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Abstract

IGF1R/INSR signaling is crucial for understanding Alzheimer’s disease (AD) and may aid in the development of potent thera-
peutic strategies. This study investigated the expression and activity of these receptors and their potential to form functional
hybrids in response to amyloid beta (Af). IGF1R, INSR, and ARRB1 were found to be upregulated in AD. The propensity for
functional hybrid formation was also greater in the presence of Af. The association of IGF1R with ARRBI1 reached a maxi-
mum at 60 min of A treatment, which coincided with increased pERK activity at approximately the same time, indicating
the importance of this association in pERK regulation. Knocking down IGF1R, INSR, and ARRB1 independently reduced
cAMP, whereas overexpressing IGF1R significantly increased cAMP. Knocking down ARRBI1 in IGF1R-overexpressing
cells led to a reduction in cAMP, indicating that the interaction of ARRB1 and IGF1R possibly contributes to cAMP dys-
regulation. Since cAMP plays a crucial role in cognition and memory, alterations in cAMP after receptor hybridization could
be significant in AD. Additionally, we noted hyperactivation of MAPK, which is associated with aberrant cellular activity,
transcriptional control, and stress pathways. This finding highlights the importance of IGF1R and INSR dysregulation, which
plays a major role in addition to conventional RTK signaling through multiple pathways. Here, we focused on the ARRB1
and IGFIR interaction and showed that picropodophyllin (PPP), an IGF1R-specific inhibitor, blocks this interaction and
alters the ERK and cAMP status under disease conditions. Cell viability studies further revealed that the PPP substantially
improved cell viability in the presence of Af. This highlights the role of the PPP in regulating these cascades and opens the
arena for further therapeutic development for AD.
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Abbreviations

AP Amyloid beta

AD Alzheimer’s disease

IGFIR  Insulin-like growth factor 1 receptor
INSR Insulin receptor

ARRB1 Beta-arrestin 1

PPP Picropodophyllin

BMS BMS 536924

Lns Linsitinib

Introduction

Alzheimer’s disease (AD) is the most common form of
dementia [1] and involves neurodegeneration, neuroinflam-
mation, and neuronal death due to unknown causes [2, 3].
The insulin pathway has long been implicated in different
aspects of this disease, including metabolic, signaling, and
systemic resistance paradigms [4, 5]. This has led to an
interest in the insulin receptor family (IRF), which primar-
ily includes insulin receptor (INSR), insulin-like growth
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factor receptor (IGFR), and insulin-related receptor (IRR)
[6, 7]. INSR has been extensively studied in AD [8-10] for a
long time, and its ligand, insulin, is being used for intranasal
therapy for treating AD patients [11]. However, owing to
the complexity of the receptor and its subsequent regula-
tory pathways, insulin growth factor 1 (IGF1) signaling is
poorly understood [12], and several gaps in understanding
this mechanism exist [5, 13]. The extracellular domains
of the two receptors, IGFIR and INSR, can bind to the
ligands, insulin, IGF1, and IGF2 interchangeably; however,
their binding affinities differ. Their ectodomains are highly
similar [14], whereas they differ in terms of their endodo-
main (only 44% homology at the C-terminus), which allows
INSR to exhibit metabolic effects and IGFIR to regulate
proliferative events [15]. IGF1R has a wide variety of bind-
ing sites for several cytosolic proteins, including canonical
binding sites for IRS1, RACK1, Vav3, 14.3.3, Grb10, Shp2,
PI3K, IRS1-4, She, Crk2, CrkL, p125FAK, and, impor-
tantly, p-arrestin 1 (ARRBI1) binding sites (S1248 and S1291
residues in the IGF1R endodomain) in the cytoplasmic tail
[16]. This further adds to the complexity of its downstream
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signaling pathway. p-arrestins (ARRBSs), as signaling part-
ners in GPCR signaling, are currently an evolving paradigm
[17], but less is known about the mechanisms involved in
RTK signaling. Studies focusing on holistic transcriptomic
analysis and signaling have shown that abrogation of IGF1R
leads to improvements in memory and cognitive abilities in
patients with AD [13, 18], which makes IGFIR a crucial
target for understanding AD pathology. Structural stud-
ies of these receptors have investigated functional hybrids
(HybRs), viz., IGF1R/InsR hybrids [19, 20], and character-
ized the interfacing domains. These hybrids are extremely
important for understanding their functional roles, as they
can potentially interact with amyloid beta (Af) and exploit
the ERK, Akt, and p-arrestin-mediated signaling pathways
in response to AP plaques, which are hallmarks of AD.
HybR has been studied in breast cancer, and HybR functions
differently from holoreceptors [21], where such a hybrid has
a higher affinity for binding to IGF1 than insulin [19, 20].
However, to date, no studies have been conducted on the
existence or functional involvement of these HybRs in a
neurodegenerative scenario.

There are two conventionally studied pathways for the
receptors IGF1R and INSR: the MAPK pathway and the
PI3K/Akt pathway. Upon ligand binding, the cytoplasmic
tails of RTKs or GPCRs are generally phosphorylated,
and downstream adaptor molecules bind to the activated
phosphorylated tail at different sites, escalating different
signaling cascades [17, 22]. Previous reports have shown
a decrease in PI3K/Akt signaling in AD, which is amelio-
rated by treatment with different agents [23]. However, MAP
kinase pathways, including the ERK, JNK, and p38/SAPK
pathways, are reportedly altered in AD, although discrepan-
cies exist [24-26]. The ERK pathway is classically regulated
by extracellular signals or ligands, whereas JNK and p38
are regulated by stress, cytokines, and GPCR agonists [27].
Stimulation of INSR/IGFIR leads to the phosphorylation of
ERK 1/2 [5]; hence, this study focused closely on this set of
MAPK signaling pathways. Furthermore, in AD, all MAPK
signaling pathways are activated in vulnerable neurons, sug-
gesting that this alteration is a probable early disease marker
that is sustained for long periods during the progression of
the disease [24, 26, 28-30].

