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SUMMARY

Despite the strong association of the insulin/insulin-like growth factor (IGF) signaling (11S)
pathway with tumor initiation, recurrence, and metastasis, the mechanism by which this pathway
regulates cancer progression is not well understood. Here, we report that 11S supports breast cancer
stem cell (CSC) self-renewal in an IRS2-phosphatidylinositol 3-kinase (P13K)-dependent manner
that involves the activation and stabilization of MYC. IRS2-PI13K signaling enhances MYC
expression through the inhibition of GSK3p activity and suppression of MY C phosphorylation

on threonine 58, thus reducing proteasome-mediated degradation of MYC and sustaining active
pS62-MYC function. A stable T58A-Myc mutant rescues CSC function in /rs27/~ cells, supporting
the role of this MYC stabilization in IRS2-dependent CSC regulation. These findings establish

a mechanistic connection between the I1S pathway and MYC and highlight a role for IRS2-
dependent signaling in breast cancer progression.

In brief

Lee et al. show that the insulin/IGF signaling pathway regulates breast cancer stem cell (CSC)
function in an IRS2- and PI3K-dependent manner. This regulation involves the activation and
stabilization of MYC, as shown by the ability of a stable TS58A-MYC mutant to restore CSC
function in /RS2~ cells.
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INTRODUCTION

Cancer stem cells (CSCs) represent a sub-population of tumor cells that have the properties
of self-renewal and pluripotency, i.e., the ability to repopulate the full heterogeneity of the
tumor.12 These cells are sufficient to initiate primary and recurrent tumor growth after
drug treatment as well as contribute to secondary metastatic tumor growth.2 Considerable
progress has been made in recent years in defining the nature of CSCs in solid tumors,
especially in breast cancer, and understanding how they contribute to tumor behavior.*>
Despite this progress, much less is known about how the metabolic state of an individual
impacts CSCs and, consequently, tumorigenesis and progression. This issue is exemplified
by the link between insulin and cancer. Elevated insulin levels, which are a consequence
of diseases such as obesity and diabetes, are an independent risk factor for tumor initiation
and recurrence across many cancer types.® For breast cancer, elevated insulin levels are an
independent risk factor for cancer development in post-menopausal, non-diabetic women,
and high fasting insulin levels are associated with breast cancer recurrence and reduced
overall survival.”8 Hyperinsulinemia also increases the expression and bioavailability

of insulin-like growth factor 1 (IGF-1) and IGF-2, further enhancing activation of the
insulin/IGF signaling (11S) pathway. Pre-clinical studies using mouse models support the
hypothesis that I1S drives breast cancer progression and demonstrate that reduction of
circulating insulin/IGF levels reduces tumor growth and metastasis.%13 The association of
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I1S with tumor initiation, recurrence, and metastasis suggests a role for this pathway in the
regulation of breast CSCs, but this connection has not been investigated rigorously.

Although there is some evidence that both the insulin receptor (IR) and the related insulin-
like growth factor-1 receptor (IGF1R) can influence CSC function, the relative efficacy of
their regulation and the mechanism involved have not been determined.1415 In this study,
we sought to dissect the role of IS ligands, receptors, and adapter proteins in the regulation
of breast CSC function. Mechanistically, we focused on the role of the insulin receptor
substrate (IRS) proteins because they are critical effectors of IR/IGF1R signaling in both
normal physiology and cancer.18 Moreover, these signaling adaptors play important, but
distinctive, roles in breast cancer progression.1” The data we report reveal that insulin-

and IGF-mediated signaling through IRS2 plays a key role in sustaining the function of
breast CSCs because it enables a phosphatidylinositol 3-kinase (P13K)-dependent signaling
pathway that culminates in maintaining the expression and activation of MYC and MYC-
dependent CSC functions.

Activation of the IIS pathway supports breast CSC self-renewal

To investigate I1S pathway regulation of breast CSC function, we initially evaluated the
requirement of IR/IGF1R signaling for serial passage mammosphere formation in the triple-
negative breast cancer (TNBC) cell line SUM-159 (Figure 1A). Only cells with stem-like
properties survive in low-attachment conditions, and their ability to self-renew is required
for spheroid growth over several passages.18 Assays were performed in the presence of B27
supplement lacking insulin (B27-) or containing insulin (B27+). Cells were plated in low-
attachment wells and grown for 5-7 days, at which time mammospheres were counted and
then dissociated to re-plate for additional passages (Figure 1A). In the presence of insulin,
mammosphere formation was sustained over 3 serial passages. In contrast, mammaosphere
formation was significantly diminished in the absence of insulin at all passages. Cells
grown in the presence of either B27+ or B27- had a comparable adherent growth rate,
supporting that the lack of mammosphere formation in B27— media does not result from
decreased proliferation (Figure S1A). These results substantiate that 11S supports breast CSC
self-renewal.

B27 supplement contains supraphysiological levels of insulin (~3 pg/mL), which activate
both the IR and IGF1R (Figure S1B). To dissect further the regulation of CSC function
by the 11S pathway, mammaosphere assays were performed using B27- medium that was
supplemented with more physiological levels (50 ng/mL) of IGF-1, IGF-2, or insulin to
determine how each individual ligand supports CSC self-renewal (Figure 1B).” We also
assessed stem cell frequency in the presence of individual ligands by /n vitro limiting-
dilution assay (Figure 1C). All ligands increased mammaosphere formation and stem cell
frequency when compared with B27— medium alone, with IGF-1 and IGF-2 supporting
enhanced CSC activity when compared with insulin. A similar relative ligand dependency
was observed in /rs17/=, IrsZ”!~ double knockout PyMT mouse mammary tumor cells
with restored IRS2 expression (Figure S1C). The enhanced efficacy of IGF-1 and IGF-2
for CSC regulation may relate to the fact that at 50 ng/mL, these ligands stimulated
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phosphorylation of both IR and IGF1R, whereas insulin stimulated phosphorylation of only
the IR (Figure S1D). To directly address the relative ability of the IR and IGF1R to regulate
CSC function, IR and IGF1R knockout SUM-159 cells were generated using CRISPR-Cas9
gene editing, and these cells were assayed for serial passage mammosphere formation. Cells
expressing both receptors (non-targeting guide RNA [sgNT]) or IGF1R alone (/") formed
a similar number of mammospheres across both passages. However, cells expressing only IR
(IGF1R™7) exhibited a reduced ability to form mammospheres upon serial passage (Figure
1D). Together, our results suggest that the IGF1R may play a more dominant role than the
IR in CSC self-renewal, although a role for hybrid receptors comprised of IGF1R and IR
heterodimers is also possible.

