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Abstract

The Role of the Ubiquitin E3/DUB Dual Enzyme A20 in Neurons and Synapse s
Shaolin Mei, Wei-Dong Yao
Posttranslational ubiquitination and deubiquination protein modifications play an essential role in
neuronal development, function, and plasticity. This study investi gated the role of the
E3/deubiquitinase dual ubiquitin enzyme A20 (also c alled tumor necrosis factor alpha -induced
protein 3, TNFA IP3) on neuronal arborization, dendritic spine morphogenesis, and synaptic
transmission. The spatial and temporal expression profiles of A20 were investigated in primary
neuronal cultures and rodent brains by western blotting and immunofluorescent staining. Several
mammalian cDNA expression and shRNA plasmids with the Myc tag or the Ds Red or GFP
fluorescent reporters were constructed by subcloning, and their efficiency was validat ed in
HEK293FT cell line, cultured neurons, and yeast. These plasmids were us ed to upregulate or
downregulate the A20 level and investigate the effects on neuronal morphology and synaptic
function. Overexpressing A20 diminished spine (mus hroom, stubby, and thin subtypes ) sizes and
reduced dendritic spine densities. Sholl analysis showed that A20 upregulation also decreased
neurite arborization numbers at medial -distal branches. Consistently, A20 downregulation
significantly enlarged mushroom and stubby spine size and modestly increased spine density,
which was rescued by an RNAi-resistant A20 cDNA construct. Moreover, electrophysiological
recording of mEPSCs from rat hippocampal neurons showed a slight reduction of the mEPSC
frequency but a significantly greater mEPSC amplitude when A20 was knocked down by
transducing shA20 lentivirus. Finally, in an attempt to identify potential A20 interacting prot eins,
we conducted a yeast two-hybrid screening assay using a mouse brain cDNA library. Taken
together, this study provided strong evidenc e that A20 regulat es neuronal morphology including
dendritic spine size, density, and neurite complexity as well as efficacy of synaptic transmission.
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Chapter 1: Introduction

1.1 The ubiquitin system
Fine-t uned protein turnover is indispensible for the fundamental neuronal functions involved in
information processing and transmission. Protein turnover is primarily regulated by ubiquitination
(Bingol et al., 2011), an import ant posttranslational modification mediat ed by attachment of the
76-amino acid molecule ubiquitin (with an 8.5 K D molecular weight) to a protein substrate. The
conveyance of a ubiquitin to a substrate involves the participation of several enzymes, i.e., E1
(ubiquitin-activating enzymes), E2 (ubiquitin -conjugating enzymes), E3 (ubiquitin ligases), and E4
(polyubiquitin ligases ) has been brought into focus in recent years. The process is as follows
(Fraile et al., 2012) (Introduction Figure 1). First, ubiquitin is activated by an E1. Then the
activated ubiquitin is transferred to an E2. Last, an E3 links the ubiquitin C-t erminal glycine to the
ε-amino reside of lysine on the substrate. E3 determines the substrate specificity and catalyzing
velocity in the ubiquitination reaction. The human genome encodes several hundred E3s that can
be further categorized into four classes: RING (really interested new gene), HECT (homologous
to E6-associated protein C terminus), U-box, and PHD (plant homeodomain) finger. RING is the
largest family, which includes Scf (Skp1, Cullin, F-box ) and APC cyclosome. A protein substrate
can be conjugated with one (monoubiquitination) or more ubiquitin molec ules (polyubiquitination).
When a new ubiquitin is added sequentially to the lysine residue of the previously attached
ubiquitin, polyubiquitin chains form (Li et al., 2008). The methionine residue at the N-t erminus of
one ubiquitin can also covalently bind to the C-terminal carboxyl group of the other ubiquitin and
form linear ubiquitin chains in a head -to-tail manner (K omander et al., 2009).
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Introduction Figure 1. The ubiquitination and deubiquitination system (Fraile et al., 2012)