To this end, the focus of our work has remained on explor-
ing the signaling cascade that begins with the introduction of
AP and the role of IGF1R/INSR in mediating downstream
pathways. The binding of B-arrestin adds a new paradigm to
this cascade, in which the GPCR pathway potentially over-
laps with endosomal signaling and cAMP triggers. However,
the penultimate fate of the receptor remains to be under-
stood. There are three distinct possibilities for this process:
receptor recycling to the membrane, degradation [31], and
nuclear shuttling [32-37]. We investigated these possibilities
to decipher the consequences of hyperphosphorylated ERK

signaling, which is imperative since the A plaque burden
is ever increasing during disease progression, correlating it
with disease stage [38, 39]. Nuclear shuttling of these recep-
tors has been previously shown in different cell lines [32]
but in response to ligand stimulation or cancer. For the first
time, we attempted to understand whether there is any bias
in the shuttling of these receptors in AD.

Materials and Methods
Bioinformatic Analysis

The 4 pertinent molecular interactions in focus here, INSR,
IGF1R, ARRBI1, and ARRB2, were submitted to Metas-
cape [40]. Clustering was performed via the Gene Ontol-
ogy (GO) database [41] and Kyoto Encyclopedia of Genes
and Genomes (KEGG) database [42]. For cluster formation
on the basis of functional relevance in pathways, the cut-
off was a 0.3 similarity threshold. Furthermore, the mature
complex identification algorithm (MCODE) [43], which
automatically extracts protein complexes from networks,
was used. Metascape uses the data from DisGeNET (data-
base for gene—disease associations) [42] and correlates them
through a hypergeometric test and the Benjamini—Hochberg
p-value correction algorithm, which shows the correlation of
selected genes with particular disease conditions.

Cell Culture and Transfection

SHSYS5Y cells used for the experiments were obtained from
NCCS, Pune, India, and were routinely cultured in DMEM-
F12 (Gibco) supplemented with 10% heat-inactivated FBS
(Gibco) and 1% Penstrep cocktail (v/v). The N2A cells
used for the supplementary experiments were obtained
from NCCS, Pune, India, and were routinely cultured in
DMEM (Gibco) supplemented with 10% heat-inactivated
FBS (Gibco) and 1% Penstrep cocktail (v/v). These cells
were maintained at 37 °C in 5% CO,. Transfections were
carried out at 50-60% confluency. One microgram of plas-
mid DNA construct (for 35 mm plates) was incubated with
5 ul of Lipofectamine 2000 (Invitrogen) in 250 ul of serum-
free media for transfection. IGFIR (HG10164-ACG) and
the INSR spark clone (HG11081-ACG) were purchased
from Sino Biological, and normalization of the transfec-
tion was conducted by using the GFPSpark Control vec-
tor (Cat: CV026). Arrb1-RFP was a kind gift from Dr.
Robert Lefkowitz (Addgene plasmid #35401) [44], and
RnBarr2-mCherry (Addgene plasmid #137794) was a kind
gift from Dr. Dorus Gadella [45]. Knockdown experiments
were conducted using Mission esiRNAs against IGF1R
(EHUO028861), Thermo Fisher siRNAs against ARRB1
(4427037, assay ID: s1622), Thermo Fisher siRNAs against
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ARRB2 (4427037, assay ID: s1625), and Thermo Fisher
siRNAs against INSR (AM 16708, assay ID: 103297).

Working Cell Models of AD

Only GFP constructs and constructs containing the amyloid
precursor protein intracellular domain (AICD) with GFP
were used for model development [12, 41, 46, 47] along with
Ap. The constructs were transfected with Lipofectamine
2000 (Invitrogen), and the efficiency of transfection was
checked via a confocal microscope. After the stock solution
was incubated with 2 mM Ap,_,, peptide (Sigma—Aldrich)
at 37 °C for 30 min, the oligomers were then introduced into
the media at a concentration of 0.5 uM after 3 h. Several
studies [48—52] have shown empirically that it takes approxi-
mately 10 min at minimum for half the amount of AB(1-42)
used by us to form oligomers and aggregates. However,
since 0.5 uM has been extensively used and validated as
a functional model, it was specifically employed here for
model development. Samples were collected 48 h posttreat-
ment. For AD model development, the above procedure was
followed. For all other experiments, the Af, 4, peptide was
prepared in the same way, and the same concentration was
introduced into the media for the mentioned durations.

RNA Isolation from Cells, cDNA Preparation,
and Quantitative Real-Time PCR

Total RNA was extracted from cultured SHSYSY cells via
TRIzol (Invitrogen, USA) according to the manufacturer’s
protocol. Two micrograms of total RNA was treated with
DNase (Sigma) to prepare cDNA via random hexamer prim-
ers, dNTPs, and reverse transcriptase enzyme (Fermentas).
Quantitative real-time PCR (qQRT—PCR) was conducted
via SyBr Green (Promega) in a real-time PCR system 7500
(Applied Biosystems) and/or Quant Studio 3 (Applied Bio-
systems). For each sample, GAPDH was used as an internal
control to normalize the data.

Gene-Specific Primers

The primers used for IGFIR were S’ACGAGTGGAGAA
ATCTGCGG3' (forward) and 5’ACTCGGTAATGACCG
TGAGC3' (reverse). The primers used for INSR were
5'CGGAACCCACCTATTTCTACG3' (forward) and 5'CCA
TCTGGCTGCCTCTTTCT3' (reverse). For ARRB1, 5’CAA
AGGGACCCGAGTGTTCAZ' (forward) and 5’CAGGAC
CACACCATCCACAG3' (reverse), and for ARRB2, 5'TGT
GTCTGGGGTGGGGATAC3' and 5’AGCCGCACAGAG
TTCCTTTTT3' were used for gqRT—PCR. The housekeeping
primers used for GAPDH were 5’GACAGTCAGCCGCAT
CTTCT3' (forward) and 5’GCGCCCAATACGACCAAA
TC3' (reverse).
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Western Blot Analysis

After transfection, the cell pellets were washed in PBS (1 %)
and lysed in lysis buffer (Invitrogen, FNNOO11) supple-
mented with 1| mM PMSF and a protease inhibitor cocktail.
After 30 min, the samples were spun at 13,000 RCF for
15 min. The supernatants were collected and quantified via
the Bradford assay. Equal amounts of lysate were separated
via SDS—PAGE, transferred to PVDF membranes (Milli-
pore), and blocked with 5% skim milk in TBST. An Abcam
antibody (ab182408) (EPR19322) against IGF1R was used
at a 1:1000 dilution in TBST for probing overnight. The
same process was followed for Akt (ab235958). CST anti-
bodies against ARRB1 (mAb #12697), pAKT (#9271), and
SCB (sc13140) were used at a 1:500 dilution, and CST anti-
bodies against pERK (#9101) and ERK (#9102) were used
at a 1:1000 dilution. A secondary antibody from Invitrogen
(31210) was used at a 1:3000 dilution, and the blots were
developed with an enhanced chemiluminescence (ECL) kit
(SuperSignal West Pico Substrate; Pierce). Blots were quan-
tified via an Azure Imaging 200 system and Azurespot Pro
Analysis software. Band intensities were normalized to the
loading control.

