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Résumé

ARMCS5 est une protéine qui contient sept motifs Armadillo répétitifs organisés en tandem
et un domaine BTB. Nous avons observé que cette protéine était fortement exprimée dans
les organes lymphoides, les glandes surrénales et le cerveau. Les souris avec une délétion d’
Armc) (souris KO) étaient de petite taille, et présentaient une diminution de la prolifération
et la différenciation des lymphocytes T. L’absence d’ARMC5 entrainait une déficience de la
réponse immunitaire médiée par les lymphocytes CD4" et CD8" dans les modeles expéri-
mentaux d’encéphalomyélite auto-immune et d’infection au virus de la chorioméningite lym-
phocytaire, respectivement. Par la suite, plusieurs études ont révélé que la mutation ARMCS
était associée a I’hyperplasie macronodulaire bilatérale primitive des surrénales (HMBPS),
qui représente une cause rare du syndrome de Cushing. Nous avons ensuite confirmé que
I’hyperplasie des glandes surrénales s’était développée chez les souris KO agées, et qu’elle
s’accompagnait d’une légere augmentation des taux sériques de glucocorticoides.

Comme ARMCSH ne présentait pas d’activité enzymatique, il était probable qu’elle faisait
appel a d’autres protéines pour exercer sa fonction. Nous avons identifié plusieurs protéines
qui se liaient & ARMCS5, et plus particulierement le complexe ARMC5/Cullin3 qui formait
une ubiquitine ligase (E3) spécifique de la sous-unité RPB1 de ’ARN polymérase II. ARMC5
controlait le processus d’ubiquitination de RPB1 qui, par conséquent, s’accumulait dans
plusieurs organes majeurs : les glandes surrénales, les ganglions lymphatiques, le cerveau, les
poumons, le foie, etc. chez la souris KO. Ces résultats démontrent un réle clé de I'ubiquitine
ligase dans la dégradation de la protéine RPB1. Une accumulation similaire a également

été observée dans les tissus hyperplasiques des surrénales provenant de patients atteints



d’HMBPS et porteurs de la mutation ARMCS, ce qui souligne la pertinence clinique de nos
résultats de recherche fondamentale dans les maladies humaines. Un défaut de dégradation de
RPB1 augmentait le pool d’ARN polymérase I1. Par ailleurs, nous avons identifié un groupe
de genes fortement surexprimés dans les glandes surrénales déficientes en ARMCS, parmi
lesquels figurent les genes effecteurs qui seraient impliqués dans I'hyperplasie des surrénales
chez les souris KO et 'HMBPS chez les patients porteurs de la mutation ARMCS.

Finalement, nous avons montré que la délétion ou la mutation d’Armc5 augmentait
considérablement le risque des anomalies du tube neural chez les souris et les humains. Chez
les patients souffrant de myéloméningocele, nous avons constaté neuf différentes mutations
faux-sens déléteres, dont une diminuait I'interaction entre ARMC5 et RPB1. L’augmentation
du pool d’ARN polymérase II dans les cellules précurseurs neurales (CPN), causée par la
délétion ARMCS, influengait un groupe particulier de genes, dont certains (p. ex. Folhl)
seraient susceptibles de participer au développement du tube neural.

En résumé, 'association ARMCS5 et Cullin3 forme un complexe E3 qui cible RPB1 pro-
voquant son ubiquitination et sa dégradation. En absence d'un tel mécanisme, on observe
une perturbation de 'homéostasie de ’ARN polymérase II, qui mene a une diminution de la
réponse immunitaire médiée par lymphocytes T, le développement d’HMBPS et un risque
accru d’anomalies du tube neural.

Mots-clés: ARMC5 (Armadillo repeat containing 5), ubiquitine ligase (E3), Cullin3,
ARN polymérase II, sous-unité RPB1 de ’ARN polymérase IT (RPB1), pool d’ARN polymé-
rase II, hyperplasie macronodulaire bilatérale primitive des surrénales (HMBPS), anomalies

du tube neural, fonction des lymphocytes T.



Abstract

ARMCS5 protein contains seven tandem Armadillo repeats and one BTB domain. We ob-
served that ArmcH was highly expressed in the lymphatic organs, adrenal glands, and brain.
Armcb knockout (KO) mice were small in size and exhibited compromised T cell proliferation
and differentiation. The absence of ARMCS5 resulted in an impairment of the CD4% cell- and
CD8™ cell-mediated immune response in the experimental autoimmune encephalomyelitis
model and lymphocytic choriomeningitis virus infection model, respectively. Subsequently,
several studies revealed that ARMCS mutations were related to primary bilateral macron-
odular adrenal hyperplasia (PBMAH), which is a rare cause of Cushing’s syndrome. We
then confirmed that adrenal gland hyperplasia was indeed developed in aged Armc5 KO
mice with mildly increased serum glucocorticoid levels.

Since ARMC5 did not exhibit enzymatic activity, its function likely depends on the in-
teraction with other proteins. We identified several proteins that binds to ARMC5, most
notably ARMCS5 binding to Cullin3, forming a ubiquitin ligase (E3) specific for RNA poly-
merase I subunit I (RPB1). ARMCS5 regulated the ubiquitination of RPB1, and its deletion
resulted in RPB1 accumulation in major organs (e.g., adrenal glands, lymph nodes, brain,
lung, and liver), indicating the critical role of this E3 in RPB1 degradation. A similar ac-
cumulation was also found in hyperplasia tissues from adrenal glands of PBMAH patients
carrying ARMC5 mutations, underscoring the clinical relevance of our basic research findings
in human disease. Defective degradation of RPB1 led to an enlarged RNA polymerase II

(Pol II) pool. In addition, we have identified a group of genes strongly upregulated in



KO adrenal glands, including the effector genes which would be involved in adrenal gland
hyperplasia in Armec5 KO mice and PBMAH patients carrying ARMCS5 mutation.

Finally, we have shown that deleting or mutating Armcd significantly augments the risk
of neural tube defects in mice and humans. In patients with myelomeningocele, we found nine
deleterious missense mutations in ARMCYS, one of which weakened the interaction between
ARMCS5 and RPB1. The enlarged Pol II pool in Armc5 KO neural precursor cells (NPCs)
influenced a particular group of genes, some of which (e.g., Folh1) are thought to be involved
in the development of the neural tube.

In summary, ARMC5 and CUL3 form an E3 complex, which targets RPB1 causing its
ubiquitination and degradation. In the absence of such a mechanism, there is a disturbance
of RNA polymerase II homeostasis, which leads to a decrease in the T cell-mediated immune
response, the development of PBMAH and an increased risk of neural tube defects.

Keywords: ARMC5 (Armadillo repeat containing 5), ubiquitin ligase (E3), Cullin3,
RNA polymerase II, RNA polymerase II subunit I (RPB1), RNA polymerase II pool, primary
bilateral macronodular adrenal gland hyperplasia (PBMAH), neural tube defects, T cell

function
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Chapter 1

Introduction

1.1. The general features of ARMCS5
1.1.1. ARMCS5 protein and gene

Armadillo repeat-containing 5 (ARMC5) was a protein with an unknown function. We
believed that it might have functions related to T cell activation when our lab started to in-
vestigate it in 2007. Recently, it has been reported that some mutations of ARMCS are linked
to an increased risk of primary bilateral macronodular adrenal hyperplasia (PBMAH) 23
and meningiomas*?®.

ARMCS5 gene is located at chromosome 16p11.2. ARMC5 protein contains seven
Armadillo repeats and one broad-complex, tramtrack, and bric-abrac (BTB) domain
(Figure 1.1). The Armadillo repeat consists of approximately 40 amino acids. It was
first identified in Drosophila segmentation gene (the homolog of mammalian S-catenin).
Each repeat is composed of three a-helices®. Tandem repeats form a right-hand superhelix
of helices and create a groove to bind to other proteins. The BTB domain consists of
approximately 120 amino acids and also acts as a protein-protein interaction module. Most
of the BTB domain-containing proteins are evolutionary conserved, and involved in various

biological processes. Many of them are related to ubiquitin-dependent protein modification

and degradation”.



Human ARMC5 has four complete transcription isoforms according to the Ensembl data-
base (www.ensembl.org): ARMCS5-201, ARMC5-202, ARMC5-203, and ARMC5-204. The
distribution of their exons and introns is shown in Figure 1.1. ARM(C5-201 is the most
common one and cited by many studies!®. ARM(C5-202 and ARMC5-204 have two extra
short exons and one exon, respectively, before the first exon of ARMC5-201. ARMC5-203

does not contain the last two exons, which are presented in the other three isoforms?.

F—  F—{H T[] ARMC5 204 (ENST00000563544.5)
[T} — | ) ARMC5 203 (ENST00000457010.6)

1

—

F—{H " [] ARMC5 202 (ENST00000408912.7)

ARMCS5 201 (ENST00000268314.9)

BTB Q96C12 (ARMC5_HUMAN)

AAF

0
[s2]
(<]

143
4
748
816

Fig. 1.1. The different isoforms of ARMCS5 transcripts and the distribution
of domains in ARMCS5 protein The distribution of domains in ARMC5 protein is based
on UniProtKB (Q96C12). The protein is transcribed from ARMC5-201 (ENST00000268314.9).
The position of exons (yellow squares) in ARMC5 (201, 202, 203, and 204) refers to the Ensembl

database. The dark yellow regions indicate the protein coding sequence. AA: amino acid.

1.1.2. ARMCS5 function

In this section, I will review the known function of ARMCS5, including the findings from
my published paper, which is part of my thesis and will be detailed later, as the published
paper is already part of the literature.

Armeb was among the upregulated genes during T cell activation, according to our
study®. It was highly expressed in the thymus, adrenal glands, lymphatic tissues, bone
marrow, cerebellum, and skin, based on in situ Armc5 hybridization. We generated Armcs
knockout (KO) mice by replacing the first three exons of Armc5 with the neo gene. Only
10% live pups were delivered in the C57BL/6J x 129/sv background with a heterozygous
x heterozygous mating strategy, which is below the expected 25%%. Berthon et al. also
tried to generate Armc5 deficiency mice with a mixed background of C57/BL6, 129 Sv/J
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and Swiss. Only 0.025% of Armcs KO mice survived in their case!®. Almost all Arme5 KO
fetuses died during the early stage of embryonic development. They showed in that genetic
background, Arme5 KO mice failed to form mesoderm and gastrulation at E7.5.

Both our lab and Stratakis’s team found that Armc5 KO mice were smaller than wild-
type (WT) controls from the embryonic stage to adulthood®!°. However, when we examined
serum growth hormone levels in KO mice, no significant difference was found compared to
that of WT ones.

Since ARMC5H was later found to be linked to primary bilateral macronodular adrenal
hyperplasia (PBMAH) and Cushing’s syndrome®?? we assessed the sizes of adrenal glands
and serum glucocorticoid levels in young and aged Armcd KO mice. No significant difference
was found in young mice, whereas in old (>15 months) KO ones, enlarged adrenal glands
and mildly increased glucocorticoid levels were observed.

Our results also showed that ARMC5 played a vital role in immune responses. CD4*
T cells, CD8" T cells, and B cells in Armc5 KO mice had compromised proliferation after
activation. The differentiation of naive KO CD4™ cells into Th1l and Th17 was also defective.
The differentiated Thl and Th17 cells showed the same slower proliferation phenotype as
CD4", CD8* and B cells. Cell cycle analysis revealed that Armcd KO T cells were partially
blocked during G1/S progression. In addition, T cells were prone to apoptosis induced by
FasL.

To better understand the role of ARMC5 in CD4" and CD8" cell-mediated immune
responses, our lab employed an experimental autoimmune encephalomyelitis (EAE) model
and a lymphocytic choriomeningitis virus (LCMV) infection model in Arme¢5 WT and KO
mice, respectively. The onset of EAE clinical symptoms was delayed by seven days in KO
mice. Meanwhile, the maximum disease score of KO mice was also lower than that of
WT controls. KO mice had fewer antigen-specific T cells in the draining lymph nodes and
fewer infiltrating mononuclear cells in the brain and spinal cord after myelin oligodendrocyte
glycoprotein (MOG) immunization. On the other hand, the clonal expansion of CD8" cells

in KO mice was compromised after LCMV antigen stimulation. Viral titers in the kidneys,
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liver, and spleen were significantly higher in KO mice after LCMV infection, indicating the
defect function of viral clearance.