The ubiquitin molecule itself has seven lysine residues (K6, K11, K27, K29, K33, K48, and K63),
sites where polyubiquitin chains can be synthesized. Depending on the linkage types,
polyubiquitination can modify protein binding, target the proteins to the proteasome or lysosome
for degradation, or constitute an intricate signaling network, and therefore ultimately regulate
critical cellular proc esses. The final protein function and fate are thought to be dictated by the
topology and characteristic of linkage between the adjacent ubiquitin molecules in the
polyubiquitin chains. Among them, the functions of K 48-linked and K 63-linked polyubiquitin
chains are well studied due to their relatively higher abundance, followed by K11-linked
polyubiquitin chains. K48-linked polyubiquitin chains typically target prot eins to the prote asome
for destruction, and the efficient binding process to the prot easome requires at least four
molecules of G76-K48 isopeptide-linked ubiquitins (Glickman et al., 2002). ESCRT (endosomal
sorting complex required for transport) and its components, STAM and Hrs, preferentially
associate with K63 chains, henc e inhibit or prevent their conjugation with proteasomes (Nat han et
al., 2013). K63-linked polyubiquitin chains, instead, exert non-prot eolytic functions such as DNA
damage repair, signal transduction, inflammatory response, ribosomal protein synthesis, and
protein trafficking (Mukhopadhyay et al., 2007). K11-linked ubiquitin chains participat e in the cell
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cycle control and the endoplasmic reticulum-associated degradation (ERAD) (Jin et al., 2008; Xu
et al., 2009). Linear ubiquitin chains are assembled by an E3 ligase complex LUBA C (linear
ubiquitin chain sssembly complex ) composed of HOIL1L, S HARP IN, and HOIP (Walczak et al.,
2002). Linearly polyubiquitinated NEMO (NF-κB essential modulator) activates IκB kinase (IKK)
complex and triggers subsequent activation of NF-κB (Fujita et al., 2014).

Deubiquitination is the reversible process that removes the attached ubiquitin from the
ubiquitinated proteins by the deubiquitin ases (DUBs) (Introduction Figure 1). The human genome
encodes about one hundred DUBs which can be subdivided into six categories including
ubiquitin-specific proteases (USPs), ubiquitin carboxy-terminal hydrolases (UCHs), ovarian tumor
proteases (OTUs ), Joseph proteases, JAMM/MPN/Mov34 (JAMMs), and monocyte chemotactic
protein-induc ed protein (MCP IP) family (Fraile et al., 2012). Except that JAMMs family members
2+

are Zn

metalloprot eases, the other DUBs are cysteine proteases. The existence of DUBs

counteracts the regulation of ubiquitination modification.

1.2 E3 and DUB in the nervous system
Ubiquitin homeostasis and prot ein stability play a crucial role in neuronal development,
architecture, and synaptic plasticity. E3 ring finger protein 157 (RNF157) interacts and
ubiquitinates APBB1 (amyloid beta precursor protein-binding, family B, member 1), mainly
forming K63-linked polyubiquitin chains, and exerts the pro -survival function in cultured cortical
neurons. However, the effect of RNF157 on dendritic arborization and stability does not depend
on its ligase activity (Matz et al., 2015). In cult ured hippocampal neurons, degradation of the
neurofilament light subunit NF-L mediated by TRIM2 is critical for neuronal polariz ation and
axonal specification (Khazaei et al., 2011), suggesting that TRIM2 may participate in axonal
morphogenesis during development. Ubiquitin E3a ligas e (UB e3a) deficiency results in a
compromised extracellular cue response and neurite contact guidance in neuronal development
(Tonazzini, et al., 2016). The polarity protein Par6c is targeted for ubiquitination and degradation
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by the centrosomal E3 ligase FB XO31-SCF during neuronal morphogenesis and axonal
patterning (V adhvani et al., 2013).

