepithelial basal lineage [9]. BRCA1-
mutated tumors, which typically have a basal-like phenotype, arise from committed luminal
progenitor cells, not basal or myoepithelial lineages as originally believed [10, 11]. These
findings underline the importance in defining and categorizing the cell of origin by
examining both histological and molecular subtypes. Understanding cell of origin, including
cell plasticity and cell fate potential, will aid in the understanding of the pathways and
therapies necessary to target mixed lineage tumors.

Insulin-like growth factor 1 (IGF1) and IGF1 receptor (IGF1R) are critical for mammary
gland development and function [12-15]. Mammary gland development and homeostasis
relies on stem cells for the production and maintenance of the myoepithelial and luminal
lineages [8]. The terminal end bud (TEB), where lineage differentiation and ductal
morphogenesis occurs [12, 16], is promoted by IGF1 signaling. The IGF pathway is also
important in pregnancy and lactation where luminal differentiation is vital [17, 18]. IGF1R
regulates expression of genes which regulate cell cycle, survival, motility, attachment and as
such is important for tumorigenesis [19, 20]. The activated form of IGF1R is expressed in up
to 50% of breast tumors[21] where it plays key roles in cancer promotion [20, 22-26],
resistance [27-31], and recurrence [8]. Although IGF1R is overexpressed and/or amplified
across all breast cancer subtypes, it has specific expression and function in each [8].
Additionally, IGF1R expression is an important prognostic factor in some subtypes but not
others [8, 32—34]. Together, these studies suggest that IGF1R may play differential roles in
tumorigenesis depending on the cellular and molecular context.

Our laboratory previously demonstrated that constitutive activation of IGF1R [25], or the
downstream signaling intermediates IRS1 or IRS2 [35], results in mammary tumorigenesis.
The purpose of this study was to evaluate the ability of IGF1R to affect mammary cell
lineages during development and tumorigenesis. We demonstrate that IGF1R-induced
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mammary tumors show multiple histological subtypes, cell lineages, and contain an increase
in a putative bi-progenitor population. Herein, our data suggests IGF1R promotes self-
renewal and formation of differentiated progeny, expanding the luminal progenitor
population while also stimulating myoepithelial cell differentiation.

MCF10A-Ctrl, MCF10A-IGF1R, and MCF10A-IGF1R-SnailDN cells [20] were cultured
per ATCC guidelines. For mammosphere assays, MCF10A cells were trypsinized and re-
plated at 20,000 cells per 2mls in 6-well, ultra-low attachment plates (Fisher-Scientific) in 2
mls of serum-free DMEM/F12 media (Hyclone), supplemented with 20ng/ml bFGF (BD
Biosciences), 20ng/ml EGF (BD Biosciences), 4 ug/ml heparin (Sigma), penicillin-
streptomycin (Hyclone), and B27 (Gibco). For inhibitor sphere assays, 10 uM of IKK |1
inhibitor (Calbiochem) or DMSO control was added to the media. 1 ml of media was added
every 2-3 days. On day 10, all cells/spheres were collected, separated using 0.05% trypsin-
EDTA (Invitrogen), and single cells plated as above at 2,000 cells per well to perform
secondary mammaosphere assays. Mammaospheres were counted on day 8 of the second
passage. Tertiary sphere formation followed the same process as secondary spheres. Primary
mouse cells were plated at a density of 100,000 cells/2mls for primary sphere formation and
2,000 cells/2mis for secondary and tertiary sphere formation.

For differentiation assays, MMTV-CD8-IGF1R transgenic mouse tumors and wild-type
mammary glands from 10wk FVB/N mice (Jackson Laboratory) were minced, digested with
Collagenase Type 3 (285 units/mg) (Worthington) for 1.5 hours, differentially centrifuged
four times at 0.3g for five seconds to remove the majority of lineage positive single cells,
trypsinized into single cells for 12 minutes, and strained through a 70 micron filter to
dissociate into single cells and plated into primary and then secondary and tertiary
tumorspheres. Differentiation assays were performed following Bachelard-Cascales et al.
[36]. The day before sphere dissociation, 40,000 irradiated NIH 3T3-fibroblasts (30gamma)
were plated on coverslips in 12 well plates with 10%FBS DMEM. Secondary and tertiary
spheres were dissociated and the media was removed from the irradiated fibroblasts
followed by a 1xPBS wash. The dissociated spheres were plated onto the irradiated
fibroblasts as 3,000 or 6,000 single cells per well in ml EpiCult-B media (Stemcell
Technologies) with 5% FBS and grown for 10 days with 50% media changes every 2—3
days. Of note, EpiCult-B media contains insulin, but no additional IGF ligands above those
present in FBS. Differentiated colonies were fixed with 100% cold methanol, stained with
0.05% crystal violet and counted, distinguishing between luminal, myoepithelial and mixed
phenotypes by morphological differences.

