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Insulin-like growth factor 1 (IGF-1) is a peptide hormone belonging to the insulin family of proteins. Almost all of the
biological effects of IGF-1 are mediated through binding to its high-affinity tyrosine kinase receptor (IGF1R), a
transmembrane receptor belonging to the insulin receptor family. Factors, receptors and IGF-binding proteins form the
IGF system, which has multiple roles in mammalian development, adult tissue homeostasis, and aging. Consequently,
mutations in genes of the IGF system, including downstream intracellular targets, underlie multiple common pathologies
and are associated with multiple rare human diseases. Here we review the contribution of the IGF system to our
understanding of the molecular and genetic basis of human hearing loss by describing, (i) the expression patterns of the
IGF system in the mammalian inner ear; (ii) downstream signaling of IGF-1 in the hearing organ; (iii) mouse mutations in
the IGF system, including upstream regulators and downstream targets of IGF-1 that inform cochlear pathophysiology;
and (iv) human mutations in these genes causing hearing loss.
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| 1. The Insulin-Like Growth Factor System (IGF System)

Insulin-like growth factors (IGFs) are evolutionarily conserved peptides of the insulin family with key roles in
developmental growth, cellular differentiation and homeostasis [X. The mammalian IGF system is a complex network of
signaling pathways mainly comprising: i) three ligands—insulin, IGF-1 and IGF-2; ii) three transmembrane receptors —
insulin receptor (IR) and IGF receptors type 1 (IGF1R) and type 2 (IGF2R); and iii) six soluble, high-affinity IGF-binding
proteins (IGFBPs 1-6), which bind IGFs but not insulin 28! (Figure 1A).

Insulin is specifically produced by the B-cells of the islets of Langerhans in the pancreas and is secreted into blood
circulation in response to elevated glucose levels Bl By contrast, IGF-1 and IGF-2 are produced by multiple cell types,
where they act in a paracrine/autocrine manner . The biosynthesis of IGF-1 and IGF-2 occurs mainly in the liver, where
hepatic IGF and the acid-labile subunit (ALS) protein are synthesized, and enter circulation as ternary complexes of 140—
150 kDa in association with IGFBP3 or IGFBP5. Circulating IGF-1 and IGF-2 are generally found in these ternary
complexes, which prolong their circulating half-life, although they can exist in binary complexes with all six IGFBPs or as
free forms, which are available to interact with cell surface receptors WI2I[3!,

IGF-1 secretion by the liver is stimulated by growth hormone (GH), also known as somatotropin, which is produced and
secreted in pulsatile bursts by the somatotroph cells of the pituitary gland and has a short circulating half-life. GH gene
expression is controlled, among others, by the pituitary-specific transcription factors POU class 1 homeobox 1 (POU1F1)
and PROP paired-like homeobox 1 (PROP1), which are also implicated in adenohypophysis development and associated
with hypopituitarism Il Two main hypothalamic hormones are known to modulate GH secretion: GH-releasing hormone
(GHRH), which stimulates the production and secretion of GH by binding to the GHRH receptor (GHRHR), and
somatostatin release-inhibiting factor (SRIF or somatostatin), which inhibits the release of GH. Binding of GH to its
cognate receptor (GHR) induces receptor dimerization, triggering the activation of intracellular signal transduction through
receptor-associated Janus kinase 2 (JAK2), which in turn activates (by phosphorylation) Signal transducer and activator of
transcription 5 (STAT5), a mechanism crucial in controlling liver IGF-1 gene expression .

Both Igfl and Igf2 (encoding IGF-1 and IGF-2, respectively) are expressed in the mammalian cochlea during embryonic
development with a specific regional pattern (Figure 1B). Igf1 expression in the developing mouse cochlea (from E13.5 to
PO) is localized mainly in the medial edge of the greater epithelial ridge, which includes the unique row of inner hair cells,
and in the domain corresponding to the future stria vascularis; expression is weaker in the areas that will form Reissner’s
membrane, the spiral limbus and the outer sulcus. Igf2 expression overlaps partially with Igf1 expression, as it is localized



in the medial region of the cochlear duct, and is also found in the mesenchyme that surrounds the cochlear duct, but it is
not expressed in the stria vascularis B, |n the first weeks after birth (from P1 to P20), Igfl expression in the early
postnatal cochlea is mainly restricted to the marginal cells of the stria vascularis, the spiral limbus, the medial greater
epithelial ridge cells, the supporting cells of the organ of Corti (inner sulcus, Claudius’ and Hensen'’s cells), and a
subpopulation of neurons of the spiral ganglion EIRAILUIZ - Similar to Igfl, Igf2 expression remains high during
development and falls dramatically after birth (from P1 to P30), becoming localized in the interdental cells and in the
medial greater epithelial ridge cells [BI2213I14] | the adult cochlea, Igfl expression is reduced relative to embryonic
stages 14! and it is mainly localized in Deiters’ cells, whereas Igf2 expression is predominant in the pillar cells Bl22], The
expression of Igfl and Igf2 can still be detected in 12-month-old mouse cochleae 14l In contrast to the detailed
information reported on IGFs expression in the developing and early postnatal cochlea, the information on the postnatal
expression of the factors is scarce. Similarly, there is no sufficient information available on the cochlear expression of
insulin genes as to define expression patterns.
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Figure 1. IGF system expression patterns in the developing cochlea. (A). Schematic representation of the IGF system and
receptors binding affinity. The IGF system consists of three ligands (insulin, IGF-1 and IGF-2), transmembrane receptors
[insulin receptor (IR), IGF receptors type 1 (IGF1R) and 2 (IGF2R) and hybrid receptor (IGF1R/IR)], and six high affinity
IGF-binding proteins (IGFBPs 1-6). (B-D) Cartoons of the mouse organ of Corti at embryonic day E13.5, E16.5 and
postnatal day PO, showing available cochlear IGF system expression patterns: Igfl (blue), Igf2 (orange), Igfir (pink),
Igfbp2 (red), Igfbp3 (green), Igfbp4 (yellow) and Igfbp5 (purple). In D, the expression of Igfbp3 in supporting cells overlaps
with the expression of Igfbp5 at PO (green cells with purple lines). GER, greater epithelial ridge; LER, lesser epithelial
ridge; IHC, inner hair cells; OHC, outer hair cells; BC, border cells; IPC, inner phalangeal cells; PC, pillar cells; DC,
Deiters’ cells; HC, Hensen's cells; CC, Claudius” cells; OS, outer sulcus cells; AG, auditory ganglion; TM, tectorial

membrane; MC, marginal cells; IC, intermediate cells; BSC, basal cells. Data have been compiled from: (A) 228l and (B-
D) [BI9IL011][12][13]{16]

IGF1R and IR are receptor tyrosine kinases. IR has two alternatively spliced isoforms in mammals (IR-A and IR-B). While
the physiological roles are not fully clarified, their different binding affinities for IGFs appear to be determinant 4. IGF1R
and IR monomers can form homo- or heterodimers at the cell membrane. Each monomer is formed by two disulfide-linked
polypeptide chains: the extracellular a-chain containing the ligand-binding domain, and the [(-chain containing
extracellular, transmembrane and intracellular domains, with the latter harboring the intrinsic tyrosine kinase activity.
IGF1R and IR (both A and B isoforms) share 70% homology in their amino acid sequences and over 80% homology in the
intracellular kinase domain 2718l byt they mediate distinct physiological functions. IGF1R and hybrid IGF1R/IR can bind
with high affinity to IGF-1 and IGF-2, and with lower affinity to insulin. As expected, IR-A and IR-B have greater affinity for
insulin than for IGF-1, although IGF-2 binds to IR-A with an affinity similar to that of insulinfJL4L9 |n contrast to IGFR1,
IGF2R (also known as the mannose-6-phosphate receptor) lacks the tyrosine kinase activity of IGF1R and IR. IGF2R
mainly binds IGF-2 at the cell surface where it is cleared by receptor-mediated endocytosis and lysosomal degradation,
thus controlling IGF-2 extracellular availability 2%, IGF2R has been reported to have a role in signal transduction through
its interaction with G-proteins (29211,



Igfir is also highly abundant in the developing and postnatal mammalian cochlea (Figure 1C). It is expressed ubiquitously
within the cochlear duct along embryonic development, but its expression is stronger in the pro-sensory domain, the
greater epithelial ridge, the presumptive Reissner’'s membrane and the spiral ganglion. Following birth, Igfir expression is
restricted to the inner and outer spiral sulcus, the medial greater epithelial ridge cells, the supporting cells, the outer and
inner hair cells and the basal cells of the stria vascularis, showing a complementary pattern to that of /gf1 [EISIILLI2 jof7y
gene expression diminishes significantly from embryonic day E15.5 to postnatal day P5, but then increases slightly from
P15 onwards [BI13I14] and is mainly localized in the outer hair cells 12, [gfir has been detected in the mouse cochlea at
12 months of age, with levels similar to those found at 1 month of age (141,

IGFBPs are essential for the transport and action of IGFs. IGFBPs control IGF-1 and IGF-2 bioavailability in the blood
circulation and at the cell surface by prolonging their half-life, regulating their clearance, and providing a tissue-specific
localization W2IE], |GFBPs form ternary complexes with ALS and IGF-1 that extend the half-life of the circulating factor &,
IGFBPs most studied are the high affinity 1-6, although there are up to 11 structurally-related proteins with low affinity for
IGF-1, whose role is under study [2122],

IGFBPs also inhibit IGF actions by preventing its binding to IGF1R. IGFBPs activity is controlled by tissue-specific
proteases that indirectly increase the bioavailability of IGFs and potentiate their actions, as proteolyzed IGFBPs bind with
low or no affinity to IGFs. IGFBPs also have IGF-independent roles in cell proliferation, differentiation, survival and
migration, which involves binding to cell surface receptors, activation of intracellular signaling pathways, and nuclear
translocation to control gene expression 23],

The expression of Igfbp2—5 has been principally studied during the embryonic development of the cochlea (Figure 1D)
and scarcely in adult mice [BI28], During mouse cochlear development, Igfbp2 is expressed in an area that will form
Reissner's membrane, and in the periotic mesenchymal cells surrounding the cochlear duct. Igfbp2 is also localized in the
pillar cells at PO 18], and its expression is mainly observed in the inner phalangeal, interdental, inner and outer pillar and
in Deiters’ cells at P1 12 jgfbp3 and Igfbp5 have a corresponding expression pattern in the pro-sensory domain in the
developing cochlea. At PO, both Igfbp3 and Igfbp5 are expressed in supporting cells, and Igfbp5 is also found in Kélliker’s
organ and in Claudius’ cells X8, At P1, Igfbp3 and Igfbp5 are broadly expressed in the supporting cells (Deiters’, inner and
outer pillar and inner phalangeal cells), and in the lateral greater epithelial ridge cells 2. The expression pattern of Igfbp4
during cochlear development is similar to that of Igfbp2, although it is also expressed in the presumptive Claudius’ cells.
The expression of Igfbp4 is maintained in Claudius’ cells at perinatal ages, and it is also found in the cochlear modiolus,
the spiral limbus and the lateral cochlear wall 2218 |n the adult mouse cochlea, the expression of Igfbp2—4 is mainly
restricted to the pillar cells, whereas Igfbp5 is found in hair cells, Deiters’ cells and pillar cells. The study of genes for
IGFBP expression along aging has shown that it is dramatically reduced in comparison with embryonic stages [EI14115]
although it is maintained in 12-month-old mice 4. The cochlear expression of genes for other high- or low- affinity
IGFBPs has not been reported, although single-cell RNAseq is providing new data that remain are still to be fully
understood (QEAR website; https://lumgear.org/, accessed on 14 May 2021).

| 2. IGF-1 Signaling Network

The biological actions of IGF-1 are primarily mediated by binding to its high-affinity receptor, IGF1R (Figure 2). Binding of
IGF-1 to the a-subunits of IGF1R triggers receptor activation through trans-autophosphorylation of tyrosine residues in the
B-subunits 19, Activated IGF1R then recruits and activates (by phosphorylation) several docking proteins, including the
insulin receptor substrates (IRS 1-4) and the SRC homology collagen (SHC) protein, which possesses a
phosphotyrosine-binding domain that recognizes the —NPXY—- motif of IGF1R. The phosphorylated tyrosine residues of
these docking proteins are recognized by signaling molecules such as GRB2 and PI3K, which contain a SRC homology 2
(SH2) domain, leading to the activation of a network of signaling pathways 8129l Pprotein tyrosine phosphatase 1B
(PTP1B) is a negative modulator of IGF1R activation that directly interacts with IGF1R and dephosphorylates the tyrosine
residues within its catalytic domain, leading to receptor inactivation 23, Analysis of IGF1R docking proteins and their
regulation in the mouse cochlea has revealed that Irs1 and Irs2 activation is essential for cochlear development and
hearing function (241231, ppn1, which encodes for PTP1B, is also expressed in the mouse cochlea, where it acts as a key
modulator of IGF1R-mediated signaling 24,