In addition to influencing neuronal development and morphology, E3s also modulate synaptic
plasticity through modifying postsynaptic density scaffolding proteins, neurotransmi tter receptors,
and signaling molecules. NMDA receptor activation induces PSD-95 ubiquitination by the E3
ligase murine double minut e-2 (Mdm2), resulting in internalization of AMPARs. Suppression of
proteasome activity dampens the amplitude of hippocampal LTD (Colledge et al., 2003). Cdk5
activity inhibition increases PSD-95 ubiquitination in a nonprot eolytic way, and promotes the
association between PS D-95 and β-adaptin, a s ubunit of clathrin adapt or protein complex AP-2
(Bianchetta et al., 2011). Nedd4-1 mediates ubiquitination of GluA1-c ontaining AMPA Rs and
promotes their intracellular trafficking and endosomal sorting (Schwarz et al., 2010). Nedd4 can
also ubiquitnate GluN2D-cont aining NMDA receptors and increase their internalization (Gautam
et al., 2013). The E3 ubiqutin ligase Mind bomb-2 (Mib2) is pres ent in postsynaptic sites of
dendrites in rat hippoc ampal neurons. It interacts and ubiquitinates NR2B subunit of NMDA
receptors in a Fyn phosphorylation-dependent manner (Jurd et al., 2008). During chro nically
elevated activity, CDK 5 promotes phosphorylation of spine-associated Rap GTP ase activating
protein (SPAR) by Polo-like kinase 2 (Plk2) (Pak et al., 2003; Seeburg et al., 2008), resulting in
the ubiquitination and degradation of SPAR by SCF

β-TRCP

(Ang et al., 2008). This in turn, alters

dendritic spine morphology by rearranging actin distribution (P ak et al., 2001).

DUBs also play an indispensable role in neuronal development and synaptic plasticity. Usp22
knockdown and Usp27x point mutation variants modulate the oscillation property of the
transcription repressor Hes1 and determine the neuronal differentiation direction via Notch
signaling (Kobayashi et al., 2015). The initial study implicating DUBs in synaptic plasticity is
Aplysia C-terminal hydrolase (A p-Uch). A p-Uch mediates long-term facilitation (LTF) through
expediting recycling monomeric ubiquitin (Tai et al., 2008). The ubiquitin C-terminal hydrolase L1
(UCH-L1) affects spine morphology and synaptic transmission by coordinating ubiquitin

4

homeostasis (Cartier et al., 2009). A study in Caenorhabditis elegans shows that USP46
enhances the abundance of GLR-1 glut umate receptor in t he vent ral notocord by deubiquitinating
GLR-1 and prevents its degradation in the multi-vesicular body (MVB)/lysosome (Kowalski et al.,
2011). Contrary to that Nedd4-1 ubiquitylates Gl uA1-c ontaining AMPA Rs, USP46 deubiquitinat es
AMPARs and enhances their synaptic accumulation. USP46 knockdown reduces the mEPSCs
amplitude (Huo et al., 2015). Increased synaptic activity induced by bicuculline leads to an
increase in Nedd4-1 level and decrease in USP8/UBPY level respectively, indicating the
machinery of the activity-dependent control of neuronal ubiquitin homeostasis at synapses
(Scudder et al., 2014). Usp14 deubiquitinates GABA A receptors and triggers their trafficking from
early endosomes into MVBs/lysosomes, thus explaining the migration of GABA A to the surface
J

area of P urkinje neurons in the absence of Usp14 due to ax gene defect (Lappe-Siefke et al.,
2009).

Altered ubiquitination homeostasis and regulation is implicated in a diverse array of neurological
and psychiatric disorders. For instance, mutations of RING E3 parkin and DUB UCH -L1 are
involved in the pathogenesis of Parkinson’s diseas e. Maternal deficie ncy and duplication of HECT
E3 Ube3a cause Angelman syndrome and autism, respectively (Mabb et al., 2010). USP46 deficit
accounts for cerebellar ataxia (Lappe -Siefke et al., 2009). Failure of E 3 ligase CHIP (carboxy
terminus Hsp70 interacting protein) to degrade hyperphophorylated tau aggregates constitutes a
putative etiology of Alzheimer’s dementia (Saidi et al., 2015). Thus, understanding the regulatory
machineries of the ubiquitin system in neurons may provide insights into therapeutic strategies for
these diseases.