Total RNA from MCF10A cells was isolated using an Illustra RNAspin Mini RNA Isolation
kit (GE). Total RNA was isolated from frozen mouse tissues by homogenizing 200ug of
crushed sample in 350ul lysis buffer and following the Illustra RNAspin Mini RNA Isolation
Kit (GE). RNA was reverse transcribed into cDNA using the iScript cDNA Synthesis Kit
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(Bio-Rad). gPCR was performed using primers shown in Supplementary Table 1. B-actin
was used to calculate relative expression.

Flow Cytometry

To analyze CD44/CD24, 5x10° MCF10A-Ctrl and MCF10A-IGF1R cells were plated in
10cm plates and grown for 48 hours. For inhibitor sphere assays, 0, 1, 5, 10, or 20 uM of
IKK 11 inhibitor was added with DMSO as a control at the time of plating. Cells were
trypsinized, washed with 0.5%BSA-PBS, stained with anti-CD44-PE-Cy7 (cat#560569) and
anti-CD24-PerCP (#561647) (BD Biosciences) 1:50 for 30 minutes, washed with PBS, then
resuspended in 400 pl of 0.5% BSA-PBS. Fluorescence was detected with the BD LSR2
Flow Cytometer (BD Biosciences). To analyze mammary lineages, normal mammary glands
or tumors were harvested from FVB/N wildtype mice (Jackson Labs) or MMTV-CD8-
IGF1R transgenic FVB/N mice. Allografts of p53-null tumors [37, 38] grown in BalbC mice
or MMTV-Her2/Neu tumors [39] in FVB/N mice were used for lineage controls. Tissues
were minced, digested with Collagenase Type 3 (285 units/mg) (Worthington) for 1.5 hours,
differentially centrifuged four times at 0.3g for five seconds to remove the majority of
lineage positive single cells, trypsinized into single cells for 12 minutes, and strained
through a 70 micron filter. Single cells were then labeled with the Biotin Mouse Lineage
Panel (BD Pharmigen) as well as anti-mouse CD140a-Biotin, washed with 2% FBS-HBSS,
labeled with MACS anti-Biotin Microbeads (Milteny Biotec), and then lineage positive cells
were depleted from the cell solution through an LD Column using the QuadroMACS
separator (Miltenyi Biotec) following manufacturer’s protocol. Flow-through was collected
and centrifuged. The cell pellet was incubated for 30 min with anti-CD24-APC
(cat#562349), anti-CD49f-PE (cat#562474), anti-CD29-FITC (cat#561796), anti-CD61-
BV421 (cat#562917) (BD Biosciences), and Sytox Blue Dead Cell stain (Invitrogen,
cat#S34857). Cells were then analyzed on a BD FACSAria Il (BD Biosciences) for
mammary lineage populations.

Lentiviral Production

Lentivirus was produced as described previously [40]. Briefly, twenty 10cm plates of 293T
cells were PEI-transfected with pHIV-ZSGreen empty vector (Addgene, #18121) or pHIV-
ZSGreen-CD8-IGF1R. Supernatant was collected at 48, 64, and 72 hours, virus was
pelleted, resuspended in media, combined, aliquoted, and frozen. Virus was titered by serial
dilution and then FACS analysis.

Transgenic Mouse Models

All procedures were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the IACUC at the University of Pittsburgh.
MMTV-CD8-1GF1R mice have been previously reported [25]. MMTV-ErbB2 [39] and p53-
null claudin-low [37, 38] mammary tumor allografts, passage 1 to 3, were grown in the
mammary glands of FVB/N or BalbC mice, respectively. Mice were maintained on a 12-h
light, 12-h dark schedule with ad libitum access to laboratory chow and water.
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Five micron serial tumor sections were deparaffinized, gradually hydrated, and stained for
hematoxylin and eosin (H&E) and then examined microscopically. 20 MMTV-CD8-IGF1R
tumors and 22 MMTV-ErbB2 control tumors were examined by H&E. Tumors were stained
by immunohistochemistry with Tromal-Keratin 8 (1:200; Developmental Studies
Hybridoma Bank), Keratin 14 (1:200; Covance), Keratin 6 (1:200, Covance). Trichome
staining was performed using the Masson Trichome Stain kit (Sigma, HT15-1KT) according
to manufacturer’s instructions.

Immunofluorescence

Mouse tissue samples were fixed with 4% PFA overnight and paraffin embedded. Paraffin
embedded sections were processed with xylene, ethanol dehydration series, rinsed in PBS
then dH-0, incubated 20 min at 100°C in 1x in citrate buffer pH 6.0 (citrate buffer: 321mM
sodium citrate, 79.84mM citric acid monohydrate), cooled, and incubated in 1xPBS-100mM
Glycine 3x10 min. Sections were circled with a PAP pen (Dako), rinsed in dH,0, incubated
in primary block (IF buffer:1xPBS, 7.7mM NaN3, 0.1%BSA, 0.2% TritonX-100, 0.05%
Tween20 containing) [41] and 10% goat serum for 1 hour, then incubated in combination of
mouse, rabbit, and chicken primary antibodies in IF buffer,10% goat serum for 1 hour. Slides
were washed 3x10min in IF buffer, incubated in Alexa Fluor secondary antibody (1:500,
ThermoFisher), IF buffer,10% goat serum, for 45 min. Slides were mounted with Prolong
Diamond Antifade Mountant with Dapi (ThermoFisher). Primary antibodies included
Tromal-Keratin 8 (1:200; Developmental Studies Hybridoma Bank, cat# TROMA-I-c),
Keratin 14 (1:400; Covance, cat#906001), Keratin 5 (1:400, Covance, cat#PRB-160P-100)
and IGF1R (1:200; Ventana, cat#7904346). 488, 546, and 647 goat secondary Alexa Fluor
antibodies were used against mouse, rat, rabbit, and chicken.