To examine further the ability of IR and IGF1R to regulate CSC function, stem cell
frequency and tumor-initiating potential were evaluated in the receptor knockout SUM-159
cells. The enzymatic activity of aldehyde dehydrogenase (ALDH) is increased in normal
mammary epithelial stem cells and breast CSCs, and ALDH activity can be used to
determine the frequency of stem cells in a heterogeneous population of cells using the
ALDEFLUOR assay.19 As a validation of this assay, in parental SUM-159 cells, ALDH+
cells formed significantly more mammospheres than unsorted or ALDH- cells (Figure S1E).
Knockout of either IGF1R or IR decreased the ALDH+ population of cells by approximately
50% when compared with control (sgNT) cells that express both receptors (Figure 1E).

To assess tumor initiation, /n vivo limiting-dilution assays were performed in which sgNT,
IGFIR™=, and IR/~ SUM-159 cells were injected into the mammary fat pads of NCG mice
in 10-fold serial dilutions. A decrease in tumor initiation was observed for both /77~ and
IGF1R™!~ cells when compared with sgNT control cells. Extreme limiting-dilution analysis
(ELDA) revealed a significant reduction in CSC frequency in the absence of either IGF1R

or IR expression (Figure 1F).20 Together with the results from our /n vitro ligand studies,
our data support that the IGF ligands and the IGF1R are more effective in regulating CSC
function; however, insulin and the IR also have CSC regulatory properties, albeit with
reduced potential. The concentration of individual ligands in the tumor microenvironment
and their ability to co-activate IR and IGF1R, or hybrid receptors, may play the determinant
role in CSC regulation.

IRS2 regulates breast CSC self-renewal in a PI3K-pathway-dependent manner

IRS proteins are signaling adaptors for both the IR and IGF1R. Upon ligand stimulation
and recruitment to the IR/IGF1R, IRS proteins are phosphorylated on tyrosine residues by
their intrinsic receptor tyrosine kinases, generating de novo docking sites for downstream
signaling effectors.1” Of the IRS family, IRS1 and IRS2 are ubiquitously expressed, while
other members display limited tissue or species expression.1” Although IRS1 and IRS2 share
structural homology and functional features, they have been shown to play distinct roles

in breast cancer. Specifically, expression of either IRS1 or IRS2 is sufficient for mammary
tumorigenesis, whereas IRS2 plays a dominant role in metastatic progression.2122 JRS17/-,
/RS2~ double knockout SUM-159 cells were used to assess the independent abilities

of IRS1 and IRS2 to support CSC self-renewal.23 Cells expressing either empty vector
(EV), IRS1 or IRS2 were assessed for serial passage mammosphere formation (Figure 2A).
Cells expressing either EV or IRS1 formed a similar number of mammaospheres across all
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passages, and mammosphere numbers decreased after 3 passages, as was observed in the
absence of insulin. In contrast, cells that express IRS2 exhibited increased mammosphere
numbers over multiple passages. A similar selective dependency on IRS2 for serial passage
mammosphere formation was observed in /rs77/~, Irs2”~ double knockout PyMT mouse
mammary tumor cells with restored IRS1 or IRS2 expression (Figure 2B). This IRS2-driven
mammosphere formation was dependent upon upstream IR/IGF1R signaling because cells
expressing IRS2 were significantly impaired in their ability to form mammospheres in
B27- supplement (Figure 2C). Single knockout of IRS2 in both SUM-159 and PyMT cells
decreased serial mammosphere formation (Figures 2D and 2E), further demonstrating the
primary role of IRS2 in regulating CSC self-renewal. IR and IGF1R expression were not
markedly altered by IRS knockout or re-expression, supporting that the observed differences
in CSC function were not due to increases or decreases in upstream receptor signaling
(Figure S2A).

To determine if IRS2 increases CSC frequency, the percentages of ALDH+ cells were
determined for SUM-159 and PyMT cells in the presence or absence of IRS2 (Figures

2F, 2G, and S2B). For both cell lines, loss of IRS2 expression resulted in a significant
decrease in ALDH+ cells, reflecting a decrease in CSCs in the population. To validate a
role for IRS2 in CSC function, /n vivo limiting-dilution assays were performed to determine
the impact of Irs2 on tumor initiation. PyMT:rs2" and PyMT:Irs2”~ tumor cells were
injected into the mammary fat pads of NOD/SCID mice in 10-fold serial dilutions and
monitored for tumor formation. Fewer mice formed tumors when injected with /7527~ cells
at each cell concentration, and the frequency of CSCs was significantly lower in the absence
of Irs2 expression (1/201,105 versus 1/25,870 cells) (Figure 2H). Together, these results
demonstrate divergent impacts of IRS1 and IRS2 on CSC self-renewal and highlight a
distinct role for IRS2-dependent signaling in breast CSC regulation by the I1S pathway.

A major signaling effector that is recruited to the phosphorylated IRS proteins in response
to insulin/IGF stimulation is class | PI3K, the activation of which plays an essential role

in the insulin-dependent regulation of normal systemic-glucose metabolism.24 PI3K and its
downstream effector AKT have also been implicated in the regulation of CSC function.2%:26
A role for PI3K/AKT signaling in the 11S-dependent regulation of CSCs was indicated by
our finding that AKT activation is dependent upon the presence of insulin in B27 medium
(Figure S1B). To test the requirement of PI3K/AKT pathway activation in IRS2-dependent
CSC regulation, cells were pretreated with either an AKT inhibitor (MK2206) or a PI3K
inhibitor (BKM120) and analyzed for mammosphere formation (Figures S3A and S3B).
Pharmacologic inhibition of both AKT and PI3K decreased mammosphere formation by
IRS2-expressing cells while having no effect on EV-expressing cells. Importantly, at the
concentrations used, these inhibitors did not reduce cell viability (Figure S3C).

To more directly demonstrate that IRS2-dependent PI3K activation is required for the
regulation of CSC function, wild-type murine Irs2 (mlrs2-WT) and a mirs2 mutant in
which the 5 tyrosines located within canonical PI3K binding motifs have been mutated
to phenylalanine (mlrs2-Y5F) were expressed in /RSI7/=, IRSZ!~ SUM-159 and /rs17/-,
IrsZ”= PyMT cells (Figures 21 and 2J). These five tyrosine residues (Y538, Y649, Y671,
Y734, and Y814) are essential for the majority of PI3K association with Irs2 in response
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to insulin or IGF-1 stimulation (Figure S3D).2” Significantly more mammospheres were
formed by cells expressing mirs2-WT when compared with EV cells over three passages
(Figures 21 and 2J), as we had observed for cells expressing human IRS2-WT. In contrast,
mlrs2-Y5F cells exhibited similar mammosphere-forming potential as EV cells at each serial
passage. Expression of mIrs2-WT, but not mlrs2-Y5F, also increased the percentage of
ALDH-+ cells (Figures 2K, 2L, and S3E). In /n vivo limiting-dilution assays, /rs17/~, Irs27!
PyMT cells expressing mlrs2-Y5F formed fewer tumors, and the frequency of CSCs in

this population was reduced when compared with mlrs2-WT-expressing cells (Figure 2M).
mlrs2-Y5F tumors also exhibited a significantly delayed onset of tumor initiation (Figure
S3F). These findings establish that IRS2 signaling promotes CSC self-renewal and supports
breast tumor initiation through a PI3K-dependent mechanism.