Since ARMCS5 does not exhibit enzymatic activity, its possible functions depend on the
interactions with other proteins. To identify the binding partners, our lab conducted a yeast
two-hybrid (Y2H) with human ARMC5 protein as bait and a human thymocyte cDNA
expression library as prey. We identified 16 possible binding patterns with high scores, such
as DAPK1, ARMCS5 itself, STK24. TTF1, RPB1, and CUL3. By studying the interaction

with these possible partners, we may better understand ARMC5’s molecular mechanism.

1.2. Primary bilateral macronodular adrenal hyperpla-

Sla

As ARMCS mutations are related to an increased PBMAH risk, a short review of this

disease is given in the following section.

1.2.1. Cushing’s syndrome

Cushing’s syndrome (CS) is caused by prolonged tissue exposure to excessive glucocorti-
coids from either endogenous or, more commonly, exogenous sources. Characteristic features
of Cushing’s syndrome include weight gain around the midsection and upper back, exagger-
ated facial roundness, slow healing of cuts, pink or purple stretch marks on the abdomen
skin, osteoporosis, and decreased growth velocity in children®!.

Three categories of primary tumors can cause endogenous CS: ectopic ACTH or
corticotropin-releasing hormone (CRH)-secreting neuroendocrine tumors, adrenocorti-
cotropic hormone (ACTH)-secreting pituitary adenomas (Cushing’s disease), and primary
adrenal tumors. Cushing’s disease is the most common cause of endogenous CS, which
comprises 60 — 70%. Approximately 20 — 30% of endogenous CS cases are caused by primary
adrenocortical hyperfunction, while ectopic ACTH or CRH-secreting tumors account for

the remaining 5 — 10% L.
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Among the primary adrenocortical hyperfunction cases, benign cortisol-producing ade-
nomas account for 10 — 15%, and adrenal hyperplasia occupies 20%, which is almost always

bilateral. In contrast, adrenocortical carcinomas are much less frequent (< 5%)!.

1.2.2. The general features of PBMAH

Bilateral adrenal hyperplasia is characterized by multiple nodules and can be classified
into two subgroups based on the size of most nodules. Micronodular adrenal hyperplasia
refers to adrenal hyperplasia with nodules less than 1 cm, while macronodular adrenal hy-
perplasia, such as PBMAH, with nodules larger than 1 cm and frequently reaching to 3 —
4 c¢cm in diameter. PBMAH is considered as a rare (< 2%) cause of endogenous CS. The
bilateral nature of PBMAH suggests a genetic origin.

Several other terms have been used to describe PBMAH disease, such as massive macron-

13 macronodular

odular hyperplasia'?, ACTH-independent massive bilateral adrenal disease
adrenal hyperplasia'®, nodular hyperplasia of the adrenal glands!®. However, currently, the
prevailing nomenclature for this disease is PBMAH.

Most of PBMAH is diagnosed in patients between 40- to 70-year-old based on the clin-
ical signs of cortisol excess. The excess level of glucocorticoids is usually mild. Therefore,
Cushing’s symptoms are also mild. Macroscopic examination shows many yellowish nodules

of different sizes. The histological analysis presents with several island-like structures in

non-pigmented nodules.

1.2.3. The cause of PBMAH

1.2.3.1. ARMC5 and PBMAH.

In 2013, Assie et al.! genotyped germline and tumor DNA from patients with PBMAH
and identified ARMCS mutations in tumors obtained from 18 out of 33 (~55%) patients.
Both alleles of ARMC5 were mutated, as one germline mutation and the other somatic mu-
tation. Later, a cohort of 34 PBMAH patients from the National Institutes of Health (NIH)

Clinical Research Center showed germline ARMC5 mutations in 15 patients (~44%) and
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all patients carrying pathogenic ARMC5 mutations manifested clinical CS'*. In another
large cohort of PBMAH patients with subclinical or clinical CS, ARMC5-damaging muta-

tions were identified in 24 patients out of total 98 patients (~24%). The ARMC5 mutation

carriers showed a severer hypercortisolism and larger adrenal nodules!©.

More PBMAH families have been identified carrying ARMC5 mutations'” 8219320 The

PBMAH patients with ARMC5 mutation were more like to have overt CS, more and larger

adrenal nodules, compared to the ones without ARMC5 mutation'®.

Stop codon mutations, missense mutations, frame-shift mutations, deletion mutations,

and point mutations of ARMCS have been documented at the germline or somatic level. All

mutations found to date are summarized and illustrated in Figure 1.2.
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Fig. 1.2. ARMCS5 germline and somatic mutations related PBMAH
The mutations up to date in ARMOCS5 protein are based on the transcript ARMC5-201
(ENST00000268314.9).  Above: germline mutation. Below: somatic mutation only or
somatic mutation with undetermined germline status. The red font indicates stop codon or
frameshift mutation. The bold font indicates the mutation sites have been found in more
than two independent patients. Studies from (a) Paris, France', (b) Sao Paulo, Brazil'®,
(c) Maryland, United States'®, (d) Adelaide, Australia®, (e) Maryland, United States?!, (f)
Berlin, Germany'?, (g) Paris, France!®, (h) Chiba, Japan??, (i) Padua, Italy!”, (j) Quebec,
Canada?, (k) Oxford, UK?3, (1) Padova, Italy?* (m) Beijing, China?°, (n) United States?’,
(o) Porto, Portugal®, (p) Liaoning, China?%, (q) Wuhan, China?’, are included.
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1.2.3.2. The cAMP-PKA pathway and PBMAH.
Several other genes related to PBMAH were investigated before the discovery of ARMCS.
The abnormal cyclic adenosine monophosphate (cAMP)-protein kinase A (PKA) signaling

2829 Tt is activated

has been implicated in most benign cortisol-producing adrenal tumors
by ACTH via melanocortin 2 receptor (MC2R), which is a G-protein melanocortin receptor
located at the adrenal cell membrane. Up to date, two patients with MC2R mutation have
been documented, but only one of them was diagnosed with PBMAH3?. Thus, MC2R
mutation can be considered as a rare causative factor of PBMAH.

The binding between ACTH and MC2R releases the o subunit (encoded by GNAS) from
the 8+ dimer of the G protein. The « unit then binds to and activates adenylyl cyclase (AC),
and converts adenosine triphosphate (ATP) to cAMP. Some GNAS mutations, that lead to
overactivation of the cAMP-PKA pathway, are one of the genetic causes of McCune-Albright
syndrome (MAS)3!. MAS is manifested by symptoms related to the skeleton (Fibrous dys-
plasia), the endocrine organs (e.g., early puberty, excessive growth hormone), and the skin
(café-au-lait spots)?. Primary biomorphic adrenocortical disease has also been reported in
association with MAS?3.

PKA is a stable and inactive heterotetramer, consisting of two catalytic subunits and
two regulatory subunits. The activation of PKA is triggered by the binding between cAMP
molecules and regulatory subunits, which leads to the dissociation of the two catalytic sub-
units. When activated, the catalytic subunits phosphorylate specific nuclear factors, which
facilitate steroidogenic gene transcription. The activity of PKA is highly related to cell
proliferation, cell metabolism, and gene transcription. Humans have four isoforms of the
catalytic subunits (Ca, Cf, Cv, and PRKX) and four isoforms of the regulatory subunits
(Rla, R18, R2a, and R23). PRKARI1A encodes Rla of PKA. Inactivation of PRKARIA
leads to the loss of the regulatory function of PKA, therefore activating the cAMP-PKA
pathway. Germline inactivating mutations of PRKARIA have been found in ~37% of spo-
radic Carney complex patients and more than 70% of familial Carney complex patients3*.

The Carney complex is a dominantly inherited syndrome characterized by multiple endocrine
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neoplasia, including primary pigmented nodular adrenocortical disease (PPNAD). Not only
the Carney complex, PRKARIA mutations have also been reported in cortisol-producing
adenomas and adrenocortical carcinoma®®. In addition to PRKARI1A, gain-function muta-
tion of PRKACB has been found in a patient with Carney complex?®, which activated the
PKA signaling.

The cAMP signal is terminated by phosphodiesterases (PDEs), which degrade cAMP
to AMP. The inactivating mutations of PDE11A and PDESB increase the level of cAMP
and lead to persistant activation of the cAMP-PKA signaling. PDE11A contains many
polymorphic variants in the general population, and some rare ones with reduced function
have been implicated in PPNAD and PBMAH?®"%, In addition, PDESB mutation have also
been documented in PBMAH, PPNAD, and non-secreting adenomas®’.

The schematic diagram of the cAMP-PKA pathway is shown in Figure 1.3.

O
C’;_ ACTH

@ O O

ATP CAMPC) AMP
PKA
Fig. 1.3. The cAMP-PKA pathway The binding between ACTH and MC2R releases
the o subunit from the g+ dimer of the G protein. The « unit activates adenylyl cyclase
(AC), and converts ATP to cAMP. Two cAMP bind to each regulatory subunit (R) of PKA,
leading to the dissociation of two catalytic subunits (C). Phosphodiesterases (PDEs) terminate

the cAMP signal by converting cAMP to AMP. The catalytic subunit phosphorylates CREB

transcription factor, which facilitates gene transcription.

Nucleus

/“A
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1.2.3.3. Mutations of other genes associated with PBMAH.

Multiple endocrine neoplasia type 1 (MEN1) is a dominantly inherited syndrome caused
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by MENI mutations. The frameshift or nonsense mutation in MEN1 leads to a truncated
protein, and results in reduced levels of MEN1 protein. MENT1 is manifested by multiple
tumors of endocrine glands (e.g., parathyroid gland and pituitary gland). Adrenocortical
tumors or hyperplasia presents in 30 — 40% of MEN1 patients’. PBMAH is also found in
some MEN1 patients, but at a very low incidence rate*!.

Familial adenomatous polyposis (FAP) is another inherited disease caused by inactivating
mutations of APC gene. FAP is characterized by numerous colorectal adenomatous polyps.
It is also associated with endocrine tumors*? and adrenocortical tumors*®. Approximately
13% (14/107) of FAP patients have adrenal masses larger than 1 cm. However, none of them
shows clinical symptoms of endocrine disturbance*?.

Germline mutations in FH gene caused hereditary leiomyomatosis and renal cell carci-
noma (HLRCC). FH protein is a Krebs cycle enzyme that converts fumarate to malate. The
inactivation of FH causes the accumulation of fumarate in the cytoplasm. HLRCC patients
tend to develop several benign tumors, including smooth muscle tumors and/or papillary

renal carcinoma. Twenty out of 255 HLRCC patients had primary adrenal lesions. The

pathological examination reveals macronodular adrenal hyperplasia in all nodules®?.

1.3. Neural tube defects

In addition to PBMAH, we will later prove that ARMCS mutations are also related to
increased risk of neural tube defects (NTDs). A brief review of NTDs is given in this section.

NTDs, including spina bifida, anencephaly, and craniorachischisis, are severe birth defects
with a prevalence of 0.5 to 10 per 1000 established pregnancies?*®. NTDs are caused by
the failure of neural tube closure during embryonic development. The failed closure leads
to the exposure of the neural tube to the amniotic fluid, thereby causing neuroepithelial
degeneration in utero and loss of massive neural tissue. The exposure of the brain in NTDs,
such as craniorachischisis and anencephaly, are frequently lethal for fetuses, whereas spina

bifida is not lethal but often causes physical and intellectual disabilities.
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1.3.1. The embryonic basis of NTDs

To understand better of the morphological process of the failed neural tube closure, I will
briefly introduce the neurulation process during embryogenesis.

The brain and spinal cord are developed from the neural tube through a process named
neurulation. The neural tube is folded and fused from the neural plate, which is originated
from the dorsal ectoderm. The closure process initiates sequentially from different sites of
the embryo-sagittal axis. Several regions, termed as neuropores, that are open during the
folding and fusing process, will be completely closed at the end of the entire neurulation.

In mice, the primary neurulation initiates from Closure 1 on embryonic day 8.5 (ES8.5)
at the boundary of the cervical position and hindbrain, followed by the fusion spreading
bidirectionally into the hindbrain and the posterior neuropore. The failure of Closure 1
leads to craniorachischisis, the most severe NTD type, with both the brain and entire spinal
cord remaining open.

The second and third closure occur on E9 at the midbrain/forebrain boundary and the
rostral part of the forebrain. The failure of Closure 2 leads to anencephaly, which is also a
severe NTD in which a baby is born without parts of the skull and brain. If Closure 3 is not
well completed, which is uncommon, the resulting phenotype is a split face, commonly with
forebrain anencephaly.