Reconstitution Mouse Model

Mammary glands from 5 to 15 (depending on the experiment) wild type 8-10 week old
FVB/N mice (Jackson Laboratory) were harvested, minced, digested, trypsinized, and
lineage depleted as detailed in the flow cytometry methods section. For total population
reconstitution, lineage positive depleted cells were infected for 2 hours with an MOI of 20 of
either pHIV-ZSG empty vector control (Addgene, #18121) or pHIV-ZSG CD8-IGF1R
containing virus under centrifugation in ultra low attachment plates and implanted, same-
day, into cleared fat pads of 23 day old recipient mice as previously described [40]. For
reconstitution of sorted populations, cells were sorted for mammary lineages as described in
flow cytometry methods and then infected overnight at 37° in ultra-low attachment plates.
The next morning, cells were collected. Fat pads were cleared from 23-day old FVB/N mice
(Jackson Laboratory) [40]. Using a Hamilton 25ul syringe, 10ul of media containing 4,000
to 15,000 cells, depending on the experiment, was injected into the cleared fat pad. Mice
were left for 8 weeks to allow the gland to reconstitute. Glands were harvested, analyzed for
green fluorescence and either carmine stained for analysis of reconstitution and/or prepared
into FFPE blocks.
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Results

Expression of constitutively active IGF1R causes mammary tumors with multiple cell
lineages and mixed histologies.

We previously reported generation of transgenic mice expressing constitutively active
IGF1R (CD8-IGF1R) in the mammary gland using a standard MMTV-LTR. Expression of
constitutive IGF1R, confirmed by immunoblotting, resulted in abnormal mammary gland
development as early as 4 weeks of age, and mammary tumors developed at 8 weeks of age
in virgin mice [25]. This data is consistent with MMTV-LTR expression in early mammary
gland development as seen by others and consistent with the known role of the IGF system
in development of the embryonic bud and TEB. To examine their histology and cell
composition, we compared MMTV-CD8-IGF1R mammary tumors to well-defined luminal-
like MMTV-ErbB2 mammary tumors. MMTV-ErbB2 tumors were predominately stroma-
poor, solid adenocarcinomas which lack gland formation, myoepithelial cells, keratinization
or squamous metaplasia (Figure 1A). In contrast, expression of CD8-IGF1R resulted in
tumors with various histological phenotypes. Tumor phenotypes included solid
adenocarcinomas similar to that observed for MMTV-ErbB2 tumors as well as tumors
exhibiting squamous metaplasia and associated keratin swirls. Other tumors were well-
differentiated adenocarcinomas with clearly defined ductal structures and occasional
lactational change, while some were less well-differentiated and showed only rudimentary
ductal structures or not at all. Finally, IGF1R-expressing tumors frequently displayed
abundant dense stroma with lymphocytic infiltrates (Figure 1B). Previous studies have
shown that the type of transgene overexpressed can predict tumor phenotype [42].
Consistent with this, tumors that express constitutively active IGF1R were similar to tumors
we previously reported from IRS1 and 2 overexpression, [43, 44] which often show multiple
differentiated cell lineages.

To further characterize the spectrum of tumors observed in MMTV-CD8-IGF1R transgenic
mice, immunohistochemistry was performed for lineage-specific markers. As expected from
previous reports, MMTV-ErbB2 mammary tumors stained positive for the luminal marker
cytokeratin 8 (K8) and were negative for both the myoepithelial marker cytokeratin 14 (K14)
and the putative progenitor cell marker cytokeratin 6 (K6) (Figure 1C). This is consistent
with reports that ErbB2/Neu initiates and promotes cancer in either fully differentiated
luminal cells or that ErbB2/Neu drives progenitor cells towards a differentiated luminal
lineage [45]. In contrast, MMTV-CD8-IGF1R tumors stained positive for all three lineage
markers, luminal epithelial (K8), myoepithelial (K14), and putative progenitor (K6) (Figure
1C). These lineage results are consistent with IGF1R driving highly differentiated tumor
phenotypes.