One of the key pathways activated downstream of IGF1R is the extracellular signal-regulated kinase (ERK) mitogen-
activated protein kinase (MAPK) cascade, whose activation is regulated by growth factor receptor-bound protein 2 (GRB2)
(26 Among other processes, this pathway modulates early gene expression to control cell growth and differentiation 2.
Other well-defined MAPK pathways controlled by IGF-1 include the p38 stress kinases and the c-JUN N-terminal kinases
(INK) 28 which are activated in response to environmental stress (e.g., UV irradiation, oxidative stress, hypoxia,
inflammatory cytokines or nutrient deprivation) to coordinately regulate proliferation, differentiation, migration and survival



(29 Finally, the third main pathway activated downstream of IGF1R is controlled by the 85-kDa regulatory subunit of
phosphatidylinositol 3-kinase (PI3K), which promotes the activation of PI3SK-AKT (thymoma viral proto-oncogene)
signaling to modulate cell survival, autophagy, protein synthesis and glucose metabolism £9,

As an alternative form of signaling, activated IGF1R can also translocate to the nucleus after SUMOylation of the lysine
residues of its B-subunits 1, likely occurring by clathrin-mediated endocytosis 2. IGF1R nuclear translocation has been
primarily described in cancer cells B2 put has also been detected in cell lines and primary human fibroblast cultures
B3l Once in the nucleus, IGF1R binds to putative enhancer regions to modulate the transcription of specific genes,
leading to elevated levels of cyclin D1, cyclin A and CDK2, as well as to downregulation of p27Kir1 [34]
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Figure 2. IGF-1 signaling. Activation of IGF1R can result in signaling via three main pathways: PI3SK/AKT, ERK/MAPK and
stress kinases (p38 and JNK). The PI3K/AKT pathway modulates cell survival, autophagy, protein synthesis and glucose
metabolism; the ERK/MAPK pathway regulates cell growth and differentiation, among other processes; and the stress
kinase (p38 and JNK) cascades regulate stress response, proliferation, differentiation, migration and survival. Kinase
actions are strictly regulated by phosphatases. PTP1B, protein tyrosine phosphatase 1B; IRS, insulin receptor substrate;
GRB2, growth factor receptor-bound protein 2; SOS, son of sevenless; RAS, rat sarcoma; RAF, rapidly accelerated
fibrosarcoma; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; JNK, c-JUN N-terminal
kinases; PDK1, phosphoinositide-dependent protein kinase 1; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3,
phosphatidylinositol (3,4,5)-trisphosphate; PI3K, phosphatidylinositol 3-kinase; AKT, thymoma viral proto-oncogene;
mTORC1, mammalian target of rapamycin complex 1; mTORC2, mammalian target of rapamycin complex 2; GSK3p,
glycogen synthase kinase-3@; TSC1, tuberous sclerosis complex-1; TSC2, tuberous sclerosis complex-2; RHEB, RAS
homolog enriched in brain; ULK1, unc-51-like kinase 1; ATG13, mammalian autophagy-related gene 13; FIP200, focal
adhesion kinase family-interacting protein of 200 kDa; ATG101, mammalian autophagy-related gene 101; S6K1, p70S6

Kinase 1; 4EBP, eukaryotic translation initiation factor 4E-binding protein; FOXO, forkhead box O; FOXM1, forkhead box
protein M1. Data have been compiled from L8IILl123][271[29)[S0][S5][36](S7](38]

2.1. RAFIMEK/ERK Cascade

By engaging IGF1R, IGF-1 modulates the activity of the RAF/MEK/ERK MAPK cascade through the interaction between
the phosphotyrosine residues of the docking proteins (IRS1, IRS2 or SHC) and the SH2 domain of GRB2 . The latter
interaction mediates the membrane translocation of Son of sevenless (SOS), a guanine nucleotide-exchange factor for
the small GTPase RAS (Rat sarcoma). This interaction triggers RAS activation, which in turn activates the rapidly
accelerated fibrosarcoma (RAF) proteins (A-RAF, B-RAF and C-RAF). RAFs are serine kinases that form homo- and
heterodimers in their kinase domain, and activate (by phosphorylation) the dual-specificity kinases MEK1 (MAPK ERK
kinase 1) and MEK2. These proteins, in turn, activate ERK1 and ERK2 through phosphorylation on threonine and tyrosine
residues. ERK1/2 are the main effectors of the cellular processes controlled by the RAF/MEK/ERK pathway, such as cell



proliferation. In this context, ERK1/2 promote the G1/S-phase transition of the cell cycle. ERK1/2 also have a role in cell
survival by inhibiting the intrinsic apoptosis pathway and stimulating the expression of antiapoptotic proteins. Beyond
these functions, ERK1/2 are also involved in the regulation of growth, differentiation, metabolism and migration (27[39],

All three RAF kinases are expressed and active in the developing and postnatal mouse cochlea and show similar gene
expression levels at both developmental stages, although their protein levels drop dramatically after birth “9. Single-cell
expression analysis in the mouse cochlea revealed that all three Raf genes are broadly distributed within the organ of
Corti, with CRaf being the most abundant. The expression of Mapkl (ERK2) and Mapk3 (ERK1) follows a similar pattern
to that of the Raf genes in the postnatal mouse cochlea 12,

During mouse cochlear development, ERK is preferentially activated in the lateral-roof side of the cochlear duct, including
the regions of the outer sulcus and stria vascularis. At E12.5, ERK activation is higher in the apex tip of the roof side and
propagates from the apex to the base of the floor side Y, suggesting that ERK activation is necessary to drive the spiral
morphogenesis of the cochlear duct.

ERK activation is observed in the mouse cochlea in response to acoustic trauma 243144 and to aminoglycoside
treatment 45, Acutely after noise exposure, activated ERK is found in the spiral ligament, in the neurosensory epithelium
of the organ of Corti (inner and outer hair cells, inner pillar cells and Deiters’ cells), in the lateral wall, in the spiral ganglion
neurons and in the modiolus, independently of de novo synthesis 2243144 As ERK upregulation occurs immediately after
noise trauma, it is likely to be a protective mechanism rather than a harmful response. However, neomycin-induced hair
cell loss in a mouse ototoxicity model was associated with ERK phosphorylation 2, suggesting that neomycin promotes
hair cell death through ERK pathway activation in this model. Accordingly, further work is needed to elucidate whether
phosphorylated ERK contributes to or protects against hair cell death.

2.2. Stress Kinase (p38 and JNK) Cascades

Both p38 and JNK MAPKs are activated in response to cellular stress through dual phosphorylation on threonine and
tyrosine residues in their activation loops (Figure 2). Among the MAPK kinases (MKKSs) that catalyze this phosphorylation
reaction, MKK3/6 are thought to be the main activators of p38 28l and MKK4/7 are specific for INK B4, P38 is critical in
immune and inflammatory responses by stimulating proinflammatory cytokine production, and it is also involved in cell
proliferation by favoring cell cycle arrest at G1/S and G2/M phases through downregulating cyclins and upregulating CDK
inhibitor expression. JNK also has a role in cell proliferation but, unlike p38, it typically promotes the transcription of genes
that stimulate the cell cycle, such as cyclin D1. Both stress kinases are involved in the induction of apoptosis through p53
activation 29,

The study of the gene expression of p38 (Mapk11-14) and JNK (Mapk8-9) kinases in the mouse cochlea has revealed
that both are expressed during embryonic development &, postnatally 22 and along aging “8. Analysis of single-cell
expression of the postnatal organ of Corti revealed that Mapk14 (p38a) and Mapk12 (p38y) are broadly expressed within
the cochlear epithelium, Mapk13 (p389d) is the more abundant p38 isoform, and Mapk11 (p38B) is barely expressed.
Regarding JNK, Mapk9 (JNK2) is the predominant isoform, and is expressed in supporting cells of the organ of Corti (2],

Both stress kinases have been shown to be involved in noise 4244 and aging 44 responses in the adult cochlea. Levels
of activated p38 and JNK were found to increase acutely after noise exposure, mainly in the spiral ligament, the sensory
and supporting cells of the organ of Corti, the stria vascularis and the spiral neurons, and this was still evident in the spiral
neurons 48 h post-exposure #2441 Activation of both stress kinases has also been observed in outer hair cells and spiral
ganglion cells in a mouse model of aging 44,

As MAPKs are activated by phosphorylation, their actions are inhibited by the dual-specificity MAPK phosphatases
(MKPs), which specifically dephosphorylate threonine and tyrosine residues of the phosphorylated MAPKSs to control their
actions. MKPs can be divided into three groups based on their gene structure, sequence homology, subcellular
localization and substrate specificity: i) inducible nuclear MPKs (MKP1 [DUSP1], PAC1 [DUSPZ2], MKP2 [DUSP4] and
HVH3 [DUSP5]), which target all MAPKs with different substrate affinities based on the cell type and context; ii)
cytoplasmic, ERK-specific MKPs (MKP3 [DUSP6], MKPX [DUSP7] and MKP4 [DUSP9]); and iii) nuclear and cytoplasmic
MKPs (DUSP8, MKP5 [DUSP10] and MKP7 [DUSP16]), which specifically dephosphorylate the stress-activated p38 and
JNK MAPKs [23],

Analysis of the gene expression of MKPs in the mouse cochlea has revealed that Dusp6, Dusp7 and Dusp9 are
expressed during mouse inner ear development X8l demonstrating that ERK is crucial in embryonic stages. A
comprehensive analysis of Dusp expression by Celaya and colleagues 48 demonstrated that Duspl, Dusp2, Dusp4,
Dusp5, Dusp6-8, Dusp10 and Duspl6 are expressed in the postnatal mouse cochlea. Moreover, the authors found that



Duspl expression was age-regulated, and increased with aging, and that DUSP1 levels increased acutely after noise
exposure 48149 |t has also been reported that Duspl, Dusp5 and Dusp6 expression is upregulated in the mouse cochlea
after noise trauma 29,

2.3. PIBK-AKT Pathway

The interaction between the SH2 domain of the 85-kDa regulatory subunit of PI3K and the phosphorylated tyrosine
residues of IRS1 and IRS2 triggers PI3K recruitment to the cell membrane and activation of its 110-kDa catalytic subunit.
Activated PI3K, in turn, phosphorylates PI4,5P, to generate P13,4,5P3, which is required to transfer inactive AKT and one
of its activators, PDK1 (phosphoinositide-dependent protein kinase 1), to locations in the membrane where PI3,4,5P;
accumulates. AKT is a serine/threonine kinase that is fully activated by dual phosphorylation on threonine 308 residue by
PDK1 and serine 473 by the mammalian target of rapamycin complex 2 (mTORC2) 239 Activated AKT is a signaling
node that regulates multiple downstream signaling pathways involved in cell survival and cellular homeostasis by
regulating anabolism and autophagy B9

Akt1-3 are expressed in the mouse cochlea during embryonic development 8 and after birth 2254 and all three Akt
isoforms are broadly distributed within the cell types that comprise the organ of Corti 2. Among them, Akt2 is the
predominant isoform, and is expressed primarily in the organ of Corti and the stria vascularis B4,

The PI3K-AKT pathway is known to be involved in the onset of age-related hearing loss (ARHL). The levels of PI3,4,5P 3
in the inner and outer hair cells, Deiters’ cells and pillar cells in the mouse cochlea, have been reported to decrease with
aging concomitant with a reduction of activated AKT in outer hair cells 52, Similar results were reported in a model of
kanamycin- 28] and gentamicin-induced damage 34!,

Glycogen synthase kinase-3p3 (GSK3p), which inhibits glycogen synthase, is one of the physiological targets of AKT,
which phosphorylates GSK3B on serine 9 to increase glycogen synthesis and storage B9, In addition to regulating
glycogen storage, GSK3p also targets cyclin D1 for proteasome-mediated degradation. Accordingly, GSK3[ inhibition by
AKT leads to an increase in cyclin D1 levels, favoring G1/S cell cycle transition 291,

GSK3p is expressed in the supporting cells of the organ of Corti in the developing mouse cochlea, and its expression
declines after birth, although it is still detected in inner pillar, Hensen’s and Claudius’ cells 25, Expression of the gene for
GSK3B during cochlear development is determinant for cell fate determination and patterning of the cochlear duct 52!,

The PI3K-AKT pathway also modulates the activity of mTORC1. MTOR is a serine/threonine kinase that regulates cell
growth and metabolism in response to environmental signals, and promotes protein, lipid and nucleotide synthesis but
inhibits autophagy. mTOR is also a signaling node and interacts with multiple proteins to form two complexes: mTORC1
and mTORC?2 B8], AKT phosphorylates and inhibits the heterodimer formed by tuberous sclerosis complex-1 (TSC1; also
known as hamartin) and TSC2 (also known as tuberin). This complex is an upstream negative regulator of mMTORC1 and
maintains the binding of RAS homolog enriched in brain (RHEB), which is necessary for mTOR activation, to GDP and,
hence, is inactivated. Inactivation of this complex by AKT abrogates its GTPase-activating protein activity, thus preserving
RHEB bound to GTP and favoring mTORC1 activation B, Once activated, mTORC1 promotes protein synthesis mainly
by phosphorylating the p70S6 kinase 1 (S6K1) and the eukaryotic translation initiation factor 4E (elF4E)-binding protein
(4EBP). Phosphorylation of S6K1 leads to an increase in mRNA biogenesis and stimulates protein translation.
Phosphorylation of 4EBP prevents its binding to elF4E, enabling the initiation of protein translation B&l. Beyond its role in
promoting anabolism, mTORCL1 inhibits catabolism by phosphorylating ULK1 (unc-51-like kinase 1), a kinase which forms
the autophagy initiation complex along with ATG13 (mammalian autophagy-related gene 13), FIP200 (focal adhesion
kinase family-interacting protein of 200 kDa) and ATG101 28, Phosphorylation of ULK1 by mTORC1 58l destabilizes the
ULK1/ATG13/FIP200/ATG101 complex and reduces ULK1 kinase activity, leading to the inhibition of the kinase complex
required for autophagy initiation 381,