1.3 A20 research progress
A20, also known as tumor nec rosis factor α-induced protein 3 (TNFA IP3), was initially discovered
as a primary response gene induced by TNF -α in human umbilical vein endothelial cells (Dixit et
al., 1990). Mutations or germline single nucleotide polymorphisms (SNPs) of the gene encoding
A20 predispose to the pat hogenesis of multiple inflammatory and aut oimmune diseases including
5

type 1 diabetes, Crohn’s disease, systemic lupus erythematosus (SLE), rheumatoid arthritis , and
psoriasis (Vereecke et al., 2009). A20 belongs to the OTU family of DUBs. It is a unique ubiquitin
editing enzyme possessing deubiquitination activity, E3 ligase acitivity, and ubiquitin binding
activity (Introduction Figure 2). A20 comprises 790 amino acid residues and harbors seven
Cys2/Cys2 zinc finger motifs (Opipari et al., 1990). The protein has one ovarian tumor (OTU)
domain in which the catalytic cysteine 103 (C103) determines DUB activity. The zinc finger 4
(ZnF4) domain dictates its E3 ligase activity. Additionally, the ubiquitin binding activity is achieved
by ZnF4-7 among which ZnF4-7 mediate E2 (suc h as Ubc H5a) binding, ZnF4 binds to K63-linked
polyubiquitin chains, and linear ubiquitin chains are rec ognized by ZnF7 (Bosanac et al., 2010;
Skaug et al., 2011; Ma et al., 2012).

Introduction Figure 2. A20 structure and activity (Ma et al., 2012)

The mec hanisms by which A20 negatively regulates NF -κB signaling pathway have remained a
major foc us. Most studies concentrat e on the TNFR and TLR4/ IL-1R pathways. Upon TNFR1
stimulation by the cognate ligands, the adaptor prot eins TRADD, RIP1, TRAF2, TRAF5, cIAP 1,
and c IAP2 are recruited to activate NF -κB cascade. A20 attenuates NF-κB signaling from several
aspects

(Introduction Figure

3,

Catrysse et

al.,

2014).

First,

it

cleaves

K63-linked

polyubiquitination of RIP1 and TNFR1 via the deubiquitination activity of its OTU domain. Then it
attaches K48-linked poly ubiquitin chains ont o RIP1 and Ubc13 t o target their prote asomal
degradation. A20 precludes the binding of linear ubiquitin chains to NEMO through ZnF7. In
TLR4/IL-1R mediated signaling, A20 binds to the conjugati ng enzymes Ubc13 and UbcH5c and
6

disrupts their association with the E 3 liagses TRAF6, TRAF2, and c IAP1 (Ma et al., 2012; Harhaj
et al., 2012; Chen, 2012; Catrysse et al., 2014; Verhelst et al., 2012; Shembade et al., 2010). In
addition to the TNFR and TLR4/ IL-1R induced signaling, A20 also restricts NF-κB signaling
pulsed by several distinct receptors including NOD1/2 rec eptor complex, T cell rec eptor, RIGI/Mda5 recept ors, and IL-17 receptor, thereby influencing innate immunity, T cell stimulation, and
antiviral responses (Catrysse et al., 2014). Based on the extensive engagements of A20 in
various signaling pat hways, it is not hard to link A20 deficiency with infections and tumors.
However, the ultimate fate of cells brought about by A20 inactivation is likely to be context
dependent. One proposed element is the amount of linear ubiquitin chains. Under the
circumstances when the linear ubiquitin chains are scarce, RIP 1 is apt to recruit FADD and
caspase 8 that in turn trigger the downstream pro-apoptotic response (Wertz et al., 2015).