The IIS pathway sustains MYC activation through an IRS2/PI3K-dependent suppression of
GSK3B activity

Gene regulatory programs that control both normal mammary stem cell and CSC function
have been identified.2428 To explore the mechanism by which IRS2 regulates CSC self-
renewal, we interrogated the METABRIC database of human breast tumors using cBioportal
to identify genes that show a high correlation with /RS2 expression.2? The gene that
demonstrated the highest positive association with /RS2was MYC (Figure S4A). The MYC
protooncogene is one of the most commonly amplified genes in cancer, and deregulated
expression of MY C drives tumorigenesis in many tissues, albeit in concert with additional
genetic alterations.3® MY C has been implicated in the regulation of CSCs, and its activation
is both necessary and sufficient to sustain the CSC phenotype.31:32 Of relevance for IRS2-
dependent regulation of CSC function, MY C expression is upregulated in hyperinsulinemic
conditions.?

To validate the positive correlation between /RS2and MYC in human breast tumors, MYC
MRNA levels were evaluated in SUM-159 and PyMT cells. MYC expression was lower

in /RS2~ SUM-159 cells relative to /RS2"* (sgNT) cells (Figure S4B) and increased
when exogenous IRS2 expression was restored in both /527~ SUM-159 cells (Figure S4C)
and /rs17=, Irs2”= PyMT cells (Figure S4D). MYC protein levels exhibited similar IRS2-
dependent changes in expression (Figures 3A and 3B). Importantly, MYCand /RS1 did

not show a high positive correlation in human breast tumors (Figure S4A), and restoration
of exogenous Irs1 expression in /rsZ7~, /rs2/= PyMT cells did not increase Myc mRNA
expression (Figure S4D), highlighting the distinctive correlation between MYC and IRS2.
MYC'’s activity as a transcription factor is regulated by phosphorylation on serine 62
(pS62-MYC) by ERK and CDK kinases.33 To determine if MYC is also activated in an
IRS2-dependent manner, we initially evaluated MY C expression and phosphorylation in the
presence of a proteasome inhibitor to prevent MYC degradation in cells either lacking IRS2
or with restored IRS2 expression. Active pS62-MY C levels were significantly associated
with IRS2 expression (Figures 3C and 3D).

To investigate further the mechanism by which IRS2 signaling regulates MYC, the ability of
I1S pathway ligands to regulate expression was assessed. MY C protein expression increased
in response to stimulation with all ligands, although expression increased to a greater extent
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in response to IGF-1 and IGF-2 stimulation (Figure 3E), in keeping with the enhanced
ability of these ligands to support CSC function at 50 ng/mL (Figure 1). However, this
short-term stimulation with 11S ligands did not result in a corresponding increase in MYC
mRNA expression (Figure S4E). This differential regulation of protein and mRNA supports
an additional post-transcriptional mechanism of MY C regulation by the 1S pathway. This
post-transcriptional mechanism of regulation was also indicated by the finding that MYC
mRNA levels were not significantly different in cells expressing mlrs2-WT and mlrs2-Y5F
(Figure S4D). MYC activity and protein stability are regulated by multistep phosphorylation
and ubiquitination, and this post-translational modification plays an important role in proper
MYC function.33 MYC is activated and stabilized by phosphorylation on pS62-MYC, which
primes phosphorylation of threonine 58 (pT58-MYC) by GSK3p, creating a binding site

for PP2A. PP2A dephosphorylates S62, and MY C phosphorylated only on T58 is then
ubiquitinated and targeted for proteasomal degradation. Mutation of T58 in human tumors
correlates with elevated MY C protein expression and activity33:34 and a TS8A-Myc mutant
is transforming in the mammary gland.3%36 These findings support the importance of
regulating T58 phosphorylation for the control of normal MY C expression and function

and prevention of its oncogenic activity.

In previous studies, we identified pS9-GSK3p as a preferential downstream target of IRS2
signaling in response to insulin and IGF-1 stimulation.2” Given that phosphorylation of
GSK3p inhibits its kinase activity,3” we hypothesized that IRS2 signaling regulates MYC
function through the suppression of T58-MYC phosphorylation, resulting in stabilization

of pS62-MYC and sustained activity. To investigate this potential mechanism of MYC
regulation by IRS2, cells were stimulated over a time course with insulin at a concentration
that activates both the IR and IGF1R (Figure S1D). The insulin-dependent increase in MYC
expression, which was maximal after 60 min of stimulation, was preceded by an increase

in pS9-GSK3p and a decrease in pT58-Myc at 15 min (Figure 3F). Enhanced S62-Myc
phosphorylation was observed at 30 min, subsequent to the decrease in pT58-Myc, reflecting
the stabilization of active Myc. This regulation requires recruitment and activation of PI3K
since cells expressing mirs2-Y5F did not exhibit changes in expression of total Myc or
active Myc (pS62-Myc/pT58-Myc) in response to IGF-1 stimulation (Figure 3G). Myc
levels were sustained by insulin stimulation in cells expressing mIrs2-WT, but not in EV- or
mlrs2-Y5F-expressing cells, when evaluated in the presence of cyclohexamide (Figure S4F).
In contrast, in cells expressing only mlrs1, Myc activation was not sustained in response

to IGF-1 stimulation (Figure S4G). These signaling studies identify an essential role for
IRS2-dependent PI3K activation in the regulation of MYC expression and function by the
I1S pathway.

IRS2 promotes CSC self-renewal through the regulation of MYC expression and activation

The MYC protein contains a basic helix-loop-helix-leucine zipper domain through which it
dimerizes with its essential partner MAX and binds DNA to regulate gene transcription.38
The gene regulatory function of MY C is dependent upon this heterodimerization and
compounds that stabilize the MY C monomer and prevent MYC-MAX heterodimerization
inhibit its transcriptional activity.3® To establish a role for MYC in the IRS2-dependent
regulation of breast CSCs, cells were treated with one such compound, 10074-G5, to disrupt
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MY C function.?? Inhibition of MY C activity resulted in a significant reduction in the
ALDH+ CSC population in cells expressing WT-IRS2 (Figures 4A and S4H). In addition,
reduced numbers of mammospheres formed upon serial passage of IRS2-WT cells when
10074-G5 was included in the mammosphere culture medium, identifying MYC as an
essential downstream effector of IRS2-dependent CSC selfrenewal (Figure 4B).

To validate the importance of IRS2-dependent regulation of MYC expression and function
in the mechanism by which the 11S pathway regulates CSC function, /7s2”/~ PyMT cells
were generated with modest overexpression of either WT-Myc or a stableT58 A-Myc mutant
(Figures 4C and S41).3% Expression of T58A-Myc significantly enhanced serial passage
mammosphere formation and increased the stem cell frequency of /rs27/~ cells when
compared with EV-expressing cells (Figures 4C and 4D). WT-Myc did not significantly
increase CSC frequency or self-renewal, demonstrating that sustaining Myc stability is
necessary in the absence of Irs2 expression.

