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The identification of new proteins that regulate the function of one of the main cellular phosphatases, protein phosphatase

1 (PP1), is essential to find possible pharmacological targets to alter phosphatase function in various cellular processes,

including the initiation and development of multiple diseases. IIIG9 is a regulatory subunit of PP1 initially identified in

highly polarized ciliated cells. In addition to its ciliary location in ependymal cells, researchers showed that IIIG9 has

extraciliary functions that regulate the integrity of adherens junctions.
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1. Introduction

IIIG9 is a poorly characterized protein. This protein is encoded by the PPP1R32 gene, also known as C11orf66,
FLJ32771, 4930579J09Rik, AU015816, and MGC144717. The human IIIG9 orphan gene (C11orf66) is located at the

11q12.2 locus, and its mRNA expression was first reported in 2002, when high expression was demonstrated in the

ependymal wall of the fourth cerebral ventricle . In rats, IIIG9 exists as two transcripts, IIIG9L (1491 bp) and IIIG9S

(1355 bp), which leads to the emergence of 426 and 381 amino acid proteins, respectively. Both isoforms differ by 44

amino acids that are present in the N-terminal region of IIIG9L but absent in IIIG9S . In humans, there are two IIIG9

isoforms: one of 425 amino acids (1532 bp) and the other of 405 amino acids (1472 bp) . The short isoform does not

have the sequence found between amino acids 230 to 249 (UniProt data), which are present in the long isoform. In mice,

even when two transcripts are generated (1511 bp and 1515 bp), only a single protein of 427 amino acids is reported .

2. IIIG9 Is a Regulatory Subunit of Protein Phosphatase 1 (PP1)

IIIG9 was initially described as a protein of unknown function because it showed no significant homology to any known

protein . Additionally, according to the GCG Program ‘Motifs’ algorithm, it was not possible to identify any hydrophobic

amino acid clusters indicative of signal sequences or transmembrane regions . However, the rat IIIG9 protein sequence

contains significant matches with sequences in other species such as the chicken and zebrafish . Recently, with the aid

of residue contact maps and artificial intelligence, it has become possible to generate a three-dimensional structure model

of IIIG9 through the use of the C-I-ITASSER server . After over 600 nanoseconds of molecular dynamics, IIIG9

reached a stable globular structure with the absence of large secondary structures and the presence of short alpha

helices, in which the RKVHF sequence can be located. There are also a few beta-sheets at the level of the N-terminal

region and a destructured region in the C-terminal region (Figure 1). The lack of secondary structures as intrinsically

disordered proteins and the presence of the RKVHF sequence characterize more than 70% of PP1 regulatory proteins,

which allow them to adopt highly flexible, transient conformations, thus promoting interaction with the protein surface of

PP1 (AlphaFold: Protein Structure Database) . The RKVHF sequence is a short, degenerate domain present

between amino acids 129 and 133 (long isoform) or 85 and 89 (short isoform) in rat proteins or between amino acids 129

and 133 in both human and mouse isoforms  (Figure 1). Additionally, the interaction of IIIG9 with PP1 has been

validated in vitro and then used in in silico screening reports for proteins that present an RVxF-type binding domain .

In conclusion, IIIG9 was identified as a candidate protein that interacts with PP1.
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Figure 1. Molecular dynamics-refined model structure of human PPP1R32. (A) Cartoon representation of the best human

PPP1R32 model according to the Z-score assessed by the ProSA webserver after 700 nanoseconds of molecular

dynamics simulations. Protein structure, side chains, and surface patches were rendered with the EzMol server .

The model can reach a globular stable structure after 400 nanoseconds of molecular dynamics simulations. In the

PPP1R32 protein model, the RKVHF motif (depicted with red letters) is accessible to the solvent. (B) Snapshot of RKVHF

motif, depicting a histidine residue fully accessible to the solvent.

3. Regulation of PP1 by IIIG9

PP1 is a ubiquitous and highly conserved phosphatase, targeting about half of the proteins of eukaryotic cells. It is thought

to cleave the ester connection of phosphates linked to serines or threonines . In mammals, there are multiple PP1

catalytic subunits (α, β, and γ), and their locations and functions differ based on their interactions with more than 200

regulatory protein subunits . In humans, three isoforms of PP1α have been described, including a 330 aa (1421 bp)

canonical sequence and two isoforms produced by alternative splicing (both computationally predicted) of 286 (1289 bp)

and 341 amino acids (1454 bp) (UniProt). The PP1β catalytic subunit has two transcripts of 4916 bp and 4925 bp, which

lead to a single isoform of 327 amino acids. Finally, two alternative splicing isoforms have been described for PP1γ: PP1

gamma 1 (2552 bp) and PP1 gamma 2 (1521 bp), with 323 and 327 amino acids, respectively. As with all highly dynamic

and specific regulatory proteins, PP1 plays an important role in cellular processes (such as the cell cycle, protein

synthesis, and transcription), as well as pathologies (such as cancer, heart disease, memory loss, type 2 diabetes, and

viral infections) in which it has potential therapeutic roles .