The anterior neuropore (between Closure 2 and Closure 3) is gradually shortened and
closed on E9, followed by the closure of the hindbrain neuropore (between Closure 1 and 2).
The fusion process continues in one direction along the spinal axis, reaching the posterior
neuropore, and finally closes at the second sacral segment level. The impaired closure of the
posterior neuropore causes a persistently open region, termed as open spina bifida, which is
also known as myelomeningocele. The entire primary neurulation completes on E10.

The secondary neurulation at the lower sacral segments is accomplished by a population
of tail bud-derived cells with neural fate, which then forms the lumen of the tube and

coccygeal regions.
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The primary and secondary neurulation processes are almost conserved among mam-
malians. Compared to the neurulation in mice, the process in humans appears to lack
Closure 2 at the midbrain/forebrain boundary. Therefore, Closure 3 from the rostral part
and Closure 1 from the hindbrain directly fuse at the rostral neuropore. The schematic

diagram of neurulation in mice and humans is shown in Figure 1.4.
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Fig. 1.4. The neural tube closure and its related NTDs in mice and humans
(a) mouse embryos, (b) human embryos. The complete neural tube closure process consists of
three steps of closure (Closure 1, 2, and 3) and several fusion events at neuropores. The neural
plate is zippered into the neural tube unidirectionally or bidirectionally, as indicated in blue
arrows. Different NTDs caused by the failure of different events are indicated by red arrows.
Secondary neurulation occurs from the closed posterior neuropore level (green region). The

schematic diagram is adapted from the publication of Copp and GreeneS.

1.3.2. Multifactorial causation of human NTDs

Epidemiological studies have suggested that NTDs were caused by environmental and

genetic factors in humans.

1.3.2.1. Environmental factors.

In humans, various environmental risk factors have been associated with NTDs, such as

7

folate supplementation®”, maternal obesity and diabetes?®, and teratogenic agents (e.g., the

anticonvulsant drug valproic acid*’ and the fungal product fumonisin®°).
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It was initially reported that the B-vitamin folate levels were lower than normal in moth-
ers of NTD fetuses*”. A multiple-center randomized controlled trial later proved that ma-
ternal folate supplementation (4 mg daily) reduced the incidence of NTDs significantly®!.
Furthermore, a community-based intervention in China documented the effectiveness of folic
acids (0.4 mg daily) supplementation in the prevention of NTDs in some high incidence
areas"?,

However, the mechanism by which maternal folic acid supplementation prevents NTDs
remains unclear. Although folate deficiency is a high-risk factor, in most people, the folate
level is rarely clinically deficient. Only in individuals with susceptible genetic backgrounds,
suboptimal levels of folic acid may lead to NTDs?3.

Maternal obesity and diabetes are two risk factors related to NTDs. The underlying
mechanism remains uncertain due to the complexity of the diabetic milieu, although it has
been proven that hyperglycemia alone is sufficient to cause NTDs in mice. Oxidative stress
and cell apoptosis under hyperglycemic conditions may have roles in inducing NTDs*.

1.3.2.2. Genetic factors.

Although the morphological changes of neural tube closure have been well studied, the
genetic factors of NTDs remain unclear. Most NTDs occur sporadically. Nevertheless,

% Instead of focusing on one gene,

NTDs have multifactorial and polygenic root causes
most NTDs genetic studies have explored multiple candidate genes, including their modifier
genes, epigenetic-related genes, and environment-related genes.

The folate supplementation has been proved its efficiency in the prevention of NTDs.
Folic acid is highly related to the folate cycle of one-carbon metabolism, which is a complex
network involving several biosynthesis processes, including nucleotide synthesis and methyla-
tion reactions. The primary focus of NTDs studies has been on genes related to this network.
For example, knockout of Mthfd1S gene, that involved in one-carbon metabolism, has been
proved lethal before the neural tube closure stage in mice®”. In addition, the mutations in

folate receptor protein (encoded by Folrl) causes null embryos in mice and leads to NTDs

even supplemented with sufficient folic acids in the diet. Furthermore, the homocysteine
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remethylation gene (MTHFR), which has two genetic polymorphisms, is highly related to
NTDs in the Hispanics population®®. Aberrant thymidylate and purine synthesis has also
been implicated in mouse NTDs models® and several NTD patients®. Besides, some genes
related to glucose metabolism, such as Pax3, have also been studied to determine the culprit
genes in diabetes-related NTDs%.

Several signaling pathways, such as the planar cell polarity (PCP) signaling pathway,
the Sonic hedgehog (Shh) signaling pathway, and the BMP signaling pathway have been
implicated in NTDs. For example, mutations of genes related to the PCP pathway, such as
DVL2 VANGL1, VANGL2, and FZD6, have already been confirmed as risk factors of NTDs
in humans. Dysregulation of the Shh signaling genes, such as Fkbp8 and Gli2, has also been

reported to associate with certain types of NTDs?.

1.3.3. Prevention of NTDs

Once the closure of the neural tube has failed, the following damage to the exposed
neural tissue is permanent. Thus, the prevention before and during pregnancy is an optimal
approach to reduce the risk of NTDs. For open spinal bifida fetuses, some challenging in
utero surgeries have been practiced to protect the neural tissue from degeneration.

According to recent public health recommendations, all preconceptions and pregnant
women should consume 1.0 mg folic acid daily, in which 0.2 — 0.3 mg through diet, and
0.7 — 0.8 mg by supplementation®. However, folic acid supplementation cannot prevent all
NTDs. Approximately one-third of NTDs maybe folic acid-resistant%. Since NTDs have a
multifactorial causation, the optimal prevention would also require a combination of multiple
interventions. In addition to folic acid, vitamin B12 and vitamin C may help to reduce the
risk of NTDs as well®%. In mouse models, formate, 5-methylTHF, and thymidine/purine

precursors are also used as remedies for NTDs prevention %0667,
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1.4. Protein ubiquitination and degradation

Since CUL3 is one of the potential binding partners of ARMC5 as indicated in Y2H
results, they may corporately serve as a ubiquitin ligase and catalyze the ubiquitination of
other proteins. Thus, I would like to introduce the ubiquitin-proteasome system (UPS) in

the following sections.

1.4.1. The general aspects of the ubiquitin system

Ubiquitin (Ub) is a short protein containing 76 amino acids, which is highly conserved
among all eukaryotes. In most cases, it is synthesized either as polyubiquitin cassettes
(encoded by UBB and UBC)% or as a single Ub fused to the ribosomal proteins 140 and
S27a (encodes by UBA52 and RPS27, respectively)®®7. The monomeric Ub is cleaved off
by deubiquitinases (DUBs) from these fusion proteins.

Ubiquitination is catalyzed by a three-step enzymatic cascade, that comprised of
ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin
ligases (E3s). It starts with the activation of Ub by Els in an ATP-dependent manner
to generate a thioester bond between the E1 and the C-terminus of Ub™. Secondly, E1
transfers the activated Ub to an E2 via a transthiolation reaction. Finally, an E3 ligase,
which interacts with both the Ub-loaded E2 and a substrate, most commonly either forms
an iso-peptide bond at the C-terminus of Ub onto the lysine site of the substrate or forms a
peptide bond with the amino terminus of the substrate. The schematic diagram is shown

in Figure 1.5.

1.4.2. Els

There are two Els (UBE1 and UBAG) for activating Ub in metazoan™". UBE1 (Ubal
protein in yeasts) is the major one. In proliferating cells, UBE1 is fully charged with Ub,
while UBAG6 is about half charged under a similar condition .

Compared to UBE1, UBAG6 is a more specific one. It can only transfer Ub to certain
E2s, such as UBC5 and UBC13™. Tt also activates ubiquitin-like (UbL) proteins (e.g.,
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Fig. 1.5. The ubiquitin cascade Ubiquitin (Ub) carried by an ubiquitin-activating en-

g.

zyme (E1) is transferred to an ubiquitin-conjugating enzymes (E2) and added to the substrate
by an ubiquitin ligase (E3s) via a three-step enzymatic cascade reaction.
FAT10)™7™._ Meanwhile, a special E2 (USE1) can only be charged by UBA6™. This
phenomenon indicates that UBA6 may be specialized in the ubiquitination of a particular

group of proteins.
1.4.3. E2s

There are about 40 E2s existing in humans. An activated E2 contains a core Ub-
conjugating domain, which carries a catalytic Cys residue. The Ub-conjugating domains
from different E2s share a similar structure consisting of four a-helices, one antiparallel (-
sheet, and one short 3;p-helix™. The job of E2s is transferring Ub from Els to E3s. They
are often considered as a simple role as “Ub carriers”. However, recent studies have shown
that they played a more active role in determining the length and topology of Ub chains and
selecting E3s, which would finally influence the outcome of ubiquitination.

The first important task of E2s is receiving Ub from Els. E2s have a significantly
increased affinity to Els that carrying Ub™. Sequentially, the L1/L2 loops and the a-helix-1
on the surface of E2 bind to specific E3s. One E2 is able to match with several E3s. For
example, the UBE2D family, including UBE2D1, UBE2D2, and UBE2D3 can transfer Ub
to many E3s”. It would be good to identify all the physiological E2-E3 pairs, however, the
weak and transient interactions between E2s and E3s make this job challenging.

Different E2s are in-charge of the diverse tasks. Certain E2s are only responsible for

adding the first Ub on the substrate, such as the UBE2D family. The elongation of Ub
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chains is often controlled by some other E2s, which could decide the position where the next
Ub is added on. Thus, they can control the types of polyubiquitin chains. For example,
UBE2N-UBE2V1 is a K63-specific chain-elongating E2, and UBE2S is the one for K11
polyubiquitin chains™®™.

In a nutshell, E2s act as the bridge to transfer the correct E1 to a suitable E3. It helps
to determine the length and topology of Ub chains, finally affecting the consequence of

ubiquitination.

1.4.4. E3s

The human genome encodes ~700 E3s, according to the bioinformatic analysis. The
accuracy of this estimation is not certain, because we do not know about the characteristics
of the sequences in all possible E3s. The function and substrates of most putative E3s remain
unknown.

The E3s are critical parts of the ubiquitin system owing to their specificity of recruiting
substrates and determining the types of ubiquitination. They have been classified into three
main families, Homologous to the E6-AP Carboxyl Terminus (HECT)-type E3s, Really In-
teresting New Gene (RING)-type E3s, and RING-between-RINGs (RBR)-type E3s, by their
distinguished structures and the Ub-transferring mechanism. A schematic diagram of the
Ub-transferring patterns of three E3 families is shown in Figure 1.6. The mechanisms by
which different E3s target substrates vary. Some E3s contain domains directly binding to
substrates. Some E3s form complexes with other adaptor proteins or non-protein molecules,

which help to recruit substrates.

1.4.4.1. HECT E3s.

There are 28 known HECT E3s in humans®. In general, they are characterized by a
bi-lobar structure. The HECT domain with catalysis function is located at the C-terminal
lobe, whereas some other domain like the tryptophan-tryptophan (WW) motif in NEDD4 E3
or the chromosome condensation 1 (RCC1)-like domain (RLD) in HERC E3 family is located

at the N-terminal lobe. The N-terminal lobe can interact with a Ub-loaded E2. Two lobes
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are linked with a flexible hinge that allows adjusting the orientation and distance between
Ub carried by the E2 and the ubiquitination site of the substrate. HECT E3s catalyze Ub
transfer through a two-step reaction. Ub is first transferred by E2 to a catalytic site on the

HECT E3, then from the E3 to the substrate.

1.4.4.2. RING E3s.

The bioinformatic analysis predicts that there are more than 600 RING E3s in humans®!.
They are characterized by containing a zinc-binding domain (a RING finger or a U-box
domain). A RING finger is a small domain that coordinates two zinc ions, while a U-box
domain is similar but without zinc-binding function. The activated RING domain or U-box
domain interacts with a Ub-loaded E2 and stimulates the E2 to directly transfer Ub to the
substrate. RING E3s can function as monomers, homodimers, or heterodimers. Some RING

E3s consist of several subunits, such as Culling-RING ligases (CRLs) and the anaphase-

promoting complex/cyclosome (APC/C) E3.

