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SUMMARY
The insulin receptor (INSR) is an evolutionarily conserved signaling protein that regulates development and cellular metabolism. INSR

signaling promotes neurogenesis in Drosophila; however, a specific role for the INSR in maintaining adult neural stem cells (NSCs) in

mammals has not been investigated. We show that conditionally deleting the Insr gene in adult mouse NSCs reduces subventricular

zone NSCs by �70% accompanied by a corresponding increase in progenitors. Insr deletion also produced hyposmia caused by aberrant

olfactory bulb neurogenesis. Interestingly, hippocampal neurogenesis and hippocampal-dependent behaviors were unperturbed. Highly

aggressive proneural and mesenchymal glioblastomas had high INSR/insulin-like growth factor (IGF) pathway gene expression, and iso-

lated glioma stem cells had an aberrantly high ratio of INSR:IGF type 1 receptor. Moreover, INSR knockdown inhibited GBM tumorsphere

growth. Altogether, these data demonstrate that the INSR is essential for a subset of normal NSCs, as well as for brain tumor stem cell self-

renewal.
INTRODUCTION

Insulin or insulin-like signaling is a highly conserved

signaling system that regulates development, as well as

key cellular functions, including glucose and lipid meta-

bolism. Whereas Drosophila insulin-like peptides signal

through a single InR, mammals possess several insulin-

related signaling receptors that include the well-known

metabolic insulin receptor B (INSRB) isoform, as well as

the insulin receptor A (INSRA) splice variant of the INSR

(lacking exon 11 containing 12 amino acids), and the in-

sulin-like growth factor type 1 receptor (IGF1R). Unlike

INSRB, the INSRA and IGF1R regulate cell proliferation

and regulate stem cell self-renewal and progenitor ampli-

fication in various cell populations (Andres et al., 2013;

Massimino et al., 2021; Wamaitha et al., 2020; Wang

et al., 2015). The family of ligands for these receptors in-

cludes insulin, insulin-like growth factor (IGF)-I, and IGF-

II with varying affinities for the different receptors (Bel-

fiore et al., 2017; Boucher et al., 2014). At physiological

levels, insulin binds with high affinity only to the two

INSR isoforms. Conversely, IGF-I binds with high affinity

only to the IGF1R. IGF-II, however, is unique in that it

binds with high affinity to both IGF1R and INSRA (Frasca

et al., 1999). Prior investigations demonstrated that the

IGF-II/INSRA signaling loop is (1) essential for embryonic

development (Efstratiadis, 1998; Louvi et al., 1997), (2)
St
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elevated in certain types of tumor (Belfiore, 2007; Frasca

et al., 1999), and (3) necessary in vitro for self-renewal of

normal neural stem cells (NSCs) (Ziegler et al., 2012,

2014, 2015) and thyroid tumor stem cells (Malaguarnera

et al., 2012).

Our recent studies demonstrated that IGF-II is an

essential niche factor for several populations of adult

stem cells, including the NSCs of the subventricular

zone (SVZ) and the subgranular zone (SGZ) (Ziegler

et al., 2019). In the adult central nervous system (CNS),

IGF-II is predominantly produced by the choroid plexus,

although it also is expressed at lower levels by hippocam-

pal progenitors and brain endothelial cells (Bracko et al.,

2012; Ferron et al., 2015; Logan et al., 1994). However,

there is considerable controversy over which receptor

mediates IGF-II actions in the adult CNS. Two reports

concluded that IGF-II induces neural stem/progenitor

cell (NSP) proliferation through the IGF1R either in pri-

mary neurosphere cultures (Ferron et al., 2015; Lehtinen

et al., 2011) or in transit-amplifying progenitors (Ferron

et al., 2015; Lehtinen et al., 2011). Another report

concluded that IGF-II promotes hippocampal learning

and memory consolidation indirectly through its bind-

ing to the cation-independent mannose-6-phosphate

(M6P) receptor (M6P/IGF2R), generally considered a

scavenger receptor for IGF-II and M6P-tagged proteins,

but with no inherent signaling capability (Chen et al.,
em Cell Reports j Vol. 17 j 1–17 j June 14, 2022 j ª 2022 The Author(s). 1
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2011). Although our in vitro studies support the hypoth-

esis that IGF-II promotes NSC self-renewal through the

INSRA (Ziegler et al., 2012, 2014), no studies have

directly tested the function of the INSR on NSC self-

renewal in vivo. In the studies reported here, we used

both in vitro and in vivo genetic approaches to delete

the Insr in NSCs to test its function in NSC self-renewal,

as well as to evaluate the downstream consequences on

neurogenesis and behavior.

The INSR also is important in tumor biology. INSR

overexpression in thyroid tumors stimulates the self-

renewal of cancer stem cells (Malaguarnera et al., 2012;

Vella et al., 2001). INSRA expression in particular is asso-

ciated with a more aggressive, undifferentiated tumor

phenotype in several types of solid tumor (Frasca et al.,

1999; Scalia et al., 2020; Vella et al., 2002). Glioblastoma

multiforme (GBM) is the most common type of malig-

nant brain tumor in adults, accounting for 78% of all

CNS tumors. Among the GBMs, the proneural and

mesenchymal subtypes are the hardest to treat with

high incidences of relapse. A prevailing view is that these

relapses are due to the presence of self-renewing cancer

stem cells that are resistant to chemotherapy and radia-

tion therapies (Chandran et al., 2015). The INSR is

commonly expressed in surgical specimens from GBM

patients and contributes to GBM cell survival and growth

through Akt-dependent signaling (Gong et al., 2016).

Moreover, an ATP-competitive IGF1R/INSR inhibitor

has shown promising results in decreasing cell viability

and migration both in vitro and in vivo in temozolo-

mide-resistant gliomas (Zhou, 2015). Based on our

previous studies showing that IGF-II signaling through

the INSR promotes NSC self-renewal in vitro and on

data from other investigators showing that an IGF-II/

INSR signaling loop enriches for cancer stem cells in

other tumors (Sciacca et al., 1999; Vella et al., 2002),

we tested the hypothesis that INSR and IGF-related

genes are expressed at high levels in the most aggressive

GBM subtypes and regulate growth of GBM cancer stem

cells.
Figure 1. Insr deletion in NSCs in vitro decreases NSCs and alters
(A) Induction paradigm of experiment. Cells fromDNSC-IR WT andDNS
24 h.
(B and B0) Neurospheres from vehicle- and tamoxifen-treated cells 5
(C) DNSC-IR KO mice have fewer NSCs and a greater proportion of int
numbers indicate decreases in fold change, green numbers indicate i
(D and D0) Representative images of tertiary spheres after plating to
(E) Average sizes of tertiary tdTomato red+ neurospheres.
(F) Percentage of tertiary tdTomato red+ neurospheres per field were
dependent experiments).
BNAP, bipotential neuron-astrocyte progenitor; GRP, glial restricted p
platelet-derived growth factor-fibroblast growth factor 2 (PDGF-FGF2
RESULTS