Immunoprecipitation

Immunoprecipitation was performed as described by Slaaby
[53]. AP was added to the media for 48 h, after which the
samples were harvested from 100 mm dishes in 100 pl of
lysis buffer (Thermo Fisher Scientific) supplemented with
sodium orthovanadate and Tween 20. For immunoprecipita-
tion, 30 pl of protein A/G-agarose (Invitrogen) was added to
300 pl of buffer containing HEPES (pH 7.8), NaCl, MgSO,,
Tween-20, and 1 pg of the antibody for 3 h at 4 °C, fol-
lowed by brief centrifugation at 1800 x g. The precipitates
were washed three times in wash buffer containing PBS,
Tween-20, Na;VO,, 1 mM AEBSF, and 1 mg/ml p-nitro-
phenyl phosphate. These precipitates were then heated in
SDS sample buffer for 15 min before being subjected to
SDS—PAGE. To develop the blots, a Veriblot (ab131366)
was used. To check for efficiency and IP outcome, two dif-
ferent gels were run, as both proteins were probed with the
same/close molecular weights.

Cyclic AMP Assay

The cyclic AMP assay was performed according to the man-
ufacturer’s protocol (Promega Cat. No. V1501). In brief,
cells were seeded equally on poly-L-lysine-coated 96-well
plates after counting on a hemocytometer, and media was
added to allow for adherence and growth overnight. The
respective inhibitors and blockers, siRNAs, and/or clones
were introduced into induction buffer containing serum-free
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F12/DMEM supplemented with 500 uM IBMX (#15879,
Sigma) and 100 uM Ro 20-1724 (#557502, Sigma). PPP
(picropodophyllin), purchased from Sigma (#407247); BMS
536924 (BMS), purchased from Tocris (#4774); and Linsi-
tinib (Lns), purchased from MedchemExpress (#HY10191),
were resuspended in DMSO. PPP, Lns, and BMS were
added at a concentration of 1 uM [54-56]. Recombinant
human IGF-I was purchased from PreproTech (100-11), and
insulin (#19278) was obtained from Sigma—Aldrich. IGF1
was resuspended in BSA (#A8806) from Sigma and added
at a final concentration of 10 nM [57]. Insulin substocks
were made in media and added at a final concentration of
10 nM [41]. The inhibitor, blocker, and siRNA experiments
were conducted for 24 h in induction buffer, and cAMP
Glo lysis buffer and detection solution containing PKA and
kinase Glo were subsequently added and incubated for 15,
20, and 10 min, respectively. Luminescence was measured
via a BioTek Synergy HTX multimode reader. The data were
analyzed via a standard curve generated by a provided mate-
rial in kit (cCAMP), and regression analysis was performed to
correlate the luminescence output with the cAMP concentra-
tion to calculate the accumulation in individual sample sets.
These experiments were performed in biological triplicates.

Confocal Microscopy

Images were obtained on a Nikon NSIM microscope. The
Ezcolocalization plugin [58] was used to determine the
correlation coefficient. Plot intensity profiles were gener-
ated via the ImagelJ “Plot profile” plugin [59]. For the ICC-
based experiment, the cells were treated with AP for specific
time periods, and then ICC was performed as described by
Saha et al. [60]. The samples were stained with an antibody
against IGF1R, and images were acquired on the abovemen-
tioned microscope with a 100 X objective and 2 X zoom using
a resonant scanner and/or a Galvano scanner. The same set-
tings were used for each individual experiment. The calcu-
lations and graphing were performed on Origin Pro 2024
(OriginLab Corporation, Northampton, MA, USA).

Cell Viability Assay

CellTiter Glo Luminescent Viability Assay (Promega,
G7570) was performed to analyze the viability of the
cells after treatment with drugs and ligands to determine
the impact of prolonged signaling through the abovemen-
tioned pathways. The assay was performed according to the
manufacturer’s protocol. In brief, cells were seeded equally
into 96-well plates after counting on a hemocytometer, and
media was added to allow for adherence and growth over-
night. The respective inhibitors and blockers, siRNAs, and/
or clones were introduced into serum-free F12/DMEM cells
for up to 48 h, which were then lysed with the provided

reagents. The plates were allowed to incubate while shaking
for 2 min, after which signal stabilization was allowed for
15 min. The output was subsequently measured on a BioTek
Synergy HTX multimode reader. The raw luminescence val-
ues provided an understanding of ATP, indicating a viable
cell population. A titration of signal output against a specific
number of cells ranging from 10X 10° to 60X 10> was per-
formed by using the same kit to determine the number of
cells per treatment thereafter.

Statistical Analysis

For each experimental set, the statistical significance was
determined through Student’s unpaired #-test via Origin Pro
2024. For comparisons of more than 2 samples, ANOVA
was applied via the aforementioned software.

Results

Functional Clusters of INSR, IGF1R, ARRB1,
and ARRB2 Regulate AD-Implicated Pathways

The involvement of p-arrestin 1 (ARRB1) in Alzheimer’s
disease is poorly understood but crucial. We performed a
Metascape analysis to understand the interactions among
INSR, IGF1R, ARRBI1, and ARRB2. All 4 proteins clus-
tered into four distinct pathways according to their respective
known functions (Fig. 1 A.i). ARRB1, ARRB2, and INSR
are involved in “receptor internalization,” and ARRBI,
ARRB2, and IGFIR were found to cluster under “endo-
cytosis” (Fig. 1 A.ii). ARRB2, INSR, and IGFIR control
the “response to growth factor,” whereas all 4 play a role
in the “MAP kinase pathway” (Fig. 1 A.ii). All four play-
ers are involved in the MAPK pathway, with p-values of
clusters in the range of 107°~107%, on the basis of GO and
KEGG pathway analyses (Supplementary S1). MCODE
analysis revealed that all 4 players could cohesively form a
functional PPI network (Fig. 1B). Furthermore, DisGeNet
analysis revealed that the 4 mentioned proteins are associ-
ated with late-onset Alzheimer’s disease, with a log p-value
of — 5.1, which shows high confidence in the association of
these proteins in this disease scenario (Fig. 1C).