1.4.4.3. RBR E3s.

There are 14 RBRs identified in humans up to date®®. RBR E3s are composed of two
RING domains (RING1 and RING2), which are separated by an in-between-RING (IBR)
domain. Well-known E3 ligases, such as PARKIN, HHARI, and HOIP belong to this family.
The Ub transfer mechanism is similar to HECT E3s and occurs in a two-step transfer manner.
Firstly, the RING1 domain recruits the Ub-loaded E2 and then transfers the Ub to the
catalytic RING2 domain. Secondly, the RING2 domain deliver the Ub to the substrate.

1.4.5. The Cullin-RING ligases (CRLs)

Since CULS3 is the potential binding partner of ARMC5, a more detailed literature review

of CRLs is presented in this section.

1.4.5.1. The components of CRLs.
CRLs is a highly diverse family sharing some common features. A Cullin protein

(CULLIN) serves as a scaffold unit to assemble multiple other units, such as a RING domain
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Fig. 1.6. The ubiquitin transferring patterns in HECT E3s, RING E3s, and
RBR E3s (Left). HECT E3 first transfers Ub from E2 to a catalytic cysteine site on its main
body, then from itself to the recruited substrate. (Middle). RING E3 directly transfers Ub to
the substrate without contacting itself. (Right). The RING1 domain of RBR E3 transfers Ub
from E2 to the RING2 domain, then to the substrate.

protein (RBX1 or RBX2) and diverse adaptor proteins that recruit substrates. The adaptor
module can be composed of one protein or several proteins.

There is a key lysine residue at the C-terminus of the Cullin protein, which can be mod-
ified by NEDDS protein. This modification, termed as neddylation, is essential for CRLs
activation®. The neddylation refers to sequential enzymatic actions similar to ubiquitina-
tion, employing a NEDDS activating enzyme, a NEDDS8-conjugating enzyme, and a NEDDS8
E3 ligase, to transfer NEDDS8 onto the Cullin proteins.

CAND1 binds to Cullin protein when the E3 is under resting status. It acts as an inhibitor

and blocks the binding site for the adaptor modules®3#4

. The Cullin protein neddylation
disrupts its binding to CANDI1, thus, activates the E3. Besides, neddylation causes the
conformation change of CRL, reduces the distance from E2 to the specific residues on the

substrate, and finally starts the ubiquitination process®. The general components, activation

and inhibition of the CRLs model is shown in Figure 1.7.

1.4.5.2. The Cullin family.

There are seven Cullin proteins (CULIL, 2, 3, 4A, 4B, 5, and 7) in humans. The CRLs
are divided into six families based on different Cullin scaffold proteins: CRL1s, CRL2s,
CRL3s,CRL4s, CRL5s, and CRLTs.
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Fig. 1.7. The general components of Cullin-RING ligases (CRLs) model (a).
A CULLIN protein serves as a scaffold protein. An RBX protein recruits an Ub-loaded E2, while
an adaptor protein or complex recruits the substrate to CULLIN. The activity of CRLs requires
NEDDS8 modification on the C-terminus of CULLIN. (b). CANDI acts as an inhibitor and
blocks the binding site for adaptor modules in CULLIN. NEDD8 modification can dissociate
CANDI1 from CULLIN, and activate CRLs.

The adaptor protein for CUL1 and CUL7 is SKP1. However, SKP1 does not contain
the substrate interaction motif. It binds to the F-box protein to cooperatively serve as an
adaptor module to recruit the substrate (Figure 1.8a and f)®+7. There are about 69 F-box
proteins in humans, which can be divided into three categories according to the substrate
interaction domain: WD40 domains (FBXW family), leucine-rich repeats (FBXL family),
and other diverse domains (FBXO family)®. In addition to the substrate recognition domain
in F-box proteins, they all contain a F-box domain, which is responsible for the binding to
SKP1. CUL1-SKP1 binds to most of these F-box proteins, thus constituting diverse E3s,
while CUL7-SKP1 forms two E3s by binding to FBXWS8 or FBXW11 protein®.

Elongin B and Elongin C cooperatively act as a similar role of SKP1 in CUL2 and CULS5-
based E3s. They do not contain the substrate interaction motif either. In CUL2-based E3,
Elongin B/Elongin C binds to pVHL, which is able to recognize the substrates, such as
HIF-1a°. In CUL5-based E3, they bind to SOCS protein to carry out the same function
(Figure 1.8b and e). For CUL4A- and CUL4B-based E3s, DDB1 binds to the DCAF
family and acts as the substrate recognizers (Figure 1.8d)"'. CUL4A/B-based E3s have

been implicated in the protein ubiquitination in response to DNA damage®%%.
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The adaptor modules in these CRLs, such as the SKP1/F-box complex and Elongin
B/Elongin C/pVHL complex, are formed by several proteins. However, in CUL3-based E3s,
BTB domain-containing protein by itself alone is able to serves both roles of binding to the
Cullin protein and recruiting the substrate (Figure 1.8c). BTB domain-containing proteins

own various interaction motifs, which makes CUL3-based E3s to be the largest E3 family in

CRLs.
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Fig. 1.8. The models of Cullin-RING ligase (CRL) family (a). The SKP1/F-box
proteins act as the adaptor modules in CUL1-based E3s. (b). The Elongin B-Elongin C-pVHL
complex serve as an adaptor module in CUL2-based E3. (c). The BTB domain-containing
proteins serve as an adaptor in CUL3-based E3s. (d). The DDB1-DCAF complex acts as the
adaptor modules in CUL4A /4B E3s. (e). The Elongin B-Elongin C-SOSC complex serves as
an adaptor module in CUL5-based E3s. (f). The SKP1-FBXWS8 or SKP1-FBXW11 complex
acts as an adaptor module in CUL7-based E3s.

1.4.6. Cullin3-RING ubiquitin ligase (CRL3)

CUL3-based E3s play fundamental roles in various biological process. It has been re-

ported that deletion of Cul3 caused early embryonic lethality in mice®®. Depending on the
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different adaptor proteins and various substrates, CUL3-based E3s are involved in many

t95

physiological and pathological processes, including cell development”’, anti-oxidative re-

8

sponses?®, blood pressure control?”, cell proliferation®®, cell apoptosis?, tumorigenesis!'®

and autism!°!.
CULS3 interacts with the BTB domain-containing proteins to catalyze E3 function. The

92 Only a few of them

human genome encodes ~200 BTB domain-containing proteins®
have been characterized as substrate recognizers up to date. Many BTB domain-containing
proteins with unknown function remain unexplored.

BTB domain-containing proteins commonly have other modules for protein-protein in-
teractions, other than BTB domain. According to the shared common domain architec-
ture, they can be classified as the Kelch-like (KLHL)/Kelch repeat-BTB (KBTBD) family
(shared Kelch domain), the zinc finger-BTB (ZBTB) family (shared zinc finger domain), the
MATH-BTB family (shared MATH domain), the potassium channel tetramerization domain
(KCTD)-BTB family (shared potassium channel domain), the Rho-BTB family (shared Rho
domain), the Ankyrin-BTB family (shared Ankyrin domain), and the BTB-only family%3.
In addition, interacting domains, such as Armadillo repeat and Pent domain, form the un-
named family of BTB domain-containing proteins. ARMCS5 is such a protein containing
seven Armadillo repeats and one BTB domain.

Moreover, BTB domain-containing proteins are often dimerized through the BTB do-
mains, which leads to the dimerization or polymerization of the CUL3-based E3s. The
structure analysis of human CUL3-KEAP1 E3 showed that two KEAP1 formed a homodimer
to bind one NRF2 substrate at two different interaction sites to get an optimal orientation
for ubiquitination .

CUL3 and other essential subunits (such as RBX1 and NEDDS8) that constitute E3
complexes are widely expressed in different tissues and remain unchanged during cell differ-

104 However, BTB domain-containing proteins exhibit distinctive expression levels

entiation
in different cell types and tissues. For example, KLHL10 plays an important role in sper-

matogenesis %°, while KCTD13 is a major driver of neural developmental phenotypes'®. For
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ARMCS, it is highly expressed in the adrenal glands, thymus, stomach, bone marrow, and
lymphoid tissues®. ARMC5 may play a more critical role in these tissues than other ones

with lower expression levels.

1.4.7. Deubiquitinating enzymes (DUBs)

DUBs are proteases that cleave the bonds between two Ub molecules or between Ub
and a ubiquitinated protein. There are seven families with different catalytic domains:
ubiquitin-specific proteases (USPs), ovarian tumor proteases (OTUs), ubiquitin C-terminal
hydrolases (UCHs), Josephins (MJDs), motif interacting with ubiquitin-containing novel
DUB family (MINDYs), Zinc finger-containing ubiquitin peptidase 1 (ZUP1), and the
Jabl/MPN/MOV34 (JAMM) family. The first six families are cysteine proteases, and the
last one is zinc-dependent metalloproteinases 7.

In addition to the catalytic domain, DUBs are distinguished by other domains, such as
UBL, DUSP, and CAP!%®. These domains guide DUBs to their specific substrates. Some
DUBEs also recognize specific polyUb chain architectures and may not be able to remove all
attached Ub molecules. For example, OTUB1 DUB, OTUD4 DUB, and A20 DUB prefer
K48-linkage polyUb chains, while cylindromatosis (CYLD) DUB, AMSH DUB, and BRCC6
DUB are more specific for K63-linkage chains!%”.

DUBs have key roles in maintaining protein homeostasis and regulating signaling. As
mentioned, Ub is synthesized either as polyUb cassettes®® or as a single Ub fused to L40 and
S27a% 7 These newly synthesized Ub molecules are released as single ones by DUBs. In
mammalian cells, more than half of Ub molecules are monomeric ones and are conjugated to
lysine residues of the substrates. A further 10 — 20% of them form chains, while the rest of
them exist as free ones'”. By removing Ub from the attached protein, DUBs can directly

regulate some signaling complexes and recycle Ub to maintain the free Ub pool. More

importantly, DUBs can rescue the ubiquitinated proteins from the proteasomal degradation.
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1.4.8. Proteasomal recognition of ubiquitinated proteins

Most of the ubiquitinated proteins are delivered to the proteasome for degradation. The
proteasome is a self-compartmentalized protease with proteolytic activity. The complete
process requires the cooperation of all proteasome subunits.

The 26S proteasome is a huge complex consisting of a 20S core particle (CP) and one or
two 19S regulatory particles (RPs). The 20S CP can be capped by 19S RPs at one end or
both ends. The CP is barrel-shaped, composed of two inner § catalytic rings (51 — 7) and
two outer « rings (al — 7). The narrow central channel of the « rings acts as an entrance
for degrading proteins. However, when CP is alone without RP and other activators, this
channel is closed. Only the fully assembled proteasome owns an activated entrance.

The RP, which consists of 6 ATPase subunits (RPT1 - 6) and 13 non-ATPase subunits
(RPN1 -3, 513, and 15), plays an important role in navigating the protein to proteasomal
degradation. The RP is biochemically divided into two parts, “base” and “lid”. The “base”
consists of the ATPase ring (RPT1 - 6), two homologous subunits (RPN1 and RPN2), and
Ub receptor units (RPN10 and RPN13). The “lid” is composed of 9 non-ATPase subunits
(RPN3, 5 -9, 11 — 12, and 15), which surrounds the ATPase ring!!?. The structure and key
subunits of the 26S proteasome are shown in Figure 1.9.

When the ubiquitinated substrates are delivered to the proteasome, RPN1, RPN10, and
RPN13, those located near the periphery of PR serve as Ub receptors and capture the
ubiquitinated targets. Next, the Ub chains are removed by RPN11 in the “lid”, which
is a metalloprotease DUB. The substrate will be unfolded by ATPase at the “base” and
translocated to CP for destruction!. Within CP, the substrate is attacked by three distinct
proteolytic activities (chymotryptic digestion, tryptic digestion, and caspase-like digestion)
and cleaved into peptides around 4 — 25 amino acids in length!1°.

Taken together, the proteasome is a complex carrying various biochemical activities (e.g.,
the recognition of ubiquitinated substrates, deubiquitination, protein unfolding and translo-

cation, protein cleavage, and protein destruction).
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Fig. 1.9. The structure and key subunits of the 26S proteasome The 26S protea-
some consists of a 208 core particle (CP) and one or two 19S regulatory particles (RPs). The
CP is composed of two inner 3 catalytic rings and two outer « rings. The RP is biochemically
divided into two parts, the “base” and the “lid”. The “base” contains ATPase ring, ATPase

channel, and ubiquitin recognition units. The “lid” is composed of 9 non-ATPase subunits.