PIPs (PP1-interacting proteins) interact with the different PP1 regulatory subunits through short sequences, which create

PP1 holoenzymes with unique properties, a strategy that has been defined as a molecular “lego” that governs specificity

. Initially, the RXvF-like motif was defined as a region of five amino acids with the consensus sequence of [K/R]-X -

[VI]-(P)-[FW], where X is any residue and P is any residue except proline . However, the sequence is summarized as

[KR]-[KR]-[VI]-(FIMYDP)-[FW], where the most conserved residues are 1, 3, and 5; at position 4, the following amino

acids are never found: Phe (F), Ile (I), Met (M), Tyr (Y), Asp (D), and Pro (P) . However, this sequence is mostly

enriched for R (17%), K (11%), S (21%), and T (18%). The presence of S and T is decisive in the interaction between PP1

and PIPs because the phosphorylation of these residues disrupts the union with PP1 . The docking of the RVxF

domain does not affect the catalytic activity of PP1, but it does increase the concentration of the interactor, which alters

the substrate specificity of PP1. On the other hand, crystallographic studies have shown that the RVxF domain of a PIP is

found in a flexible loop that adopts an extended beta-sheet by binding to the hydrophobic pocket of PP1, which is 20 Å

farther from the catalytic site . According to the structure predicted in AlphaFold, IIIG9 exhibits the RKVHF sequence

between amino acids 129 to 133 at the level of a short helix present in the human sequence. Furthermore, this sequence

lacks the S/T amino acids at position 4, indicating that the interaction between IIIG9 (Figure 1) and the catalytic subunits

of PP1 is not regulated by phosphorylation/dephosphorylation. Although some PP1 regulatory proteins specifically interact

with a single PP1 isoform, others bind all the catalytic subunits of this phosphatase, at least in vitro . Double hybrid

assays performed with a cDNA library derived from human testes and using a bait for the union of the PP1γ1 and PP1γ2

isoforms (generated by tissue-specific alternative splicing of the PP1γ gene) demonstrated that human IIIG9 interacts with

both isoforms . In turn, the colocalization of IIIG9 and PP1γ has been observed in spermatogonia and mature

spermatozoa from mice and bovines, respectively . In addition, the interaction between IIIG9 and the alpha subunit of

PP1 (PP1α) has been demonstrated via co-immunoprecipitation studies on HEK293 cell extracts that overexpress

C11orf66-GFP (human IIIG9 fused to GFP) and the use of yeast co-transformation assays .

The identification of new regulatory subunits of the catalytic subunits of PP1 will allow researchers to understand how the

functional diversity of this phosphatase is regulated in eukaryotic cells. In addition, the presence of numerous PIPs in

concentrations that are in large molar excess prevents PP1 from being free, causing uncontrolled dephosphorylation that

leads to cell death . Additionally, the characterization of the expression and function of new PIPs, such as IIIG9, will
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make it possible to define the molecular interactome of PP1 around a certain cellular process, such as during the

formation of cell polarity where PP1 participates in signaling mechanisms with Cdc42/Par-3/aPKC/Par6 , opening new

therapeutic targets that specifically regulate the action of PP1. Other interaction motifs located near the N-terminus of the

RKVHF sequence, such as MyPhoNE, RxxQ[VIL][KR]x[YW], SILK [GS]IL[RK], SpiDoC , and IDoHA , have been

characterized in other PIPs, but these are not present in IIIG9 .