To more comprehensively characterize the lineages, we used immunofluorescence to co-
stain markers in pre-neoplastic mammary glands and tumors, comparing MMTV-CD8-
IGF1R mice to wildtype FVB/N. CD8-IGF1R mammary glands showed a similar
composition as wild type glands of littermates: The K8 luminal marker present in the inner
layer of the duct, and the K14 myoepithelial marker present along the basal edge (Figure
1D). Interestingly, in CD8-IGF1R mammary glands we observed K14 positive cells among
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the luminal layer, including a few more rounded cells which resided on the inside of the
luminal layer (Figure 1D). In MMTV-CD8-IGF1R tumors, we observed large areas of cells
staining positive for both K8 and K14. This large dual positive population of cells is not
common in other mammary gland tumor models and may suggest IGF1R is driving the
expansion of a bi-progenitor cell or that IGF1R is promoting differentiated MMTV-IGF1R
expressing cells to gain both luminal and myoepithelial properties.

To determine what cell types overexpress IGF1R, we co-stained mammary glands and
tumors with K8, K14, and IGF1R. In wild-type glands, IGF1R is lowly expressed across
both luminal and myoepithelial cell types. In MMTV-CD8-IGF1R glands and tumors, we
observed IGF1R expression in K8-positive luminal cells (Figure 1E-F), especially in more
‘normal-like’ areas. Interestingly, we also observed more cell-dense regions where IGF1R
expression is higher while K8 is lower (Figure 1F-H). It is unclear if these regions are two
distinct populations that have grown around each other or if the IGF1R expressing cells have
lost K8 marker expression. Together, these results suggest that IGF1R is affecting
myoepithelial and luminal cell behavior with possible effects on cellular differentiation.

IGF1R expands a luminal-progenitor population in vivo, but enhances myoepithelial
differentiation in vitro.

To determine if IGF1R constitutive activation alters mammary lineage composition, we
analyzed mammary cell populations of MMTV-CD8-IGF1R transgenic mice [25]. We
analyzed cell lineages by mRNA expression and by FACS. Gene expression microarrays
previously identified gene signatures of mammary epithelial lineages [46]. mRNA from
wild-type glands and IGF1R transgenic tumors, as well as ErbB2 luminal and p53-null
claudin low basal tumor allografts [37, 38], were analyzed for luminal progenitor or basal
cell associated genes (Figure 2A). MMTV-CD8-IGF1R expressing tumors showed elevated
expression of luminal progenitor-associated genes. Interestingly, IGF1R tumors also
demonstrated elevated basal-associated transcription factors as compared to wildtype gland,
but this increase was less dramatic than that observed in p53-null basal-like tumors.

FACS analysis of lineage-associated cell surface markers [47] showed an increase in the
basal population in IGF1R pre-neoplastic mammary glands (48%) compared to wild-type
controls (26%) (Figure 2B). However, IGF1R transgenic tumors were composed primarily of
luminal lineages (84% luminal progenitor and mature luminal), compared to p53-null basal
tumors (19% luminal progenitor and mature luminal) (Figure 2C). IGF1R tumors closely
mirrored ErbB2 tumors, 85% combined luminal markers; however, IGF1R tumors contained
a larger luminal progenitor population (CD61 positive), 62% as compared to 52%, with
higher CD61 expression not present in the ErbB2 luminal tumors.

Interestingly, when cells from IGF1R transgenic tumors were tested for differentiation /in
vitro, cells formed approximately 2.5 fold more myoepithelial-like colonies (Figure 2D),
suggesting that, although IGF1R tumors have luminal progenitor markers, these cells
preferentially differentiate in a myoepithelial direction. All together, these /7 vivo lineage
analyses suggest that IGF1R alters lineage differentiation in the mammary gland, promoting
formation of the luminal progenitor population and maintaining the myoepithelial
population.
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Constitutive activation of IGF1R in mammary epithelial cells causes attenuated mammary
gland reconstitution associated with hyperplastic, highly differentiated outgrowths.

Our studies of MMTV-CD8-IGF1R mice include mammary gland IGF1R constitutive
activation from fetal development onwards. To analyze how IGF1R affects lineage
outgrowth and the differentiation potential of adult mammary cells, we performed mammary
gland reconstitution assays using mouse mammary epithelial cells (MECs). MECs were
harvested from wild-type FVB/N mice, infected for 2 hours with either constitutively active
IGF1R or empty vector control, and injected (same day as harvesting) into cleared mammary
fat pads of 23 day old FVVB/N mice. Mammary glands reconstituted with MECs expressing
constitutively active IGF1R and harvested between 4 and 8 weeks demonstrated a
hyperplastic phenotype and greatly attenuated reconstitution as compared to the vector-
infected controls (Figure 3A). Vector-infected control mouse MECs exhibited normal ductal
outgrowth (Figure 3B). The elongation of IGF1R-infected ducts was greatly stunted (Figure
3B) and the cellularity was greatly increased with cells assembling lobule-like formations
(Figure 3C). This phenotype is very similar to the hyperplastic glands we previously
reported in IGF1R transgenic mice [25]; however, unlike the transgenic mice, IGF1R
expression is observed only regionally throughout the reconstituted gland (Supplemental
Figure 1). All together, these results suggest IGF1R constitutive activation promotes
mammary gland differentiation, reducing ductal outgrowth.