Introduction Figure 3. Diagram of A20 action (Catrysse et al., 2014)

A20 also has important function in the nervous system. Increasing A20 expression is
neuroprot ective in mice with hereditary epilepsy (Sunaga et al., 2004). A20 administration can
7

shrink the infarct volume and ameliorate the neurological dysfunctions in rats suffering from focal
cerebral ischemia. The effect may be due to the inhibition of TNF apopt otic pathway b y
preventing proteolytic cleavage of c aspase 8 and 3 (Yu et al., 2006). Conditional knockout of A20
in

astrocytes

but

not

in

neurons

exacerbated

signs

of

experiment al

encephalomyelitis (EAE) displayed by infiltration of encephalit ogenic CD4

+

autoimmune

T cells, cytokine

overproduction, and spinal cord demyelination (Wang et al., 2013). A20 knockout mice develop
spontaneous neuroinflammation characterized by a marked increase of microglia and astrocytes
that produce significantly higher proinflammatory cytok ines, enhanc ed vascular endothelium
permeability and activation, increased basal brain oxidative/ nitrosative stress, and aggravated
axonal injury (Guedes et al., 2014). These findings suggest that A20 deficiency renders animals
more susceptible to inflammatory diseases in the central nervous system. Suppression of the A20
function of inhibiting NF-κB by miR-125b may explain the microglial toxicity and motor neuron
damage in amyotrophic lateral sclerosis (ALS) (Parisi et al., 2016). Other research, however,
raises the controversy over the impact of A20 on inflammation in the nervous system. A20
overexpression promot es neuronal death in t he mixed cultured cortical neurons and glia, and
wors ens the neuronal impairment after NMDA excitotoxic stimulation in vivo. As a consequenc e,
the authors reasoned that A20 may not be a potential neuroprotective reagent (Peluffo et al.,
2013).

1.4 A20 in neurons and synapse s
Previous studies on the role of A20 in the nervous system have focus ed on effects of A20 on
neuroinflammation or neuronal survival or death. Little is known about whether and how A20
regulates synaptic development, function, and plasticity. Neuronal functions are implemented
through their highly specialized and sophisticated architectures, i.e., synapses ; and synaptic
proteins are subjected to posttranslational modifications. Here we have investigated the influence
of this unusual ubiqutin editing protein A 20 on synapses. In the present study, we first det ermined
A20 expression in cultured rat primary neurons and rodent brain tissues. We then manipulated
the level of A20 in neurons and examined the consequenc e on neuronal morphology, dendritic
8

branching, spine morphogenesis, and efficacy of synaptic transmission. We provide evidence that
A20 has an essential role in synaptic development and function.
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Chapter 2: Materials and Methods

2.1 Animals
C57B L/6J mice were home-bred under standard laboratory conditions. They were used for
preparing brain homogenates for western blotting and brain sections for immunostaining. Timed
pregnant Sprague Dawley (S D) rats were purchased from Taconic Biosciences, Inc. The 19 -day
gestation embryos were used for culturing primary neurons. Animal care and protocols were
approved by the Institutional Animal Care and Use Committee (IACUC) of SUNY Upstate Medical
University and were in compliance with the National Institutes of Health Guidelines .

2.2 Antibodies
The primary antibodies used in this study were as follows. A20 (Cell Signaling, Cat#: 5630), A20
(Abcam, Cat#: ab92324), A20 (Abcam, Cat#: ab13597), PSD-95 (Cell Signaling, Cat#: 3450), βActin (Santa Cruz, Cat#: SC-47778), c-Myc (Santa Cruz, Cat #: SC-40), NeuN (Chemicon, Cat #:
MAB377), GFAP (Cell Signaling, Cat#: 3670), MAP2 (Sigma Aldrich, Cat#: M4403), Tau (Sigma
Aldrich, Cat#: T5530), NF -H (Abcam, Cat#: ab3966). The secondary antibodies included the
following: HRP conjugat ed goat anti-mouse IgG (Invit rogen, Cat#: 62-6520), HRP conjugated
goat anti-rabbit IgG (Invitrogen, Cat#: 65-6120), Alexa Fluor 488 conjugated goat anti-rabbit IgG
(Invitrogen, Cat#: A-11008), Alexa Fluor 568 conjugated goat anti-mouse IgG (Invitrogen, Cat #:
A-11004), Alexa Fluor 647 conjugated goat anti-mouse IgG (Invitrogen, Cat #: A-21236).