Insr deletion decreases SVZ-derived NSCs and

increases progenitor lineages

To test the function of the INSR in NSPs in vitro, we initially

cultured NSPs from Insrfl/fl mice and used adenovirus (Ad)-

Cre-GFP to delete the Insr or Ad-GFP or no virus as controls

(see Figures S1A–S1D). A measurement of transfection

efficiency at 24 h post-infection revealed no significant dif-

ferences between the Ad-Cre-GFP- and control Ad-GFP-in-

fected populations (see Figure S1E). Insr deletion in NSPs

resulted in a 74% decrease in secondary neurosphere num-

ber (p = 0.0001; see Figure S1F) and a 78% decrease in neu-

rosphere size between NSPs infected with Ad-Cre-GFP

compared with control Ad-GFP virus (p < 0.0001; see

Figure S1G).

To determine whether deleting the Insr reduced the fre-

quency of NSCs, we established an Insr knockout mouse

line where the Insr is deleted specifically in adult NSCs

through the nestin-CreERT2 promoter after tamoxifen

administration. These mice also carry flox-stop tdTomato

(tdT) reporter alleles: NestinCreERT2+/�tdT+/+Insr fl/fl

(DNSC-IRKO) and NestinCreERT2+/�tdT+/+Insr WT (DNSC-

IR wild-type [WT]; controls). SVZ cells from P4 DNSC-

IRKO pups were grown in vitro as neurospheres and treated

with 4-OH tamoxifen (0.5 mM) or vehicle for 24 h to induce

Cre recombination. The treated cells were propagated for

an additional 5 days and then dissociated for flow cytomet-

ric analysis as outlined in Figure 1A. Vehicle-treated cells

were tdT negative, whereas tamoxifen-treated cells were

strongly tdT positive (Figures 1B and B0). Using a flow cy-

tometry panel established previously in our lab (Buono

et al., 2012; Velloso et al., 2022), we parsed cells within

the neurosphere into NSCs and seven different intermedi-

ate progenitors (Figure 1C). This analysis revealed

that the DNSC-IRKO spheres had 3.5-fold fewer NSCs

compared with the DNSC-IR WT when only the tdT+ cells

were evaluated. Correspondingly, the DNSC-IRKO spheres

had increased progenitor populations: Multipotential

Progenitor-2 (MP2) (3.8-fold), MP3 (1.8-fold), Glial
lineage
C-IRKO mice were treated with 0.5 mM 4-OH tamoxifen or vehicle for

days after induction.
ermediate progenitors within the neurospheres than WT mice (red
ncreases in fold change) (n = 2 independent experiments).
measure sphere-forming ability.

reduced in DNSC-IRKO mice (unpaired t test, p < 0.0001; n = 3 in-

rogenitor; MP, multipotent progenitor; NSC, neural stem cell; PFMP,
)-responsive MP.
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Figure 2. DNSC-IRKO mice have decreased numbers of SVZ NSCs, increased numbers of tdTomato+ SVZ progenitors, and impaired
olfaction
(A) Schematic of experimental timeline depicting timing of tamoxifen and IdU and CldU administration.
(B–B00) Representative images of IdU and CldU labeling in control SVZ.
(C–C00) Representative images of IdU and CldU labeling in DNSC-IRKO SVZ. White arrows represent IdU+/CldU+ double-positive cells (scale
bar represents 100 mm).
(D) Numbers of IdU and CldU single- and double-positive cells that were located within 80 mm of the lateral ventricle were reduced by 50%
in the DNSC-IRKO SVZ (mean ± SEM, unpaired t test, *p = 0.03; n = 4 control, n = 5 IRKO).

(legend continued on next page)
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Restricted Progenitor-1 (GRP1) (2.6-fold), and GRP3 (1.9-

fold) (Figure 1C). These changes were not due to altered

expression levels of the cell surface markers because levels

of CD133, LeX, NG2, and CD140a were not different be-

tween INSR WT cells, vehicle-treated cells (DNSC-IRKO

mice treated with corn oil; tdT�), DNSC-IR WT (tdT+ and

tdT�cells), andDNSC-IRKO tdT�cells (see Figure S2). A sub-

set of the cells used for the flow cytometric analysis was re-

plated to analyze sphere-forming ability. Consistent with

an essential role for INSR in NSC self-renewal, fewer tdT+

spheres formed from the DNSC-IRKO cells compared with

DNSC-IR WT cells (Figures 1D–1F).
Insr deletion decreases forebrain SVZ NSCs in vivo and

compromises olfaction

To determine whether the INSR is essential for NSC self-

renewal in vivo, we first analyzed tdT reporter expression in

brains of Cre+/� and Cre-negative DNSC-IR mice given

tamoxifen at 4–5 weeks of age. Two days after tamoxifen

administration (see Figure S3A), tdT was strongly expressed

by nestin+ cells of the SVZ, SGZ, and in the a-tanycytes of

the hypothalamus in mice that were Cre+ (see Figures S3C,

S3C0, S3F, and S3F0), whereas tdT+ cells were not evident in

tamoxifen-administeredCre-mice (seeFiguresS3BandS3B0).
To analyze NSC populations in vivo, we administered

tamoxifen or vehicle at 4–5 weeks of age to establish

DNSC-IRKO and DNSC-IR WT mice, respectively. To deter-

mine whether there were fewer label-retaining cells as a

measure of NSC self-renewal in theDNSC-IRKOneurogenic

regions, we performed a double-thymidine analog labeling

protocol where iododeoxyuridine (IdU) and chlorodeox-

yuridine (CldU)were administered at equimolar concentra-

tions on different schedules over the course of 5 weeks us-

ing a modification of the original protocol from Vega and

Peterson (2005; Llorens-Martin and Trejo, 2011) as vali-

dated in our prior studies (Ziegler et al., 2019) (Figure 2A).

Using stereology methods, we counted the number of

IdU and CldU single- and double-positive cells in the SVZ

in DNSC-IRKO and DNSC-IR WT mice. This analysis re-

vealed a 66% reduction in the number of IdU+/CldU+ dou-

ble-positive cells, representing the label-retaining, slowly

cycling NSCs in the SVZ (cell numbers: DNSC-IRWT versus

DNSC-IRKO, 26.5 ± 2.2 versus 8.8 ± 2.3; unpaired t test, p =

0.03) (Figures 2B–2D). These results confirm the in vitro

findings that the INSR regulates NSC number in the SVZ.