Mammary gland reconstitutions of transplanted MECs resulted in tumor outgrowth as early
as 8 weeks post-transplantation. Two tumors were collected for analysis. Tumor 1 showed
highly organized lineage-specific cellular patterns with K8 positive cells forming duct-like
formations among K14 positive clusters, with tumor 2 closely resembling the unstructured
cell mass observed in the transgenic mice shown in Figure 1 (Figure 3D). Interestingly, in
both instances, IGF1R co-expressed with the K14 myoepithelial lineage marker while
expression was very low in, or completely excluded from, the K8 luminal lineage. The
exclusivity of IGF1R and the K8 luminal marker across these tumors recapitulates the
restricted regions observed in the transgenic mice above in Figure 1G. These results suggest
that IGF1R influences lineage differentiation, with outgrowth features varying across
reconstitutions and tumor models.

Lineage-restricted IGF1R alters both ductal outgrowth and lineage-marker co-expression
depending upon the cell of origin.

As observed above, IGF1R tumors derived from both transgenic mice and reconstituted
mammary glands have various cell lineages, across multiple tumors as well as within the
same tumor. To determine whether these diverse cell lineages derive from IGF1R’s ability to
promote lineage differentiation, we sorted mouse MECs into luminal and myoepithelial
lineages as described previously [47] (Supplemental Figure 2), expressed CD8-IGF1R, and
analyzed mammary gland reconstitution. Similar to previous observations, control-infected
control-sorted total populations contained normal gland structures and low levels of
homogenously-expressed IGF1R (Figure 4A and Supplemental Figure 3A). Reconstitution
of IGF1R-infected control-sorted total populations also mirrored previous observations,
resulting in areas of normal-like ducts as well as cellular-dense tumor-like areas (Figure 4A
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lower panel and Supplemental Figure 3B, 3C). These results suggest the control-sorted total
populations, with and without IGF1R, act similarly to previous models outlined above.

Control-infected, luminal-sorted populations had normal outgrowths (Figure 4B) while the
basal-sorted population had limited outgrowths that did not consist of the normal hollow
ductal structure (Figure 4C). Interestingly, luminal-sorted populations infected with IGF1R
generated a normal-like gland which led to a cell-dense tumor area, palpable at removal
(Figure 4B bottom panel). In the normal-like area, K8 and K14 expression recapitulates
normal staining with IGF1R co-expressing in the K14 myoepithelial layer (Figure 5A).
Interestingly, some luminal layer cells of these normal-like ducts expressed K8 at very high
levels and others at lower more typical levels. While these areas of high and low K8
expression can be observed in normal tissues, it is not observed often nor nearly to this same
extent as it is in the IGF1R-luminal sorted reconstituted mammary glands, suggesting that
IGF1R signaling in nearby cells may be affecting the transitional K8 marker and perhaps
affecting the luminal state. The K14 and IGF1R co-expression found in normal areas was
observed much more dramatically in the solid tumor area of the luminal reconstitution where
K14 and IGF1R were much more strongly expressed. In these regions, smaller pockets of
K8-only expressing cells were intermittently present (Figure 5B). These observations
strongly mirrored the co-expression and K8 exclusion of the reconstituted tumors discussed
in Figure 1G. We observed that cells expressing lower levels of IGF1R were present in the
K8-specific regions (Figure 5B bottom panel). These low-expressing IGF1R cells within the
K8 positive regions had much lower K8 expression than surrounding cells (Supplemental
Figure 4). Similar phenotypes were sparingly observed in the IGF1R transgenic tumor. The
IGF1R-expressing cells could be infiltrating and overgrowing these K8 positive areas, or,
more likely, gaining IGF1R expression through paracrine signaling of highly expressive
IGF1R cells. As staining was performed on serial sections, it is unclear if these IGF1R-low
K8-low regions co-express K14, but observation of few K14-positive cells amongst the K8
pocket suggest this is the case. Overall, these results suggest luminal-sorted IGF1R-infected
reconstituted MECs promote tumor formation with IGF1R overexpression in the
myoepithelial layer and exclusion of K8 positive cells regions.

The IGF1R-infected basal MEC reconstituted glands consisted of normal-like ductal areas
mixed with dense lumen-filled cellular areas (Figure 4C lower panel and Figure 5C-D). In
these dense cell-filled ducts, IGF1R is overexpressed and high IGF1R co-expresses with the
K8 luminal lineage marker while excluding K14 to the outer myoepithelial layer (Figure
5D). While this co-expression of IGF1R and K8 was commonly observed in the transgenic
tumors, IGF1R co-expressed mostly with K14 in the total and luminal-sorted MEC
reconstituted glands. Only in the basal-sorted reconstitution did IGF1R expression overlap
with K8, suggesting that the transgenic tumors may be originating from basal cells which
have the capacity to gain luminal characteristics such as K8 expression.

IGF1R expands tumor initiating phenotypes.

We have previously shown that IGF1R promotes epithelial to mesenchymal transition
(EMT) via upregulation of the NFxB pathway and Snail [20]. Accumulation of
mesenchymal traits is linked to the acquisition of stem-like properties [48]. Additionally,

Dev Biol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Farabaugh et al.