The Expression of IGF1R/INSR, ARRB1, and ARRB2 Is
Altered Under AD-Like Conditions

We thus aimed to understand the biological milieu of the
AD working cell model by determining the protein and
mRNA expression levels of the relevant genes ARRBI,
ARRB2, INSR, and IGF1R. The expression of IGF1R was
significantly upregulated. At the mRNA level, it significantly
increased by 4.82-fold, and the relative activity of IGF1R

@ Springer



8070 Molecular Neurobiology (2025) 62:8065-8083
A R Term Description LogP
SUMMARY positive regulation of receptor internalization
G0:0002092 positive regulation of receptor i
G0:0048260 positive regulation of receptor-mediated endocytosis
G0:0002090 regulation of receptor internalization
G0:0031623 receptor internalization
GD:004825% regulation of receptor-medi
G0:0045807 positive regulation of endocytosis
GD:0006898 receptor-mediated endocytosis
G0:0030100 regulation of endocytosis -5.457542712
G0:0006897 endocytosis -4.696729671
GD:0060627 regulation of vesicle-mediated transport -4,681876339
G0:0001934 positive regulation of protein phosphorylation -4,564325708
s f . o] G0:0098657 import into cell -4,299184672
Positive regl‘“anon Of ’ecepto' mtemalllatlon (INSRI ARRB]'/ ARRBZ) G0:0031401 positive regulation of protein modification process -4.20231323
MAPK signaling pathway (IGFLR/INSR/ARRB1/ARRB2)
" . I P! . SUMMARY MAPK signaling pathway
z Positive regulation of phosphatidylinositol 3-kinase/Response to growth [N 7 g petiney
l factors (IGFIR/ |NSR/ ARRBI/ ARRBZ) G0:0043410 positive regulation of MAPK cascade
2 G0:0042327 positive regulation of phosphorylation
EndocytOSIS (IGFIR/ARRBI/ARRM) G0:0043408 regulation of MAPK cascade
G0:0010562 positive regulation of phosphorus bolic process
G0:0045937 positive regulation of phosph bolic process
B_ OlNSR SUMMARY Positive regulation of phosphatidylinositol 3-kinase/protein kinase B signal transduction
G0:0051896 regulation of phosphatidylinositol 3-kinase/protein kinase B signal transduction -5.640125292
OIGF1 R GD:0071363  cellular response to growth factor stimulus -4.784285884
GD:0070848 response to growth factor -4.701718988
OARR82 G0:0071417 cellular response to organonitrogen compound -4.614734322
GD:0007167 enzyme-linked receptor protein signaling pathway -4.485864559
OARRB1 G0:190169% cellular response to nitrogen compound -4.450409972
C. SUMMARY Endocytosis
hsa04144 Endocytosis -5.655696572
| | Arteriovenous fistula
| Addictive behaviour
] Alzheimer’s Disease, Late-Onset
] Drug Abuse
] Adult Rhabdomyosarcoma
] Child Rhabdomyosarcoma
Triglycerides measurement
Rhabdomyosarcoma
L} T T T T T T

-10og10 (P)

Fig.1 A.i Gene enrichment and clusters formed by INSR, IGFIR,
ARRB1, and ARRB2, color-coded by their biological functions. A.ii
shows the details of the corresponding nodes in each cluster and the
confidence in the data in terms of p-values. B The MCODE results
show that the four proteins form a PPI due to shared pathways. C

(pIGF1R/IGF1R ratio) increased by 1.3-fold in the AD-like
scenario (Fig. 2 A.i—iii). INSR expression increased 2.3-
fold at the mRNA level and 1.36-fold at the protein level
(Fig. 2 B.i—iii). The significant upregulation of these genes
indicated that INSR was overexpressed in AD patients. The
level of phosphorylated INSR could not be calculated sepa-
rately because of the homology of the 3-chains of INSR and
IGF1R, leading to nonspecific binding. The expression of
ARRB1/2 was also altered in the study model. ARRB1 was
significantly upregulated 3.3-fold at both the mRNA and
protein levels (Fig. 2 Ci-iii). ARRB2 was downregulated
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Illustration of the DisGeNET-associated data that display the top
clusters of diseases where the gene set is involved. Third, in the con-
text of Alzheimer’s disease, the context of this study illustrates the
importance of understanding this PPI in the disease context

mRNA level (Fig. 2 D.i) were insignificant. Additionally,
collated data from large-scale datasets generated via tran-
scriptomic, proteomic, and biochemical analyses of mouse
and/or human samples were analyzed (Table S1: Supple-
mentary material S2), which corroborated the findings and
revealed that IGF1IR, INSR, and ARRBI1 are upregulated
not only in AD transgenic mouse models but also in human
patient CSF and brain samples [8, 61-68].

Furthermore, the AD cell model is composed of two com-
ponents, A and AICD. Thus, to understand whether the
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Fig.2 A.i Shows the mRNA levels of IGFIR, whereas A.ii Depicts
the protein expression of IGFIR and its phosphorylated form. A.iii
The activity of the receptor was obtained by normalizing the ele-
vated activity to the elevated expression (p-IGF1R/IGFIR). B.i
Indicates INSR mRNA expression, whereas B.ii and B.iii exhibited
elevated protein expression. C.i Changes in f-arrestinl (ARRBI)
mRNA are shown, and C.ii and iii Changes in protein levels. D.i

results observed here are due to the combined impact of
Ap individually, INSR, IGF1R, and ARRB1 were further
investigated at the mRNA and protein levels (Figs. S2 and
S3 in Supplementary material S3). All three genes were tran-
scriptionally upregulated (Fig. S2. A-C in Supplementary

CONTROL AD

Shows that ARRB2 mRNA changes are insignificant in AD. D.ii
Tllustrates ARRB2 protein expression; iii Graphical representation
of the changes observed for ARRB2. mRNA experiments were per-
formed with n=6 samples, and protein experiments were performed
with n=3 samples (error bars indicate + SEMs, and the significance
between pairs was calculated via Student’s #-test and represented by
stars (*p <0.05; **p <0.01))

material S3), and INSR and IGF1R are translationally upreg-
ulated in the presence of AP (Fig. S2. D-E in Supplementary
material S3). In contrast, in the presence of Ap, GFP, AICD,
or DMSO, INSR and IGFIR were upregulated at both the
mRNA and protein levels (Fig. S3. A-F); however, ARRB1
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appears to be more tightly regulated and is significantly dys-
regulated at the mRNA and protein levels only when both
components are present. Independently, ARRB1 can be dys-
regulated by A but to a lesser extent.