Leitmeyer and colleagues 24 demonstrated that both mTORC1 and mTORC?2 are present in the postnatal rat cochlea.
Moreover, they found that inhibition of mMTOR by rapamycin promoted hair cell loss and reduced the number and length of
the spiral ganglion neurites. These findings strongly suggest that mTOR plays a key role in the survival of hair cells and
modulates neuritogenesis of spiral ganglion neurons and dendrite formation in the mammalian cochlea. Several
autophagy-related genes are expressed during cochlear development and throughout life in mice, and their expression
increases with age. Moreover, autophagic flux is upregulated from perinatal ages to adulthood, concomitant with the
functional maturation of the organ of Corti. Hence, autophagy plays a key role in the development and maturation of the

mouse cochlea, and regulation of this process by IGF-1 appears to be an essential mechanism for correct hearing
function (L318],



Activation of the aforementioned three main signaling pathways by IGF-1 controls the expression of specific genes
through the regulation of transcription factors, such as the forkhead box O (FOXO) family, which includes FOXO1, 3, 4
and 6. Activated ERK1/2 and AKT promote the translocation of FOXO factors from the nucleus to the cytoplasm, where
they are degraded, leading to the inhibition of the expression of pro-apoptotic genes and genes involved in cell cycle
arrest. By contrast, p38 and JNK stress kinases induce FOXO nuclear localization and the expression of their target
genes. One of the key downstream targets of FOXO3 is FOXM1 (forkhead box protein M1), a transcription factor
ubiquitously expressed in proliferating cells whose activity and expression is suppressed by FOX03. FOXM1 promotes
cell proliferation by modulating the transcription of genes involved in G1/S and G2/M progression. Both FOXO3 and
FOXM1 modulate the activity of the cyclin-dependent kinase inhibitor p27XiP1, but with opposing effects: while FOXO3
promotes p27XiP transcription, leading to cell cycle arrest, FOXM1 blocks nuclear localization of p27XiP1 and enhances its
degradation, promoting cell proliferation E52,

FOXO3 has been shown to be involved in the ototoxic side-effects of amikacin, an aminoglycoside antibiotic used for
severe bacterial infections. Amikacin treatment promotes phosphorylation of FOXO3 in the organ of Corti, spiral ganglion
and stria vascularis, leading to an increase in the expression of pro-apoptotic proteins and a reduction in the levels of anti-
apoptotic mediators [89. It has been reported that both transcripts and proteins FOXM1 and p27XiP! are expressed during
embryonic and postnatal stages in the mouse cochlea 8. Moreover, neurosensory cells of the organ of Corti are highly
dependent on p27XiP! expression to maintain their proliferative quiescence, even after their developmental exit from the
cell cycle B4,

3. Animal Models of Hearing Loss Associated with Human Mutations in
the IGF1 System

Pre-clinical models, in particular genetically-modified mice, have been instrumental in revealing the role of the IGF system
in hearing and hearing loss. Gold-standard in vivo noninvasive methods for assessing the mouse auditory phenotype
include the recording of the auditory brainstem response (ABR) to sound and the detection of the distortion product
otoacoustic emissions (DPOAESs). ABR provides a reliable representation of hearing sensitivity (hearing thresholds),
whereas DPOAESs inform about robustness of outer hair cells function €2, In addition to this screening, susceptibility to
auditory damage can be evaluated exposing mice to noxious agents like noise, ototoxic drugs or aging. In the following
sections, we document findings from the most relevant mouse models with mutations in genes encoding for elements of
the GH axis, the IGF system and downstream signaling pathways.

3.1. GH System

POU1F1 and PROP1 are transcription factors required for pituitary gland development. Spontaneous knockout mice for
Poulfl and Propl (Snell and Ames dwarfs, respectively) present with a similar phenotype of pituitary hypoplasia and
deficiency in the production of GH, prolactin and thyroid-stimulating hormone, but the impact on auditory function is quite
different. Pou1f19% mice show profound congenital deafness with significant outer hair cell loss and reduced endocochlear
potential (the voltage in the endolymphatic spaces) [63l. Hearing deficits can be partially rescued by dietary thyroid
hormone enrichment [©4; by contrast, Prop1% mice show delayed maturation of synaptic function and mildly reversible
hearing loss 5. GHRH binds to its specific receptor GHRHR to control GH synthesis and secretion in the pituitary gland.
Patients with mutations in GHRHR [E8llE7] present with severe GH deficiency, mild high-tone sensorineural hearing loss
(SNHL) and dizziness. Similar to the phenotype of Poulfl and Propl mutant mice, Ghrh and Ghrhr (Little) knockout mice
show postnatal growth retardation, pituitary hypoplasia and decreased GH and IGF-1 levels, but curiously, they do not
have an abnormal hearing phenotype 3 (IMPC database MGI:95709 and 95710, respectively). GH can be a potent
neurotrophic factor for inner ear neurons €8, and addition of exogenous GH promotes hair cell regeneration in zebrafish
[68] Mice with targeted homozygous Gh mutations (e.g., Gh!™ML-L(KOMP)Vicg) exhipit dwarfism and pituitary hypoplasia, but
no hearing deficit (IPMC database, MGI:95707), suggesting that GH is not essential for auditory function. Binding of GH to
its receptor (GHR) initiates the JAK2 signaling cascade. Mutations in GHR cause Laron syndrome, a rare disease
(ORPHA:633) characterized by marked short stature, low serum IGF-1 levels and auditory defects like late onset SNHL,
auditory hypersensitivity and lack of acoustic stapedial reflexes, which may be prevented by IGF-1 treatment [,
Knockout mice for Ghr are Laron syndrome models and exhibit retarded postnatal growth, dwarfism, decreased plasma
IGF-1 levels and small pituitary glands, the auditory phenotype of these animals has not been studied despite the fact that
studies with patients show predisposition to suffer SNHL [Z9,

Inhibition of JAK2/STAT3 signaling has been reported to exert a protective effect against noise-induced hearing loss
(NIHL) and cochlear damage 1. However, the cochlear phenotype has not been evaluated in mice homozygous for a null
mutation in Jak2 as they display an embryonic lethal phenotype at mid-gestation. Similarly, mutations in STAT5B cause a



Laron syndrome-like phenotype (OMIM 245590), but no hearing loss phenotype has been reported in Stat5b and Stat5a
null mice (MGI:103035 and 103036).

3.2. IGF System

Mutations in the insulin gene (INS) are associated with permanent neonatal diabetes mellitus, a rare disease
(ORPHA99885) characterized by chronic hyperglycemia due to severe non-autoimmune insulin deficiency. Also, patients
with diabetes typically present a slow progressive, bilateral, high-frequency SNHL 4. Unlike humans, mice and rats have
two functional insulin genes: Ins1 and Ins2 [Z8]. The organ of Corti is a target tissue for insulin in the mouse, which shows
expression of the high-affinity insulin receptor (IR) 4. Insulin was shown to influence both protein and lipid metabolism in
the inner ear (23, although the mechanisms underlying the association between diabetes and inner ear dysfunction are not
yet known. A number of targeted knockout mice of Ins1 and Ins2 have been developed as models of diabetes type 1 and
2, or neonatal diabetes, and the majority present decreased insulin secretion and hyperglycemia. However, no auditory
phenotype has been reported (MGI database, MGI:384434 and 3116137). Null mutants for Insr grow slowly and die by 7
days of age, and in consequence, auditory tests cannot be performed.

IGF-1 is essential for normal embryonic and postnatal inner ear development in mice. Accordingly, the total absence of
IGF-1 observed in Igf1™479¢ knockout mice impairs survival, differentiation and maturation of the cochlear ganglion cells
and causes abnormal innervation of the sensory cells in the organ of Corti, which leads to congenital severe SNHL 191Z6]
7. These phenotypes are similar to those observed in patients with homozygous IGF1 gene deletion 8. Heterozygous
Igf1im1Arge/* mice show a moderate reduction in cochlear ganglion volume and neuronal size 29, although no significant
differences in click-ABR thresholds were observed [Z2. Moreover, Igfl haploinsufficiency in Igf1™A9e* mice accelerates
ARHL and increases NIHL 14179,

1g9f2 null mice present intrauterine growth retardation, although the postnatal growth is normal. No hearing phenotype has
been described for Igf2 knockout mice (MGI database, MGI:96434), though it could be expected from the cochlear
expression pattern (Figure 1). Lack of phenotype could be possibly due to compensation by IGF-1 or other family
members.

Relevant perinatal alterations in the inner ear have been found in Igf1r™21479¢ null mutant mice, including reduced
proliferation of pro-sensory cells, delayed development of hair cells and support cells, and misorientation of hair cell
stereociliary bundles . However, these mice usually die at birth due to respiratory failure B9, and conditional mutants or
heterozygous mice are needed to better explore the adult phenotype. For example, UBC-CreERT2; Igf1(flox/fiox)
transgenic mice show alterations in mitochondria and redox homeostasis [l and impaired neuron survival, although no
hearing deficits have been described. Igf1r”- mice present with a smaller size relative to wild-type mice, very low serum
IGF-1 levels 82 and extended lifespan, although no hearing phenotype has been reported. In sharp contrast, Igf2r -null
mice exhibit a fetal lethal overgrowth syndrome that could be partially rescued by crossing onto Igf27- background B3], No
hearing or vestibular phenotype has been so far reported to this mutation (MGI database, MGI:96435).

Phenotyping of double knockouts of Igfl/igf2, Igfl/igfir and Igf2/Igfir suggested that IGF-2 acts through a receptor
independent of IGF1R 841, This unknown receptor was identified as the IR (reviewed in PMID: 11316729).

Regarding IGFBPs genes knockout mice, only Igfbp3 mutants have been characterized for auditory function, although no
differences were found compared with wild-type controls (IMPC database, MGI:96438).

3.3. IGF-1 Signaling

IRS1 and IRS2 integrate insulin and IGF-1 signaling. Irs1”7- mice are smaller than wild-type mice, show insulin resistance
and have an extended lifespan. Spontaneous Irs15™ mutant mice do not present with evident inner ear defects, but ABR
thresholds are significantly elevated 23, rs27~ mice are also insulin-resistant, but unlike /rs17~ counterparts, the mice
develop diabetes and have a much shorter lifespan. Additionally, Irs2!™MW null mice show hypoinnervation of the
cochlear ganglion and aberrant stria vascularis, which leads to profound congenital hearing loss, a phenotype that is
-

delayed in Irs27~Ptpn1~~ double knockout mice 241,

No hearing phenotype has yet been described for mice with knockout of genes encoding the numerous catalytic and
regulatory subunits of PI3K (Pik3ca, Pik3cb, Pik3cd, Pik3cg, Pik3c2b, Pik3c2g, Pik3r5, Pik3c2a, Pik3rl). However,
homozygous null mutants for Aktl have increased ABR thresholds and a higher sensitivity to noise cochlear damage
compared with wild-type mice 3. PTEN catalyzes the dephosphorylation of PIP; to PIP,, blocking the AKT signaling



pathway. PTEN has been demonstrated to regulate the proliferation of auditory progenitors, and conditional homozygous
knockout mice display a delayed withdrawal of auditory progenitors from the cell cycle and consequently, supernumerary
hair cells 8],

Mice homozygous for targeted, gene trap and N-ethyl-N-nitrosourea-induced Mtor mutations exhibit embryonic lethality
and abnormal embryogenesis (MGI database, MGI:1928394), precluding the analysis of hearing. However, heterozygous
Mtorm1a(EUCOMM)Wisir+ Knockout mice show a normal startle response and do not have a clear auditory phenotype (IMPC
database, MGI:1928394). mTORC1 is notably activated in the cochlear neurosensory epithelium during aging, and
inhibition with rapamycin prevents ARHL 7. Conditional knockout of regulatory-associated protein of mTOR (Raptor) and
Tsc1, which are regulators of mMTORCL1 signaling, result in contrasting phenotypes. Raptorc knockout mice show delayed
ARHL 7 whereas Tsc1-cKO cochleae show oxidative stress and impaired antioxidant defenses, leading to the early
death of cochlear hair cells and accelerated hearing loss 4. Thus, activated mTORC1 signaling is a critical cause of
ARHL, suggesting that reduction of mMTORCL1 activity in cochlear hair cells may be a potential strategy to prevent ARHL
(7], Similarly, mTORC1 was shown to be hyperactivated in the cochlea in a rat model of gentamicin-induced ototoxicity,
and induced the degeneration of spiral ganglion neurons, which could be reversed by co-treatment with rapamycin 2788l

Blocking GSK3[ with selective inhibitors attenuates the cisplatin-induced cytotoxicity of auditory cells both in vivo and in
vitro, likely by enhancing autophagy B9 However, no hearing or vestibular phenotype has been reported for Gsk3b
knockout mice (MGI database, MGI:1861437). Cyclin D1 is involved in the cell cycle exit of sensory and supporting cells
of the mammalian inner ear during embryogenesis 24, but hearing phenotype has not been evaluated in knockout mice.