Page 10

IGF1R expression is linked to stem cell and tumor initiating phenotypes in numerous tissues
[49-52]. To extend our /in7 vivo work, we examined the effect of IGFLR on stem-like features
in the MCF10A immortalized but non-transformed mammary epithelial cell line. We
examined CD44/CD24 populations by FACS and mammosphere formation in serum-free
low attachment conditions, both assays having previously been used to assess stem-like
characteristics [53-55]. Expression of CD8-1GF1R increased the population of CD44+/
CD24- cells (Figure 6A). Additionally, CD8-IGF1R increased primary and secondary
mammosphere formation (Figure 6B).

We next determined if IGF1R-induced NFxB and Snail, previously reported to be required
for IGF1R induced EMT, are also critical for the increase in CD44+/CD24~ cells by
inhibition of IKK and expression of dominant negative Snail, respectively. We focused our
studies on a role for NFxB and Snail as we found these previously to be key for IGF1R-
induced changes in EMT [20] and analysis of E-cadherin and vimentin showed inconsistent
changes following expression of CD8-IGF1R (data not shown). Blocking either NFxB- or
Snail-mediated gene transcription resulted in more than a 10-fold decrease in the IGF1R-
induced CD44+/CD24- population (Figure 6C-D) and inhibited mammaosphere formation
(Figure 6E-6G). These results suggest that IGF1R not only induces an EMT through
regulation of NFxB and Snail but also expands stem-like properties.

Discussion

The IGF1R pathway is critical for mammary development, where it plays significant roles in
cell growth, survival, and migration. In this study, we report that IGF1R-induced mammary
tumors exhibit multiple histologies and cell lineages. Multiple models of mammary ductal
outgrowth and tumorigenesis were used to establish if IGF1R influenced lineage
differentiation. We demonstrate that IGF1R-driven tumors express luminal-progenitor-
associated characteristics with myoepithelial differentiation. IGF1R forms highly
differentiated glands and tumors, underscored by a hyperplastic and attenuated phenotype.
Limiting IGF1R expression to either the luminal or basal compartment influences not only
glandular structure but also the co-expression of IGF1R between the lineage compartments.
We demonstrate that, in these model systems, IGF1R affects mammary stem cell-associated
phenotypes, and does so through the upregulation of NFxB and Snail. Interestingly,
mammary cells expressing tumor initiating characteristics such as CD44+/CD24- have been
shown to not only initiate tumorigenesis but also form phenotypically diverse and mixed
progeny populations [54, 55]. Herein, we demonstrate the ability of IGF1R constitutive
activation to alter lineage outgrowth by expanding the luminal progenitor population and
producing mixed lineage tumors.

Malaguarnera and Belfiore recently summarized the growing literature supporting a role for
the IGF1R pathway in stem cell-related processes across several tissue types, both normal
and cancerous [56]. IGF1R is not only required for stem cell maintenance in many normal
tissues, including the neural stem cell niche, hematopoietic and muscular systems, but is also
required for differentiation. For example, activation of the IGF pathway is linked with both
thyroid [49] and neural cell lineage differentiation. In the neural system, stem cells display
mostly IGF2 and IR-A signaling; however, lineage restricted neural progenitors primarily
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express IGF1R [57]. In the mammary gland, IGF1R is not only critical for maintaining the
stem cell niche of the terminal end bud (TEB) [16], where lineage differentiation and ductal
morphogenesis occurs but, importantly, is also critical for luminal alveolar differentiation
[17, 18], suggesting a role for IGF1R in maintaining the luminal mammary compartment
and luminal cell fate. Interestingly, Rota et al. showed that loss of IGF1R activity, resulting
from transgenic overexpression of a dominant-negative IGF1R, causes expansion of a
luminal progenitor population, and this has been shown to promote Wnt-induced mammary
tumorigenesis [58, 59]. Surprisingly, we find that constitutive activation of IGF1R also
results in expansion of a luminal progenitor population. It is possible that IGF1R naturally
promotes luminal differentiation, thus loss causes a blockade of differentiation and an
increase in the luminal progenitor population as seen by Rota et al., but expression in our
system sequesters activators required for differentiation and similarly results in the
expansion of the luminal progenitor population. It is also possible that IGF1R expression
actually limits growth or causes apoptosis of certain cell lineages to then cause an apparent
lineage change. Our experimental setup did not allow us to examine this possibility.

In breast cancer, IGF1R expression strongly correlates with the estrogen receptor (ER)
positive luminal subtype [60, 61]; however, this subset of IGF1R expressing tumors has the
best prognosis [33], in part due to the success of ER-targeted therapies. Importantly, IGF1R
is also expressed and active in triple-negative breast cancers (TNBC), where expression
correlates with poor prognosis [34] and patient xenograft samples are responsive to IGF
inhibition [62]. TNBCs often have dysregulation of TP53 and BRCAL. Loss of these tumor
suppressor genes results in increased expression and activation of several IGF pathway
members [63-65]. Importantly, while BRCAZ1-null tumors present as TNBC, BRCA1-null
mammary glands show expansion of luminal progenitor cells [10, 11, 66—69], suggesting
that the TNBC tumors arise from this ER+ progenitor. Our results show that expression of a
constitutive IGF1R results in expansion of a luminal progenitor population, yet also
promoting myoepithelial differentiation and results in heterogeneous tumors with multiple
cell lineages. Our model mimics IGF1R-driven TNBC. We note however that constitutive
activation of CD8-IGF1R may have caused changes not seen by simple overexpression of
IGF1R in human breast cancer.