DISCUSSION

In this study, we establish a role for IRS2-P13K signaling in the control of MYC function
and the regulation of breast CSCs. All ligands of the 11S pathway support CSC self-renewal
in cells that express IRS2, and this requires the ability of IRS2 to recruit and activate PI3K.
Signaling through IRS2-PI3K increases the ALDH+ population of CSCs and promotes
CSC self-renewal in an MY C-dependent manner. IRS2 stabilizes MY C expression through
the suppression of GSK3p and inhibition of phosphorylation on T58-MYC, thus reducing
proteasome-mediated degradation of MYC and sustaining active pS62-MY C. This sustained
activation of MYC is not observed in response to signaling through IRS1. CSC function

is rescued in /7527~ cells by a stable T58A-Myc mutant, but not WT-Myc, highlighting

the importance of IRS2-dependent MY C stabilization in its mechanism of CSC regulation.
Together our findings establish a mechanistic connection between 11S and MYC and
highlight a role for IRS2-dependent signaling in breast cancer progression.

The 1IS pathway is comprised of multiple ligands (IGF-1, IGF-2, insulin) and receptors (IR-
A, IR-B, IGF1R, IR/IGF1R hybrids).#? Adding to this complexity, each ligand stimulates

a sub-set of receptors with varying affinities. In particular, IGF-1 and IGF-2 bind hybrid
receptors with higher affinity than insulin.#243 In our current study, we determined that
insulin is a poor regulator of CSC function at concentrations that stimulate only the IR.
However, at elevated concentrations, insulin activates both the IR and IGF1R, and under
these conditions, CSC function is enhanced. IGF-1 and IGF-2 expression and bioavailability
are enhanced systemically when insulin levels are elevated, and our data support that these
ligands have enhanced CSC regulatory activity, potentially due to their ability to co-activate
the IR and IGF1R or hybrid receptors. These findings may explain epidemiological studies
that have reported a positive correlation between high insulin levels and breast cancer
risk.4445 IGF-1 and IGF-2 are also independently associated with increased risk and poor
outcomes in breast cancer, and these ligands have been linked to breast cancer disparities in
African American populations.*6-50 While previous studies have focused on the mitogenic
role of the IS ligands for these breast cancer associations, we now suggest that the ability
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of each ligand to regulate breast CSCs also contributes to breast cancer development and
progression.

Although high insulin, IGF-1, and IGF-2 levels have been known for some time to

be independent risk factors for breast cancer risk and poor outcomes, the mechanism
underlying this association has remained an open question.® Tumor growth and progression
to metastasis are enhanced in hyperinsulinemic mouse models.10 A potential role for

MY C in this insulin-dependent tumor promotion was initially suggested by the finding

that mammary tumor cells isolated from hyperinsulinemic mice express elevated MYC
protein expression.® However, the mechanism by which MY C expression is regulated

in hyperinsulinemic environments and the functional consequences of elevated MYC
expression were not explored in this study. Our data now provide insight into these questions
by revealing that 11S enhances MY C expression and regulates MYC function through an
IRS2-PI3K-GSK3p signaling axis that stabilizes active MYC and that is necessary to
promote breast CSC self-renewal. It is worth noting that MYC expression in tumors is
deregulated more frequently at the protein level than by genetic alterations, which highlights
the significance of the 11S-dependent regulation of MY C phosphorylation and enhancement
of protein expression for breast cancer outcomes.5!

The selective ability of IRS2 to mediate the 11S-dependent regulation of CSC function
identified in this study provides a mechanistic explanation for the differential roles of

IRS1 and IRS2 in breast cancer progression. Mammary tumor metastasis is significantly
diminished in the absence of Irs2 expression, and Irs1 does not compensate for this loss.21:22
In fact, tumors lacking Irs1 have elevated expression and phosphorylation of Irs2, and

these tumors are more metastatic when compared with WT tumors. In previous studies,

we and others identified a role for IRS2, but not IRS1, in the regulation of invasion, a
property of tumor cells that facilitates the metastatic spread of cells to distant sites in the
body.21:52 CSCs have also been implicated in metastatic colonization by supporting the
initiation of tumor growth in distant organs.® The combined ability of IRS2 to mediate
signaling that supports both invasion and CSC function may explain the dominant role of
IRS2 in metastatic progression. From a clinical perspective, identifying an IRS2-specific
signaling pathway that promotes breast cancer progression may allow for selective targeting
of aggressive tumor cells and avoid the common adverse metabolic side effects of current
anti-11S strategies aimed at inhibiting receptor activation or function. The identification of
MY C as an effector of IRS2-dependent regulation of breast CSC self-renewal reveals one
potential approach to achieve this goal.

Limitations of the study

There are some limitations to our analysis of 11S pathway involvement in breast CSC
regulation. We performed /n vivo limitingdilution assays to demonstrate that 1S signaling
promotes tumor initiation. CSCs have also been implicated in chemoresistance and
metastasis, and it will be important in future studies to determine whether the IS pathway
also contributes to these essential CSC functions. Our data support the conclusion that dual
activation of the IR and IGF1R promotes optimal CSC function. However, we were limited
in our ability to determine whether hybrid receptors contribute to this function.
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Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Leslie M. Shaw
(leslie.shaw@umassmed.edu).

Materials availability—Plasmids and cell lines generated in this study will be freely
available upon request.

Data and code availability—All data reported in this study will be shared by the lead
contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells, antibodies, and reagents—SUM-159 cells that were authenticated by STR
profiling at the University of Arizona Genetics Core in February 2022 were a kind gift from
Art Mercurio (UMass Chan Medical School, Worcester, MA) and were grown in F12 media
(Gibco) containing 5% FBS (Sigma), 5 ug/mL insulin (Sigma) and 1 ug/mL hydrocortisone
(Sigma). IRS1/IRS2 double knockout (KO) (/RS1™, IRSZ™"), IRS1 KO (/RS1™*) and
IRS2 KO (/RSZ7") SUM-159 cells were generated by CRISPR/Cas9-mediated gene
editing.23 IR (/&) and IGF1R (/GF1R) knockout SUM-159 cells were generated