Because neuroblasts produced within the SVZ perpetually

regenerate interneurons in theolfactorybulbs (OBs),wenext
(E) DNSC-IRKO mice required a significantly greater amount of time
Mann-Whitney test, *p = 0.01; n = 10 control, n = 12 IRKO).
(F) Schematic representation of Insr deletion paradigm.
(G) Relative SVZ fluorescence intensity in DNSC-IRKO and DNSC-IR W
(H and H0) Representative images of tdTomato expression in DNSC-IR
tested themice for deficits in olfaction using the buried food

behavioral assay (Yang and Crawley, 2009). Consistent with

aberrant neurogenesis in the OB, the DNSC-IRKOmice took

twice as long to find a hidden food pellet comparedwith the

DNSC-IRWTmice (DNSC-IRWTversusDNSC-IRKO: 19.25±

3.1 versus 55.8 ± 19.2 s; Mann-Whitney test, p = 0.01), indi-

cating deficits in olfactory sensitivity (Figure 2E).

Reduction in NSC number with loss of Insr is not due

to cell death

The results above support an essential role for the INSR in

NSC number, but this could be because of INSR promoting

survival and/or self-renewal of the NSCs. To assess whether

the reduction in SVZ NSC number in the DNSC-IRKO was

due to cell death, we induced DNSC-IR KO and DNSC-IR

WT mice with tamoxifen for 5 days and sacrificed them

on day 6 (Figure 2F). Cell death in the DNSC-IRKO SVZ

would be expected to result in a reduction in the numbers

of tdT+ cells in this short-term paradigm. However, we

observed no reduction in tdT+ cells in the DNSC-IRKO

SVZ. Rather, the density of tdT+ cells increased in the

DNSC-IRKO compared with the DNSC-IR WT mice

(DNSC-IR WT versus DNSC-IRKO: 8.1 ± 1.7 versus 17 ±

2.6 fluorescence intensities/pixel; unpaired t test,

p < 0.05) (Figures 2G–2H0, p = 0.018). These results further

support the conclusion that loss of the INSR causes the

NSCs to shift their mode of division to produce more pro-

genitors because of reduced self-renewal.

Insr deletion in NSCs increases production of OB

granule cell and periglomerular neurons

As described above, Insr deletion compromised NSC self-

renewal with a corresponding increase in several progen-

itor cell populations and a net increase in tdT+ cells

within the SVZ. Consistent with the increase in tdT+

SVZ cells, there was an increase in the numbers of

IdU+/NeuN+ double-positive cells in the granule cell layer

(DNSC-IR WT versus DNSC-IRKO: 23.3 ± 8.7 versus 162.2

± 10.4 cells; unpaired t test, p < 0.001) (Figures 3A–3B00

and 3E) and in the periglomerular layer (DNSC-IR WT

versus DNSC-IRKO: 53.6 ± 7.6 versus 155.5 ± 33 cells; un-

paired t test, p < 0.05) (Figures 3C–D00 and 3F) of the OB

in the DNSC-IRKO versus DNSC-WT mice when analyzed

9 weeks after Insr deletion. Taken together, these results

support an essential function for the INSR in the SVZ

in promoting NSC self-renewal and regulating the pro-

duction of certain progenitor populations.
to find a buried food pellet compared with WT mice (mean ± SEM,

T mice (mean ± SEM, *p < 0.05, unpaired t test; n = 3 per group).
KO and DNSC-IR WT mice.

Stem Cell Reports j Vol. 17 j 1–17 j June 14, 2022 5



(legend on next page)

6 Stem Cell Reports j Vol. 17 j 1–17 j June 14, 2022

Please cite this article in press as: Chidambaram et al., Subventricular zone adult mouse neural stem cells require insulin receptor for self-
renewal, Stem Cell Reports (2022), https://doi.org/10.1016/j.stemcr.2022.04.007



Please cite this article in press as: Chidambaram et al., Subventricular zone adult mouse neural stem cells require insulin receptor for self-
renewal, Stem Cell Reports (2022), https://doi.org/10.1016/j.stemcr.2022.04.007
Hippocampal neurogenesis and hippocampal-

dependent behaviors are unchanged in DNSC-IRKO

mice

An important question that arises from the studies on

the INSR in the SVZ NSCs is whether this receptor func-

tions similarly in other NSC populations. To establish

whether the INSR is required to maintain the NSCs of

the hippocampal SGZ, we performed stereology to count

IdU single-labeled, CldU single-labeled, and IdU+/CldU+

double-labeled cells within the SGZ of the same mice

analyzed for changes in the SVZ. In contrast with the

SVZ, similar numbers of labeled cells were observed in

both DNSC-IRKO and DNSC-WT mice (see Figures S4A–

S4C). To assess hippocampal spatial learning, we evalu-

ated the mice using the Morris water maze test. Neither

the acquisition rate (latency to find platform and path ef-

ficiency), nor the total time spent in the quadrant that

contained the platform during the probe test was

different between the DNSC-IRKO and DNSC-IR WT

mice (DNSC-IR WT versus DNSC-IRKO: 24.5 ± 1.8 versus

27 ± 4.1 s) (see Figures S4D and S4F). DNSC-IRKO mice

were further evaluated for performance in the elevated

plus maze to determine whether function of the ventral

hippocampus was altered with deletion of the Insr in

the NSCs. There was no difference in the amount of

time that DNSC-IRKO and DNSC-IR WT mice spent in

the open arms of the maze (DNSC-IR WT versus DNSC-

IRKO: 60.4 ± 10.1 versus 46.7 ± 12.7 s) (see Figure S4E).