Recent /n vivo lineage tracing work with activation of either ErbB2 or Polyoma Middle T
antigen (PyMT) signaling demonstrates that luminal cells are able to generate basal cells in
their progression to breast cancer [70]. This study underscores luminal cell plasticity during
tumorigenesis and provides an explanation for cellular heterogeneity within cancers. IGF1R
and the IGF pathway are known signaling intermediates for these proteins, especially critical
for PYMT oncogenesis [71], further supporting a relationship between IGF1R and luminal
to myoepithelial cell fate.

PIK3CA was demonstrated as a driver of altered mammary cell fate and mammary
intratumor heterogeneity [72, 73]. The cell of origin containing the constitutively active
PIK3CA-H1047R mutation dictates tumor formation and frequency by promoting
committed basal and luminal cells into a multipotent stem-like state. Deletion of p53
enhances PIK3CA-driven phenotypes [72]. These cells undergo substantial oncogene-
induced reprogramming, resulting in significant cell fate gene signature exchanges.

Dev Biol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Farabaugh et al.

Page 12

Interestingly, expression of mutated PIK3CA in unipotent basal cells resulted in luminal-like
cells while expression in unipotent luminal cells gave rise to basal-like cells. We observe a
similar phenotype in our IGF1R-induced MEC reconstitutions. Mammary glands developed
from IGF1R-infected luminal cells gave rise to K14 positive IGF1R-expressing cells while
IGF1R-infected myoepithelial cells gave rise to luminal K8 positive IGF1R-expressing cells.
This parallel further supports IGF1R as a driver of mammary cell fate alteration.

In conclusion, we show that IGF1R promotes multi-lineage tumors and drives
phenotypically different outgrowths and tumors depending on the origin of the cell in which
it is overexpressed. Additionally, we demonstrate that IGF1R may control lineage
differentiation and induce multipotency in a similar manner as BRCA1 and PIK3CA
mutations, promoting luminal progenitor expansion and basal differentiation. Understanding
where and how this heterogeneity develops may be critical for treating the entirety of the
tumor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

IGF1R constitutive activation causes mammary tumors with mixed lineages
and histologies

IGF1R expands luminal-progenitors /n vivo with myoepithelial differentiation
in vitro

IGF1R constitutive activation causes attenuated, hyperplastic, differentiated
reconstitution

IGF1R alters outgrowth and lineage co-expression depending upon the cell of
origin

IGF1R expands tumor initiating phenotypes
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Figure 1: Mammary glands from MMTV-CD8-IGF1R transgenic mice exhibit mixed histologies
and multi-lineage tumors.

A) H&E and Masson’s Trichrome staining of MMTV-ErbB2 tumors and MMTV-CD8-
IGF1R mammary tumors. 20x magnification. B) Masson’s Trichrome staining of MMTV-
ErbB2 tumors and MMTV-CD8-IGF1R mammary tumors. C) IHC of luminal keratin 8
(K8), myoepithelial keratin 14 (K14), and progenitor keratin 6 (K6) markers in MMTV-
ErbB2 and MMTV-CD8-IGF1R mammary tumors. Representative images taken at 20x
magnification. D) IF of wild type control mammary gland (MG), MMTV-CD8-IGF1R pre-
neoplastic mammary gland, and MMTV-CD8-IGF1R mammary tumor co-stained with K8
(green) and K14 (red) (n=5). E) IF of MMTV-CD8-IGF1R mammary gland (n=4) and F-H)
IF of MMTV-CD8-IGF1FR tumors (n=5) co-stained with K8 (green), K14 (red), and IGF1R
(purple). In (E-F) white arrow indicate example co-stained K8 and IGF1R cell, in (G) white
arrow indicates example cell highly expressing IGF1R but with weak K8 expression, and in
(H) white dots outline differential staining areas.
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Figure 2: MMTV-CD8-1GF1R expression expands the luminal-progenitor population and drives
myoepithelial differentiation.

A) gRT-PCR was performed on MMTV-CD8-IGF1R, MMTV-Her2-Neu, and p53null frozen
tumors or control WT mammary glands using a lineage-associated gene panel. n=2
biological replicates. B) Control and pre-neoplastic mammary glands or C) tumors were
dissociated, and FACS analyzed for CD24, CD49f, CD29, and CD61 markers to separate the
luminal progenitor (LP)(CD61 high,CD29 low), mature luminal (ML)(CD61 low, CD29
low), and basal/myoepithelial populations(CD29+). D) Tumorspheres from MMTV-CD8-
IGF1R tumors were plated into differentiation assays as outlined in materials and methods.
Biological replicates n=3, mean+/- s.e.m. Representative of 2 experiments. Images taken at
11.5x.
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Figure 3: IGF1R-infected primary mouse MECs demonstrate hyperplastic, highly differentiated
outgrowths resulting in attenuated reconstitution.