4. Expression of IIIG9 during CNS Development

The early and high expression of IIIG9 in the ventricular and cortical wall at embryonic day 17 of the rat brain has been

demonstrated by immunocytochemical studies in rat brains . At this stage, IIIG9 is widely expressed throughout the

ventricular and cortical thickness, and it is preferentially polarized at the apical border of the lateral ventricle, which

houses the body of the neural stem cell, called the radial glia. Researchers' localization results are also supported by data

present in the CORTECON information base, which is a repository of cortical developmental gene expression, showing

that the expression of IIIG9 mRNA (PPP1R32) is associated with neural differentiation states and the cortical specification

of the upper cortical layers . Moreover, evidence suggests that IIIG9 could participate in the development of neural

stem cells (NSCs) by maintaining the signaling pathways for cell survival and differentiation, as demonstrated by DICER

(riboendonuclease in the small RNA pathway) loss-of-function studies in NSCs, which increases anti-survival and/or

apoptotic proteins and signaling pathways, thus leading to NSC cell death in the absence of mitogens . Proteomic

analysis showed that the levels of approximately 2900 proteins, including IIIG9, are affected. Therefore, the proteins lost

in DICER-null NSCs could be relevant to or a consequence of the deregulation of cell survival and differentiation signaling

pathways in NSCs or radial glia. Similarly, the location of apically polarized IIIG9 in the radial glia of the embryonic

ventricular wall may be indicative of its role in cell polarization mechanisms that maintain adherens junctions or induce the

multiciliogenesis of the radial glia that become ependymal cells. The general view is that multiciliated cells arise from

progenitors after the inhibition of Notch, a process that triggers the activation of the master regulators of multiciliogenesis,

GEMC1, and multicilin, which activate gene expression by binding the transcription factors, E2F4/5 and DP1 .

Additionally, the downstream binding of the transcription factor RFX2/3 mediates the biogenesis of both primary and

motile cilia, while the transcription factor FOXJ1 anchors basal bodies, axoneme growth, and ciliary motility .

Notably, the analysis of the IIIG9 gene locus in mice (chromosome 19) using the GTRD , IFTI , and PROMO 

databases has identified the binding sites for the transcription factors RFX2/3 and FOXJ1 immediately and 408 bp

upstream of the start codon, respectively. This in silico analysis complements expression and localization data,

strengthening the idea that IIIG9 is involved in the multiciliated program. Furthermore, a ~14-fold increase in IIIG9 mRNA

levels was detected just 5 h after the induction of multicilin in epithelial explants of Xenopus laevis, positioning IIIG9 as

one of the top 15 genes upregulated among >500 mRNAs after treatment .

IIIG9 could also be part of the basal body of the primary cilium of the radial glia that contacts the ventricular cavity, given

that the IIIG9–GFP fusion protein was shown to be localized at the base of the cilium from the mouse kidney collecting

duct cell line, IMCD3 . This suggests that IIIG9 is not an exclusive protein of motile cilia, as it can also be present in the

primary cilium of different cells of an organism. Thus, like many ciliary proteins, IIIG9 has extraciliary functions, such as

cell cycle regulation in tumor cells, the maintenance of adherens junctions in ependymal epithelium, and the genesis and

differentiation of neuronal subpopulations during the development of the cerebral cortex.

5. Role of IIIG9 in Pathologies

Although there is little information that directly relates the deregulation of the C11orf66 gene or the IIIG9 protein with the

development of human pathologies, the following sections summarize what has been reported to date.

5.1. Ciliopathies

Ciliopathies are a set of developmental (degenerative) disorders of a single gene whose dysfunction alters the function of

any type of cilia. According to the “Rare Diseases AutoRIF ARCHS  Predictions” database , PPP1R32 dysfunction is

postulated to be connected with the development of bronchiectasis-ciliary dyskinesia, cranioectodermal dysplasia,

multifocal heterotopia, primary ciliary dyskinesia, situs inversus, and ciliary immobility associated with sterility. Similarly,

the ciliary localization of IIIG9 has been demonstrated in human airway epithelial cells . Furthermore, the C11orf66
gene is one of the differentially expressed genes in the pseudoglandular-to-canalicular transition of human lung

development , which could have broader implications in terms of lung function in both health and illness. Similarly,

researchers have shown that the loss of IIIG9 in the adult ventricular wall of the nervous system induces the presence of

non-polarized ependymal cells (balloon-like morphology) and ependymal cells with rigid cilia that probably vibrate, which

may be the basis of the observed ventriculomegaly , and are key agents in the development of a ciliopathy, such as

hydrocephalus.

5.2. Infertility

IIIG9 was first reported as a ciliary protein in the testes and oviducts . In the testes, IIIG9 has been detected in

mouse spermatogonia (GC-1), uniformly in the nucleus and cytoplasm; in mature bovine spermatozoa, IIIG9 is absent in
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the equatorial region of the head and midpiece, standing out in the tail and head and constituting a regulatory protein of

interest in sperm development . To date, the effects of IIIG9 inhibition on sperm development and capacitation are

unknown. Both processes were studied using an ex vivo model of rat seminiferous tubules against exposure to two

fungicides (carbendazim and iprodione) that produce a strong alteration of spermatogenesis that affects the migration of

germ cells through the seminiferous tubules; it also impacts androgen synthesis and alters meiosis. In this entry,

increased IIIG9 expression was observed after 14 days of exposure to carbendazim (50 nM), decreasing after 21 days of

exposure when combined with iprodione in equimolar proportions. In addition, IIIG9 was part of a series of proteins that

were identified as potential markers of testicular dysfunction and infertility .