SHC and GRB2 mediate IGF-1 post-receptor signaling by activating the ERK MAPK pathway. Mice homozygous for all
three SHC isoforms die around E11.5 with cardiovascular defects, but mice homozygous for a targeted mutation in single
isoforms show an extended life span and a reduced cellular sensitivity to oxidative stress, although no hearing loss
phenotype has been reported (MGl database, MGI:98296, 106180 and 106179). Grb2!™Paw knockout mice show
abnormal otic vesicle development 22, with increased apoptosis, and die by E7.5.

Impeding RAS signaling with the farnesyltransferase inhibitors B581 and FTI-277 reduces c-JUN activation in neonatal rat
hair cells and protects against gentamycin-induced ototoxicity in vitro 23], By contrast, mice homozygous for targeted null
mutations in Hras are viable and fertile with no gross defects in neuronal development and no hearing deficits, although
transgenic Hras mice show cochlear developmental abnormalities with indirect evidence of hearing loss 241,

Knockout mice for Rafl show embryonic growth retardation, placental anomalies and lung defects, resulting in mid-
gestation or neonatal lethality depending on the genetic background (more severe in B6 than in 129/Sv * CD-1) [ and,
therefore, auditory phenotypes cannot be tested. On the Ola:MF1 background, however, mice survive and exhibit
profound deafness with a strong decrease in the expression of the K* channel Kir4.1. Moreover, heterozygous mice have
an increased susceptibility to NIHL 29,

Homozygous inactivation of Map2kl (MEK1) leads to reduced embryo size and mid-gestational lethality (MGI database,
MGI:1346866), whereas Map2k2 (MEK2) knockout mice are viable, fertile, and apparently normal, with no significant
hearing phenotype (IMPC database, MGI:1346867). Similarly, null mutants for Mapk3 (ERK1) on a CD-1 background
exhibit normal Mendelian ratios, growth, and show no obvious abnormalities (MGI:1346859). Conversely, Mapkl (ERK2)
knockout mice die shortly after implantation. Conditional knockout mice deficient for Erk2 in the inner ear hair cells
(Mapk1tm.2Kuta/tm1.2Kuta T Nes-cre) 1Kag/0) have normal hearing, but are more vulnerable to noise 142l.

| 4. GH-IGF-1 Axis Human Mutations Associated with Hearing Impairment

The GH-IGF-1 axis is an important regulator of human body growth and, accordingly, alterations of this axis commonly
lead to short stature. Here, we have reviewed human GH/IGF1 system disorders associated to hearing loss (Table 1).

4.1. IGF System and Signaling Mutations

Homozygous human mutations in IGF1 cause a rare disease (OMIM 608747) characterized by the association of
intrauterine and postnatal growth retardation with intellectual deficit and sensorineural deafness (Table 1).

The first fully studied patient with this disease had a homozygous partial deletion of the IGF1 exons 4 and 5, resulting in a
truncated IGF-1 protein with only 25 of its 70 amino acids. The 15-year-old boy carrying the mutation presented with
severe prenatal and postnatal growth failure, microcephaly, mental retardation, infertility and profound bilateral
sensorineural deafness. Serum analysis revealed undetectable IGF-1 levels, elevated GH levels and normal values for
IGFBP3 and ALS 78 The second well-described case was a 55-year-old patient with a homozygous missense mutation in



IGF1 that changed the valine at position 92 to methionine (c.274G > A). Clinical features included severe growth

retardation, delayed skeletal maturation, microcephaly, mental retardation and severe bilateral hearing loss. In contrast to

the first case, the biochemical parameters were characterized by high levels of IGF-1 and an extremely low IGF-1 binding

affinity for IGF1R 28], More recently, a novel homozygous IGF1 missense mutation has been described in a 3.2-year-old

boy, changing a highly conserved tyrosine residue (Tyr60) to histidine (c.322T > C). Tyr60, located in the A domain of IGF-

1 34 has been described to be critical for the interaction with IGF1R. Next-generation sequencing analysis ruled out the
presence of possible mutations in other genes of the IGF system such as IGF1R, IGF2, IGF2R, IGFBP3 or IGFALS.
Clinical features included intrauterine growth restriction, severe postnatal growth failure, mild developmental delay,

microcephaly, facial dimorphism and bilateral sensorineural deafness. The patient had normal to mildly-elevated

circulating IGF-1, variable basal levels of GH and normal-to-high IGFBP3 levels 2. Although the clinical features

described in the three patients are generally similar, the variability presented in the serum IGF-1 levels of the three

mutations associated with sensorineural deafness is striking, particularly in the second and third cases, which respectively

present very high or normal IGF-1 levels. These data point to the critical role of effective binding of IGF-1 to its receptor.

Table 1. Human IGF1 gene mutations associated with auditory functional studies.
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Birth weight
(k9)

Birth length
(cm)

Growth

weight (kg)

Growth

height (cm)

Auditory
function

IGF1 levels
(ng/mL)

IGFBP3 levels
(mglL)

ALS levels

(mglL)

IGF1 affinity
for IGF1R

1.4 (-3.9
SD)

37.8(-5.4
SD)

15.8 yr: 23
(-6.5 SD)

15.8 yr:
119.1

(-6.9 SD)

Severe BHL
(15.8 yr)

Undetectable

15yr: <3

Normal

15yr: 3.3

Normal

None

1.4 (-3.9
SDS)

39 (-4.3
SDS)

ND

55yr: 117.8
(-8.5 SDS)

Severe BHL
(55 yr)

Very high

55 yr: 606
(+7.3 SDS)

Normal

55yr: 1.98
(+0.1 SDS)

High

55 yr: 28.9
(+3.4 SDS)

Extremely
low

90fold lower

2.3 (-2.4
SDS)

44 (-3.7
SDS)

11 mo: 5.3
(-5.0 SDS)

28yr: 7.0
(-7.0 SDS)

11 mo: 64
(3.7 SDS)

2.8yr: 76
(4.9 SDS)

Normal
hearing (9
yn

Low

2.7yr: 11
(before GH
treatment)

Normalhigh

(after GH
treatment)

Normalhigh

(after GH
treatment)

Partially
reduced

3.9fold lower

1.9 (-3.1 SDS)

38 (-6.3 SDS)

3.2yr:6.1
(-5.1 SDS)

7.8yr:9.6
(-5.0 SDS)

3.2yr: 74
(-6.2 SDS)

7.8 yr: 90.2
(-6.5 SDS)

BHL (3.2 yr)

Variable

4yr: 47 (-1.15
SDS)

6.4 yr: 206
(+2.95 SDS)

Normalhigh
(-1.58 to
+2.31 SDS)

Reduced

2.7 (-1.5
SDS)

476 (-1.2
SDS)

2.3yr: 8.8
(-3.8 SDS)

8.4yr:21.9
(-1.5 SDS)

23yr:77.5
(-3.1 SDS)

8.4yr:114.9
(2.7 SDS)

Normal
hearing

Lownormal.

2.3yr: 43.7,
5.3 yr: 58.5

8.4 yr: 100

Normal

5.3yr: 4.3;
8.4yr:5.4

Normal

5.3yr: 10

ND

3.0 (-1.5 SDS)

47 (-0.6 SDS)

8.8 yr: 21 (-2.1 SDS)

8.8 yr: 109 (4.0 SDS)

Normal hearing

Low-normal

9.3yr: 115 (-2.2 SDS)
(before GH treatment)

Normal. 9.3 yr: 2.4 (-1.2
SDS) (before GH)

Normalhigh

9.3 yr: 13 (before GH)

ND

Abbreviations: BHL, bilateral hearing loss; mo, month; ND, not determined; SD, standard deviation; SDS, standard

deviation score; yr, year. O Previously described as p.v44M 28l previously described as p.R36Q 8. Source of

information: The Human Gene Mutation Database (HGMD®) available at http://www.hgmd.cf.ac.uk/ac/index.php; Online

Mendelian Inheritance in Man (OMIM) Catalogue available at https://www.omim.org/; PubMed Database available at

https://pubmed.ncbi.nlm.nih.gov/. Table updated from Rodriguez-de la Rosa et al., 2017 [,



A fourth homozygous mutation of IGF1 has been reported, in which the patient did not present with sensorineural
deafness [8. The authors identified a homozygous missense IGF1 mutation causing the replacement of a highly
conserved arginine (Arg84) with a glutamine (c.251G > A) in the C domain of the protein. The patient showed intrauterine
growth restriction, progressive postnatal growth failure, microcephaly, mild intellectual impairment and normal hearing.
Serum IGF-1 levels in the patient at the age of 2.7 years were low and remained unchanged after GH treatment, in
contrast to normal-high IGFBP3 and ALS levels. The mutated IGF-1 showed partially reduced affinity for IGF1R 28, The
partial IGF-1 deficiency produced marked effects on pre- and postnatal growth, brain development and cognitive
functions; however, development of the inner ear was apparently normal. There are no data on the follow-up of these
patients, hence, the potential susceptibility to otic injury or accelerated hearing loss with aging is not known.

Heterozygous mutations in IGF1 have also been described. The first case of a complete heterozygous IGF1 deletion was
reported in 2014, with a 262-kb deletion of chromosome 12 including the entire IGF1 gene. Although the patient's
phenotype was milder than that reported for homozygous IGF1 mutations, he had several common features including
microcephaly and developmental delay. However, no cognitive delay or sensorineural deafness was observed. IGF-1
levels were in the low-normal range, with normal levels of IGFBP3 and ALS 22, Two other heterozygous IGF1 mutations
have been published, occurring by insertion 201102 and by splicing 199 mechanisms. Poor growth was a common clinical
feature with normal hearing in the first case, whereas in the second case no functional studies were described. Both
cases showed low IGF-1 levels and normal IGFBP3 and ALS levels, with no IGF-1 affinity for IGF1R in the splicing
mutation.

Mutations are much more frequent in IGF1R than in IGF1. The Human Gene Mutation Database (HGMD®) lists 134
mutations in IGF1R and, according to a recent publication, 36 different mutations are pathogenic, and some are variants
of uncertain significance 193!, Most of the mutations are heterozygous and only two homozygous IGF1R mutations have
been described 1041105 patients with mutations in IGFIR show intrauterine growth retardation and postnatal growth
failure, resulting in short stature and microcephaly (OMIM 270450). To our knowledge, hearing loss has been described in
only two cases [106],

Mutations of the chromosomal region 11p15.5, which harbours the gene for IGF-2, are associated with Silver-Russell
syndrome (OMIM 616489), an imprinting disorder characterized by severe pre- and postnatal growth restriction and
dysmorphic facial features such as distinctive triangular face with prominent forehead and low-set ears 107[108][109][110] A
recent report described the first case of maternal uniparental disomy 7 leading to Silver-Russell syndrome and Pendred’s
syndrome, but deafness was caused by a homozygous variant of SLC26A4 (encoding Pendrin) 11,

The regulatory subunit of PI3K encoded by PIK3R1 plays a crucial role in the activation of IGF-1, and heterozygous
mutations in PIK3R1 are responsible for SHORT syndrome (OMIM 269880), a rare condition with its main clinical features
defined by its acronym: short stature (S), hyperextensibility of joints and/or hernias (H), ocular depression (O), Rieger
anomaly (R) and teething delay (T). In addition to these classic features, hearing loss is also characteristic of patients with
SHORT syndrome [112],

Heterozygous mutations in MAPK1 are associated with Noonan syndrome (OMIM 619087), which is the most frequent
neurodevelopmental disorder among the RASopathies, and is caused by pathogenic variants in at least ten genes
encoding proteins with important roles in the MAPK signaling pathway. Noonan syndrome is characterized by
developmental delay and impaired intellectual development of variable severity 112l |n 2015, van Trier and colleagues
conducted a retrospective study in a cohort of 97 patients with Noonan syndrome and described external ear anomalies
and hearing impairment. Hearing disorders in Noonan syndrome are associated with dysmorphic external ear morphology
and both sensorineural and conductive hearing impairment. The authors studied the genotype-phenotype correlations for
hearing loss and concluded that hearing loss is still an underestimated problem in this disease, considering that hearing
impairment may progress during childhood or adulthood 1141,