IGF1R/INSR Hybrid Receptors (HybRs) Are Formed
in AD-Like Conditions

As the expression of both receptors increases significantly
and previous studies have reported that IGFIR can form
heterodimers with INSR, it is imperative to understand
whether these hybrids can form more in AD-like scenarios.
They form naturally in neuroblastoma cells, N2A (mouse
neuroblastoma), and SH-SY5Y (human neuroblastoma)
(Supplementary material S3, Fig. S1), but the status of
such dimers (HybR) has never been shown in AD. Under-
standing these dimers is characteristically important since
INSR competes with AP and insulin, and such a hybrid
would facilitate increased IGFIR activity. Hybrid recep-
tor (HybR) ratios were determined by immunoprecipitating
IGFI1R and measuring INSR levels in the presence of Af
(Fig. 3A). It was assumed that pIGF1R would pull down
functional pINSR since RTKs generally crossphosphorylate

IP: anti-IGF1R
100kDa - — _ IB: anti-INSR
100KDa | ‘we— — Input
100kDa IB: anti-IGF1R
B AB DMSO
350
©
2 3004
>
L *%
x 2504
23 {
E ‘E 200+
L 8 150
%
[ = T
=~ 1004
“g’, 1
8 50;
3]
0 v T
DMSO AB

Fig.3 A IGFIR was used as bait, and the precipitated INSR is repre-
sented against the input. B Increased formation of the IGFIR-INSR
hybrid receptor (HybR) in the presence of AP. Precipitated receptors
were normalized with equally loaded inputs, and relative changes in
control (DMSO)-versus Ap-treated samples were calculated. C Illus-
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their cytosolic domains; thus, p-IGF1R was used as bait for
another set of Co-IP experiments. The percent change in
immunoprecipitated INSR under disease conditions was
compared with that in control cells, as shown in Fig. 2B,
and a 223% greater abundance of such hybrids was detected
in AD samples (Fig. 3C), whereas for phosphorylated HybR,
a311% increase was detected (Fig. 2D). The loaded samples
had a 3.11-fold greater abundance of active hybrid receptors,
further indicating that A mediated the phosphorylation of
these hybrid receptors.

ARRB1 Is Recruited by IGF1R When Triggered by AB

Downstream signaling of such a hybrid could be mediated
by any adaptor; however, here, we focused on p-arrestins
specifically. The binding of arrestin in the presence of Ap
to IGFIR has not been previously investigated; therefore,
we employed confocal microscopy in the absence of serum
or any ligands with 2 mM A to assess the recruitment of
ARRBI to activated IGF1R in response to Ap. When cells
were cotransfected with ARRB1 and IGFIR, increased con-
centrations and transfection efficiencies led to cell death and
reduced viability in general; thus, the DNA load had to be
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maintained at an optimum level (0.75 pg of plasmid DNA),
which allowed for visualization and cell survival after 24 h.
Twenty-four hours posttransfection, the cells were treated
with AP and fixed for 30 min (Fig. 4B), 60 min (Fig. 4C),
120 min (Fig. 4D), or 240 min (Fig. 4E) or left untreated for
0 min (Fig. 4A). Imaging experiments revealed that recruit-
ment occurred most often in response to this stimulation at
1 h, as shown by the plot profile (Fig. 4H), with a significant
PCC of 0.35+0.02 SEM (Fig. 4K). The PCCs were calcu-
lated, and intensity versus distance plots for understanding
the overlaps in the signals were generated with FIJI plugins
(Fig. 4F-J). These responses, i.e., the recruitment of ARRB1
and membrane localization, as shown in Fig. 4C, could be
due to the hybrid formation or through the formation of
homodimers of IGF1R (Fig. 4L); however, these findings
illustrated that AP acted as a trigger for the recruitment of
ARRBI1 to IGF1R.

The formation of punctate structures in response to Ap
might indicate vesicle formation. However, whether they
functionally impact signaling needs to be verified.

Activation of pERK Signaling in the Presence of A
Is Time-Dependent and Relies on the Interaction
Between IGF1R and ARRB1

ARRBI1 binding to IGFIR might disrupt degradation and
facilitate ERK signaling in response to IGF1. To determine
whether this pathway is triggered by A, we analyzed ERK
activity (pERK/ERK) in cells treated with A for 240 min.
A sharp increase in pERK activity was observed at 60 min
in response to AP, after which the signal gradually tapered
(Fig. 5A, D). At 30 min, pERK activity increased 1.29-fold
and peaked at 60 min (13.4-fold). After 120 min, the aver-
age pERK activity decreased 1.17-fold; after 240 min, it
started to increase 1.48-fold. To further validate whether
IGFIR phosphorylation contributed to the increase in ERK
signaling, the PPP (an IGF1R-specific inhibitor) was added
to the cells before stimulation with Ap (Fig. 5B, D). This
led to a 3.25-fold increase at the 60-min time point. Another
important factor in this context was the activity of HybR. To
determine whether the hybrids contributed to this cascade,
the cells were treated with BMS (an inhibitor of both IGF1R
and INSR signaling) prior to stimulation with AP, which
dramatically lowered pERK (Fig. 5C, D). These results
clearly showed that blocking the phosphorylation of IGFIR
and/or that of IGFIR/INSR hindered the downstream phos-
phorylation of ERK, as the PPP selectively blocked IGFIR,
whereas BMS blocked both IGFIR and INSR activities.
However, the hyperactivation of ERK might also be due to
canonical RTK signaling or signaling triggered by ARRBI1
binding. Thus, the pERK status at 60 min was verified in
IGF1R-overexpressing SHSYSY cells in which ARRB1
was knocked down with negative control siRNA (NC Si)

overexpressing IGFIR in the presence of AP (Fig. SE, F).
The pERK level at 60 min, where it usually peaks, remained
at the basal level in the knockdown cells.