In addition to the SVZ and SGZ NSCs, label-retaining

a-tanycytes have been reported along the walls of the third

ventricle that produce new neurons and glial cells in the

paraventricular, supraoptic, and arcuate nuclei of the hypo-

thalamus (Robins et al., 2013). Within the median

eminence of the hypothalamus there is another set of pro-

genitors that can generate neurons involved inmetabolism

(Lee et al., 2012). Therefore, we analyzed the relative

numbers of IdU, CldU, and double-labeled cells in the hy-

pothalamus and median eminence of the DNSC-IRKO

versus DNSC-IR WT mice. IdU+ and CldU+ cells were

much sparser in the hypothalamus than in the SVZ and

the SGZ, and stereological counts of cells in the lateral

wall of the third ventricle failed to reveal any change in
Figure 3. DNSC-IRKO mice have increased neurogenesis in the ol
(A–A00) Granule cell layer of control mice stained for IdU+(green)/Neu
istration.
(B–B00) DNSC-IRKO mice stained for IdU+/NeuN+ (arrows) in the gran
(C–C00) Periglomerular layer of control mice stained for IdU+(green)/Ne
istration (mean ± SEM, p < 0.001).
(D–D00) DNSC-IRKO mice showing increased IdU+/NeuN+ (arrows) in t
(E) Quantification of IdU+/NeuN+ cells in the granule cell layer of con
(F) Quantification of IdU+/NeuN+ cells in the periglomerular layer of
Scale bars represent 100 mm (A–D) or 20 mm (insets). Images are rep
the number of a-tanycytes between the DNSC-IRKO and

DNSC-IRWT mice (see Figures S5A–S5C). Because the a-ta-

nycytes can give rise to the neurons in the arcuate nucleus,

which controls food intake, we measured the body weight

over the 5-day course of tamoxifen injection. Although

there was a trend toward decreased body weight in DNSC-

IRKO versus control mice, the difference did not reach sta-

tistical significance (see Figure S5D). In the median

eminence, both the b2-tanycytes and rapidly proliferating

CldU+ transit-amplifying cells showed a trend toward a

decrease in number (see Figures S6A–S6C). Taken together,

these data indicate that the INSR has a specific role in SVZ

NSC self-renewal but is not essential for maintaining hip-

pocampal NSCs or MPs of the hypothalamus.

In silico data analysis reveals elevated expression of

insulin/IGF genes and splice enzymes in proneural

and mesenchymal subtypes of GBM

A number of studies have implicated overexpression of

INSR/IGF-related genes in cancer (Chettouh et al., 2013;

Kim et al., 2012; Vella et al., 2001; Vigneri et al., 2015;

Wang et al., 2013). Therefore, we queried expression

data for genes in the INSR/IGF growth factor system

from the The Cancer Genome Atlas (TCGA) database for

proneural (p) (n = 31) and mesenchymal (m) (n = 55)

GBM subtypes. The proneural and mesenchymal GBM

subtypes had higher expression of the INSR (proneural

[5.6-fold], mesenchymal [4.9-fold]), IGF1R (proneural

[10.4-fold], mesenchymal [11.3-fold]), and IGF2 (proneu-

ral [59-fold], mesenchymal [60-fold]) when compared

with normal astrocytes (Table 1). Chettouh et al. (2013)

showed that in hepatocellular carcinoma the change in

ratio of INSRA to INSRB was due to alterations in splice

enzymes. Therefore, we queried the expression of the en-

zymes known to be involved in splicing the mRNA for the

INSR. In agreement with the earlier paper, we observed

increased expression of several splice enzymes involved

in INSR alternative splicing (CUCGBP1: proneural [4.9-

fold], mesenchymal [4.5-fold]; HNRNPHI: proneural [2.9-

fold], mesenchymal [2.3-fold]; HNRNPA2B1: proneural

[2.5-fold], mesenchymal [2.1-fold]; SFRS1/AS2: proneural

[2.8-fold], mesenchymal [2.4-fold]) (Table 1).
factory bulb
N+ (red) cells in the olfactory bulb 9 weeks after tamoxifen admin-

ule cell layer at 9 weeks after tamoxifen administration.
uN+ (red) cells of the olfactory bulb 9 weeks after tamoxifen admin-

he periglomerular layer 9 weeks after tamoxifen administration.
trol and DNSC-IRKO mice (mean ± SEM, p < 0.001).
control and DNSC-IRKO mice (mean ± SEM, p < 0.05).
resentative of three animals per genotype.
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Table 1. Insulin/IGF growth factor system genes and INSR
mRNA splicing factor genes are induced in glioblastomas

No. Gene name

Fold change
in expression:
proneural

Fold change in
expression:
mesenchymal

1 INSR 5.6 4.9

2 IGF1R 10.4 11.3

3 IGF2 59 60

4 (CUCGBP1) CELF1 4.9 4.5

5 HNRNPH1 2.9 2.3

6 HNRNPA2B1 2.5 2.1

7 SFRS1 2.8 2.4

For rows 1–3, TCGA data mining for genes involved in the insulin/IGF growth

factor system reveals higher expression of INSR, IGF1R, and IGF2 in proneu-

ral and mesenchymal subtypes versus normal astrocytes (proneural: n = 31,

mesenchymal: n = 55). For rows 4–7, TCGA data mining for enzymes involved

in INSR mRNA splicing in proneural and mesenchymal subtypes (proneural:

n = 31, mesenchymal: n = 55). Data represent the mean of all values.

Please cite this article in press as: Chidambaram et al., Subventricular zone adult mouse neural stem cells require insulin receptor for self-
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Proneural and mesenchymal subtype GBM stem cells

increase INSRA/IGF1R ratio

Our prior studies demonstrated that: (1) IGF-II promotes

stemness in adult NSCs (Ziegler et al., 2012, 2019), (2)

IGF-II mediates SVZ NSC self-renewal through INSR

in vitro (Ziegler et al., 2014), and (3) the Insra is highly ex-

pressed in the medial SVZ (Ziegler et al., 2012). Thus, we

performed studies to establish whether gene expression

changes seen in entire tumors reflected changes occurring

within the GBM stem cells. Multiple studies in different

cancer types have shown a switch in the ratio of INSRA/

INSRB and INSRA/IGF1R that allow cancer cells to shift

from a metabolic to a more proliferative phenotype (An-

dres et al., 2013; Chettouh et al., 2013; Garofalo et al.,

2013; Lodhia et al., 2015; Ulanet et al., 2010).We generated

tumorspheres fromhuman gliomas and performed an RNA

transcriptome analysis. Again, the ratio of the INSR to the

IGF1R was 3.8-fold higher in GBM spheres compared

with normal human NSCs (Table 2). Interestingly, INSRB

(which contains exon 11) was not detected in either

normal neurospheres or tumorspheres, consistent with

our prior findings in the mouse SVZ in vivo (Ziegler et al.,

2012, 2014).