4.2. Human Hearing Loss Syndromes and Involvement of GH

Syndromes with GH-associated hearing loss include both GH deficiency and GH resistance. In the case of decreased
sensitivity to GH, hearing impairment results from a reduction in the levels of IGF-1 [113l116] As mentioned previously in
the mouse model discussion, homozygous or compound heterozygous mutations in GHR are responsible for GH
insensitivity syndrome, also known as Laron syndrome (OMIM 262500). Laron syndrome is an autosomal-recessive
disorder characterized by short stature. The disorder is caused by GHR dysfunction and a failure to generate IGF-1 in
response to GH, whose levels can be normal or elevated 114, |aron syndrome has also been associated with hearing
impairment, and the only treatment available thus far is recombinant human IGF-1 (rhIGF-1) therapy. A prospective clinical

study testing auditory function in patients with congenital IGF-1 deficiency in the early-treated, late-treated and untreated



states revealed an association between Laron syndrome and SNHL, auditory hypersensitivity and lack of acoustic
stapedial reflexes, and concluded that IGF-1 replacement therapy at early developmental age could prevent Laron
syndrome 82, GH deficiency is an endocrine disorder that leads to hearing impairment, abnormal pituitary development,
and early growth failure and dysmorphic facial features. Hearing impairment includes both transient partial conductive
hearing loss 128l and bilateral SNHL due to mutations in POU3F4, which cause X-linked sensorineural deafness DFN3
1191 |n 2017, Muus et al., performed an auditory study to evaluate the prevalence, type, and severity of hearing
impairment in children with untreated GH deficiency, finding that 83% of young patients presented with conductive, mixed

or SNHL with a predisposition to be bilateral 1291(121]

Alstrém syndrome (OMIM 203800) is an autosomal-recessive disorder associated with impaired GH reserve (118111221 anq
is characterized by progressive cone-rod dystrophy, SNHL, insulin resistance with hyperinsulinemia, type 2 diabetes,
cardiomyopathy, and progressive hepatic and renal failure 1231241 Other syndromes presenting with SNHL but with
normal GH levels include CHARGE syndrome (OMIM 214800) (125 and Turner syndrome (OMIM 163950) (11611261 The
molecular bases of the SNHL associated with Turner syndrome is not known, but the possible influence of oestrogen
deficiency, cell cycle delay, IGF-1 deficiency and the histone demethylase gene KDM6A have been considered 1281,
Finally, acromegaly is a chronic disorder caused by GH excess and is characterised by progressive somatic disfigurement
and systemic manifestations such as hearing loss. Thus far, studies of acromegaly have associated this disorder
indistinctly with conductive, sensorineural or mixed hearing loss, but with no consistent results on the cause-effect

relationship between the disease and hearing loss 127,

4.3. GH-IGF-1 Axis and Therapeutic Potential

Different experimental and clinical approaches have recently demonstrated the key role of IGF-1 in the maintenance of
auditory function (1281 As previously reported, circulating levels of IGF-1 stimulated by GH are related to the level of
hearing loss presented by patients with IGF1 mutations. Against this background, a multicenter and randomized clinical
trial compared topical IGF-1 therapy and intratympanic corticosteroid therapy in patients with sudden sensorineural
hearing loss (SSHL) refractory to systemic corticosteroids. The IGF-1 treatment showed promising results on hearing
recovery in patients and a favourable safety profile for topical IGF-1 therapy 229, In a similar context, recent clinical trials
have demonstrated several side-effects of Teprotumumab, a human monoclonal antibody and IGF1R antagonist approved
for the treatment of thyroid eye disease in adults. Hearing loss was reported in 8 patients in the treatment group versus 0
in the placebo group. Hearing impairment included unilateral and bilateral symptoms of hearing loss and tinnitus 139,
Also, in a recent study characterizing the cochlear microenvironment by measuring different inflammatory markers in
perilymph samples of patients receiving cochlear implantation, higher levels of IGFBP1, a key regulator of IGF-1, were
measured in patients with complete loss of auditory function compared with patients with residual hearing 231, rhIGF-1
has been approved as an orphan drug for the treatment of growth failure in children and adolescents with severe primary
IGF-1 deficiency including Laron syndrome. To improve the available pharmacokinetic data on this treatment, a recent
study undertook a safety and efficacy analysis of rhIGF-1 replacement therapy through the sequential measurements of
serum IGF-1, glucose, potassium, insulin and cortisol in patients. Results revealed an inverse correlation between IGF-1
and serum potassium concentrations after injections of rhIGF-1, whereas no significant correlation was detected between
serum IGF-1 concentrations and insulin or glucose concentrations 1321,

With the exception of a recent case report that showed for the first time the recovery of hearing loss after GH
administration in a child diagnosed with cerebral palsy and bilateral SNHL 1331 the efficacy of GH treatment on hearing
has not been sufficiently demonstrated. Because elevated levels of GH induce greater ossification of the ear cavities, it
might be thought that this would trigger a worsening of auditory transmission, as apparently observed in acromegaly 127,
However, GH therapy does not appear to increase the risk of hearing loss in patients with Turner syndrome as concluded
in different studies [134l135] A study of audiological outcomes in 173 children with GH deficiency and hearing impairment
showed that hearing loss, with a predisposition to be bilateral, was prevalent in these patients, and mixed hearing loss
was particularly common 129,

To sum up, here we review data showing that the expression of the IGF system components and IGF-1 intracellular
targets is tightly regulated with specific developmental and cell-type patterns. IGF-1, its receptor, and downstream targets,
participate in the regulation of multiple developmental processes, and are essential for the postnatal differentiation and
myelination of the spiral ganglion neurons and scala media cell types and structures. In the adult cochlea, IGF-1 seems to
be essential for cochlear metabolic homeostasis, as its deficiency—either total or partial— cause redox stress and chronic
inflammation. Downstream of IGF-1, deleterious mutations in the genes coding for IRS, C-RAF, p38a, DUSP1 and AKT
show strong hearing loss phenotypes in the mouse. These results provide the molecular and genetic bases to understand
a battery of rare human deafness syndromes, as well as the molecular aspects of noise-induced and age-induced hearing



loss. Furthermore, they provide a framework to better understand the beneficial effects of IGF-1 treatment for hearing loss

and suggest that further exploration of downstream IGF-1 targets could both uncover new human deafness genes and

foster the development of novel therapeutic strategies to prevent and cure hearing loss.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

LeRoith, D.; Holly, J.M.P.; Forbes, B.E. Insulin-like Growth Factors: Ligands, Binding Proteins, and Receptors. Mol.
Metab. 2021, 101245.

. Bach, L.A. IGF-Binding Proteins. J. Mol. Endocrinol. 2018, 61, T11-T28.

. Allard, J.B.; Duan, C. IGF-Binding Proteins: Why Do They Exist and Why Are There So Many? Front. Endocrinol. 2018,

9, 117.

. Glyn M. Noguchi; Mark O. Huising; Integrating the inputs that shape pancreatic islet hormone release. Nature

Metabolism 2019, 1, 1189-1201, 10.1038/s42255-019-0148-2.

. Eugenio E. Muller; Vittorio Locatelli; Daniela Cocchi; Neuroendocrine Control of Growth Hormone Secretion.

Physiological Reviews 1999, 79, 511-607, 10.1152/physrev.1999.79.2.511.

. Daniel Kelberman; Mehul T. Dattani; The role of transcription factors implicated in anterior pituitary development in the

aetiology of congenital hypopituitarism. Annals of Medicine 2006, 38, 560-577, 10.1080/07853890600994963.

. Farhad Dehkhoda; Christine M. M. Lee; Johan Medina; Andrew J. Brooks; The Growth Hormone Receptor: Mechanism

of Receptor Activation, Cell Signaling, and Physiological Aspects. Frontiers in Endocrinology 2018, 9, 35, 10.3389/fend
0.2018.00035.

. Sanchez-Calderon, H.; Rodriguez-de la Rosa, L.; Milo, M.; Pichel, J.G.; Holley, M.; Varela-Nieto, I. RNA Microarray

Analysis in Prenatal Mouse Cochlea Reveals Novel IGF-I Target Genes: Implication of MEF2 and FOXM1 Transcription
Factors. PLoS ONE 2010, 5, €8699.

. Okano, T.; Xuan, S.; Kelley, M.W. Insulin-like Growth Factor Signaling Regulates the Timing of Sensory Cell

Differentiation in the Mouse Cochlea. J. Neurosci. 2011, 31, 18104-18118.

Camarero, G.; Avendano, C.; Fernandez-Moreno, C.; Villar, A.; Contreras, J.; de Pablo, F.; Pichel, J.G.; Varela-Nieto, I.
Delayed Inner Ear Maturation and Neuronal Loss in Postnatal Igf-1-Deficient Mice. J. Neurosci. 2001, 21, 7630-7641.

Gross, J.; Machulik, A.; Moller, R.; Fuchs, J.; Amarjargal, N.; Ungethiim, U.; Kuban, R.-J.; Szczepek, A.J.; Haupt, H.;
Mazurek, B. MRNA Expression of Members of the IGF System in the Organ of Corti, the Modiolus and the Stria
Vascularis of Newborn Rats. Growth Factors 2008, 26, 180—191.

Kolla, L.; Kelly, M.C.; Mann, Z.F.; Anaya-Rocha, A.; Ellis, K.; Lemons, A.; Palermo, A.T.; So, K.S.; Mays, J.C.; Orvis, J.;
et al. Characterization of the Development of the Mouse Cochlear Epithelium at the Single Cell Level. Nat. Commun.
2020, 11, 2389.

De Iriarte Rodriguez, R.; Pulido, S.; Rodriguez-de la Rosa, L.; Magarifios, M.; Varela-Nieto, |. Age-Regulated Function
of Autophagy in the Mouse Inner Ear. Hear. Res. 2015, 330, 39-50.

Celaya, A.M.; Rodriguez-de la Rosa, L.; Bermudez-Mufioz, J.M.; Zubeldia, J.M.; Roma-Mateo, C.; Avendafio, C.;
Pallardo, F.V.; Varela-Nieto, |. IGF-1 Haploinsufficiency Causes Age-Related Chronic Cochlear Inflammation and
Increases Noise-Induced Hearing Loss. Cells 2021, 10, 1686.

Liu, H.; Chen, L.; Giffen, K.P.; Stringham, S.T.; Li, Y.; Judge, P.D.; Beisel, KW.; He, D.Z.Z. Cell-Specific Transcriptome
Analysis Shows That Adult Pillar and Deiters’ Cells Express Genes Encoding Machinery for Specializations of Cochlear
Hair Cells. Front. Mol. Neurosci. 2018, 11, 356.

Okano, T.; Kelley, M.W. Expression of Insulin-like Growth Factor Binding Proteins during Mouse Cochlear
Development. Dev. Dyn. 2013, 242, 1210-1221.

Antonino Belfiore; Roberta Malaguarnera; Veronica Vella; Michael Lawrence; Laura Sciacca; Francesco Frasca;
Andrea Morrione; Riccardo Vigneri; Insulin Receptor Isoforms in Physiology and Disease: An Updated View. Endocrine
Reviews 2017, 38, 379-431, 10.1210/er.2017-00073.

L. Girnita; S.-I. Takahashi; C. Crudden; T. Fukushima; C. Worrall; H. Furuta; H. Yoshihara; F. Hakuno; Chapter Seven -
When Phosphorylation Encounters Ubiquitination: A Balanced Perspective on IGF-1R Signaling. Progress in Molecular
Biology and Translational Science 2016, 141, 277-311, 10.1016/bs.pmbts.2016.04.001.

Fumihiko Hakuno; Shin-Ichiro Takahashi; 40 YEARS OF IGF1: IGF1 receptor signaling pathways. Journal of Molecular
Endocrinology 2018, 61, T69-T86, 10.1530/jme-17-0311.




20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36

37.

Hesham M. EI-Shewy; Louis M. Luttrell; Chapter 24 Insulin-Like Growth Factor-2/Mannose-6 Phosphate Receptors.
Vitamins & Hormones 2009, 80, 667-697, 10.1016/s0083-6729(08)00624-9.

Cheryl Hawkes; Jack H. Jhamandas; Kim H. Harris; Wen Fu; Richard G. Macdonald; Satyabrata Kar; Single
Transmembrane Domain Insulin-Like Growth Factor-ll/Mannose-6-Phosphate Receptor Regulates Central Cholinergic
Function by Activating a G-Protein-Sensitive, Protein Kinase C-Dependent Pathway. The Journal of Neuroscience
2006, 26, 585-596, 10.1523/JINEUROSCI.2730-05.2006.

Hope Y. Agbemenyah; Roberto Carlos Agis-Balboa; Susanne Burkhardt; lvana Delalle; Andre Fischer; Insulin growth
factor binding protein 7 is a novel target to treat dementia. Neurobiology of Disease 2014, 62, 135-143, 10.1016/j.nbd.2
013.09.011.

Leonard Girnita; Claire Worrall; Shin-Ichiro Takahashi; Stefan Seregard; Ada Girnita; Something old, something new
and something borrowed: emerging paradigm of insulin-like growth factor type 1 receptor (IGF-1R) signaling regulation.
Cellular and Molecular Life Sciences 2013, 71, 2403-2427, 10.1007/s00018-013-1514-y.

Silvia Murillo-Cuesta; Guadalupe Camarero; Agueda Gonzélez-Rodriguez; Lourdes Rodriguez De La Rosa; Deborah
J. Burks; Carlos Avendafio; Angela M. Valverde; Isabel Varela-Nieto; Insulin Receptor Substrate 2 (IRS2)-Deficient
Mice Show Sensorineural Hearing Loss That Is Delayed by Concomitant Protein Tyrosine Phosphatase 1B (PTP1B)
Loss of Function. Molecular Medicine 2011, 18, 260-269, 10.2119/molmed.2011.00328.