Hence, IGFIR acts as a functional GPCR hybrid that
can interact with players in the cascade, such as ARRBI,
in disease scenarios. Thus, the next step was to understand
the status of cyclic AMP, which is the key output of GPCR
pathways.

cAMP Assays Suggest that IGF1R Is at the Crux
of Degenerative AP Signaling

Here, we performed a luminescence-based assay designed
for screening GPCRs in the context of an RTK, with Ap
serving as an induction agent. The cells were serum starved,
after which the individual components were added to the
media. The assay utilized PKA as a reagent, as it uses cCAMP
from lysed cells to phosphorylate its substrate via ATP. The
ATP remaining after the reaction was quantified through a
luciferase assay. The luminescence was inversely propor-
tional to the cyclic AMP concentration. The raw lumines-
cence values were used to calculate the changes in cAMP
(Supplementary material S3, Fig. S4). The concentration of
cAMP is presented here instead of individual fold changes to
allow comparisons among different classes and to emphasize
the multifactorial nature of the ARRB1 and IGFIR/INSR
interaction. In the case of AD, we observed 14 more RLUs
than in the control, which corresponded to a cyclic AMP
accumulation of 12.60 nM over 48 h (Fig. 6A). Compared
with the control, transfection with AICD decreased the RLU
by 0.06-fold, indicating an insignificant change in cAMP. AP
strongly contributed to the increase in RLUs observed in AD
patients, in which the luminescence was altered by 71-fold,
which resulted in a significant decrease in cAMP (0.43 nM).

To better understand the role of INSR and IGF1R, cAMP
levels were measured and compared with those of the nega-
tive control Si (Fig. 6B). Moreover, IGF1R and INSR were
overexpressed and assayed for cyclic AMP dysregulation
(Fig. 6C). All the experiments were conducted in the pres-
ence of AP. Interestingly, INSR and IGFIR had varying
effects on cAMP. Compared with INSR, IGFIR increased
cAMP production by 0.11 nM, indicating that IGF1R posi-
tively influences cAMP accumulation. We also found a
significant difference between IGF1R-overexpressing (OE)
and ARRB 1-knockdown cells, revealing that knocking down
ARRBI led to a decrease in cAMP. The mean cAMP out-
put for the ARRB1-SI-treated cells was 12.06 nM, that for
the IGF1R OE-treated cells was 12.88 nM, and that for the
ARRB1-SI-treated cells with IGF1R OE was 12.45 nM. This
clearly illustrated that the interaction between IGF1R and
ARRBI1 was significantly important for cAMP output.

To determine the potential for crosstalk of IGF1R, which
might lead to cAMP alteration, we introduced ligands and
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inhibitor) BMS on pERK activation in the presence of Af over a 240-
min period. D Relative pERK activity plotted against time, showing
alterations in activity with respect to the treatments. All the experi-

blockers of conventional pathways (Fig. 6D). Individual
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ments were conducted in triplicate. E To evaluate whether this acti-
vation is the result of IGFIR interacting with ARRBI and not just
canonical RTK signaling, IGF1R-overexpressing SHSYSY cells
were treated with ARRBI siRNA or NC siRNA and subjected to
AP treatment. The cells were then harvested and immunoblotted. F
The relative activity of pERK when ARRBI1 was knocked down at
60 min. The experiments were performed in triplicate, error bars indi-
cate+SEM, and the significance between pairs is represented by stars
(***p<0.001)

between the canonical pathways and to understand the dif-
ferences in the abundance of AP, such as in disease sce-
narios. IGF1 and Af had similar effects on cAMP, and the
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Fig.6 A SHSYS5Y cells were transfected with AICD or AP together
as in the case of AD or independently and compared with their
respective controls. B The impact of sequentially and simultaneously
knocking down the receptors and ARRB1 on cAMP in the presence
of AP is shown. C The corresponding cAMP outputs for the over-
expression of the receptors are shown. D The cAMP concentrations
of IGFIR/INSR inhibitors, such as linsitinib (Lns), BMS-754807,
and the IGF1R-specific inhibitor (PPP), along with ligands, Ins, and

difference in yield was thus nonsignificant. However, insulin
and Ap together increased cAMP production further than
insulin alone did. The distinct role of the insulin receptor
family (IGF1R and INSR) in cAMP upregulation is impor-
tant. Inhibition of kinase activity through linsitinib (Lns)
and BMS-754807 (inhibitors of the insulin receptor family
with varied affinities) increased cAMP output. This finding
was counterintuitive; however, the mechanism of inhibition
of IGFIR is better understood than that of picropodophyllin
(PPP), which selectively inhibits IGF1R. Lns and BMS are
ATP competitive inhibitors that block the phosphorylation
of the cytosolic tail. However, the PPP, an ATP-independent
selective inhibitor of IGF1R, inhibits the receptor by inter-
fering with the action of ARRB1. The PPP did not compete
with IGF1R but downregulated and degraded the receptor,
leading to a significant decrease in cAMP output compared
with that in Ap-treated cells.
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IGF1, are shown along with their respective controls. Their signifi-
cance is illustrated and compared with that of AP and/or the control
(error bars indicate + SEM, and significant differences between pairs
are represented by asterisks (¥*p<0.05; **p<0.01, ***p<0.001,
##%%p <0.0001)). The concentration of cAMP has been compared
among different classes, and the findings emphasize the multifactorial
nature of the ARRB1 and IGF1R/INSR interaction

These findings indicated that the cAMP dysregulation
observed in response to A was an outcome of the interac-
tion between IGF1R and ARRB1, which contributed sig-
nificantly to the pool. cAMP outputs constantly increased in
the presence of IGF1R and ARRBI1 and were significantly
reduced in the absence of this interaction, as validated
through siRNA- and inhibitor-based experiments. To under-
stand whether this interaction also involves the Akt pathway,
we validated the activity of Akt in the presence of AP and
the PPP along with A (Fig. S5). We found a positive corre-
lation in terms of the effect of the PPP on Akt phosphoryla-
tion; however, the precise mechanism through which this
occurs is unknown. This is nevertheless a positive indication
[47], as studies have shown that enhancing Akt activity can
enhance cognition in memory-impaired individuals [69, 70].