Blocking the INSR alters the number and size of

proneural and mesenchymal GBM tumorspheres

Sphere-forming assays have been widely used to evaluate

the self-renewal properties of stem cells, including cancer

stem cells, with repeated passage used as an index of self-

renewal (Molofsky et al., 2003; Raitano et al., 2013; Re-

mboutsika et al., 2011; Zelentsova-Levytskyi et al., 2017).
8 Stem Cell Reports j Vol. 17 j 1–17 j June 14, 2022
Our lab previously showed that lowering the concentration

of insulin to physiological levels (low insulin [LI], 4.4 nM),

to avoid cross-stimulating the IGF1R, and then adding IGF-

II (224 ng/mL) increased numbers of murine SVZ neuro-

spheres formed on subsequent passages, consistent with

enhanced stemness via IGF-II actions. Although IGF-II

can stimulate both the INSRA and IGF1R, we further

demonstrated that IGF-II was acting through the INSR

and not the IGF1R to promote NSC self-renewal in these

studies. Therefore, we asked whether similarly lowering

the concentration of insulin and adding IGF-II to the me-

dium used to propagate human tumorspheres would

enhance GBM tumorsphere growth. Contrary to our find-

ings with normal neurospheres grown in vitro, there was

no difference in the number or size of proneural GBM tu-

morspheres formed when the cells were grown in LI me-

dium supplemented with IGF-II compared with control

conditions containing high insulin (HI) (4.4 mM)

(Figures 4A–4D). This result was likely due to the high

endogenous expression of IGF-II in the GBMs. However,

addition of an INSR blocking antibody (Ab) resulted in a

35-fold reduction in the number of proneural tumor-

spheres formed in epidermal growth factor (EGF)-supple-

mented media (HI + EGF versus LI + IGF-II + INSR Ab: 21

± 1.7 versus 0.6 ± 0.3; one-way ANOVA, p < 0.0001) and

an 18.5-fold reduction in the number of tumorspheres in

EGF + IGF-II-supplemented media (LI + EGF + IGF-II versus

LI + EGF + IGF-II + INSR Ab: 11.1 ± 1.2 versus 0.6 ± 0.3; one-

way ANOVA, p < 0.001) (Figures 4A–4D). Similarly,

blocking the INSR reduced the size of the tumorspheres

by 3.5-fold in EGF-supplemented media (HI + EGF versus

LI + IGF-II + IR Ab: 77 ± 1.1 versus 22 ± 3.17; one-way

ANOVA, p < 0.0001) and 3.8-fold in EGF + IGF-II-supple-

mented media (LI + EGF + IGF-II versus LI + EGF + IGF-

II + IR Ab: 85 ± 2.64 versus 22 ± 3.17; one-way ANOVA,

p < 0.001) (Figure 4E). To investigate whether reduced

number and tumorsphere size were due to increased cell

death, we evaluated cell viability in tumorspheres grown

for 7 days and found no difference between the three

different defined media conditions (Figure 4F). To evaluate

tumorsphere formation at the clonal level, we performed

an Extreme Limiting Dilution Assay (Nguyen et al.,

2018). At 21 days in vitro (DIV), proneural GBM tumor-

spheres in both conditions where INSR was activated

(HI + EGF and LI + EGF + IGF-II) showed an �2.53 higher

capacity for tumorsphere formation than cells where INSR

was blocked (LI + EGF + IGF-II + INSR Ab) (chi-square test

[Chisq] = 11.4; degrees of freedom [df] = 2; p = 0.0034)

(Figure 4G).

In mesenchymal tumorspheres supplemented with the

INSR blocking Ab, we observed a 7.5-fold reduction in tu-

morsphere number compared with media with EGF (HI +

EGF versus LI + IGF-II + INSR Ab: 15 ± 1 versus 2 ± 0.5;



Table 2. INSRA/IGF1R ratio increases in GBM stem cells

Gene hNSC1 hNSC2 GSC1 GSC2 GSC3 GSC4 GSC5 GSC6

INSR 11.4395 2.97384 6.75019 3.62512 7.17077 3.15267 3.06491 4.17927

IGF1R 57.0076 24.9964 6.06387 10.2188 12.2469 5.49724 3.69863 21.8827

INSR/IGF1R 0.20 0.12 1.11 0.35 0.59 0.57 0.83 0.19

Average (Avg.) of INSR/IGF-1R ratios 0.16 0.61

Fold change 1 3.8a

INSR and IGF1R mRNA levels were quantified from GBM neurospheres from deep sequencing using Roche 454/GS FLX Sequencing Technology. Exon 11 (pre-

sent only in INSRB) was undetectable in the human NSC (hNSC) populations glioma stem cells (GSC) and hNSC. Thus, the INSR in NSCs corresponds to INSRA

(glioma stem cells: n = 6, normal human neural stem cells: n = 2). Data represent mean values of RNA-seq reads.
aIncreased expression.
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one-way ANOVA, p < 0.01) and a 9.5-fold reduction in tu-

morsphere number compared with media supplemented

with EGF + IGF-II (LI + EGF + IGF-II versus LI + EGF +

IGF-II + INSR Ab: 19 ± 2.6 versus 2 ± 0.5; one-way

ANOVA, p < 0.001) formed on passage (Figures 5A–5D).

As with the proneural GBM tumorspheres, blocking the

INSR reduced sphere size in mesenchymal tumorspheres

by 5.3-fold in EGF-supplemented media (HI + EGF versus

LI + EGF + IGF-II + IR Ab: 150 ± 5.5 versus 28 ± 3.7; one-

way ANOVA, p < 0.0001) and by 4.2-fold in EGF + IGF-II-

supplemented media (LI + EGF + IGF-II versus LI + EGF +

IGF-II + INSR Ab: 118 ± 2.03 versus 28 ± 3.7; one-way

ANOVA, p < 0.0001) (Figure 5E). These data support the

conclusion that the INSR maintains the stemness of pro-

neural and mesenchymal GBM cancer stem cells.

In breast and colorectal cancers, IGF1R promotes the pro-

liferation of the progenitors within the tumor (Farabaugh

et al., 2015; Rota et al., 2014). As shown in Table 2, there

is an increase in the ratio of INSRA to IGF1R in the GBM

spheres compared with normal human NSCs. To establish

whether the INSR promotes growth of the tumorspheres,

we grew proneural GBM tumorspheres inmedium contain-

ing the INSR blocking Ab. When the sphere sizes were

measured as an index of growth, inhibiting the INSR

reduced sphere sizes by 3.5-fold in EGF-supplemented me-

dia (HI + EGF versus LI + IGF-II + INSRAb: 77 ± 1.1 versus 22

± 3.17; one-way ANOVA, p < 0.0001) and by 3.8-fold in

EGF + IGF-II media supplemented with the INSR blocking

Ab for the proneural subtype (LI + EGF + IGF-II versus

LI + EGF + IGF-II + INSR Ab: 85 ± 2.64 versus 22 ± 3.17;