A) Reconstituted glands of wild-type MECs infected with empty vector control (n=7) or
CD8-IGF1R lentivirus (n=6). B) Demonstrating ZSGreen and carmine stained mammary
outgrowths; 4x and 10x, respectively. C) H&E staining; 4x with 20x insets. D) IF of 15,000
cell reconstituted tumors (n=2) co-stained with K8 (green), K14 (red), and IGF1R (purple).

40x

Tumor 2
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Total Population

Figure 4: Lineage-restricted IGF1R-infected primary mouse MECs demonstrate differential
ductal outgrowths dependent on lineage cell of origin.

Representative H&E of reconstituted glands from A) Total population, B) luminal, or C)
basal sorted cells. Average of 5 mice implanted per group. MEC populations infected with
CD8-IGF1R or empty vector control.
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Figure 5: Lineage-restricted co-expression of IGFLR is dependent on the lineage cell of origin.
Representative IF of reconstituted mammary glands from A-B) luminal or C-D) basal MEC

populations infected with CD8-IGF1R or empty vector control and stained with K8 (green),
K14 (red), IGF1R (purple). A and C demonstrate areas which are normal appearing, B and
D demonstrate abnormal regions. Circles represent differential staining area. The IF
represents co-staining of K8 and IGF1R with a serial section staining of K14. All samples
were stained and imaged together and thus expression levels are comparable across all
panels.
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Figure 6: IGF1R constitutive activation expands tumor initiation/stem cell-like characteristics
through NF«xB signaling and Snail.

A) FACS analysis of the CD44 and CD24 cell surface markers in MCF10A cells
overexpressing CD8-1GF1R or empty vector control. Average of 4 experiments with 1 to 2
biological replicates each: t-test p<0.01. B) Sphere formation of MCF10A control and
MCF10A-CD8-IGF1R cells grown in serum-free low attachment conditions. 3 independent
experiments: t-test p <0.05. C) Representative FACS analysis of CD44 and CD24 with IKK
Il inhibitor. D) Cells expressing dominant-negative Snail. Quantitative analysis of all
inhibitor concentrations is graphed. Representative of 2 (IKK inhibitor) or 3 (SnailDN)
experiments. E) Sphere formation of MCF10A-IGF1R cells with IKKII Inhibitor or F)
dominant-negative Snail. Representative of 3 independent experiments. G) Sphere formation
of MMTV-CD8-IGF1R dissociated tumor cells (see materials and methods). Representative
of 3 experiments.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

PE-Cy™7 Rat Anti-Mouse CD44 BD Biosciences cat#560569
PerCP-Cy™5.5 Mouse Anti-Human CD24 BD Biosciences cat#561647
Biotin Mouse Lineage Panel BD Pharmigen / BD Biosciences cat#559971

anti-mouse CD140a-Biotin (APA5), eBioscience

Invitrogen/Thermo Fisher

cat#13-1401-82

MACS anti-Biotin Microbeads

Milteny Biotec

cat#130-090-485

APC Rat Anti-Mouse CD24 BD Biosciences cat#562349
FITC Hamster Anti-Rat CD29 BD Biosciences cat#561796
BV421 Hamster Anti-Mouse CD61 BD Biosciences cat#562917
Sytox Blue Dead Cell stain Invitrogen cat#S34857

Anti-Tromal-Keratin 8

Developmental Studies Hybridoma Bank

cat# TROMA-I-c

Chicken Anti-Keratin 14 polyclonal

Covance

cat#906001

Anti-Keratin 5 polyclonal, purified

Covance

cat#PRB-160P-100

Rabbit anti-IGF1R

Ventana

cat#7904346

Bacterial and Virus Strains

N/A

Biological Samples

N/A

Chemicals, Peptides, and Recombinant Proteins

IKK Il inhibitor

Calbiochem

CAS 354812-17-2

Critical Commercial Assays

N/A

Deposited Data

N/A

Experimental Models: Cell Lines

MCF10A-Ctrl, MCF10A-IGF1R, and MCF10A-IGF1R-SnailDN cells | Kim, H.J., et al 2007 NA
Experimental Models: Organisms/Strains

Mouse: FVB/N The Jackson Laboratory JAX: 001800
MMTV-CD8-IGF1R transgenic FVB/N mice Carboni, J.M et al. 2005 N/A
Allografts of p53-null claudin-low tumors Zhang, M. et al. 2008 N/A

Mouse: BalbC The Jackson Laboratory JAX: 000651
Allografts of MMTV-Her2/Neu tumors Muller, W.J. N/A
Oligonucleotides

Table S1 for gPCR primers This paper N/A
Recombinant DNA

pHIV-ZSGreen empty vector Addgene cat#18121
pHIV-ZSGreen-CD8-IGF1R This paper N/A

Software and Algorithms
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

N/A

Other

N/A
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