The figure is adapted from the publication of Saeki!!!.

1.4.9. Ubiquitin codes

Protein ubiquitination not only directs the substrate to the degradation machinery, but
also can regulate their functions. The signaling is controlled by diverse ubiquitin codes.

Ub contains seven lysine sites in amino acid position 6, 11, 27, 29, 33, 48, and 63
(Figure 1.10). A polyUb chain is formed by linking Ub molecules one to another via
an iso-peptide binding between one of the lysine sites of acceptor Ub and the C-terminal
position 76 glycine (G76) site of donor Ub. Ub molecules are also able to conjugate to one an-
other by a head-to-tail pattern (G76 residue of donor Ub binds to the N-terminal Methionine

site [M1] of the acceptor Ub), thus forming M1-linked (i.e., linear) polyUb chains.
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Fig. 1.10. The conjugating sites in ubiquitin molecule Ubiquitin has seven lysine
(K) sites in amino acid (AA) position 6, 11, 27, 29, 33, 48, and 63. The first AA is Methionine
(M) and the last one is glycine (G) in AA position 76.

Based on the number of Ub molecules added to the substrate and the conjugating position
of each Ub within the chain, the complexity of ubiquitin codes is unimaginable. It can be

roughly divided into two categories: mono-ubiquitination and poly-ubiquitination.

1.4.9.1. Mono-ubiquitination.

Mono-ubiquitination means adding a single Ub through the bond at G76 to the sub-
strate. It can occur at one residue (Figure 1.11a) or multiple residues of one substrate
(Figure 1.11b). One classic example is the mono-ubiquitination of histone H2A/H2B.
In mammals, histone H2A is mono-ubiquitinated by BMI1-RING1 E3 at lysine 119!!2,
Histone H2B mono-ubiquitination occurs at lysine 120, written by RAD6A/RAD6B and
RNF20/RNF40 E3s!1314 The mono-ubiquitination of histones plays a pivotal role in DNA

damage response, especially DNA double-strand break repair mechanism!*?.

1.4.9.2. Poly-ubiquitination.

A polyUb chain can be formed by one Ub molecule adding to another. They are
normally attached to the substrates, but some of them also exist as an unanchored form
(Figure 1.11h) !¢ The types of polyUb chains are determined by the conjugating position
in Ub molecules. Most chains are synthesized homogeneously. One chain only contains one
type of linkage, which can occur only at one site (Figure 1.11c) or at multiple sites with
different types of chains (Figure 1.11d) of the substrate.

In addition, mass spectrometry analysis indicates that there are various of heterogeneous

chains existing in cells''”

, which contain at least two types of linkages. The heterogeneous
chains are divided into two categories, the mixed chains and the branched chains. In the
mixed chains, Ub molecules are connected with different linkages, and each Ub only contains

one linkage (Figure 1.11e). However, if a single Ub contains two or more linkages, a
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branched chain is generated from that Ub (Figure 1.11f). Furthermore, recent studies
indicate Ub itself can be phosphorylated or acetylated (Figure 1.11g)!'®9 This highly

increases the diversity of the Ub codes.
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Fig. 1.11. The Ubiquitin codes (a). Mono-ubiquitination; (b). Mono-ubiquitination at
multiple residues; (¢). Homogenous poly-ubiquitination; (d). Homogenous poly-ubiquitination
with different linkages; (e). Heterogeneous poly-ubiquitination with mixed linkages; (f). Het-
erogeneous poly-ubiquitination with branched chains; (g). Acetylated or phosphorylated ubiqg-
uitin; (h). unanchored ubiquitin chains. Yellow triangle: phosphorylation; Green circle: Acety-

lation.

1.4.9.3. The “canonical” ubiquitin chains.

According to the analysis of the cellular Ub pool using the protein standard absolute
quantification (PSAQ) method, about 23% of Ub molecules present as free Ub, ~65%
of them exists as mono-ubiquitinated ones, and approximately 11% of them are polyUb
chains in HEK293 cells, as well as in mouse embryonic fibroblast cells (MEFs)1%. In human
frontal cortex tissue, free Ub takes account for 82%, about 14% of Ub molecules are mono-
ubiquitinated ones, and polyubiquitin chains take the rest 4% '%°. These studies suggest only
a few of Ub molecules existing as the form of polyUb chain.

Among the polyUb chains, K48-linkage is the most abundant type, which accounts for
~T75% of all linkages in yeast cells. K29-linkages and K63-linkage share ~13% and ~8%,
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respectively. A small minority (~2.78%) is K11-linkage. Each of the rest linkages (K6-,
K27-, K33-, and M1-polyUb chain) constitutes less than 2% of all polyUb chains'°.
K48-linkage and K63-linkage are considered as the “canonical” poly-ubiquitination types,
as they were the well studied ones when the research of this field began!?!. K48-linkage is
believed to be the major signal for proteasome degradation. It was discovered in the degra-
dation of short-lived proteins'?2. Now it is known to be involved in the degradation signaling
of most proteins, such as p53!23. CRLs, HUWE1 E3, and APC/C E3 are identified as K48-
linkage-related E3s!24125:126 " QOriginally, an in wvitro reconstituted system has proved that
the proteasome recognized K48-linked tetra-Ub chain as a minimal signal and the efficiency
markedly increased when K48-linked octa-Ub chains were added'?”. However, compared to
the length of each Ub chain, recent studies suggest that the amount of K48-linked chains
added to the substrates may be more important than the number of ubiquitin in a single

28

chain'?®. Lu et al. demonstrated that two di-Ub modifications added on two lysine sites

of cyclin Bl protein had a more efficient proteasomal degradation signaling than a single
tetra-Ub added on one lysine site!2®.

K48-linked Ub chains are recognized by RPN10 and RPN13 subunits of the 26S protea-
some. Deletion of the ubiquitin-binding domains (UBDs) in Rpnl0 and Rpnl3 proteins in
the yeast proteasome reduces its affinity to K48-linked chains. However, some K48-linked
chains could still bind to the proteasome in the RPN10/RPN13 double mutant yeast cells,
suggesting the receptors of K48-linked chains is not limited to RPN10 and RPN13 in pro-
teasome 2,

Since K48-linkage is the major degradation signal to the proteasome, does K48-linkages
selectively bind to UBDs in the proteasome, compared to other types of Ub chains, espe-
cially K63-linkage? The answer is probably not. In a reconstituted proteasome system, K63-
linkages showed a similar affinity to the proteasome as K48-linkages 39129131 However, some
ubiquitin-like /ubiquitin-associated proteins (UbL/UbA), such as Rad23 in yeasts (HHR23A
in humans), did show a selective affinity for K48-linkages than K63-linkages!3%133. There-

fore, it can be speculated that some other proteins, such as Rad23, play roles in selectively
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recognizing K48-linkages and directing K48-polyubiquitinated substrates to the proteasomal
degradation pathway.

Rather than triggering degradation, K63-linked polyUb chains serve as signals that allow
rapid and reversible modification of many signaling complexes. It has been reported that

K63-linkages participated in regulating NF-xB activation**!3° Akt kinase activation!3¢,

138

innate immune responses®’, clearance of damaged mitochondria'®®, DNA damage repair '3

and oxidative stress responses#?. Several K63-linkage-specific E3s have been identified, such

as TRAF2, TRAF6,141142 UCHL1143, ITCH'#, and NEDD4L 45

K63-linked chains are even able to perform functions without attaching substrates!46:116,

The unanchored K63-linked chains synthesized by TRAF6 E3 and UBCH5C E2 can directly
activate the TAK1-IkK signaling by binding to the Ub receptor TAB2. Disassembly of K63-
linked chains by a K63-linkage-specific DUB (CYLD) terminates the activation of TAK1 and
IxK activation'#®. In addition, the unanchored K63-linked Ub chains can activate RIG-1,

which is important for detecting invading viral RNA 16,

1.4.9.4. The “non-canonical” ubiquitin chains.

The M1-linked chains are produced by the linear Ub chain assembly complex (LUBAC),
which has been reported in the NF-xB signaling pathway!4"148. LUBAC is an RBR E3
member consisting of HOIP, HOIL-1L, and Sharpin. OTULIN protein is a known DUB that
exclusively removes linear polyUb chains. OTULIN binds to M1-linked polyUb chains with
high affinity and catalyzes the process with the assistance of substrate!4®. Therefore, the
deficiency of LUBAC and OTULIN causes several M1-linkage-related phenotypes, including
embryonic lethality, impaired NF-xB signaling and Wnt signaling, vascularization defects,
and chronic proliferative dermatitis!5%-151:152,

It has been reported that the majority of M1-linked chains are covalently attached to
the K63-linked chains upon IL-1 stimulation'®®. In this study, if K63-linkage was inhibited
by deleting the specific K63-linkage E2 (Ubcl3 in yeasts), correspondingly, I1-1 induced
M1-linkage chains also reduced, suggesting that the M1-linked polyUb were added upon

K63-linked chains!®®. Other than IL-1 signaling, M1/K63 heterogeneous chains are also
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implicated during the activation of tumor necrosis factor receptor 1 (TNFR1), indicating
the role of hybrid chains in the innate immune signaling'®®. It has been proved that the
decoration of K63-linkages with M1-linked polyUb prevents the deubiquitination by K63-
linkage specific DUBs, thereby stabilize the signaling pathway1°°.

K11-linked polyUb chains are known to be assembled by the APC/C E3 and its specific
E2 UBE2S156:15%.198  The abundance of K11 linkage significantly increases when APC/C
E3 is activated during mitosis'®®. UBE2S does not simply extend K11-linked chains, but

branches other linkages on the Ub molecules!®.

Recent studies indicate that, compared
to homogenous K11- or K48-chains, K11/K48-branched chains significantly enhance the
substrate recognition by the proteasome!®’. Branched K11/K48 tri-Ub forms a hydrophobic
interface, which increases the affinity to RPN1 in the 26S proteasome. K11/K48-branched
chain has been implicated in cell cycle regulation and protein quality control '61:162,

In addition to K48/K11-linkage, other K48-related branched chains, such as K29/K48-1¢3
and K48 /K63-linkages'®*, can channel substrates to efficient proteasome degradation as well.
K48 /K63-branched chains also play a role in regulating the signaling pathway. In the NF-xB
pathway, K48 /K63-branched chains, that were synthesized by TRAF E3 (K63-linkage) and
HUWEL E3 (K48-linkage), amplified the signaling by protecting K63-linkages from DUBs
in response to IL-1/3 stimulation '6°.

The world of K27-linkage, K29-linkage, and K33-linkage are less explored yet. K27-linked
ubiquitination is a major chromatin marker of DNA damage. RNF168 catalyzes K27-linked
ubiquitination of H2A upon DNA damage, which helps to recruit other response mediators
to the chromatin®®. Smurfl E3 ubiquitinates Axin through K29-linked chains. The K29-
linked ubiquitination of Axin does not lead to proteasome degradation. Instead, it disrupts

the interaction between Axin and Wnt coreceptor LRP5/6, which subsequently represses the

Wnt /3-catenin signaling'®”. K33-linked ubiquitination has been identified in T cell receptor-

C168 169

and AMP-activated protein kinase'®”. It serves as a non-proteolytic signal regulating
receptor-mediated signal transduction. In addition, K33-linked ubiquitination has also been

implicated in post-Golgi protein trafficking!™.
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1.5. RNA polymerase 11

RNA polymerase II subunit I (RPB1) protein has been indicated as one of the potential
binding partners of ARMC5 in Y2H results. A brief review of RNA polymerases is provided

in this section.

1.5.1. DNA-dependent RNA polymerases

DNA-dependent RNA polymerases (RNAPs) are enzymes that synthesize RNA from
template DNA. RNA polymerase is essential to all organisms. In different organisms, an
RNA polymerase can be a single protein or a huge protein complex. The single protein
polymerase can be found in phages as well as eukaryotic chloroplasts and mitochondria.
In eukaryotes, bacteria, and archaea, RNAPs are multi-unit protein complexes, sharing a
similar structure and mechanism. Bacteria and archaea only have one kind of RNAP, while
eukaryotes contain multiple types of RNAPs.

In eukaryotes, RNA polymerase I (Pol I) synthesizes pre-ribosomal RNA (pre-rRNA).
RNA polymerase IT (Pol II) is responsible for transcribing all precursors of messenger RNA
(pre-mRNA) and most small nuclear RNA (snRNA) and microRNA (miRNA). RNA poly-
merase III (Pol III) transcribes 5S rRNA, transfer RNA (tRNA), and other small RNA.