Victoria E. DeMambro; Masanobu Kawai; Thomas L. Clemens; Keertik Fulzele; Jane A. Maynard; Caralina Marin De
Evsikova; Kenneth R. Johnson; Ernesto Canalis; Wesley G. Beamer; Clifford J. Rosen; et al. A novel spontaneous
mutation of Irs1 in mice results in hyperinsulinemia, reduced growth, low bone mass and impaired adipogenesis.
Journal of Endocrinology 2009, 204, 241-253, 10.1677/JOE-09-0328.

Kurt Baltensperger; Lynn M. Kozma; Andrew D. Cherniack; Jes K. Klarlund; Anil Chawla; Utpal Banerjee; Michael P.
Czech; Binding of the Ras Activator Son of Sevenless to Insulin Receptor Substrate-1 Signaling Complexes. Science
1993, 260, 1950-1952, 10.1126/science.8391166.

Hugo Lavoie; Jessica Gagnon; Marc Therrien; ERK signalling: a master regulator of cell behaviour, life and fate. Nature
Reviews Molecular Cell Biology 2020, 21, 607-632, 10.1038/s41580-020-0255-7.

Meenali M. Chitnis; John S.P. Yuen; Andrew S. Protheroe; Michael Pollak; Valentine M. Macaulay; The Type 1 Insulin-
Like Growth Factor Receptor Pathway. Clinical Cancer Research 2008, 14, 6364-6370, 10.1158/1078-0432.ccr-07-487
9.

Marie Cargnello; Philippe P. Roux; Activation and Function of the MAPKs and Their Substrates, the MAPK-Activated
Protein Kinases. Microbiology and Molecular Biology Reviews 2011, 75, 50-83, 10.1128/mmbr.00031-10.

Brendan D. Manning; Alex Toker; AKT/PKB Signaling: Navigating the Network. Cell 2017, 169, 381-405, 10.1016/j.cell.
2017.04.001.

Bita Sehat; Ali Tofigh; Yingbo Lin; Eric Trocmé; Ulrika Liljedahl; Jens Lagergren; Olle Larsson; SUMOylation Mediates
the Nuclear Translocation and Signaling of the IGF-1 Receptor. Science Signaling 2010, 3, ral0-ral0, 10.1126/scisigna
1.2000628.

Tamara Aleksic; Meenali M. Chitnis; Olga V. Perestenko; Shan Gao; Peter H. Thomas; Gareth D. Turner; Andrew S.
Protheroe; Mark Howarth; Valentine M. Macaulay; Type 1 Insulin-like Growth Factor Receptor Translocates to the
Nucleus of Human Tumor Cells. Cancer Research 2010, 70, 6412-6419, 10.1158/0008-5472.can-10-0052.

Ravid Solomon-Zemler; Rive Sarfstein; Haim Werner; Nuclear insulin-like growth factor-1 receptor (IGF1R) displays
proliferative and regulatory activities in non-malignant cells. PLoS ONE 2017, 12, e0185164, 10.1371/journal.pone.018
5164.

Elzbieta Poreba; Julia Durzynska; Nuclear localization and actions of the insulin-like growth factor 1 (IGF-1) system
components: Transcriptional regulation and DNA damage response. Mutation Research/Reviews in Mutation Research
2020, 784, 108307, 10.1016/j.mrrev.2020.108307.

Raquel Pérez-Sen; Maria José Queipo; Juan Carlos Gil-Redondo; Felipe Ortega; Rosa Gémez-Villafuertes; Maria
Teresa Miras-Portugal; Esmerilda G. Delicado; Dual-Specificity Phosphatase Regulation in Neurons and Glial Cells.
International Journal of Molecular Sciences 2019, 20, 1999, 10.3390/ijms20081999.

. Tyler Zarubin; Jiahuai Han; Activation and signaling of the p38 MAP kinase pathway. Cell Research 2005, 15, 11-18, 1

0.1038/sj.cr.7290257.

Xin Wang; Auriane Destrument; Cathy Tournier; Physiological roles of MKK4 and MKK7: Insights from animal models.
Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms 2007, 1773, 1349-1357, 10.1016/j.bbamcr.2006.
10.016.



38.

39..
40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Robert A. Saxton; David M. Sabatini; mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960-976, 1
0.1016/j.cell.2017.02.004.

Rocio De Iriarte Rodriguez; Marta Magarifios; Verena Pfeiffer; Ulf R. Rapp; Isabel Varela-Nieto; C-Raf deficiency leads
to hearing loss and increased noise susceptibility. Experientia 2015, 72, 3983-3998, 10.1007/s00018-015-1919-x.

Mamoru Ishii; Tomoko Tateya; Michiyuki Matsuda; Tsuyoshi Hirashima; Retrograde ERK activation waves drive base-
to-apex multicellular flow in murine cochlear duct morphogenesis. eLife 2021, 10, e61092, 10.7554/elife.61092.

Yukihide Maeda; Kunihiro Fukushima; Ryotaro Omichi; Shin Kariya; Kazunori Nishizaki; Time Courses of Changes in
Phospho- and Total- MAP Kinases in the Cochlea after Intense Noise Exposure. PLoS ONE 2013, 8, e58775, 10.1371/j
ournal.pone.0058775.

Takaomi Kurioka; Takeshi Matsunobu; Yasushi Satoh; Katsuki Niwa; Shogo Endo; Masato Fujioka; Akihiro Shiotani;
ERK2 mediates inner hair cell survival and decreases susceptibility to noise-induced hearing loss. Scientific Reports
2015, 5, 16839, 10.1038/srep16839.

. Anni Herranen; Kuu Ikédheimo; Jussi Virkkala; Ulla Pirvola; The Stress Response in the Non-sensory Cells of the

Cochlea Under Pathological Conditions—Possible Role in Mediating Noise Vulnerability. Journal of the Association for
Research in Otolaryngology 2018, 19, 637-652, 10.1007/s10162-018-00691-2.

Xiaoyu Yu; Zhaomin Fan; Yuechen Han; Daogong Zhang; Lei Xu; Mingming Wang; Qiangian Yang; Hongrui Li; Meijuan
Zhou; Lili Zhang; et al. Paeoniflorin reduces neomycin-induced ototoxicity in hair cells by suppression of reactive
oxygen species generation and extracellularly regulated kinase signalization. Toxicology Letters 2018, 285, 9-19, 10.10
16/j.toxlet.2017.12.026.

Adelaida M Celaya; Isabel Sanchez-Pérez; Jose M Bermudez-Mufioz; Lourdes Rodriguez-De La Rosa; Laura Pintado-
Berninches; Rosario Perona; Silvia Murillo-Cuesta; Isabel Varela-Nieto; Deficit of mitogen-activated protein kinase
phosphatase 1 (DUSP1) accelerates progressive hearing loss. eLife 2019, 8, e39159, 10.7554/elife.39159.

Su-Hua Sha; Fu-Quan Chen; Jochen Schacht; Activation of cell death pathways in the inner ear of the aging CBA/J
mouse. Hearing Research 2009, 254, 92-99, 10.1016/j.heares.2009.04.019.

Lisa D. Urness; Chaoying Li; Xiaofen Wang; Suzanne L. Mansour; Expression of ERK signaling
inhibitorsDusp6,Dusp7, andDusp9 during mouse ear development. Developmental Dynamics 2007, 237, 163-169, 10.1
002/dvdy.21380.

Jose M. Bermidez-Mufioz; Adelaida M. Celaya; Angela Garcia-Mato; Daniel Mufioz-Espin; Lourdes Rodriguez-De la
Rosa; Manuel Serrano; Isabel Varela-Nieto; Dual-Specificity Phosphatase 1 (DUSP1) Has a Central Role in Redox
Homeostasis and Inflammation in the Mouse Cochlea. Antioxidants 2021, 10, 1351, 10.3390/antiox10091351.

Kumar N Alagramam; Ruben Stepanyan; Samson Jamesdaniel; Daniel H.-C. Chen; Rickie R Davis; Noise exposure
immediately activates cochlear mitogen-activated protein kinase signaling.. Noise and Health 2014, 16, 400-9, 10.410
3/1463-1741.144418.

Yves Brand; Soledad Levano; Vesna Radojevic; Arianne Monge Naldi; Cristian Setz; Allen F. Ryan; Kwang Pak; Brian
A. Hemmings; Daniel Bodmer; All Akt Isoforms (Aktl, Akt2, Akt3) Are Involved in Normal Hearing, but Only Akt2 and
Akt3 Are Involved in Auditory Hair Cell Survival in the Mammalian Inner Ear. PLOS ONE 2015, 10, €0121599-
0121599, 10.1371/journal.pone.0121599.

Sha, S.-H.; Chen, F.-Q.; Schacht, J. PTEN Attenuates PIP3/Akt Signaling in the Cochlea of the Aging CBA/J Mouse.
Hear. Res. 2010, 264, 86-92.

Jiang, H.; Sha, S.-H.; Schacht, J. Kanamycin Alters Cytoplasmic and Nuclear Phosphoinositide Signaling in the Organ
of Corti in Vivo. J. Neurochem. 2006, 99, 269-276.

Lai, R.; Li, W.; Hu, P.; Xie, D.; Wen, J. Role of Hsp90/Akt Pathway in the Pathogenesis of Gentamicin-Induced Hearing
Loss. Int. J. Clin. Exp. Pathol. 2018, 11, 4431-4438.

Kathryn Ellis; Elizabeth Driver; Takayuki Okano; Abigail Lemons; Matthew W. Kelley; GSK3 regulates hair cell fate in
the developing mammalian cochlea. Developmental Biology 2019, 453, 191-205, 10.1016/j.ydbio.2019.06.003.

Joungmok Kim; Mondira Kundu; Benoit Viollet; Kun-Liang Guan; AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nature 2011, 13, 132-141, 10.1038/ncb2152.

Katharina Leitmeyer; Andrea Glutz; Vesna Radojevic; Cristian Setz; Nathan Huerzeler; Helen Bumann; Daniel Bodmer;
Yves Brand; Inhibition of mTOR by Rapamycin Results in Auditory Hair Cell Damage and Decreased Spiral Ganglion
Neuron Outgrowth and Neurite FormationIn Vitro. BioMed Research International 2015, 2015, 1-10, 10.1155/2015/925
890.



58.

59.

60

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Isabel Varela-Nieto; Ignacio Palmero; Marta Magarifios; Complementary and distinct roles of autophagy, apoptosis and
senescence during early inner ear development. Hearing Research 2019, 376, 86-96, 10.1016/j.heares.2019.01.014.

Eric W.-F. Lam; Jan Brosens; Ana R. Gomes; Chuay Yeng Koo; Forkhead box proteins: tuning forks for transcriptional
harmony. Nature Cancer 2013, 13, 482-495, 10.1038/nrc3539.

. Shuangyue Liu; Xiao Zhang; Meiling Sun; Tao Xu; Aimei Wang; FoxO3a plays a key role in the protective effects of

pomegranate peel extract against amikacin-induced ototoxicity. International Journal of Molecular Medicine 2017, 40,
175-181, 10.3892/ijmm.2017.3003.

Elizabeth C. Oesterle; Wei-Ming Chien; Sean Campbell; Praveena Nellimarla; Matthew L. Fero; p27Kipl is required to
maintain proliferative quiescence in the adult cochlea and pituitary. Function of a membrane-embedded domain
evolutionarily multiplied in the GPI lipid anchor pathway proteins PIG-B, PIG-M, PIG-U, PIG-W, PIG-V, and PIG-Z 2011,
10, 1237-1248, 10.4161/cc.10.8.15301.

Rachel E Hardisty-Hughes; Andrew Parker; Steve D M Brown; A hearing and vestibular phenotyping pipeline to identify
mouse mutants with hearing impairment. Nature Protocols 2010, 5, 177-190, 10.1038/nprot.2009.204.

Mirna Mustapha; Qing Fang; Tzy-Wen Gong; David F. Dolan; Yehoash Raphael; Sally A. Camper; Robert Duncan;
Deafness and Permanently Reduced Potassium Channel Gene Expression and Function in Hypothyroid Pitldw
Mutants. The Journal of Neuroscience 2009, 29, 1212-1223, 10.1523/jneurosci.4957-08.2009.

I. Jill Karolyi; Gary A. Dootz; Karin Halsey; Lisa Beyer; Frank J. Probst; Kenneth R. Johnson; Albert F. Parlow; Yehoash
Raphael; David F. Dolan; Sally A. Camper; et al. Dietary thyroid hormone replacement ameliorates hearing deficits in
hypothyroid mice. Mammalian Genome 2007, 18, 596-608, 10.1007/s00335-007-9038-0.

Qing Fang; Alicia M. Giordimaina; David F. Dolan; Sally A. Camper; Mirna Mustapha; Genetic Background of Prop1 df
Mutants Provides Remarkable Protection Against Hypothyroidism-Induced Hearing Impairment. Journal of the
Association for Research in Otolaryngology 2011, 13, 173-184, 10.1007/s10162-011-0302-3.