one-way ANOVA, p < 0.001) (Figures 4A–4C and 4E). Simi-

larly, inhibiting the INSR in the mesenchymal subtype

reduced tumorsphere growth by 5.3-fold in EGF-supple-

mented media (HI + EGF versus LI + EGF + IGF-II + INSR

Ab: 150 ± 5.5 versus 28 ± 3.7; one-way ANOVA,

p < 0.0001) and by 4.2-fold in EGF + IGF-II media supple-

mented with the INSR blocking Ab (LI + EGF + IGF-II versus

LI + EGF + IGF-II + INSR Ab: 118 ± 2.03 versus 28 ± 3.7; one-
way ANOVA, p < 0.0001) (Figures 5A–5C and 5E). The addi-

tion of a non-specific IgG had no effect on tumorsphere

size or number (see Figure S7).
DISCUSSION

Although the INSRA isoform of the INSR is known to regu-

late NSCs in vitro and is elevated in several tumor types,

INSR function in regulating NSC homeostasis in vivo has

not been previously investigated. The findings reported

here demonstrate that the INSR is necessary to maintain

a subset of normal adult NSCs. Deleting the Insr in SVZ-

derived NSPs in vitro decreased the numbers of NSCs with

a corresponding increase in a subset of multipotential

and bipotential neural progenitors. Consistent with the

reduction in NSCs, Insr deletion reduced the numbers of

secondary neurospheres after passage. Deleting the Insr in

NSCs in vivo similarly reduced the number of NSCs located

in the medial SVZ with a corresponding expansion in

neural progenitors accompanied by olfactory deficits.

Interestingly, our findings revealed that the INSR uniquely

regulates NSCs in the SVZ because NSCnumbers in the SGZ

of the hippocampus and along the lateral wall of the third

ventricle (a-tanycytes) were unaffected by Insr deletion.

Altogether our results demonstrate that the INSR is an

essential receptor for self-renewal of a subset of NSCs, and

that its loss results in their depletion with functional

consequences.
INSRA is necessary to exert effects of IGF-II on adult

stem cell self-renewal

Our prior data strongly support the conclusion that it is the

INSRA isoform, and not the metabolic INSRB isoform, that

is responsible for SVZ NSC self-renewal. Laser microdissec-

tion studies revealed that the Insra ismore highly expressed

than the Igf1rwithin themedial aspect of the SVZ, whereas

the Igf1r is more highly expressed than Insra in the lateral
Stem Cell Reports j Vol. 17 j 1–17 j June 14, 2022 9



Figure 4. A function blocking antibody (Ab) to the INSR decreases self-renewal and proliferation of proneural GBM tumorspheres
(A) Representative images of proneural GBM tumorspheres grown in defined culture medium.
(B) Representative images of proneural GBM tumorspheres grown in defined medium with physiological concentrations of insulin but
supplemented with IGF-II (LI + EGF + IGF-II).
(C) Representative images of proneural GBM tumorspheres grown in LI + EGF + IGF-II with a function blocking INSR Ab (IR Ab).

(legend continued on next page)
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SVZ,which is the progenitor cell domain of the SVZ (Ziegler

et al., 2012). By contrast, the Insrb was undetectable in the

SVZ. The Insra also is the predominant isoform expressed in

neurospheres and, as cells become lineage restricted, the

levels of Insra decrease (Ziegler et al., 2012). There are

numerous lines of evidence supporting the conclusion

that IGF-II is the endogenous ligand that signals through

the INSRA tomaintain the NSCs in the adult SVZ. Our prior

studies showed that IGF-II promotes stemness of SVZ-

derived NSCs in vitro through the INSRA. Moreover, the al-

terations resulting from our in vivo deletion of the Insr in

SVZ NSCs largely phenocopy the effect of Igf2 deletion

from the adult SVZ (Ziegler et al., 2019). Igf2 deletion

decreased NSCs in the SVZ, expanded the transit-ampli-

fying progenitors, and caused olfaction deficits. These

data support the conclusion that an IGF-II/INSRA signaling

loop regulates NSC homeostasis (Ziegler et al., 2012, 2014,

2015, 2019). Although insulin also binds to the INSRAwith

high affinity, the biological effects of insulin versus IGF-II

on INSR intracellular signaling have not been studied in

NSCs. Studies using murine fibroblasts engineered to ex-

press only human INSRA or INSRB have established that

the gene expression profiles for the two ligands differ (Pan-

dini et al., 2003). Other studies have shown that activating

INSRA stimulates cell proliferation and promotes survival,

whereas the INSRB regulates metabolism (Belfiore et al.,

2009; Belfiore and Malaguarnera, 2011; Sacco et al., 2009;

Sciacca et al., 2003). Data elucidating the mechanism for

IGF-II binding to INSRA (Alvino et al., 2011; Andersen

et al., 2017; Rajapaksha et al., 2012) point to a role for

IGF-II via INSRA that is distinct from the actions of insulin

(Rajapaksha and Forbes, 2015). Using the neurosphere

assay to analyze NSC self-renewal across passage, we

demonstrated that IGF-II, but not insulin or IGF-I, main-

tained SVZ NSCs and also expanded their numbers,

suggesting that IGF-II promotes symmetrical versus asym-

metrical divisions (Ziegler et al., 2012).

IGF-II acts through both the IGF1R and the INSR to

support adult NSC self-renewal

It is becoming increasingly clear that there is not a single

NSC, but rather that multiple NSC subtypes exist in the

adult CNS. The lack of a phenotype in the SGZ NSCs with

Insr deletion provides yet another example of NSC hetero-

geneity. Our prior data taken together with the data
(D) Average number of tumorspheres/field ±SEM after 7 days of grow
(E) Average sizes of tumorspheres/field ±SEM after 7 days of growth
(F) Cell viability assay in proneural tumorspheres grown for 7 days in d
II + IR Ab) (p = not significant [n.s]).
(G) Extreme Limiting Dilution Assay (ELDA) performed on proneural
ditions (HI + EGF, LI + EGF + IGF-II, and LI + EGF + IGF-II + IR Ab).
Data are representative of three independent experiments. Scale bars
presented here show that IGF-II acts through the INSRA

to maintain SVZ NSCs, whereas the INSR is dispensable

for SGZ NSC self-renewal. There are a number of studies

that show that IGF-II is important for hippocampal neuro-

genesis (Ferron et al., 2015; Ouchi et al., 2013; Tao et al.,

2015). Our recent characterization of adult neurogenesis

on adult deletion of Igf2 showed that the number of

NSCs in the SGZ declined with loss of Igf2. Moreover, delet-

ing Igf2 in adulthood also caused deficits in spatial learning

and increased anxiety (Ziegler et al., 2019). Bracko et al.