RNA polymerase IV and V are found in plants that synthesize some siRNA.

1.5.2. The assembly of Pol II

After the structure of Pol II was first resolved by Dr. Roger D. Kornberg’s lab!™172,
whose work was awarded the 2006 Nobel Prize in Chemistry, structure biologists are continu-
ously exploring the detailed architecture of Pol II-related complexes at different transcription
stages TH1T41T5,176,177,178,179,

Pol 1II is a 550 kDa complex of 12 subunits, which are named from RPB1 to RPB12.
The Pol II core is composed of three subassemblies: RPB1 subassembly (RPB1, RPB5,
RPB6, and RPB8), RPB2 subassembly (RPB2 and RPB9), and RPB3 subassembly (RPB3,

RPB10, RPB12, and RPB11). The RPB1 and RPB2 subassemblies form the active core
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cleft. The distinct RPB3 subassembly bridges RPB1 and RPB2. In addition, RPB4 and

RPBT form a stalk protruding from the surface of RPB1. The structure of Pol I1 is illustrated

in Figure 1.12.
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Fig. 1.12. The components and structure of RNA polymerase II The Pol II
core is composed of RPB1 subassembly (RPB1, RPB5, RPB6 and RPB8), RPB2 subassembly
(RPB2 and RPB9), and RPB3 subassembly (RPB3, RPB10, RPB12, and RPB11). The RPB1
and RPB2 subassemblies are connected by the RPB3 subassembly and form the active core

cleft. RPB4 and RPBT form a stalk protruding from the surface of RPB1. The figure is adapted

from the publication of Wild and Cramer '8

1.5.3. The synthesis, assembly, and transportation of Pol 11

Although the structure and function of Pol II have been deeply investigated, the mecha-
nisms of Pol II synthesis, assembly, and transportation from the cytosol to the nucleus remain
unclear. Several recent studies have revealed part of the processes. All Pol II subunits are
synthesized in the cytoplasm. Deletion of any Pol II subunit lead to the accumulation of
RPB1 in the cytosol, suggesting that Pol II requires to be fully assembled before entering the
nucleus'®!. Furthermore, it has been proven that many assembly factors such as R2TP /heat
shock protein 90 (HSP90) co-chaperone complex, RNA polymerase II associated protein 1
(RPAP1), RPAP2, GPN-loop GTPase 1 (GPN1), GPN2, GPN3, and GrinL1la, have partic-
ipated in the Pol II assembling process!81:182183.184  Depleting of GPN1 or GPN3 also leads
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to the cytoplasmic accumulation of RPB1183:182.185 "indicating the important roles of GPN1
and GPN3 in mediating the nuclear import of Pol II.

However, neither the subunits of Pol II nor GPN proteins contain a nuclear localization
signal (NLS). Likely, other factor containing NLS provides the importing signal. ITWR1

[186 as it also binds to

is the one identified carrying a nuclear importing signal for Pol I
the center cleft of Pol II. It mediates Pol II binding to importin-a/3 and facilitates the
transportation through the nuclear pore complex (NPC). The deletion of IWR1 in yeasts

86 Therefore, it can

results in the cytoplasmic accumulation of Rpbl and Rpb3 proteins?
be speculated that Iwrl protein binds to the fully assembled Pol II in the cytoplasm, and
helps Pol II to enter into the nucleus. This could be a checkpoint to ensure that only the
correctly assembled Pol II is imported into the nucleus. When Pol II enters the nucleus, it
will release the assembly factors and move to the DNA template with the help of the general
transcription factors (GTFs). The assembly factors, such as GPN protein and Iwrl, are then

1185183 However,

exported and recycled to the cytoplasm by the exporting protein Crm
the model of Pol II assembly and transportation still needs further exploration, since the
depletion of GPN1 only leads to the cytoplasmic accumulation of Rpbl and Rpb2 proteins

instead of all Pol II subunits.

1.5.4. The C-terminal repeat domain of RPB1

There is an unusual structure in the C-terminal repeat domain (CTD) of RPB1, which
is evolutionarily conserved in eukaryotes. The CTD contains multiple tandemly repeated
heptapeptides with the consensus sequence: Tyrl-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 (Y1-S2-
P3-T4-S5-P6-S7). The number of repeats varies from five in Plasmodium yoelii to twenty-
six in yeasts, forty-five in Drosophila and fifty-two in mammals'®”. In most organisms, the
majority of repeats match the consensus repeats, but in mammalians, the first 26 repeats
closely match the consensus sequence, and the latter 26 only contains three consensus repeats.

Deletion of the CTD in mice, Drosophila, and yeasts is lethal. However, the full-length

CTD is not required for maintaining the basic growth rate in yeasts. The minimal length
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could be reduced to eight repeats to keep the viability of yeasts!'®®. But still, a full-length
CTD is preferred for maintaining the normal function of cells and dealing with various stress
conditions, although a reduced number of repeats or some mutations of CTD is tolerated in
yeasts 189190,

The residues in CTD are subjected to multiple posttranslational modifications (PTMs),

191,192,193 Qome

including phosphorylation, proline isomerization, and O-GlcNAcylation
residues such as Lys7 and Arg7 within the non-consensus CTD can also be methylated,
acetylated, or ubiquitinated 194195:196.197 ' These modifications are highly related to the Pol II

function. The schematic diagram is shown in Figure 1.13.
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Fig. 1.13. Posttranslational modification of the consensus and non-consensus
CTD In mammals, the first 26 repeats in CTD closely match the consensus, and the latter 26
repeats do not, especially Ser7 in non-consensus CTD, which can be replaced by Lys7 or Arg?7.
The residues in CTD are known to be subjected to phosphorylation, proline isomerization, and
O-GlcNAcylation. Lys7 and Arg7 within the non-consensus CTD can additionally be methy-
lated, acetylated, or ubiquitinated. (P), phosphorylation; (G), glycosylation; (I), isomerization;
(Ac), acetylation; (Me), methylation; (Ub), ubiquitination.

By far, phosphorylation of the CTD has been extensively studied. There are 52 repeats
in human CTD, and each repeat contains three serines (52, S5, and S7), one tyrosine (Y1),
and one threonine (T4) that can be phosphorylated (Figure 1.13). The complexity of the

phosphorylated CTD pattern is beyond imagination. However, recent work has demonstrated
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that not all repeats in CTD are phosphorylated®®!% Thus, the combination of actual
phosphorylation CTD states is still manageable, about hundreds rather than an astronomical
number. RPB1 has two main forms that migrated on an SDS-PAGE gel: the Ila form in
which the CTD is hypo-phosphorylated and the ITo form that has a hyper-phosphorylated
CTD. Phosphorylated forms of RPB1 other than IIa and Ilo have also been described. An
IIm form is developed during serum stimulation or during somatic and oxidative stress2%?,
and an Ile (embryonic) form can be found in early embryos?’!, while an IIi (intermediary)
form is generated after the herpes simplex virus (HSV) infection?%2.

The CTD is located next to the RNA exit channel, where can directly or indirectly
influence RNA synthesis!™. The phosphorylation of CTD is essential during transcription.
It influences the interaction between Pol II and other proteins, such as transcription factors
and RNA processing enzymes. According to the RPB1 ChIP-Seq profiling, Ser5P and Ser7-P
occur early at the transcription starting site (T'SS) region, whereas Ser2P and Thr4P occur
later?%® during the elongation. The average profiling of CTD phosphorylation in humans and

yeasts is illustrated in Figure 1.15. The function of phosphorylated CTD will be reviewed

later in combination with the transcription process.

1.5.5. The major steps of transcription

Transcription is the rate-limiting step of the entire gene expression machinery. Within
a simplified model of transcription, it contains three major stages in eukaryotes: initiation,

elongation, and termination.

1.5.5.1. Transcription initiation.

The transcription initiation starts with the formation of the pre-initiation complex (PIC)
in the gene promoter. PIC is assembled by Pol II and several GTFs. Followed by DNA
template unwinding, PIC turns from a closed state to an open state, and a nascent RNA
chain starts to be synthesized. When the RNA chain reaches to a certain length, Pol II is

released by the dissociation of the initiation factors and forms an elongation complex with
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other factors. The schematic diagram of the transcription initiation machinery is shown in

Figure 1.14.
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Fig. 1.14. The transcription initiation machinery A pre-formed TFIID-TFIIB-
TFIIA complex locates at the TATA box and BREu/BREd regions of the promoter DNA
and recruits the Pol II-TFIIF complex. TFIIE binds to Pol II and recruits TFIIH, which is
able to unwind DNA. The transcription activators targeting on the enhancer DNA elements
recruit coactivitors and Mediator to the pre-initiation complex (PIC). Cyclin-dependent kinase
(CDK7) in TFIIH phosphorylates Ser5 and Ser7 of the CTD in RPB1 and starts elongation.

BREu: B recognition element upstream; BREd: B recognition element downstream

In a canonical model, the first step of initiation is the binding of TFIID to the pro-
moter region?9420%:206  TFIID contains TATA box-binding protein (TBP) and 13 — 14 TBP-
associated factors (TAFs). The TATA box is located at the upstream region of TSS and
owns a consensus sequence of TATAWAWR?2%". TBP owns a saddle-shaped structure, which
is able to bind the minor groove of TATA box and bend DNA template?%.

However, TATA box only exists in about 10 — 20% of metazoan genes?”. How other genes
without the TATA box are transcribed? The answer is not clear yet. Some other promoter
elements recognized by TAFs may help to explain the selective expression of certain genes.
The initiator element, which can be recognized by TAF1 and TAF2, locates at the TSS29.
The motif ten element (MTE) and the downstream promoter element (DPE) are located at
+30 bp downstream of TSS and are probably recognized by TAF6 and TAF9211:212.213  The

downstream core element (DCE) has also been found at the downstream of TSS and may
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bind by TAF12!4. The mechanism of transcription initiation at TATA-less promoters still
needs more exploration in the future.

In addition to TFIID, TFIIB facilitates TBP’s binding to DNA and recruits Pol II to the
promoter. There are two regions flanking the TATA box, B recognition element upstream
(BREu) and BRE downstream (BREd). They serve as TFIIB binding sites and guide the
orientation of the PIC. TFIIB contains an N-terminal B-ribbon domain and a C-terminal
B-core domain. The B-core domain binds to TBP and promoter, while the B-ribbon domain
binds to the docking domain of Pol II. TFIIA is not essential for the basal transcription, but
can stabilize the TFIID-DNA complex. Thus, the pre-assembled TFIID-TFIIB-TFITA-DNA
complex is ready to recruit the Pol II-TFIIF complex.

Sequentially, the Pol II-TFIIF complex recruits TFIIE and TFIIH, which help to open
and stabilize the promoter DNA 215216 TFIIH contains DNA-dependent ATPase activity. It
is a ten-subunit factor that consists of a six-subunit core module (XPD, p62, p52, p34, p8§,
and p44), an ATPase XPB, and a three-subunit kinase module (CDK7-Cyclin H-MAT1)?'7,
The ATPase XPB is responsible for promoter opening, whereas the helicase XPD is required
for DNA unwinding.