To understand the impact of the ligands and inhibitors
on the fate of cells, a cell viability assay was conducted in
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the presence of AP. Cell viability improved markedly in the
presence of linsitinib to approximately 12 x 10* from 2 x 10°,
as observed in the presence of only AP (Fig. 7A). However,
the best outcome was observed for the PPP, which selectively
blocks IGFIR activity. The PPP blocks the interaction of
IGF1R with ARRBI; thus, cell viability is improved through
the inhibition of both hybrid signaling and homodimer sign-
aling through IGF1R. Knocking down INSR and IGFIR
individually led to a decrease in cell viability, indicating
that they positively impact cellular health when expressed
in regulated quantities (Fig. 7B). ARRB1, however, does not
directly impact cellular health unless it is associated with
other partners. Individual ligands, such as insulin and IGF1,
did not decrease viability but did increase survival in the
presence of AP (Fig. 7C). Together, the overexpression of
ARRBI1 and IGF1R observed in Alzheimer’s disease has
detrimental effects on cell viability (Fig. 7D). IGFIR overex-
pression alone can significantly improve viability; however,
overexpression of ARRB1 decreases viability, which clearly
shows that biased signaling through IGF1R in the presence
of AP contributes to the decrease in cell viability observed
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Fig.7 A SHSYS5Y cells were transfected with AP alone or in com-
bination with the inhibitors linsitinib (Lns), BMS-754807, and an
IGF1R-specific inhibitor (PPP) to validate the impact of signaling
on cell viability. B Cell viability was altered upon knocking down
IGF1R, INSR, or ARRBI1 in the presence of AP. C Effects of ligands,
including both insulin (Ins) and insulin-like growth factor 1 (IGF1),

in this disease scenario. These results, together with those of
signaling studies, show that biased signaling through IGF1R
via ARRBI1 association contributes to the detrimental effect
of AP on cell viability.

Discussion

This study particularly attempts to determine the less char-
acterized and poorly understood pathways of IGFIR in AD.
Although substantial work has been done on the ligands
involved, the promiscuity of the receptors and the influence
of AP aggregation have convoluted the detailed mechanistic
understanding of these pathways. Owing to their inherent
structural similarities, the two receptors, IGFIR and INSR,
are difficult to study individually in disease scenarios,
increasing complexity further. Here, we attempt to employ
a reductionist approach and pin the key players in signaling.
Metascape analysis revealed that the proteins IGFIR, INSR,
ARRBI1, and ARRB2 could functionally form a PPI, and
all four members were involved in the MAPK pathway, the
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on cell viability in the presence of AP in terms of cell viability. D The
overexpression of receptors, including IGF1R and INSR, significantly
changed cell viability. The overexpression of ARRB1, however, has a
detrimental effect on cell viability in the disease landscape. The error
bars indicate the + SEMs, and the significance between pairs is repre-
sented by asterisks (¥*p <0.05; **p <0.01, ***p <0.001)
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mechanism of which is unexplored from a neurodegenera-
tive perspective.

We observed elevated IGFIR and INSR expression in
our AD-like cell model. The expression of ARRB1 also
increased. The propensity to form functionally active
hybrids was also found to increase in response to Ap, indi-
cating that AP activates the hybrid receptor in AD. These
findings indicate the presence of functional receptor hybrids,
in which INSR binds to Af, and downstream signaling
through ARRB1-mediated ERK and cAMP alterations is
orchestrated by IGF1R. The formation of hybrid receptors
(HybRs) of IGFIR/INSR has been documented and analyzed
previously [19-21] but not in a neurodegenerative context.
Their structures have been characterized recently, and they
are of utmost importance for developing a thorough under-
standing of these receptors.

The recruitment of ARRB1 and ARRB2 to IGFIR has
been previously described [31, 71-73]. The binding of
ARRBI1 and 2 to IGF1R controls ubiquitination and desen-
sitization [74]. In contrast, ARRB2 forms a complex with
Akt, Src, and the insulin receptor (InsR) [74, 75]. Most of
these studies focused on the IGF1R/InsR axis; however,
they were performed in cancer or diabetic models [32].
There is currently a gap in understanding the underlying
mechanism in the case of AD, as there is no fundamental
consensus on p-arrestin expression or mechanism of action
in the few studies that have focused on adaptors [68, 76,
77]. However, p-arrestins bind to activated receptors and
subsequently differentially regulate signaling cascades
[31, 74, 78]. Seminal studies from the Lefkowitz group
revealed that ARRB1 can bind to IGFIR and promote
clathrin-mediated endocytosis, ERK signaling, and DNA
synthesis, as in the case of GPCRs [78-81]. IGFIR is
a critical receptor that participates in several signaling
pathways; thus, it is important to recognize these parallel
processes together to develop a holistic understanding of
this process, especially in multifactorial diseases such as
Alzheimer’s disease.

Since ARRBI, along with IGF1R, is elevated under AD-
like conditions, we performed confocal microscopy on cells
overexpressing IGF1R and ARRBI1, which were fixed at dif-
ferent times after AP treatment for 240 min. Notably, there
was increased colocalization of ARRB1 and IGFIR 60 min
after AP treatment. The receptors line the membrane along
with ARRBI, as represented by the intensity plots, and there
was a significant increase in colocalization (PCC-0.35) com-
pared with that at O min of Af. This finding shows that Af
in real-time triggers the recruitment of ARRB1 at approxi-
mately 60 min. The coefficients also indicate that the asso-
ciation reaches a maximum at 1 h and then tapers down. Pre-
vious work has shown that the recruitment of arrestin [82,
83] allows for ERK signaling, whereas in endosomes, this
response to AP might allow for endosomal ERK signaling.
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However, this study is limited by the transfection efficiency,
which led to a relatively low PCC. The DNA load had to be
stringently controlled, as transfection with higher quanti-
ties of plasmid DNA overexpressing, ARRB1, and IGF1R
proved to be cytotoxic (data not shown).