Valéria M. Prado-Barreto; Roberto Salvatori; Ronaldo C. Santos Junior; Mariane B. Brandao-Martins; Eric A. Correa;
Flavia B. Garcez; Eugénia H. O. Valenga; Anita H. O. Souza; Rossana M. C. Pereira; Marco Nunes; et al. Hearing
Status in Adult Individuals with Lifetime, Untreated Isolated Growth Hormone Deficiency. Otolaryngology—Head and
Neck Surgery 2014, 150, 464-471, 10.1177/0194599813517987.

Hugo A. Santos-Carvalho; Manuel H. Aguiar-Oliveira; Roberto Salvatori; Eugénia H. O. Valenga; Alana L. Andrade-
Guimaraes; Carlos Eduardo Repeke; Luan P. Moreira-Candido; Carlos R. Araujo-Daniel; Aline C. De Oliveira-Barreto;
Bruna M. R. Andrade; et al. Vestibular function in severe GH deficiency due to an inactivating mutation in the GH-
releasing hormone receptor gene. Endocrine 2020, 67, 659-664, 10.1007/s12020-019-02178-3.

Huifang Sun; Chia-Hui Lin; Michael E. Smith; Growth Hormone Promotes Hair Cell Regeneration in the Zebrafish
(Danio rerio) Inner Ear following Acoustic Trauma. PLoS ONE 2011, 6, e28372, 10.1371/journal.pone.0028372.

Joseph Attias; Omer Zarchi; Ben I. Nageris; Zvi Laron; Cochlear hearing loss in patients with Laron syndrome.
European Archives of Oto-Rhino-Laryngology 2011, 269, 461-466, 10.1007/s00405-011-1668-x.

Yihua Zhou; Bixiong C. Xu; Hiralal G. Maheshwari; L. He; Michael Reed; Maria Lozykowski; Shigeru Okada; Lori
Cataldo; Karen Coschigamo; Thomas E. Wagner; et al. A mammalian model for Laron syndrome produced by targeted
disruption of the mouse growth hormone receptor/binding protein gene (the Laron mouse). Proceedings of the National
Academy of Sciences 1997, 94, 13215-13220, 10.1073/pnas.94.24.13215.

Teresa Wilson; Irina Omelchenko; Sarah Foster; Yuan Zhang; Xiaorui Shi; Alfred L. Nuttall; JAK2/STAT3 Inhibition
Attenuates Noise-Induced Hearing Loss. PLOS ONE 2014, 9, 108276, 10.1371/journal.pone.0108276.

Zhi-Pan Teng; Rui Tian; Fen-Li Xing; Hui Tang; Jin-Jing Xu; Bing-Wen Zhang; Jian-Wei Qi; An association of type 1
diabetes mellitus with auditory dysfunction: A systematic review and meta-analysis. Laryngoscope Investigative
Otolaryngology 2016, 127, 1689-1697, 10.1002/lary.26346.

Peter Lomedico; Nadia Rosenthal; Argiris Efstratiadis; Walter Gilbert; Richard Kolodner; Richard Tizard; The structure
and evolution of the two nonallelic rat preproinsulin genes. Cell 1979, 18, 545-558, 10.1016/0092-8674(79)90071-0.

Nathan Huerzeler; Vesna Petkovic; Marijana Sekulic-Jablanovic; Krystsina Kucharava; Matthew B. Wright; Daniel
Bodmer; Insulin Receptor and Glucose Transporters in the Mammalian Cochlea. Audiology and Neurotology 2019, 24,
65-76, 10.1159/000499561.

Shuchun Wang; Jochen Schacht; Insulin stimulates protein synthesis and phospholipid signaling systems but does not
regulate glucose uptake in the inner ear. Hearing Research 1990, 47, 53-61, 10.1016/0378-5955(90)90166-m.

Guadalupe Camarero; M.Angeles Villar; Julio Contreras; Carmen Fernandez-Moreno; José Pichel; Carlos Avendafio;
Isabel Varela-Nieto; Cochlear abnormalities in insulin-like growth factor-1 mouse mutants. Hearing Research 2002,
170, 2-11, 10.1016/s0378-5955(02)00447-1.



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Rafael Cediel; Raquel Riquelme; Julio Contreras; A. Diaz; Isabel Varela-Nieto; Sensorineural hearing loss in insulin-like
growth factor I-null mice: a new model of human deafness. European Journal of Neuroscience 2006, 23, 587-590, 10.1
111/j.1460-9568.2005.04584.x.

Katie A. Woods; Cecilia Camacho-Hubner; Martin O. Savage; Adrian J.L. Clark; Intrauterine Growth Retardation and
Postnatal Growth Failure Associated with Deletion of the Insulin-Like Growth Factor | Gene. New England Journal of
Medicine 1996, 335, 1363-1367, 10.1056/nejm199610313351805.

Lourdes Rodriguez-De La Rosa; Luis Lassaletta; Miryam Calvino; Silvia Murillo-Cuesta; Isabel Varela-Nieto; The Role
of Insulin-Like Growth Factor 1 in the Progression of Age-Related Hearing Loss. Frontiers in Aging Neuroscience 2017,
9, 411, 10.3389/fnagi.2017.00411.

Iciar Paula Lépez; Lourdes Rodriguez-De La Rosa; Rosete Sofia Pais; Sergio Pifieiro-Hermida; Raquel Torrens; Julio
Contreras; Isabel Varela-Nieto; José Garcia Pichel; Differential organ phenotypes after postnatal Igf1r gene conditional
deletion induced by tamoxifen in UBC-CreERTZ2; Igfir fl/fl double transgenic mice. Transgenic Research 2014, 24, 279-
294, 10.1007/s11248-014-9837-5.

Susana Cardoso; Iciar Lépez; Sergio Pifieiro-Hermida; José Pichel; Paula Moreira; IGF1R Deficiency Modulates Brain
Signaling Pathways and Disturbs Mitochondria and Redox Homeostasis. Biomedicines 2021, 9, 158, 10.3390/biomedic
ines9020158.

Martin Holzenberger; Joélle Dupont; Bertrand Ducos; Patricia Leneuve; Alain Géloén; Patrick Even; Pascale Cervera;
Yves Le Bouc; IGF-1 receptor regulates lifespan and resistance to oxidative stress in mice. Nature 2002, 421, 182-187,
10.1038/nature01298.

Thomas Ludwig; Jonathan Eggenschwiler; Peter Fisher; A.Joseph D'ercole; Marsha L. Davenport; Argiris Efstratiadis;
Mouse Mutants Lacking the Type 2 IGF Receptor (IGF2R) Are Rescued from Perinatal Lethality in Igf2 and Igfir Null
Backgrounds. Developmental Biology 1996, 177, 517-535, 10.1006/dbio.1996.0182.

Andrew A. Butler; Derek Leroith; Minireview: Tissue-Specific Versus Generalized Gene Targeting of the igfl and igflr
Genes and Their Roles in Insulin-Like Growth Factor Physiology. Endocrinology 2001, 142, 1685-1688, 10.1210/en.14
2.5.1685.

Jun Chen; Hu Yuan; Andra E. Talaska; Kayla Hill; Su-Hua Sha; Increased Sensitivity to Noise-Induced Hearing Loss by
Blockade of Endogenous PI3K/Akt Signaling. Journal of the Association for Research in Otolaryngology 2015, 16, 347-
356, 10.1007/s10162-015-0508-x.

Chen Sun; Jing Zhao; Yecheng Jin; Congzhe Hou; Wen Zong; Tingting Lu; Huashun Li; Jiangang Gao; PTEN
regulation of the proliferation and differentiation of auditory progenitors through the PTEN/PI3K/Akt-signaling pathway
in mice. NeuroReport 2014, 25, 177-183, 10.1097/wnr.0000000000000069.

Xiaolong Fu; Xiaoyang Sun; Linging Zhang; Yecheng Jin; Renjie Chai; Lili Yang; Aizhen Zhang; Xiangguo Liu;
Xiaochun Bai; Jianfeng Li; et al. Tuberous sclerosis complex-mediated mTORC1 overactivation promotes age-related
hearing loss.. Journal of Clinical Investigation 2018, 128, 4938-4955, 10.1172/JCI98058.

Shasha Guo; Nana Xu; Peng Chen; Ying Liu; Xiaofei Qi; Sheng Liu; Cuixian Li; Jie Tang; Rapamycin Protects Spiral
Ganglion Neurons from Gentamicin-Induced Degeneration In Vitro. JARO - Journal of the Association for Research in
Otolaryngology 2019, 20, 475-487, 10.1007/s10162-019-00717-3.

Hee-Je Park; Hyung-Jin Kim; Gi-Sang Bae; Sang-Wan Seo; Do-Yun Kim; Won-Seok Jung; Min-Sun Kim; Mi-Young
Song; Eun-Kyung Kim; Kang-Beom Kwon; et al. Selective GSK-3 inhibitors attenuate the cisplatin-induced cytotoxicity
of auditory cells. Hearing Research 2009, 257, 53-62, 10.1016/j.heares.2009.08.001.

Tianyi Liu; Shimin Zong; Pan Luo; Yanji Qu; Yingying Wen; Peiyu Du; Hongjun Xiao; Enhancing autophagy by down-
regulating GSK-3p alleviates cisplatin-induced ototoxicity in vivo and in vitro. Toxicology Letters 2019, 313, 11-18, 10.1
016/j.toxlet.2019.05.025.

Heidi Laine; Marilin Sulg; Anna Kirjavainen; Ulla Pirvola; Cell cycle regulation in the inner ear sensory epithelia: Role of
cyclin D1 and cyclin-dependent kinase inhibitors. Developmental Biology 2010, 337, 134-146, 10.1016/j.ydbio.2009.10.
027.

Tracy M Saxton; Alec M Cheng; Siew Hwa Ong; Yong Lu; Ryuichi Sakai; James Cross; Tony Pawson; Gene dosage-
dependent functions for phosphotyrosine-Grb2 signaling during mammalian tissue morphogenesis. Current Biology
2001, 11, 662-670, 10.1016/s0960-9822(01)00198-1.

A Battaglia; K Pak; D Brors; D Bodmer; J.A Frangos; A.F Ryan; Involvement of ras activation in toxic hair cell damage
of the mammalian cochlea. Neuroscience 2003, 122, 1025-1035, 10.1016/j.neuroscience.2003.08.041.

Marianne Broome Powell; Paul Hyman; O. Dianna Bell; Allan Balmain; Ken Brown; Dave Alberts; G. Tim Bowden;
Hyperpigmentation and melanocytic hyperplasia in transgenic mice expressing the human T24 HA-ras gene regulated
by a mouse tyrosinase promoter. Molecular Carcinogenesis 1995, 12, 82-90, 10.1002/mc.2940120205.




95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Leszek Wojnowski; Louis F Stancato; Anne M Zimmer; Heidi Hahn; Thomas W Beck; Andrew C Larner; UIf R. Rapp;
Andreas Zimmer; Craf-1 protein kinase is essential for mouse development. Mechanisms of Development 1998, 76,
141-149, 10.1016/s0925-4773(98)00111-7.

M. J. E. Walenkamp; M. Karperien; Alberto M. Pereira; Y. Hilhorst-Hofstee; J. Van Doorn; J. W. Chen; S. Mohan; A.
Denley; Briony Forbes; H. A. Van Duyvenvoorde; et al. Homozygous and Heterozygous Expression of a Novel Insulin-
Like Growth Factor-I Mutation. The Journal of Clinical Endocrinology & Metabolism 2005, 90, 2855-2864, 10.1210/jc.20
04-1254.

Ana Claudia Keselman; Ayelen Martin; Paula Alejandra Scaglia; Nora Maria Sanguineti; Romina Armando; Mariana
Gutiérrez; Débora Braslavsky; Maria Gabriela Ballerini; Maria Gabriela Ropelato; Laura Ramirez; et al. A homozygous
mutation in the highly conserved Tyr60 of the mature IGF1 peptide broadens the spectrum of IGF1 deficiency.
European Journal of Endocrinology 2019, 181, K43-K53, 10.1530/eje-19-0563.

Iréne Netchine; Salah Azzi; Muriel Houang; Danielle Seurin; Laurence Perin; Jean-Marc Ricort; Claudine Daubas;
Christine Legay; Jan Mester; Robert Herich; et al. Partial Primary Deficiency of Insulin-Like Growth Factor (IGF)-I
Activity Associated withIGF1Mutation Demonstrates Its Critical Role in Growth and Brain Development. The Journal of
Clinical Endocrinology & Metabolism 2009, 94, 3913-3921, 10.1210/jc.2009-0452.

Lara Batey; Jennifer Moon; Yongguo Yu; Bingbing Wu; Joel N. Hirschhorn; Yiping Shen; Andrew Dauber; A Novel
Deletion of IGF1 in a Patient With Idiopathic Short Stature Provides Insight Into IGF1 Haploinsufficiency. The Journal of
Clinical Endocrinology & Metabolism 2014, 99, E153-E159, 10.1210/jc.2013-3106.

John S. Fuqua; Michael Derr; Ron G. Rosenfeld; Vivian Hwa; Identification of a Novel HeterozygousIGF1Splicing
Mutation in a Large Kindred with Familial Short Stature. Hormone Research in Paediatrics 2012, 78, 59-66, 10.1159/00
0337249.