Another conserved coactivator complex, termed Mediator is also involved in the regula-
tion of transcription initiation. Mediator is recruited to PIC by the transcription activator,
which binds to the upstream enhancer element. It can stabilize PIC and stimulate TFIIH

218~ Mediator consists of a 4-subunit kinase and a core complex, which is

kinase activity
composed of the head, middle, and tail modules; in total, it is a large complex comprising 30
subunits in humans!™. The activity of Mediator partially depends on the binding to Pol II
and DNA binding transactivators?'%220,

According to human RPB1 ChIP-seq profiling, the level of Ser5P in the CTD, as well as
Ser7P and TyrlP, peaks early in transcription process, around the TSS region, suggesting

that the phosphorylation of these C'TD residues plays a critical role in transcription initiation

(Figure 1.15)%03.
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When Pol II is recruited by TFIIB to the promoter, the CTD is unphosphorylated??!.
The unphosphorylated CTD has a high affinity to Mediator. During the transition from
initiation to elongation, cyclin-dependent kinase (CDKT) in TFIIH phosphorylates Ser5 and
Ser7 of the CTD, which reduces the affinity of Pol IT to the Mediator and starts Pol II
promoter-escape 22,

In addition to initiation, the CTD also plays an important role in the regulation of mRNA
5’-capping. The 5’-capping occurs as early as the time when a nascent pre-mRNA is just
synthesized and leaves the RNA exit channel of Pol II. The 5’-capped structure protects
nascent mRNA from degradation by exonucleases and assists the downstream mRNA pro-
cessing, including splicing, polyadenylation, and nuclear export of mRNA?23. The Ser5P
CTD recruits the capping complex and couples pre-mRNA capping to early elongation??.
The importance of Ser5P CTD in mRNA 5’-capping has been proved by the lethal phenotype
caused by Ser5-CTD mutation in yeasts, which could be rescued by tethering the capping

complex to the CTD,
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Fig. 1.15. The profiling of CTD phosphorylation of RPB1 across protein-
coding genes in humans and yeasts The signals are revealed by RPB1-specific chromatin
immunoprecipitation (ChIP)-seq studies. In humans and yeasts, both Ser5P and Ser7P CTD
signals peak near the TSS and promoter region, while Ser2P and Thr4P CTD signals start to
increase after TSS and reach to the top around PAS. The TyrlP CTD signal acts differently
between humans and yeasts. It is similar to Ser2P in yeasts, although its level drops before
the PAS. By contrast, the TyrlP signal peak around the TSS in humans. TSS: transcription
start site. PAS: polyadenylation site. The figure is adapted from the publication of Harlen and

Churchman 293,

73



1.5.5.2. Transcription elongation.

After the formation of PIC and promoter escape, Pol II enters the early stage of elon-
gation. However, in most metazoan genes, Pol II will pause after transcribing 20 — 120
nucleotides downstream of T'SS. This status is termed promoter-proximal pausing, which is
a transition stage between early and productive elongation.

The promoter-proximal pausing state is stabilized by the binding of negative elongation
factor (NELF) complex and DRB sensitivity-inducing factor (DSIF). Knockdown of either

factor increases the elongation rate significantly??°.

Positive transcription elongation fac-
tor B (P-TEFD) is required to release the pausing Pol II. P-TEFb, which is an essential
CDK, phosphorylates NELF, causing its disassociation from the elongation complex??®, and
phosphorylates DSIF, converting it into a positive elongation factor??”. P-TEFb also phos-
phorylates Ser2 of the CTD, which helps Pol II to recruit several elongation and chromatin-
modifying factors. The phosphorylation process by P-TEFb during the promoter-proximal

pausing stage is illustrated in Figure 1.16.

Promoter-
proximal Pause
pausing release

Fig. 1.16. The promoter-proximal pausing and releasing The promoter-proximal
pausing state is stabilized by the binding of negative elongation factor (NELF) complex and
DRB sensitivity-inducing factor (DSIF). Positive transcription elongation factor B (P-TEFD)
phosphorylates NELF, causing its disassociation to the elongation complex, phosphorylates
DSIF, converting it into a positive elongation factor, and phosphorylates Ser2 CTD of RPB1,
which helps to recruit other elongation and chromatin-modifying factors. Then, Pol II is

released from the promoter-proximal pausing state.
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In addition to P-TEFb, recent studies have revealed that bromodomain-containing pro-
tein 4 (BRD4), the super elongation complex (SEC), and the transcription elongation com-
plex RNA polymerase IT-associated factor (PAF1) also contribute to transcriptional elonga-
tion 228:229

The degree of promoter-proximal pausing is generally estimated by the pausing index?.
Pausing index is the ratio of Pol II signal around TSS to the signal density within the

genebody. A higher pausing index indicates a greater enrichment of promoter-proximal

pausing Pol II.

1.5.5.3. Pausing, Stalling, and Backtracking upon DNA lesions.

During the elongation, Pol I has a strong propensity to enter a pausing or stalling state
on the DNA template. Pol II pausing is a transient state and will restart if given time. If
pausing persists and cannot be overcome by time, especially when elongation is interrupted
by DNA sequence problems or misincorporation of nucleotides, it will decay into a stalling
state.

Under this circumstance, Pol IT can move backward on the DNA track, which is termed
“backtracking”, that normally occurs when Pol II faces obstacles such as nucleosomes. When
Pol II persistently stalled, the extended backtracking, with the help of other factors, such as
the RNA-cleavage stimulatory factor TFIIS, will rescue Pol II. TFIIS is able to stimulate the
intrinsic RNA-cleavage function of Pol II, thereby removing the backtracked RNA fragment
and synthesizing a new 3’-end of RNA23!,

DNA damage is one of the reasons causing Pol II stalling. Environmental factors, DNA-
reactive chemicals, and irradiation are the reasons causing a broad range of DNA lesions?32.
When DNA lesions occur in the non-template strand, Pol IT can rapidly bypass it without any
consequences. However, when the lesions occur in the template strand, they do affect Pol II
transcription. There are abundant of small DNA lesions originated from normal cellular
activities, such as alkylation and oxidized nucleotides?3?. Most small lesions in the template

DNA can often be bypassed by Pol II, which causes misincorporation of nucleotides, thereby
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resulting in transcriptional mutagenesis. As long as lesions persist, the accumulated mutant
transcripts will finally affect cell functions?**.
The large lesions will cause even bigger problems for transcription. The forward translo-

cation of Pol II is completely obstructed, and the expression is totally interrupted. These

5 36

lesions can be induced by UV irradiation?3, various carcinogens?*%, and some intracellu-
lar metabolites?”. Nucleotide excision repair (NER) system is the major pathway to repair
bulky DNA lesions. For repairing genome-wide lesions, the sub-pathway global genome NER
(GG-NER) will be involved. If the lesion is in the transcribing strand, transcription-coupled
NER (TC-NER) will participate in the repairing mechanism. Pol II stalling is thought to
trigger TC-NER. Cockayne syndrome group B (CSB) protein works with Pol II to sense the
blockage of transcription?*®. When Pol II is unable to move forward, the TC-NER factors,
such as CRL4A-DDB1-CSA complex, UV-stimulated scaffold protein A (UVSSA), and USP7
are recruited to the lesion site and initiate the repair process. TFIIH is recruited by UVSSA
and may induce Pol II backtracking®?. TFIIH, together with XPA, verifies the lesion site
and recruits endonucleases ERCC1-XPF and XPG to remove the lesion DNA. The resulting

gap will be filled by DNA polymerase and sealed by DNA ligase?4.

1.5.5.4. Splicing during elongation.
A majority of the splicing processes occurs simultaneously during elongation and almost

d?41:242 " Splicing refers to the removal of

immediately when the 3’ splice site is transcribe
introns from the nascent pre-mRNA by the spliceosome. The spliceosome is a huge enzyme
complex, composed of five small nuclear RNAs (snRNAs) (U1, U2, U4, U5, and U6) and
approximately 100 proteins?43.

The co-transcriptional splicing is partially regulated by the CTD status of RPB1. Pol II
with a high level of Ser5P CTD interacts with the spliceosome during transcription?*4. Phos-
phorylation of Ser2 CTD by P-TEFb activates not only elongation but also the splicing pro-

cess, whereas the mutant Ser2 CTD inhibits the recruitment of spliceosome?*>. The Ser2P

and Thr4dP CTD signals, according to ChIP-seq profiling (Figure 1.15), start to increase
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in the genebody and peak at the polyadenylation sites (PAS), suggesting that they acted

important roles during the entire elongation stage.

1.5.5.5. Transcription termination.

A regular transcription termination for most protein coding genes occurs when the elonga-
tion complex encounters a functional polyadenylation signal (PAS). A PAS usually includes
an AAUAAA (or a variant) sequence in company with upstream U-rich and downstream
U/GU rich sequences?*.

When Pol II pauses at PAS, the 3’-end of the nascent mRNA undergoes cleavage and
polyadenylation. Several proteins participate in the termination process, along with Pol II.
The human cleavage and polyadenylation specificity factor (CPSF) binds to the body of Pol IT
to induce its pausing and recognizes AAUAAA sequence that transcribed in the nascent
RNA. When the downstream U/GU-rich sequence is transcribed, the cleavage stimulatory
factor (CstF) is recruited by both this sequence and Ser2P CTD of RPB1, which leads to the
CPSF-mediated cleavage and finally release Pol II. Afterwards the upstream cleaved RNA
is added 200 — 300 with adenosine nucleotides at the 3’-terminus by Poly(A) polymerase,
whereas the downstream product is degraded by 5" — 3’ exoribonuclease 2 (XRN2). Pol II is
then released from the DNA template and recycled for the next round of transcription, or

degraded. The process of transcription termination is illustrated in Figure 1.17.

Fig. 1.17. The termination machinery in metazoans (1). The human cleavage
and polyadenylation specificity factor (CPSF) binds to the body of Pol II and recognizes a
functional PAS (e.g., AAUAAA sequence) in the nascent RNA. (2). The downstream U/GU-
rich sequence and Ser2P CTD recruit the cleavage stimulatory factor (CstF), which leads to
the CPSF-mediated cleavage before the U/GU-rich region. (3). The released upstream RNA is
added with 200 — 300 adenosine nucleotides at the 3’-terminus by Poly(A) polymerase, whereas
the downstream product is degraded by 5 — 3’ exoribonuclease 2 (XRN2). Pol II is then
released from the DNA template. PAS: polyadenylation signal.
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The phosphorylation of CTD also plays an important role in transcription termination.
Most mechanism studies are conducted in yeasts. During the elongation stage, Tyr1P CTD
prevents the binding of Pcfl11 and Rtt103 proteins to Pol II, since Pcfl11 and Rtt103 are the
termination factors that function on the CTD.

When it enters to termination stage, loss of SerbP, TyrlP, and increase of Ser2P in
CTD will recruit Pcfll to Pol II. Pcfll acts as a cleavage and polyadenylation factor that
terminates RNA synthesis. Besides, Ser2P and Thr4P CTD recruit Rtt103 in complex
with Ratl (homolog exoribonuclease as XRN2) to Pol 11247189 which helps to degrade the
downstream RNA.

According to RPB1-specific ChIP-seq signals (Figure 1.15), Ser2P and Thr4P peak at
PAS, whereas Ser5P reduces to baseline at PAS, suggesting that the overall phosphorylation
status of the CTD is finely regulating the transcription machinery.

However, most non-coding RNAs employ an alternative Pol II termination pathway. The
3’-end of snRNA is produced by endoribonucleolytic and/or exoribonucleolytic cleavages,

248 The process involves a

and they do not require a poly(A) tail in their mature forms
distinct group of proteins, such as the Integrator (INT) in metazoans. The termination
sites of genes encoding snRNA typically locate at a distance <1 kb from TSS, where the
signal of Ser2P and Thr4P does not reach the peaks, indicating it may be a Ser2P/Thr4P
independent termination mechanism. It has been proved that INT terminates transcription
by recognizing Ser7P CTD and a sequence at the 3’end of snRNA?%. In yeasts, Nrdl (a
similar role as INT) tends to bind Ser5P CTD?°  unlike Pcf11 and Rtt103 that preferentially

bound to Ser2P CTD in a poly(A)-dependent pathway 251252,

1.5.5.6. Gene-looping.

The canonical view of where Pol II goes after transcription termination is that Pol II
dissociates from the template DNA and then is either degraded by the proteasome or recycled
to the pool of Pol II. Some recent work updates this model with a new mechanism called
“gene-looping”. Pol II initiation factors and termination factors are more intertwined than

one might expect. TFIIB interacts with both the CPSF 3’-end processing complex and PIC at
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the promoter and guides Pol II to the promoter region from the 3’-end termination site. With
the introduction of Chromosome Conformation Capture (3C) and chromatin interaction
analysis by paired-end tag sequencing (ChIA-PET), recent studies indicate that gene-looping
is a widespread phenomenon existing in diverse species, such as S.cerevisiae?*>%*, HIV 2%,
mice?*®, and humans?7”. However, the detailed function of gene-looping needs to be explored

deeply.

1.5.5.7. Premature termination.

Transcription termination not only occurs at the end of a gene, it can also happen at
the upstream, middle, and downstream of the gene body. The termination occurring at T'SS
or further down in the gene body is called premature termination. Premature termination
generates transcripts that are either rapidly degraded or polyadenylated. The stable pre-
mature transcript tends to produce noncoding RNA or truncated protein-coding mRNA 2°8,
They negatively regulate the full-length gene expression and contribute to the transcrip-
tome diversity. Premature termination was thought to be harmful. However, recent studies

showed the rapid turnover of the initiating and promoter-pausing Pol 11259260

, suggesting
that only a small portion (~1%) of the initiating Pol IT complete the entire transcription
cycle, whereas most of them (~99%) are released from DNA without transcribing mRNA 260,

These premature terminated Pol II may have high potential to regulate mRNA expression

in various types of cells.