by CRISPR/Cas9-mediated gene editing by electroporation of a ribonucleoprotein (RNP)
complex of CRISPR-gRNA and Cas9 protein prepared according to manufacturer’s protocol
(IDT). Guide RNAs used were as follows: sgIR-1, GAGAACTGCACGGTGATCGA;
sgIR-2, TCGGTAATGACCGTGAGCTT; sgIGF1R-1, GATACGGGACCAGTCGATAG;
sgIGF1R-2, GTTGTTCCGGATATCCATGC. For the IR and IGF1R KOs, the two guides
were electroporated simultaneously. The control non-targeting guide RNA (sgNT) was
purchased from IDT. Murine mammary tumor cells were isolated from female FVB MMTV-
PyMT:Irs1 [rs2 or PyMT:1rs2f mice and null cells were generated by infection
with adenoviral Cre-recombinase.2’ PyMT mouse mammary tumor cells were grown in
low-glucose (1 g/L) DMEM (Corning) containing 10% FBS. All cells tested negative for
mycoplasma by PCR (Abm, May 2022). Human IRS1 and IRS2 were kindly provided by
Adrian Lee (University of Pittsburgh, Pittsburgh, PA). Murine Irs1 and Irs2 were a kind

gift from Morris White (Children’s Hospital, Boston, MA) and the mirs2-Y5F mutantwas
generated previously.2’” cDNAs were subcloned into the pCDH-CMV-MCS-EF1-puro
lentiviral vector (System Bioscience) with a C-terminal FLAG tag and cells were infected
and selected in 2 mg/mL puromycin (Gold Biotechnology). pD40-His/V5-c-MycWT and
c-MycT58A were a gift from Rosalie Sears (Addgene plasmids # 45597 and #45598).3°

For mammaosphere assays with AKT or PI3K inhibitors, cells were pretreated with MK2206
(Selleckchem) or BKM120 (Selleckchem) for 24 hrs. For proteasome inhibition, cells were
pre-treated with 10 uM MG132 (Sigma) for 3 hrs prior to extraction. For MYC inhibition,
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cells were pretreated overnight with 10074-G5 (Selleckchem) (ALDH assays) or 10074-G5
was included in the culture media (mammosphere assays). Primary antibodies used in this
study: rabbit anti-HA Tag (Cell Signaling Technology, Cat#3724; RRID: AB_1549585),
rabbit anti-IRS1 (Bethyl Laboratories, Cat# A301-158A; RRID: AB_2125761), rabbit anti-
IRS2 (Cell Signaling Technology, Cat# 4502; RRID: AB_2125774), rabbit anti-phospho-c-
Myc (Thr58) (Cell Signaling Technology, Cat# 46650), rabbit anti-phospho-c-Myc (Ser62)
(Cell Signaling Technology, Cat# 13748; RRID: AB_2687518), rabbit anti- GSK-3p (Cell
Signaling Technology, Cat# 9315 RRID: AB_490890), rabbit anti-phospho-GSK-3 (Ser9)
(Cell Signaling Technology, Cat# 9336; RRID: AB_331405), rabbit anti-insulin receptor
(Cell Signaling Technology, Cat# 3025; RRID: AB_2280448), rabbit anti-IGF-1 receptor 3
(Cell Signaling Technology, Cat# 3027, RRID: AB_2122378), rabbit anti-PI3 kinase p85
(Cell Signaling Technology, Cat# 4292; RRID: AB_329869), mouse anti-actin (Thermo
Fisher Scientific, Cat# MA5-11869; RRID: AB_11004139), mouse anti-GAPDH (Santa
Cruz Biotechnology, Cat# sc-32233; RRID: AB_627679), mouse anti-p-Tyr (Santa Cruz
Biotechnology, Cat# sc-7020; RRID: AB_628123), mouse anti-a-tubulin (Sigma-Aldrich,
Cat# T5168; RRID: AB_477579), mouse anti-Flag (Sigma-Aldrich, Cat# F3165; RRID:
AB_259529).

METHOD DETAILS

Mammosphere assays—Single-cell suspensions were plated in ultra-low-attachment
24-well plates (Corning) at 5,000 cells/well in mammosphere media (DMEM/F12 media
containing B27 supplement, 20 ng/mL hEGF (Sigma) and 20 ng/mL bFGF (Gibco)). After
5 days, wells were imaged using a Celigo imaging cytometer (Nexcelom). For additional
passages, mammospheres were dissociated using trypsin and Soybean Trypsin inhibitor
(Gibco) was added to stop the reaction. Single-cell suspensions were re-plated and cultured
for 7 days. Mammaospheres of >50 um in diameter were counted using Image J.

In vitro limiting dilution assays—Single-cell suspensions were plated in ultra-low-
attachment 96-2 well plates (Corning) in serial dilutions (5, 10, 25, 50, 100 cells/well)

in B27 mammosphere media. After 5 days, wells were imaged using a Celigo imaging
cytometer and the number of wells containing =1 mammosphere were determined. Cancer
stem cell frequency was determined using ELDA.20

ALDEFLUOR assays and sorting—ALDH activity was examined using the
ALDEFLUOR™ kit (Stem Cell Technologies) according to the manufacturer’s protocol.
Briefly, single-cell suspensions were incubated with either the ALDEFLUOR™ reagent
alone or the ALDEFLUOR™ reagent and the ALDH inhibitor diethylaminobenzaldehyde
(DEAB) for 40 minutes at 37°C. Cells were centrifuged, washed and stained with 7-AAD
(Biolegend) for dead cell exclusion. The fluorescence data were collected using either

an LSR |1 flow cytometer (BD Bioscience) or a ZE5 cytometer (Biorad). To separate
ALDH" and ALDH™ population, stained SUM-159 cells were sorted using a BD FACS
Melody (BD Bioscience). The sorting gates were established using as negative controls the
ALDEFLUOR-stained cells treated with DEAB. Data was processed and analyzed using
FCS Express (De Novo Software).
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In vivo limiting dilution assays—Cells were injected into the 3"d mammary fat pad of
7-week-old female NOD.CB17-PrkdcSCid/NCrCrl (NOD/SCID, Charles River Laboratories,
Figures 2H and 2M) or 7-week-old female NOD-Prkdcem26Cd52|2rgem26Cd22/NjyCrl (NCG,
Charles River Laboratories, Figure 1F) mice at the numbers indicated in the Figures. Mice
were palpated twice weekly to detect tumor initiation. Cancer stem cell frequency was
determined using ELDA.20 All studies were performed according to protocols approved by
the UMass Medical School Institutional Animal Care and Use Committee.

Immunoprecipitation and immunoblotting—Cells were serum starved for 4 hrs
(PyMT) or overnight (SUM-159) in serum-free medium and then stimulated with ligands

at the concentrations and time periods indicated in Figure Legends prior to extraction.