(2012) suggested that SGZ NSC self-renewal is regulated

by IGF-II via IGF1R and AKT-dependent signaling. Consis-

tent with their findings, deleting the Insr in NSCs had no

effect on label-retaining cells in the SGZ or on spatial

learning and memory ability or anxiety. It should be noted

that the original genetic experiments on Igf2 demonstrated

that this growth factor promotes fetal growth through both

the IGF1R and INSR (Baker et al., 1993; Liu et al., 1993;

Louvi et al., 1997). Altogether these data support the

conclusion that IGF-II acts through the INSR in the SVZ

NSCs, while it signals through the IGF1R in the SGZ NSCs.

There are multiple types of adult stem cell in the SVZ

Accumulating evidence shows that there are multiple sub-

types of NSC within the adult SVZ. Here we show that de-

leting the Insr within the NSPs in vitro decreased the NSC

population by �70%. Similarly, Insr deletion from the

NSCs in vivo resulted in a�70% reduction in label-retaining

cells in the SVZ. Interestingly, deleting Igf2 in the adult

mouse produced a �50% decrease in the percentage of

NSCs (Ziegler et al., 2019). Altogether these observations

indicate that IGF-II signaling via the INSR is necessary to

maintain a subset of NSCs within the adult SVZ. Other

studies have described subsets of NSCs within the SVZ.

Azim et al. (2014) showed that glutamatergic neuronal pro-

genitors and oligodendrocyte precursors are derived from

the dorsal SVZ under the control of Wnt/b-catenin

signaling, while GABAergic neural precursors are derived

from the lateral/ventral SVZ and are independent of Wnt/

b-catenin signaling (Azim et al., 2014). Merkle et al.

(2007) demonstrated that spatially segregated NSPs give

rise to different OB neurons. Using Ad-Cre-GFP virus to la-

bel SVZ radial glia dorsally and ventrally, the authors

showed that the NSCs in the dorsal region produced tyro-

sine hydroxylase-positive periglomerular cells, while the
th under different conditions (***p < 0.001, ****p < 0.0001).
under different conditions (***p < 0.001, ****p < 0.0001).
efined growth media (HI + EGF, LI + EGF + IGF-II, and LI + EGF + IGF-

tumorspheres grown for 21 days in vitro in the defined media con-

represent 50 mm. HI, high insulin; IR, INSR; LI, low insulin.
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Figure 5. A function blocking Ab to the
INSR decreases self-renewal and prolifera-
tion of mesenchymal GBM tumorspheres
(A) Representative images of mesenchymal
GBM tumorspheres in medium with super-
physiological levels of insulin (HI + EGF).
(B) Representative images of mesenchymal
GBM tumorspheres grown with physiological
levels of insulin + IGF-II (LI + EGF + IGF-II).
(C) Representative images of mesenchymal
GBM tumorspheres grown in LI + EGF + IGF-II
with a function blocking IR Ab.
(D) Average number of tumorspheres/field
±SEM after 7 days of growth under different
conditions (**p < 0.01, ***p < 0.001,
****p < 0.0001).
(E) Average size of tumorspheres/field ±SEM
after 7 days of growth under different con-
ditions (***p < 0.001, ****p < 0.0001).
Data are representative of three independent
experiments. Scale bars represent 50 mm.
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ventrally located labeled NSCs gave rise to calbindin-posi-

tive periglomerular neurons. These data support the

conclusion that there is significant functional heterogene-

ity among the SVZ NSCs.

Heterogeneity in INSR expression also has been docu-

mented in NSPs across species. Pollen et al. (2019) showed

that INSRwas higher at the protein level andmRNA level in

human radial glia compared with primate radial glial cells.

This finding complemented an earlier study showing

strong immunoreactivity for the downstream kinase

mammalian target of rapamycin (mTOR) and its substrate

the ribosomal protein S6 in outer SVZ radial glia cells (Now-

akowski et al., 2017). Together these findings and ours sug-

gest that INSR may be promoting self-renewal of human

outer SVZ cells, which is required for the dramatic expan-

sion of the upper neocortical layers that is characteristic

of the human brain.

INSRA signaling in SVZ NSCs is not necessary for cell

survival

The INSR is important for the survival of cells throughout

the body; therefore, the loss of the INSR in the NSCs might

have resulted in their premature demise. However, instead

of NSC loss, Insr deletion led to a loss of stemness in the

neurosphere assay with an increase in the more rapidly
12 Stem Cell Reports j Vol. 17 j 1–17 j June 14, 2022
dividing progenitors. These findings were corroborated by

flow cytometric experiments that revealed a decrease in

NSC number with a compensatory increase in the other in-

termediate progenitors, indicating that the decreased NSC

number was not due to cell death. Similarly, in vivo deletion

of the Insr further demonstrated that SVZ NSCs were

reduced with a corresponding increase in OB neurogenesis.

The IGF-II/INSRA signaling loop regulates stem phe-

notypes in tumor CSCs

Accumulating evidence over the last few decades has

shown that the INSR is abnormally expressed in many ma-

lignancies, such as breast, colon, lung, and thyroid (Chet-

touh et al., 2013; Kim et al., 2012; Vella et al., 2001; Vigneri

et al., 2015; Wang et al., 2013). In particular, the INSRA is

often more highly expressed than INSRB in these cancers.

A number of studies have reported an IGF-II/INSRA auto-

crine loop that drives tumor progression (Sciacca et al.,

1999; Vella et al., 2002). Unlike the binding of insulin,

IGF-II binding to INSRA does not cause internalization of

the receptor, leading to prolonged mitogenic activation al-

lowing cancer cell proliferation (Morcavallo et al., 2012).

Other studies have shown that a switch in the ratio of

Insr isoforms leads to themalignant transformation of can-

cer cells. Chettouh et al. (2013) showed that in
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hepatocellular carcinoma, a switch in the ratio of Insra/

Insrb is caused by alterations in the splice enzymes involved

in Insr mRNA splicing. Our data mining results reveal that

there is a similar overexpression of the enzymes involved in

Insr mRNA splicing in proneural and mesenchymal GBM,

leading to higher expression of the mitogenic Insra. This

would contribute to an IGF-II/INSRA autocrine signaling

loop to promote the self-renewal of GBM stem cells. In

addition to documented changes in levels of these compo-

nents of the IGF-II system in cancer, there also are studies

that have implicated the IGF-II mRNA binding proteins.

These RNA binding proteins increase the stability of IGF2

mRNA, resulting in production of higher levels of IGF-II

protein. Interestingly, IGF-II binding protein-2 is overex-

pressed in GBMs, and increased expression of IGF-II bind-

ing protein-2 correlates with a poor prognosis for proneural

GBMs (Cao et al., 2018).