1.5.6. The ubiquitination of RPB1

Over the decades, it has become evident that the ubiquitination of RPBI1 is a crucial pro-
cess full of complexity. It occurs via a multiple-step ubiquitination process involving various
E3s, different Ub linkages, and multiple ubiquitination sites. RPB1 ubiquitination guides
Pol IT to the proteasome for degradation under different conditions. The ubiquitination of
RPB1 not only occurs upon cellular stress, such as DNA damage, nucleotide depletion, and
chromatin impediment, but also occurs in unstressed cells to maintain Pol II’s basic function

and turnover 261262,

79



Many ubiquitination sites of RPB1 have been identified by a proteome-wide quantitative
assay applying the Lys-e-Gly-Gly (diGLY) antibody enrichment method?%2. Ten lysine sites
in RPB1 are indicated as the potential ubiquitination residues in non-stressed cells. Another
thirty-four lysine sites are identified in DNA damaged cells®®!, including K1268, which is an

263264 - Several ubiquitination sites, such as K619,

important site in response to UV damage
K940, and K1008, also indicated their association with the activity of CRLs. In addition,
another six ubiquitination sites of Rpbl protein in S. cerevisiae are listed in PTMFUNC
database (http://ptmfunc.com)?®.

Most of the ubiquitination studies about Rpbl protein are conducted in yeasts. The first
identified E3 implicated in Rpbl degradation is Rsp5 protein in yeasts?®6. Rsp5 protein has
diverse roles in cells, including transcriptional activation and Pol II degradation. The WW
domain of Rspb binds to the CTD of Rpbl. Deletion of RSP causes a lack of ubiquitination
of Rpbl, resulting in its accumulation upon DNA damage?67-268,

Ubiquitination assay of yeast Pol II in wvitro using Ubal (E1), Ubch (E2), and Rspb
proves that Rspb adds K63-linked polyUb chains to Rpbl. However, K63 linkage is not a
typical proteasomal degradation signal, which probably cannot be the direct reason for the
accumulation of Rpbl after Rspb inactivation. Later, they identified a K48 linkage-specific
E3, Elcl/Elal complex, targeting on Rpbl protein by a sequential reaction. First, Rpbl is
ubiquitinated by Rspb in a K63-linkage manner; followed by Rsp5-associated ubiquitin pro-
tease (Ubp2) trimming K63-linked chains to a single moiety on Rpb12%°, Elc1/Elal complex
adds K48-linked chains on the mono-ubiquitinated Rpbl and directs its degradation?%®,

Other than Rspb in yeasts, Asrl protein, a RING finger E3 ligase, can also bind to Pol II
via the Ser5P CTD of Rpb1 protein and ubiquitinate at least two subunits of Pol IT (Rpb1 and
Rpb2), leading to the inactivation of Pol I1?°. Ubp3 DUB is capable of removing both mono-
and poly-ubiquitinated Rpb1 in yeasts. It can save Rpbl protein from degradation®”'. These

results in yeasts indicate that Rpbl ubiquitination is controlled by a complicated machinery

involving various proteins in UPS.
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The discovery process of RPB1-specific E3s in mammalian cells has not all been smooth
going, since there are lots of E3-related proteins directly or indirectly affecting the ubiquiti-
nation of RPB1. Several E3s have been implicated in this process. However, some of them
have been proved later that they only act as indirect roles in regulating the ubiquitination
of RPB1.

In the initial studies, BRCA1-BARD1 E3 complex was indicated as an E3 ligase for RPB1.
At that time, a smeared band above the hyper-phosphorylated (ITo) band, which was detected
by the antibody against Ilo form of RPB1, was believed as the ubiquitination signal of RPB1,

which was not a very strong evidence as we now consider 2727,

In addition, Cockayne
syndrome type A (CSA) protein and Cockayne syndrome type B (CSB) protein, which are
parts of CUL4-based E3 complex, have also been implicated in RPB1 ubiquitination process,
as a reduced level of ubiquitinated RPB1 was observed in CSA- and CSB-deficient cells
after DNA damage®™. The authors hypothesized that CSA-containing CUL4 E3 complex
directly ubiquitinates Rpbl. However, later studies have proved that the reduced RPB1
ubiquitination and the accumulation of RPB1 were caused by the shutdown of transcription
after DNA damage?7276.

Anindya et al. proved that neither CSA, CSB, nor BRCA1 was directly involved in
Pol IT ubiquitination, while NEDD4, a mammalian homolog of Rsp5 protein, was involved
in the ubiquitination of human Pol II in wvivo and in vitro?™. NEDD4 cooperates with
Elongin A/B/C containing E3 to catalyze the poly-ubiquitination of RPB1, which could be

a similar process as Rsp5 collaborating with Elcl/Elal complex in yeasts?77:268

. However, in
HEK293 cells, the ubiquitination of RPB1 catalyzed by NEDD4 only occurs when they are
UV irradiated?™.

As mentioned previously, Elongin B/C not only binds to CUL5, but also acts as a com-
ponent of pVHL-Elongin B/C-CUL2-RBX1 E3 complex. They participate in the ubiquiti-
nation of RPB1 with hyperphosphorylated CTD in response to DNA damage and oxidative

stress 278279,
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Last, WWP2, a HECT E3, could ubiquitinate the CTD of RPB1 in the absence of
artificial DNA damage!'%*. However, this was only proved in vitro in F9 embryonic carcinoma
cells, in which WWP2 siRNA knockdown leads to increased total RPB1, as well as Ser2P
and SerbP RPB1. The activity of these RPB1-specific E3s highly depends on RPB1 CTD
phosphorylation. The CTD alone can serve as the substrate of WWP2 E3 ligase!'%4.

A brief summary of these potential E3s are listed in Table 1.1.

Table 1.1. The known E3 ligases for RPB1 in S.cerevisiae and mammalian cells

S.cerevisiae Mammals Functions Interacting External
domain factors
Rsph 266,267,268 NEDD4268,275 K63-linked chains, probably be  CTD DNA
trimmed to mono-Ub damage
Elcl/Elal Elongin A/B/C-  Coopreates with Rsp5/NEDD4  Ser5P DNA
(Cul2/Cul5?)280.281.268  CUL5-RBX2%2 and polyubiquitinates RPB1 CTD damage
pVHL-Elongin Ubiquinates  hyperphosphory-  Ser5P Oxidative
B/C-CUL22727 lated RPB1 CTD Stress,
DNA
damage
?-Cul3 281,268 ?-CUL3 Polyubiquitinates Rpbl ? DNA
damage
Asr127 - Ubiquinates Rpbl and Rpb2 SerbP No
CTD
- WWP2194 Proteolytic ubiquitination of  CTD No
RPB1

Note: The question-markers (?) indicate that the factors are undetermined yet.

As we have known, an E3 directing proteasomal degradation will markably affect the
amount of substrate in cells. However, under the physiological condition (without inducing
DNA damage), neither Nedd/ KO B cells?®3, CSB KO cells, nor ELOF1 KO cells?** showed
any accumulation of RPB1, suggesting that this group of E3s might only be activated upon
DNA damage, instead of controlling the regular process of RPB1 turnover.

Furthermore, since Wwp2 194285 and VhI?% KO mice have been generated, there is still
no report on the possible RPB1 accumulation in these mice. Either authors have not paid

attention to the protein level of RPB1, or there is no failed RPB1 degradation under a
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physiological condition in these KO mice. Thus, to the best of our knowledge, there is no
report of E3 acting on RPB1’s degradation in tissues and organs without artificially induced

DNA damage.

1.6. Objectives and Hypothesis

Our lab started to explore ARMCYS in 2007, since it was one of the genes upregulated
after T cell activation. During our investigation of ARMC5’s function, it has been reported

that some mutations in ARMC5 are related to PBMAH in humans !9,

1.6.1. Objective 1

To study an unknown gene from scratch, we first need to resolve the following questions.
(1) To explore the tissue-specificity of Armc5 expression in mice

(2) To identify the sub-cellular location of ARMC5 protein

(3) By generating Armc5 KO mice model, we would like to record any phenotypes we

observed, especially the ones related to the immune system and the endocrine system.

e To study the proliferation and differentiation of Armcd KO T cells

e To investigate the role of ARMCS5 in T cell immune response in vivo

e To check whether the adrenal glands in Armc5 KO mice develop a similar
phenotype to PBMAH in humans; meanwhile, to explore adrenal endocrine

function in KO mice

(4) To investigate ARMC5’s molecular function by identifying its binding partners, since
ARMCS5 only contains two protein binding modules and itself does not exhibit enzy-

matic activity.

1.6.2. Objective 2

From both Y2H and IP-LC-MS/MS results, we have identified several potential binding
partners of ARMC5. By confirming with Co-IP experiments, we finally targeted on ARMC5’s
interaction with CUL3 and RPB1.
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Since CUL3 is a well-known E3 ligase, we hypothesize that ARMC5 binds to CUL3 to
form an E3 complex, which ubiquitinates RPB1 protein, and the defects of RPB1 ubiquiti-
nation might contribute to the phenotypes we observed in Armc5 KO mice and in humans
carrying ARMCS mutations. To testify the hypothesis, we need to clarify the following
points.

(1) To confirm that three molecules (CUL3, ARMC5 and RPB1) form a complex

(2) To identify the binding regions of each molecule

(3) To check whether there is a decreased ubiquitination of RPB1 in ARMC5 deficiency

in vivo and in vitro systems

(4) To investigate the consequences of failed ubiquitination of RPB1 in Armc5 KO mice,

especially in lymphoid organs and adrenal glands

e Does ARMC5-related ubiquitination direct RPB1 to the proteasomal degrada-
tion pathway?

e Does ARMC5 depletion change the expression and function of RPB1 in lym-
phoid organs and adrenal glands?

e Does the failed ubiquitination of RPB1 affect the transcription process in Armcs

KO tissues and cells?

(5) To explore the role of RPB1 in the pathogenesis of PBMAH in the patients carrying
ARMCS5 mutations

1.6.3. Objectives 3

One of the phenotypes in Armc5 KO mice is that they are born below the expected
Mendelian ratio from heterozygous parents. Later, we also observed an increased incidence
of kinky tails in the live-born KO mice. To explore the cause of embryonic lethality of KO
fetuses, we found these fetus manifested anencephaly, which is a severe type of NTDs. Based
on these facts, we would like to understand the following questions.

(1) What is the cellular basis (e.g., cell proliferation and cell apoptosis) that causes NTDs

in Armcb5 KO mice?
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(2) Based on the hypothesis that CUL3-ARMCS serves as an E3 ligase for RPB1, we
would also want to explore the role of RPB1 in the pathogenesis of NTDs in Armcs
KO mice.

e Are the protein level and ubiquitination level of RPB1 changed in Armcd KO
neural tubes and neural precursor cells (NPCs)?

e Does the defective ubiquitination of RPB1 change the transcriptome in Armcs
KO NPCs?

(3) Is ARMC5 mutation reported to be relevant to NTDs in humans?
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Armcb deletion causes developmental defects

and compromises T-cell immune responses
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2.1. Abstract

Armadillo repeat containing 5 (ARMCS5) is a cytosolic protein with no enzymatic ac-
tivities. Little is known about its function and mechanisms of action, except that gene
mutations are associated with risks of primary macronodular adrenal gland hyperplasia. We
have mapped Armc) expression by in situ hybridization, and generated Armc5 knockout
(KO) mice, which are small in body size. Here we show that these KO mice present with
compromised T cell proliferation and differentiation into Th1l and Th17 cells, increased T
cell apoptosis, reduced severity of experimental autoimmune encephalitis, and defective im-
mune responses to lymphocytic choriomeningitis virus infection. Furthermore, KO mice
develop adrenal gland hyperplasia in old age. Yeast 2-hybrid assay identified 16 ARMC5-
binding partners. These data indicate that ARMCS5 is crucial in fetal development and is
pivotal in promoting T cell growth, differentiation and function as well as in adrenal gland
growth homeostasis, and that the functions of ARMCS5 likely depend on its interaction wit