The targeted interruption of the Ppp1cc gene (PP1 gamma) also causes infertility in mice as a result of altered

spermatogenesis coinciding with a loss of the transition between round and elongated spermatogonia and a decrease in

germ cells, especially spermatids. These effects culminate in the generalized absence of sperm, resulting from apoptosis

that occurs in all layers of the seminiferous tubules . Thus, IIIG9 is likely a PP1 gamma regulatory protein that

regulates its function to promote normal spermatogenesis.

5.3. Autism Spectrum Disorder (ASD)

ASD is a condition related to brain development that affects how the person perceives and socializes with other people,

leading to problems in social interaction and communication, as well as the manifestation of restricted or repetitive

behaviors, interests, and activities. Mak et al., 2017 carried out chromosomal microarray analysis in a cohort of 258

Chinese children with ASD, analyzing the copy number variants (CNVs) to identify possible molecular markers that

predispose ASD development . This entry was focused on nine patients with pathogenic and probably pathogenic

CNVs who manifested ASD at different ages. In one patient (number 9), who was diagnosed at 29 months of age without

physical abnormalities and with normal cognitive function, there were two consecutive duplications in a mosaic pattern,

11q12.1-q12. 2 (5.55 Mb) and 11p11.2 (0.29 Mb), which extended through the centromere . In the first duplication (5.55

Mb region), the PPP1R32 (IIIG9) gene was one of the 64 genes present in this CNV that was classified as pathogenic and

with unknown inheritance. Furthermore, this result was indicative of a marker chromosome, confirmed by karyotyping mos

47,XY,+mar/46,XY. Another patient with similar duplications (variant ID NSSV582454 present in the Children’s Hospital of

Philadelphia database) presented a global developmental delay (GDD) and a delay in speech and language development

. These results could be related to the putative role of IIIG9 in the neural precursors of the cerebral cortex due to the

high expression of this gene observed in the CORTECON database. In this way, questions arise regarding to the

functional importance of IIIG9 during brain development and how the deregulation of this protein can contribute to the

development of pathologies and developmental disorders, such as ASD.

5.4. Drug Use Disorders

Two reports have related IIIG9 expression to drug use disorders, such as alcoholism and cocaine use. Alcoholism is a

complex disease consisting of the inability to control alcohol consumption due to physical and mental dependence.

Although it has been established that genetic and environmental factors are crucial for its manifestation, the interaction

between them is currently unknown. The screening analysis of the single-nucleotide polymorphisms (SNPs) of alcoholism

using an Ensemble Bayesian Network (an important method used to analyze SNPs related to complex diseases) was

used to identify the IIIG9 gene (C11orf66) among 18 genes that are potentially correlated with vulnerability to alcoholism

. Interestingly, the authors of this entry also identified compounds that could be used as potential medicines for the

treatment of alcoholism since they regulate the expression of at least 14 of the 18 initially recognized genes. For

C11orf66, 13 compounds were identified: four strongly increase gene expression, and five, including chloroprene, inhibit

expression . However, the carcinogenic and mutagenic effects of chloroprene limit its use in future molecular strategies

to regulate the expression of IIIG9 in patients with alcoholism.

The mesolimbic system also plays an important role in neuroadaptation against drug use, mainly in the reward circuit that

connects the ventral tegmental area (VTA) and the nucleus accumbens (NAc) . In an RNA-seq transcriptomic analysis

study, changes in VTA and NAc expression were analyzed in Rhesus macaques exposed to cocaine self-administration (3

months at a maximum of 3 mg/kg weight) and compared to a control group. IIIG9 (PPP1R32) was differentially expressed

(q < 0.05) in the VTA of animals that consumed cocaine . This increase in the expression of some genes is attributed to

epigenetic changes and chromatin remodeling at the level of the dopaminergic system, and it is related to the transition

from drug use to abuse . In this way, IIIG9 is considered a gene of interest in understanding the molecular and cellular

mechanisms of addiction. Future studies will help to understand whether regulating IIIG9 function can become a potential

treatment strategy.
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