For whole-cell extract immunoblots, cells were solubilized at 4°C in lysis buffer (20

mM Tris buffer, pH 7.4, 1% Nonidet P-40, 0.137 M NaCl, 10% glycerol) containing
phosphatase inhibitors (Roche) and protease inhibitors (Roche). Cell extracts containing
equivalent amounts of protein were resolved by SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were blocked for 1 hr with 50 mM Tris buffer, pH 7.5,
containing 0.15 M NacCl, 0.01% Tween 20, and 5% (wt/vol) dry milk or 5% bovine

serum albumin (BSA); incubated overnight at 4°C in the same buffer containing primary
antibodies; and then incubated for 1 hr in 5% blocking buffer with milk containing
peroxidase-conjugated secondary antibodies. Bands were detected by chemiluminescence
using a ChemiDoc XRS+ system (Bio-Rad Laboratories) and band intensities were
quantified by densitometry using Image J. Only signals within a linear range were used

for quantitation and signals were normalized to total protein and/or housekeeping genes. For
immunoprecipitations, cells were extracted in the same lysis buffer containing phosphatase
inhibitors (Roche) and protease inhibitors (Roche). Aliquots of cell extracts containing
equivalent amounts of protein were precleared for 1 hr with 1gG and protein G-Sepharose
beads (GE Helathcare) and then incubated for 3 hrs or overnight at 4°C with specific
antibodies and protein G-Sepharose beads (GE Healthcare) or anti-Flag M2 affinity gel with
constant agitation. The beads were washed three times in extraction buffer. Laemmli sample
buffer was added to the samples, and immune complexes were resolved by SDS-PAGE,
transferred to nitrocellulose membranes, and immunoblotted as described above.

Quantitative polymerase chain reaction (QPCR)—RNA was extracted using the
RNA-easy kit (Qiagen). cDNA was synthesized using an AzuraQuant cDNA synthesis

kit (Azura Genomics). qPCR was performed in an Applied Biosystems QuantStudio

6 Flex apparatus using AzuraView GreenFast gPCR Blue Mix (Azura Genomics).

The delta —delta Ct method was used to determine relative mRNA expression.

Primers used were as follows: hA/YC-Fwd 5'-GGCTCCTGGCAAAAGGTCA-3;
hMYC-Rev 5'-CTGCGTAGTTGTGCTGATGT-3"; hACTIN-Fwd 5’-
TGAGCGCGGCTACAGCTT-3"; hACTIN-Rev 5'-TCCTTAATGTCACGCACGATTT-3;
mMyc-Fwd 5"-ATGCCCCTCAACGTGAACTTC-3"; mMyc-

Rev 5'-GTCGCAGATGAAATAGGGCTG-3"; mActin-Fwd 5’-
AGGTGACAGCATTGCTTCTG-3"; mActin-Rev 5'-GCTGCCTCAACACCTCAAC-3". To
detect exogenous Myc expression in cells expressing pD40-His/\VV5-c-MycWT or c-
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MycT58A, primers used were: Fwd 5'- TAAGCCTATCCCTAACCCTCTC-3"; Rev 5'-
CAGATGGCTGGCAACTAGAA-3’.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—Statistical analysis was performed using Prism7, Graphpad.
Student’s t-test (two-sided) was applied and p-value of <0.05 was considered to indicate
statistical significance. For comparison of more than 2 groups, two-way ANOVA was
applied.

Supplementary Material

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

Insulin/IGF signaling (11S) supports breast cancer stem cell (CSC) self-
renewal

I1S regulates stemness in an IRS2- and P13K-dependent manner

IRS2/P13K signaling activates and stabilizes MYC to enhance CSC function
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Figure 1. 11S pathway activation increases breast cancer stemness
(A) Mammosphere assays were performed with SUM-159 cells in the presence of B27

supplement containing insulin (B27+) or without insulin (B27-). Scale bar, 200 pum.
(B and C) Mammosphere assays (B) and /in vitro limiting-dilution assays (C) were
performed with SUM-159 cells in B27+, B27—, or B27— medium supplemented with

individual ligands (50 ng/mL).
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o

No. mammospheres

(D-F) SUM-159 cells treated with non-targeting guide RNA (sg/N'T), IR knockout (KO)
cells (/R77), or IGF1R KO cells (/GFIR™~) were assayed for mammospheres in B27+
supplement (D), ALDH activity (E), and tumor initiation by /n vivo limiting-dilution assay
(F). For (E), the ALDH inhibitor DEAB was included as a negative control. For (F), cells
were injected into the mammary fat pads of NCG mice in 10-fold serial dilutions at the

concentrations indicated.

For (C) and (F), data are presented as a log-log plot, and the frequency of stem cells is
calculated by extreme limiting-dilution analysis. The mammaosphere data shown represent
the mean + SD of a representative experiment performed three times independently. The
ALDH data shown represent the mean + SD of six independent experiments. *p < 0.05; **p

<0.01; ***p < 0.001.
See also Figure S1.
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Figure 2. IRS2 supports self-renewal of CSC in a PI3K-dependent manner
(A and B) /RSI7I=, IRSZ7- SUM-159 cells (A) and /rs17/~, IrsZ”!~ PyMT cells (B)

expressing empty vector (EV), IRS1, or IRS2 were assayed for mammospheres in B27+
supplement.

(C) Irs1I=, IrsZ”!= PyMT cells expressing EV or Irs2 were assayed for mammospheres with
B27+ or B27- supplement.

(D and E) /RS2~ SUM-159 cells (D) or /rs2”~ PyMT cells (E) were assayed for
mammospheres in B27+ supplement.

(F and G) ALDH activity was examined in SUM-159 cells (F) and PyMT cells (G). The
ALDH inhibitor DEAB was included as a negative control.

(H) 1rs2Vf pyMT and /rs2”/~ PyMT cells were injected into the mammary fat pads of
NOD/SCID mice in 10-fold serial dilutions.

(1and J) /RSI7I=, IRSZ!~ SUM-159 cells (1) and /rs17/=, IrsZ”!~ PyMT cells (J)

expressing EV, Irs2-WT (WT), or Irs2-Y5F (Y5F) were assayed for mammospheres in B27+
supplement.

(Kand L) /RSI=, IRSZ7!= SUM-159 cells (K) and /rs1/=, Irs2”= PyMT cells (L)
expressing EV, Irs2-WT, or Irs2-Y5F were assayed for ALDH activity.

(M) Irs17=, IrsZ= PyMT cells expressing EV, Irs2-WT, or Irs2-Y5F were injected into the
mammary fat pads of NOD/SCID mice in 10-fold serial dilutions. For (H) and (M), data
are presented as a log-log plot, and the frequency of stem cells is calculated by extreme
limiting-dilution analysis. The mammosphere data shown represent the mean + SD of a
representative experiment performed three times independently. The ALDH data shown
represent the mean + SD of three independent experiments. *p < 0.05; **p < 0.01; ***p <
0.001.

See also Figures S2 and S3.
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Figure 3. IRS2/PI3K/ GSK3p axis sustains MY C expression

(A and B) Relative expression of MYC protein in /RS2~ SUM-159 cells (A) or /RS2~

SUM-159 cells with restored IRS2 expression (B).

(C and D) Relative levels of MYC expression and pS62-MY C phosphorylation in MG132-

50-

pS62-Myc/pT58-Myc
N IS
o
o
[}

Irs2

Gsk3p
pT58-Myc

pS62-Myc

- 10 20 40 80

Myc/Gapdh

SN e s

pS62-Myc/pT58-Myc

o
T

0 15 30 60 120

treated /RS2~ SUM-159 cells (C) or /RSI~, IRSZ!~ SUM-159 cells with restored IRS2

expression (D).