H.A. van Duyvenvoorde; J. van Doorn; J. Koenig; L. Gauguin; W. Oostdijk; J.D. Wade; M. Karperien; C.A.L.
Ruivenkamp; M. Losekoot; P.A. van Setten; et al. The severe short stature in two siblings with a heterozygous IGF1
mutation is not caused by a dominant negative effect of the putative truncated protein. Growth Hormone & IGF
Research 2011, 21, 44-50, 10.1016/j.ghir.2010.12.004.

H. A. Van Duyvenvoorde; P. A. Van Setten; M. J. E. Walenkamp; J. Van Doorn; J. Koenig; L. Gauguin; W. Oostdijk; C.
A. L. Ruivenkamp; M. Losekoot; John Wade; et al. Short Stature Associated with a Novel Heterozygous Mutation in
thelnsulin-Like Growth Factor 1Gene. The Journal of Clinical Endocrinology & Metabolism 2010, 95, E363-E367, 10.12
10/jc.2010-0511.

Marie J E Walenkamp; Jasmijn M L Robers; Jan M Wit; Gladys R J Zandwijken; Hermine A Van Duyvenvoorde; Wilma
Oostdijk; Anita C S Hokken-Koelega; Sarina G Kant; Monique Losekoot; Phenotypic Features and Response to GH
Treatment of Patients With a Molecular Defect of the IGF-1 Receptor. The Journal of Clinical Endocrinology &
Metabolism 2019, 104, 3157-3171, 10.1210/jc.2018-02065.

Marie-Héléne Gannagé-Yared; Jurgen Klammt; Eliane Chouery; Sandra Corbani; Hala Mégarbané; Joelle Abou Ghoch;
Nancy Choucair; Roland Pfaeffle; André Mégarbané; Homozygous mutation of the IGF1 receptor gene in a patient with
severe pre- and postnatal growth failure and congenital malformations. European Journal of Endocrinology 2013, 168,
K1-K7, 10.1530/eje-12-0701.

Paolo Prontera; Lucia Micale; Alberto Verrotti; Valerio Napolioni; Gabriela Stangoni; Giuseppe Merla; A New
HomozygousIGF1RVariant Defines a Clinically Recognizable Incomplete Dominant form of SHORT Syndrome. Human
Mutation 2015, 36, 1043-1047, 10.1002/humu.22853.

Wietske A. Ester; Hermine A. Van Duyvenvoorde; Caroline C. De Wit; Alexander J. Broekman; Claudia A. L.
Ruivenkamp; Lutgarde C. P. Govaerts; Jan M. Wit; Anita C. S. Hokken-Koelega; Monique Losekoot; Two Short
Children Born Small for Gestational Age with Insulin-Like Growth Factor 1 Receptor Haploinsufficiency lllustrate the
Heterogeneity of Its Phenotype. The Journal of Clinical Endocrinology & Metabolism 2009, 94, 4717-4727, 10.1210/jc.2
008-1502.

Matthias Begemann; Birgit Zirn; Gijs Santen; Elisa Wirthgen; Lukas Soellner; Hans-Martin Biittel; Roland Schweizer;
Wilbert Van Workum; Gerhard Binder; Thomas Eggermann; et al. Paternally InheritedIGF2Mutation and Growth
Restriction. New England Journal of Medicine 2015, 373, 349-356, 10.1056/nejmoal415227.

Kaori Yamoto; Hirotomo Saitsu; Norio Nakagawa; Hisakazu Nakajima; Tatsuji Hasegawa; Yasuko Fujisawa; Masayo
Kagami; Maki Fukami; Tsutomu Ogata; De novo IGF2 mutation on the paternal allele in a patient with Silver—Russell
syndrome and ectrodactyly. Human Mutation 2017, 38, 953-958, 10.1002/humu.23253.

Deguo Liu; Yajian Wang; Xiu-An Yang; Deyun Liu; De Novo Mutation of Paternal IGF2 Gene Causing Silver—Russell
Syndrome in a Sporadic Patient. Frontiers in Genetics 2017, 8, 105-105, 10.3389/fgene.2017.00105.




110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Denise Rockstroh; Heike Pfaffle; Diana Le Duc; Franziska RoRler; Franziska Schlensog-Schuster; John T Heiker;
Jiurgen Kratzsch; Wieland Kiess; Johannes R Lemke; Rami Abou Jamra; et al. A new p.(lle66Serfs*93) IGF2 variant is
associated with pre- and postnatal growth retardation. European Journal of Endocrinology 2019, 180, K1-K13, 10.153
Oleje-18-0601.

Chuan Zhang; Shengju Hao; Qinghua Zhang; Furong Liu; Bingbo Zhou; Feng Xuan; Wang Xing; Xue Chen; Yan Wang;
Panpan Ma; et al. Maternal UPD of chromosome 7 in a patient with Silver-Russell syndrome and Pendred syndrome.
Journal of Clinical Laboratory Analysis 2020, 34, e23407, 10.1002/jcla.23407.

David A. Dyment; Amanda C. Smith; Diana Alcantara; Jeremy A. Schwartzentruber; Lina Basel-Vanagaite; Cynthia J.
Curry; Isabel Karen Temple; William Reardon; Sahar Mansour; Mushfequr R. Hag; et al. Mutations in PIK3R1 Cause
SHORT Syndrome. The American Journal of Human Genetics 2013, 93, 158-166, 10.1016/j.ajhg.2013.06.005.

Marialetizia Motta; Luca Pannone; Francesca Pantaleoni; Gianfranco Bocchinfuso; Francesca Clementina Radio;
Serena Cecchetti; Andrea Ciolfi; Martina Di Rocco; Mariet W. Elting; Eva H. Brilstra; et al. Enhanced MAPK1 Function
Causes a Neurodevelopmental Disorder within the RASopathy Clinical Spectrum. The American Journal of Human
Genetics 2020, 107, 499-513, 10.1016/j.ajhg.2020.06.018.

Dorothée C. van Trier; Josephine van Nierop; Jos M. Th. Draaisma,; Ineke van der Burgt; Henricus Kunst; Ellen A.
Croonen; Ronald J.C. Admiraal; External ear anomalies and hearing impairment in Noonan Syndrome. International
Journal of Pediatric Otorhinolaryngology 2015, 79, 874-878, 10.1016/).ijporl.2015.03.021.

Marie-Louise Barrenas; Kerstin Landin-Wilhelmsen; Charles Hanson; Ear and hearing in relation to genotype and
growth in Turner syndrome. Hearing Research 2000, 144, 21-28, 10.1016/s0378-5955(00)00040-x.

Joaquin Gomez; Jesls Devesa; Growth Hormone and the Auditory Pathway: Neuromodulation and Neuroregeneration.
International Journal of Molecular Sciences 2021, 22, 2829, 10.3390/ijms22062829.

Zvi Laron; Haim Werner; Laron syndrome — A historical perspective. Reviews in Endocrine and Metabolic Disorders
2020, 22, 31-41, 10.1007/s11154-020-09595-0.

Sophie Brisset; Zuzana Slamova; Petra Dusatkova; Audrey Briand-Suleau; Karen Milcent; Corinne Metay; Martina
Simandlova; Zdenek Sumnik; Lucie Tosca; Michel Goossens; et al. Anophthalmia, hearing loss, abnormal pituitary
development and response to growth hormone therapy in three children with microdeletions of 14q22q23. Molecular
Cytogenetics 2014, 7, 17-17, 10.1186/1755-8166-7-17.

Mara Giordano; Chiara Gertosio; Sara Pagani; Cristina Meazza; lleana Fusco; Elena Bozzola; A 5.8 Mb interstitial
deletion on chromosome Xg21.1 in a boy with intellectual disability, cleft palate, hearing impairment and combined
growth hormone deficiency. BMC Medical Genetics 2015, 16, 74, 10.1186/s12881-015-0220-z.

John S. Muus; Forest W. Weir; Kathryn L. Kreicher; Deborah A. Bowlby; Christopher M. Discolo; Ted A. Meyer; Hearing
loss in children with growth hormone deficiency. International Journal of Pediatric Otorhinolaryngology 2017, 100, 107-
113, 10.1016/}.ijporl.2017.06.037.

Tanika T. Williamson; Xiaoxia Zhu; Jennifer Pineros; Bo Ding; Robert D. Frisina; Understanding hormone and hormone
therapies' impact on the auditory system. Journal of Neuroscience Research 2020, 98, 1721-1730, 10.1002/jnr.24588.

S. Romano; P. Maffei; V. Bettini; G. Milan; F. Favaretto; M. Gardiman; J. D. Marshall; N. A. Greggio; G. B. Pozzan; G.
B. Collin; et al. Alstrém syndrome is associated with short stature and reduced GH reserve. Clinical Endocrinology
2013, 79, 529-536, 10.1111/cen.12180.

Dorothée Girard; Nikolai Petrovsky; Alstrdm syndrome: insights into the pathogenesis of metabolic disorders. Nature
Reviews Endocrinology 2010, 7, 77-88, 10.1038/nrendo.2010.210.

Tom Hearn; ALMS1 and Alstrdm syndrome: a recessive form of metabolic, neurosensory and cardiac deficits. Journal
of Molecular Medicine 2018, 97, 1-17, 10.1007/s00109-018-1714-x.

Dieuwerke R Dijk; Gianni Bocca; Conny M van Ravenswaaij-Arts; Growth in CHARGE syndrome: optimizing care with
a multidisciplinary approach. Journal of Multidisciplinary Healthcare 2019, ume 12, 607-620, 10.2147/jmdh.s175713.

Asa Bonnard; Rusana Bark; Christina Hederstierna; Clinical update on sensorineural hearing loss in Turner syndrome
and the X-chromosome. American Journal of Medical Genetics Part C: Seminars in Medical Genetics 2019, 181, 67-
73, 10.1002/ajmg.c.31673.

Liane Sousa Teixeira; Isabelle Braz De Oliveira Silva; Andre Luiz Lopes Sampaio; Carlos Augusto Pires De Oliveira;
Fayez Bahamad Junior; Hearing Loss in Acromegaly - A Review. International Archives of Otorhinolaryngology 1990,
22,313-316, 10.1055/s-0037-1603619.

Li Gao; Takayuki Nakagawa; Insulin-like growth factor 1: role in the auditory system and therapeutic potential in
otology. Current Opinion in Otolaryngology & Head & Neck Surgery 2020, 28, 286-290, 10.1097/m00.00000000000006
52.




129.

130.

131.

132.

133.

134.

135.

Takayuki Nakagawa; Michio Yamamoto; Kozo Kumakawa; Shin-Ichi Usami; Naohito Hato; Keiji Tabuchi; Mariko
Takahashi; Keizo Fujiwara; Akira Sasaki; Shizuo Komune; et al. Prognostic impact of salvage treatment on hearing
recovery in patients with sudden sensorineural hearing loss refractory to systemic corticosteroids: A retrospective
observational study. Auris Nasus Larynx 2015, 43, 489-494, 10.1016/j.anl.2015.12.004.

Alexander Chern; Lora R. Dagi Glass; David A. Gudis; Thyroid Eye Disease, Teprotumumab, and Hearing Loss: An
Evolving Role for Otolaryngologists. Otolaryngology—Head and Neck Surgery 2021, , , 10.1177/01945998211004240.

Athanasia Warnecke; Nils K. Prenzler; Heike Schmitt; Kerstin Daemen; Jana Keil; Martin Dursin; Thomas Lenarz;
Christine S. Falk; Defining the Inflammatory Microenvironment in the Human Cochlea by Perilymph Analysis: Toward
Liquid Biopsy of the Cochlea. Frontiers in Neurology 2019, 10, 665, 10.3389/fneur.2019.00665.

Thomas Breil; Carolin Kneppo; Markus Bettendorf; Hermann L. Muller; Klaus Kapelari; Dirk Schnabel; Joachim
Woelfle; Sequential measurements of IGF-I serum concentrations in adolescents with Laron syndrome treated with
recombinant human IGF-I (rhIGF-I). Journal of Pediatric Endocrinology and Metabolism 2018, 31, 895-902, 10.1515/jp
em-2018-0139.

Joaquin Guerra; Ana Devesa; David Llorente; Rocio Mouro; Alba Alonso; José Garcia-Cancela; Jesus Devesa; Early
Treatment with Growth Hormone (GH) and Rehabilitation Recovers Hearing in a Child with Cerebral Palsy. Reports
2019, 2, 4, 10.3390/reports2010004.

Marsha L. Davenport; Jackson Roush; Chunhua Liu; Anthony J. Zagar; Erica Eugster; Sharon Travers; Patricia Y.
Fechner; Charmian A. Quigley; Growth Hormone Treatment Does Not Affect Incidences of Middle Ear Disease or
Hearing Loss in Infants and Toddlers with Turner Syndrome. Hormone Research in Paediatrics 2010, 74, 23-32, 10.115
9/000313964.

Julia E. Ostberg; Adam Beckman; Barbara Cadge; Gerard S. Conway; Oestrogen Deficiency and Growth Hormone
Treatment in Childhood Are Not Associated with Hearing in Adults with Turner Syndrome. Hormone Research in
Paediatrics 2004, 62, 182-186, 10.1159/000080888.

Retrieved from https://encyclopedia.pub/entry/history/show/35573