Our findings here, taken together with our previously

published data, support the conclusion that the INSRA is

essential for maintenance of a subset of NSCs, and that

the aggressive subtypes of GBM, i.e., proneural and mesen-

chymal, use an IGF-II/INSRA signaling loop to enhance

self-renewal of tumor stem cells. These findings raise the

possibility that IGF-II and INSRA should be considered as

targets for new therapeutics either to enhance normal

NSC function or to inhibit stem cell populations in GBMs.
EXPERIMENTAL PROCEDURES

Neurosphere propagation and quantification
Neurospheresweregeneratedbyenzymaticallydissociating theperi-

ventricular regionof Insrfl/flmousepups (post-natal days [P] 4–5) (see

supplementalmethods). Ad carrying theCre recombinase genewith

a GFP reporter (catalog [Cat] #1700; Vector Biolabs) or Ad carrying

only GFP reporter (Cat #1060) (control) were infected at an MOI of

1,000 during passage into secondary spheres. For in vitro induction

of recombination, NestinCreERT2�/+tdT+/+Insrfl/fl-generated second-

ary spheres were allowed to grow for 4 DIV, and then 0.5 mM

4-hydroxy tamoxifen (Sigma-Aldrich) or vehicle (ethanol) was

added to themedia for 24h. Prior to counting the spheres, the plates

were shaken to ensure uniform distribution of the spheres in the

well. The number of neurospheres in six random fields under 43

magnification was determined for each well (Alagappan et al.,

2009). Within each field the total number of red spheres (DNSC-

IRKO)was counted, and the datawere represented as the percentage

of red spheres per field. ImageJ softwarewas used tomeasure the size

of the spheres and represented as average size of neurospheres be-

tween red DNSC-IRKO and WT red spheres (DNSC-IR WT). The re-

sults were obtained from three independent experiments.
Animals
All experiments were performed in accordance with protocols

approved by the institutional animal care and use committee of

Rutgers-New Jersey Medical School and in accordance with the
National Institutes of HealthGuide for the Care and Use of Laboratory

Animals (NIH Publications No. 80–23) revised in 1996. Tamoxifen

(T5648; Sigma) was dissolved in a corn oil/ethanol (9:1) mixture

and given intraperitoneally (i.p.) to mice 4–5 weeks of age at

75 mg/kg for 5 days. Mouse strains included Insrfl/fl mice, where

exon 4 of the Insr is flanked by loxP sites (B6.129S4(FVB)-

Insrtm1Khn/J) and a DNSC-IRKO mouse line that was established by

crossing nestin-CreERT2 mice, where Cre expression is driven by

the second intron of the nestin promoter (https://www.jax.org/

strain/016261), with Insrfl/fl mice previously mated with a tdT re-

porter mouse line (B6;129S6-Gt(ROSA)26Sortm9(CAG-tdT)Hze/J; Jax

mouse stock #007905). From these crosses, we generated

NesCreERT2+/�tdT+/+Insr fl/fl mice. Both male and female heterozy-

gous Cre mice were used for the experiments. DNSC-IR WT mice

were the same genotype but given vehicle instead of tamoxifen.

Progeny from breedings consisted of homozygous tdTand homozy-

gous floxed Insr littermates that were either heterozygous Cre or Cre

negative (WT). Cre-negative mice given tamoxifen were used in tdt

reporter expression experiments as indicated.

Behavioral tests
The buried food test for mouse olfaction and Morris water maze

(hidden platform) were conducted as for our previous study (Zie-

gler et al., 2019). Elevated plus maze to test anxiety was performed

according to Walf and Frye (2007) (see supplemental methods).

Statistical analyses
All statistical analyses were performed using GraphPad Prism soft-

ware. Unpaired t test was used for analysis of two groups. One-way

ANOVAwith Tukey’s post hoc was used for more than two groups.

In all cases, p < 0.05 was considered to be statistically significant.

Subtyping GBM samples and in silico data mining
GBM tumorspheres were obtained from Dr. Nikos Tapinos (Brown

University). The subtype was confirmed using a combination of

pathology reports and a PCR mutation panel from SA Biosciences

(qBiomarker SomaticMutation PCR Array: Human Brain Cancers).

The characterization, tumor-initiating ability, and transcriptomic

profile of these glioma stem cells have been published previously

(Zepecki et al., 2019, 2021).

RNAseqV2 data matrix was obtained from the level 3 data of all

batches available for public access in the TCGA database. For

each TCGA barcode, the RSEM normalized genes file was down-

loaded. These files were consolidated onto one Excel spreadsheet.

Using the supplemental information in Brennan et al. (2013),

the files from each TCGA barcode were classified to the subtype

of GBM that they belonged to according to proneural and

mesenchymal GBM subtypes. Genes measured were normalized

to RNA-seq data of normal human astrocytes expression data

from a Stanford database (http://web.stanford.edu/group/barres_

lab/brain_rnaseq.html).

Expression analysis of RNA-seq data
RNA was obtained from stem cell cultures isolated from two GBM

tumors (code-namedGB2,WCR8) and fromone normal hNSC cul-

ture. Next-generation RNA-seq was performed in the Epigenomics

Core Facility of the Albert Einstein College of Medicine (NY, USA)
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using an Illumina HiSeq2500 machine (see supplemental

methods).
Tumorsphere propagation and quantification
GBM stem cells from the two subtypes of GBM, namely, GB2, pro-

neural, andWCR8,mesenchymal, were propagated; collected after

5–7 days; dissociated; and plated at 1 3 105 cells/mL in the same

media with HI (4.4 mM) or LI (4.4 nM) plus/minus human recom-

binant IGF-II (224 ng/mL) and IgG isotype Ab (Santa Cruz) or with

IGF-II and INSR blocking Ab. Tumorspheres were quantified as

previously described. Viability was assessed by trypan blue dye

exclusion method using ViCell automated cell counter. Clonal tu-

morsphere potential was evaluated using the Extreme Limiting

Dilution Assay (Nguyen et al., 2018). Cells were grown at 50, 25,

12.5, 6.25, 3.12, and 1.56 cells/cm2 for 21 days under the culture

conditions described above. Inequality in frequency betweenmul-

tiple groupswas analyzed by likelihood ratio tests using the asymp-

totic chi-square approximation to the log ratio (Hu and Smyth,

2009).
Data and code availability
Details for the use of code supporting RNA sequencing (RNA-seq)

data analysis of the current study are available fromDr. Nikos Tapi-

nos on request. The RNA-seq data discussed in this manuscript

have been deposited inNCBI’s Gene ExpressionOmnibus database

and are accessible through GEO Series accession number GEO:

GSE11422.
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