(E) IRSII=, IRSZ7!= SUM-159 cells expressing IRS2 were serum starved and stimulated

with each ligand (50 ng/mL) for the time periods indicated.

(F) Irs17!=, Irs2”= PyMT cells expressing Irs2-WT were stimulated with insulin (500

ng/mL) for the time periods indicated.

(G) Irs17!=, IrsZ”= PyMT cells expressing Irs2-WT or Irs2-Y5F were stimulated with IGF1

(50 ng/mL) for the time periods indicated.

The data shown in all graphs represent the mean + SD of three or more independent

experiments. *p < 0.05; **p < 0.01; ***p < 0.001.
See also Figure S4.
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Figure 4. MYC-mediated IRS2 regulation of breast cancer stemness
(A) ALDH activity of /RSI7/=, IRSZ™/~ SUM-159 cells expressing EV or IRS2 after

treatment with the Myc inhibitor 10074-G5. The ALDH inhibitor DEAB was included as a
negative control.

(B) IRSI=, IRSZ!~ SUM-159 cells expressing EV or IRS2 were assayed for
mammospheres in the absence or presence of 10074-G5 in B27+ supplement.

(C) IrsZ™"~ PyMT cells expressing EV, Myc-WT, and Myc-T58A were analyzed for
mammospheres in B27+ supplement.

(D) /n vitro limiting-dilution assay of /rs2~ PyMT cells expressing EV, Myc-WT, and
Myc-T58A.

(E) Model for IRS2/PI3K-dependent regulation of breast cancer stemness. IRS2/P13K
mediates 11S-induced inactivation of GSK3p through phosphorylation on serine 9. Inactive
pS9-GSK3p lacks the ability to phosphorylate threonine 58 of MYC, thus blocking
proteasome-mediated degradation of MYC and allowing active pS62-MY C to accumulate.
Created with BioRender.com.

The mammosphere data shown in all graphs represent the mean + SD of a representative
experiment performed three times independently. The ALDH data shown represent the mean
+ SD of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S4.

Cell Rep. Author manuscript; available in PMC 2022 December 27.


https://BioRender.com

Page 22

Leeetal.

¥0v0SLT #1eD 0319 juswsaddns /z-g
9200DHd #1eD 09919 (4940) 21seg-10198) YIMOIB 1SB|qOIq1Y UBLINY JUBUIGUIOISI
7963 #1€0 youp|v-ewbis (493y) J019€} Ymoah [ewuspids uewny JueuiquIodal
7€991 #1D youp|v-ewbis ulnsuj
suisjo.d JueuIquiodas pue ‘sapndad ‘spesiway)

18620 #1eD sqejoig puejbug meN 1/02°3 waledwo eydfe-§ 93N

Sure.AS SNJIA pue [eLig)oeq

GEOEY00T AV :AI1¥Y 022V #1eD
290TE0T AV :dIYY 62.C #1€D
L096Z80T GV :AI¥Y ‘STYS #1eD
625652 9V ‘AlyY ‘S9TES #4180
6/G//v 9V :AlYY ‘89TSL #BD
€21829 9V :AIYY ‘020L-0S #1eD
619129 9V :QIYY ‘€€7ZE-08 #BD
6ETYO0TT dV AIYY ‘698TT-SVIN #€D
69862¢ 9V :AIYY ‘¢62y #eD
8/€72TZ 9V :AlYY ‘LT0€ #eD
87082¢ @V :AIYY ‘SZOE #1eD
SOYTEE GV :AIYY ‘9EE6 #BD
068067 9V :AldY GTE6 #1€D
815/89Z 9V :AIYY '8¥.ET #eD
0599% #1€D

€755687 9V :AIYY ‘€858T #1eD
v1/G2T2 9V A1dy ‘20Sy #1eD
19.52T¢ 9V :AI¥Y 'V8ST-TOEY #1eD
G8G6YST GV :AIYY ‘7TLE #'D

yoLp|v-ewbis
ABojouyday Burjeubis 180
ABojouyoay Buieubis (180
yoLp|v-ewbis
youp|v-ewbis
ABojouydalolg zni) ejues
ABojouydalolg zni) elues
IIIUBIOS JaysiH owlay L
ABojouyaa) Buljeubis 1190
ABojouyda] Bureubis |10
ABojouydal Burjeubis 180
ABojouyaa) Buljeubis 1190
ABojouyda] Buleubis |10
ABojouydal Burjeubis 180
ABojouyaa) Buljeubis 1190
ABojouyda] Bureubis |10
ABojouydal Burjeubis 180
sallojesoqe ] |Auleg
ABojouyda] Bureubis |10

186 Anunye ZN OV I4-IuY

9061 uqaey rewioN

10u0d adAjosi TOB| gyw (TVED) asno

ZIN Bej4-1ue jeuojoouow asnon

(2159) UIINgN)-D-[lUER [EUOJIOUOW SNOIN

(66.Ad) JAL-d-1ue [euojooUOW BSNON

(509) HAdvD-hue [euojoouow asnow

((#D) SONLOV) unoe-nue [euojoouow asnoj

Ggd aseuny g1d-nue [euojoAjod uagey

d 101da0al T-49|-nue [euojaAjod 1qgey

(8g¥) g 101dadal urnsul-nue [euojdoUOW Hggey
(619S)de-MSD-0ydsoyd-ue [euojoouow liqgey

(012£2) de-MSD-Nue [euojoouow lgqgey

(1v013) (29495) 2AN-0-0ydsoyd-nue [euojoouow Nqgey
(Mzzv3) (854uL) 9AN-o-oydsoyd-nue [euojoouow Hagey
(M9DG3) 2AN-0-RUe [euOjd0UOW HGgeY

ZsyI-nue [euojoAjod nggey

TSYI-nue [euojakjod Hqgey

(v4620) Bel wH-nue [euojoouow Nggey

seIpognuy

d3141LN3Al

324N0S

30dNOS3Y 10 INFOVIH

Author Manuscript

379VL S304dNOS3H A3

Author Manuscript

Author Manuscript

Author Manuscript

Cell Rep. Author manuscript; available in PMC 2022 December 27.



Page 23

Leeetal.