Since we observed vesicles that appeared as “puncta”
when imaging the association between IGF1R and ARRBI,
we investigated the pERK status in response to Af stimula-
tion. We found that peak signal transduction through the
ERK pathway (MAPK pathway) occurred at 60 min. Imag-
ing studies corroborated well with the Western blot results,
indicating that the association of ARRB1 and IGFIR at
the membrane possibly contributes to ERK. ARRB1 was
knocked down in IGF1R-overexpressing cells, and a two-
fold decrease was detected, confirming that the ARRBI
interaction contributes to the increased pERK activity
induced by AP. We further showed that the PPP, an inhibi-
tor specific for IGF1R, can reduce pERK levels 3.25-fold
compared with 13.44-fold (observed for only A at 1 h).
Inhibition of BMS (a dual inhibitor of IGF1R and INSR)
reduced the pERK signal to a minimum of 0.54, indicat-
ing that the upregulation of the ERK cascade is mainly due
to the upregulation of IGFIR and INSR in the presence of
ApB. In this respect, a few concepts are key to understanding
these cascades.

Importantly, both the PPP and BMS act as inhibitors of
INSR/IGF1R activation. PPP specifically inhibits IGFIR,
and BMS inhibits both. We fundamentally wanted to verify
whether one is more effective than the other in the presence
of AP for the inhibition of the activity of the MAPK path-
way. The assumption was that if the ERK pathway operates
via INSR/IGF1IR, BMS would be more effective in normal-
izing the activity to basal levels, which is what we observed.
The comparisons were made with 0 min of treatment data
for each intervention since the activity was observed to be
time-dependent in the presence of only Ap. The data show-
ing differences in the activity of ERK after 1 h of Ap, PPP,
and BMS treatment are shown in Fig. 5D.

Ligands determine the choice of signaling cascade
through the evolution of biased ligands, and particular
ligands play a deterministic role in a downstream cascade
[84, 85]. Another important concept to understand is the
idea of signaling waves [86]. The current paradigm suggests
a three-wave hypothesis for cAMP signaling by GPCRs,
in which the receptor canonically binds to agonists and a
change in structural conformation leads to the initiation of
signaling, where cAMP is produced via Gas GTP signaling
(first wave). The receptors are subsequently endocytosed,
and endosomal signaling leads to an increase in ERK sign-
aling (second wave). Finally, Ca>* (an effector) enters the
nucleus and activates soluble adenylate cyclase (sAC), which
leads to cyclic AMP generation that upregulates PKA and
transcription factors (third wave) [86, 87]. We thus focused
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on cyclic AMP (cAMP) alterations downstream to track the
extent and nature of the functional relationship in AD to
determine the complex underlying mechanism of pathologi-
cal amyloidogenesis.

To the best of our knowledge, the ability of RTKs to func-
tionally regulate cyclic AMP has only once been shown [88].
Here, we performed a thorough analysis of cAMP accumula-
tion in response to IGFIR and INSR overexpression, ligand
stimulation, knockdown, and inhibitors to determine the
connection between these two factors and Af abundance.
We observed that the PPP, which disrupts the interaction
of ARRB1 with IGFIR through its ATP noncompetitive
mechanism, decreased cAMP accumulation. This finding
further illustrates that the binding of ARRBI1 is crucial for
cAMP control. This binding of ARRB1 to IGFIR decreases
cell viability. The upregulation of individual receptors con-
tributes positively to survival and viability, and ligands
participate in a positive signaling cascade when introduced
along with Ap. However, the biased nature of Ap-mediated
signaling directs the cell toward sustained cascades in the
absence of original ligands (as observed in aging individu-
als [89, 90]), which markedly reduces cell viability in AD.
Furthermore, it is important to mention here that studies
have shown that cAMP increases Af production [91] and
thus might contribute to the cell death observed in this study.
The antagonism between cAMP and ERK has been reported
previously [92]; however, we found that the PPP can suc-
cessfully block both in disease conditions while maintaining
cell viability, which is a major step toward alleviating AD.

Thus, we elucidated a novel pathway through which
Ap can influence cAMP and ERK levels. With respect to
IGFI1R, its abrogation has been previously shown to alleviate
AD [13]; however, since p-arrestin and cAMP are usually
gauged for GPCR-mediated signaling, the connection of this
phenomenon to IGF1R signaling has remained elusive in
AD. However, more studies are needed to explore the rela-
tionships between these proteins in detail, including their
interactions with other complexes, to fully comprehend the
extent of their involvement in the disease.

Conclusion

Insulin signaling defects have long been studied in the con-
text of dementia. However, IGF1R signaling has remained
quite elusive throughout the literature, with contrasting
studies and inconclusive trials [93, 94]. This study focused
on the unique role of ARRB1-mediated signaling through
IGFIR and downstream ERK and cAMP dysregulation in
a neurodegenerative context for the first time. Conventional
RTK pathways have been studied in the past, but the poten-
tial of using IGF1R and INSR as hybrids has recently been
revealed; hence, signaling related to AD is unknown, which

is another novel facet of this study. We discovered that beta-
arrestinl is upregulated in Alzheimer’s disease and binds
to IGF1R in the presence of AP. The hybrid formed by the
conjunction of these two receptors is also altered in the pres-
ence of AP. The colocalization of A was greatest at 60 min,
after which it gradually decreased for 240 min. Interactions
between IGFIR and f-arrestins have been shown several
times but not in neurodegenerative conditions. This interac-
tion has an effect on ERK and cAMP signaling. The pERK
profiles for AP corroborated the imaging data and presented
maximal values at the same time points. This interaction also
leads to alterations in cyclic AMP levels. The alteration in
cAMP is caused mainly by a site specific to IGF1R, which
is blocked by the PPP but not by the other two inhibitors,
or BMS. The greater active population of phosphorylated
IGF1R found in the case of AD is noteworthy, and the down-
stream signaling pathways activated through hybrids in AD
lead to a reduction in cell viability. However, in the cur-
rent context of cCAMP and ERK alterations, these individual
receptors and their heterodimers likely play a determining
role, opening up therapeutic possibilities for PPPs and ana-
logs to target these receptors in the future.

Supplementary Information The online version contains supplemen-
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