86606188¢ #18D

1di

VNSO [01U00 3AITeBaU gSeD Y-V

$apnosjonuobil|o

¢/§ '3poQD ulells
¥6€ :9poD urens

sa110JeI00e ] JBAIY S8lIeYD

S81I01RI0qR T JOATY SB|IRYD

9N :3SNoN
dIJS/AON :8snoiN

suredis/swsiueBiQ :sfppow [eiuswiLadxg

VIN
VIN

€2vS 10AD:dIYy

Y102 "Wayd o1 [ “[e 18 SipueT]
¥10g "Wayd jo1g [ “[e 18 sipueT]

VIN ‘181S92J0M ‘|00YdS [BIIPAIN
ueyD SSeINN ‘OLINJIBN MY 1d Aq papinoid Ajpuryy

S LINAD
S TSI LINAd

6ST-INNS

Ssaul| 118D :s[apow [eluswiLIadxg

9T0Z Unwwo) 1eN % ZT0Z 84nieN ‘O14gv.LIn

|enodoigo

SJowin] 1Sealq uewny Jo aseqerep D1¥gv.LIN

elep pansodag

T0VC-ZV #D
S66T-ZV #1€D

so1wousb einzy

solwouab einzy

XIW anjq YO db 1sejusalb maipeInzy

1 SIS8UYIUAS N Q@D uendrInzy

£0v0Ch #1e0 pusbajorg uonnjos Bulurels AujigeIA avv-2
00.T0 #1D sa1Bojouyoal [130 Wals 1 YoN143a1v
sAesse |BI12J3WWOJ [BI1D

850T80T #18D 1ail €/ 853|oNN 6SeD “d'S ¥V
65870 #1eD youp|v-ewbis ap1wixayojohd
6698IAl #1780 youp|v-ewbis ZETON
9Z18S #1eD (I RE]TES S9-7.00T
L¥2TS #eD WdaY223||19S (qus1redng) 0zTINME
8L0TS #1eD WdaY2X23| |19 902Z-MIN
690£dYS #1eD youp|v-ewbis (T-491) T-1030B) YIMOIB B1]-UlINSUl UBWINY JUBUIGWIOD3)
29-262 #1eD SWaAISAS a9y (2-491) z-10198) Y0l ayj1]-uINSul UBWINY JUBUIGUIOI3L
T09S68TV #1eD 0319 urnsul snutw ‘uawalddns /z-g
d3141LN3al 3024N0S 304NOS3Y 40 INFOVIY

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Cell Rep. Author manuscript; available in PMC 2022 December 27.



Page 24

Leeetal.

865Gy auabppY:aIyy
L1655y ausbppy:alyy
VIN
VIN
VIN

VIN

VIN
VIN
VIN
1-9015Ad #ed

¢e7002 1019 18] 18N “[e 18 YaA
ge700C '1019 119D 1EN “[2 18 UsA
Jaded siy1
Jaded siy1
Jaded sy

VIA ‘uoisog ‘fendsoH
s.UaIpIyD ‘suyM SLION “1a Aq papiaoid Apury|

VIA ‘uoisog ‘[endsoH
S.U3Ip1IYD ‘SMUM SLION “1a Aq papinoid Apuryf

Jaded siy1
Jaded sy
$32UB10S01g WaISAS

vd ‘ybingsnid ‘ybangsnid

V85 LIAN-0-GA/SIH-0vAd
LMAW--5A/sIH-0vad
0ind-T43-H44-45Azs lw-HAod
0nd-T43-H44-LMesIIw-Haod
0ind- T43-H43-TsJ|w-HADd

ZsIW-SIH-ANOd

TSIW-SIH-AWDd
o0nd-T43-H44-2SY1-Haod
0.nd-143-H44-TSHI-HQOd

0.nd-T43-SOW-AIND-HADd

VIN 10 AusIaniun ‘897 ueLpyY Ia Aq papiaoid Ajpury 2SY| uewny pabbel-vH
Vd ‘ybangsnid ‘ybangsnid

VIN 40 Ausseniun ‘a7 uelpy “1a Aq papiaoad Ajpury TS| uewny pabfel-vH

VNQ UBUIQWO09Y

,EVVOVLOVVIOOLID9IVIOVI-,G Ay

,€-0101000VVLIDIIVIIIOVVL -,G pM

V/IN 14l (H'S ainb14) oA snousboxa

OVVILOOVIOVVYILID9D109-,5 A8y

,€-910110911VIOOVIVIOLIOOV-,S pvd

VIN ZIMaus unoyw

,€-910999VIVVVOLVOVIODI1D-,G Ay

,€-0110VVOL1OIVVILIIDII91V-,S pMd

V/IN ZIM3UD aSApww

,E-L11VOIVIOIVILOIVVLLIDD1-,5 A8y

,€L109VIV1LO9920909VIl-,S pvd

V/IN ZIM3UD NILOVY

LEL91VOL10919119VIDI910-,5 A8y

,€-VI199VVVVI991001099-,5 PM

V/IN ZIM3UD IANY

126G.0T #1€D 14l 0GSOL1V ‘WNYIOeS) 6SeD-HdSI¥D d-IV

V/IN 1dl  091VIDLVIVOOIDLLDLLD ‘Z-HT49168 OVIVOILOVIIVOODIVIVD ‘T-4T49168

V/IN 1di 1109V LODIVOLVVLODIL ‘2-d16S YOO LIVO LODIVIDLOVVOVD ‘T-H16s

d3141LN3Al 304dN0S 304dN0S3d 410 INIOV3IH

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Cell Rep. Author manuscript; available in PMC 2022 December 27.



Page 25

Leeetal.

©ep|8/2JeM10S/Ne NP3’ 1Y Julol]
woo'I9puaIolgy/:sdny
nobyiu-fabewyy:sdny

woo pedydeshy/:sdny

W09°2JeM1J0S0A0UBP//:SdNY

yoJeasal [ea1pawl Jo anyisul [jeH ezif3 Jafem
JapusJolg

924n0s uado

a1eMY0S pedydes

9IBMYOS OAON 8

sisAjeuyy uonnpig Bumwi swenx3:va13
Japuaiolg

rabew|

T'€'6 A Wslid pedydelo

J A ssaldx3 SO

swiyiioB[e pue a1emyos

d3I41LN3Al

324N0S

324NO0S3Y 10 INTFOVIH

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

Cell Rep. Author manuscript; available in PMC 2022 December 27.


https://denovosoftware.com/
https://graphpad.com/
https://imagej.nih.gov/
https://biorender.com/
http://bioinf.wehi.edu.au/software/elda

	SUMMARY
	In brief
	Graphical Abstract
	INTRODUCTION
	RESULTS
	Activation of the IIS pathway supports breast CSC self-renewal
	IRS2 regulates breast CSC self-renewal in a PI3K-pathway-dependent manner
	The IIS pathway sustains MYC activation through an IRS2/PI3K-dependent suppression of GSK3β activity
	IRS2 promotes CSC self-renewal through the regulation of MYC expression and activation

	DISCUSSION
	Limitations of the study

	STAR★METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Cells, antibodies, and reagents

	METHOD DETAILS
	Mammosphere assays
	In vitro limiting dilution assays
	ALDEFLUOR assays and sorting
	In vivo limiting dilution assays
	Immunoprecipitation and immunoblotting
	Quantitative polymerase chain reaction (qPCR)

	QUANTIFICATION AND STATISTICAL ANALYSIS
	Statistical analysis


	INCLUSION AND DIVERSITY
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	KEY RESOURCES TABLE