2.3 Cell culture
HEK293FT cells (Thermo Fisher, Cat#: R700-07) were grown and maint ained in DMEM
(Invitrogen, Cat#: 11965-118) supplemented with 10% heat inactivated fetal bovine serum
(Innovative Research, Cat#: IFBS-FU), 2 mM L-glutamine (Thermo Fisher, Cat#: 25030 -081),
penicillin (50 μg/ml)-streptomycin (50 μg/ml)-neomycin (100 μg/ml) (PS N) antibiotics (Thermo
Fisher, Cat#: 15640-055). They were subcultured two or three times per week.
10

Primary cortical or hippocampal neurons were prepared from E19 pregnant SD rats. A pregnant
rat was anesthetized with CO2 and a laparotomy was performed. The embry os were taken out
and the embry onic cortices and hippocampi were isolated under the microscope. The brain
tissues were gently minced into small pieces and digested with the papain dissociation system
(Worthington Biochemical Corporation, Cat#: LK 003150) according to the manual instructions.
5

The dissociated neurons were plated at a density of 5*10 /ml to 24-well plates, 0.5ml per well.
Each well contained a piece of coverslip treated with 100 μg/ml poly -D-lysine (Sigma-Aldrich,
Cat#: P7886). The neurons were maint ained in Neurobas al medium (Thermo Fisher, Cat #:
21103-049) supplemented with 2 mM L-glutamine, penicillin (100 U/ml)-streptomycin (100 μg/ml)
antibiotics (Thermo Fisher, Cat#: 15140-122), and B27 supplement (Thermo Fisher, Cat#: 17504044). Half of the old medium was replaced with the same amount of fresh medium twice per
week.

2.4 DNA constructs
Except that the plasmid pEGFP-C1-A20 (A ddgene, Cat#: 22141) was purchased from Addgene,
the other DNA constructs were made in-house. Taking pCMV -Myc-A20 for example, the plasmid
pCMV -Myc-TAB2 was trans formed into XL10 -Gold ult racompetent cells (Stratagene, Cat #:
200315) and coat ed onto an ampicillin containing LB agar plat e. The bacteria were collected after
growing on the plate at 37°C overnight, and the plasmid was extracted with a PureLink Quick
Plasmid DNA Miniprep Kit (Invitrogen, Cat#: K2100-10). Then the plasmid was digested with SfiI
(New England Biolabs, Cat #: R0123L) at 55 °C for 2 hours. The products were run on a 0.6%
agarose gel. The pCMV-Myc fragment was excised under an ultraviolet lamp and extracted with
the QIA quick Gel Extraction Kit (QIA GEN, Cat#: 28704). The A20 fragment was amplified by PCR
with A20 primers (Forward: 5’-GGCCA TTA CGGCCA TGA CAAGA TCAAA TA CTGG-3’, Revers e:
5’-GGCCGCCTCGGCCTTA GCCA TA CA TCTGCTTGA -3’) with the Q5 hot start high-fidelity DNA
polymerase (New England Biolabs, Cat#: M0493S) and purified with the QIAquick Gel Extraction
Kit. Then the A20 fragment and the pCMV-Myc fragment were ligated using the DNA Ligation Kit
11

Ver. 2.1 (TaK aRa, Cat#: 6022). The ligation product was transformed into XL10-Gold
ultracompetent cells. Ten to t welve individual clones were randomly selected and then grown in
ampicillin containing LB medium. The plasmids were extracted. The recombinants were checked
by SfiI digestion and PCR with A20 primers. Then the recombinants were analyzed by DNA
sequencing to furt her verify if the inserted full-length A20 fragment was correct. Syn-DsRed-SynA20, pGBKT7-A 20, pLL3.7-shA 20, and pLL3.7-shU6H1A20 constructs were prepared and
validated with t he above-mentioned procedures. We designed three target shRNA sequences for
A20: #1: 5’-GGAGA CAGA CACTCGGAACTT-3’, #2: 5’-GTTTGGAA TCTGGTTCCAA TT-3’, and
#3: 5’-GGACTCCCA GGCGTGGGA CTT-3’

2.5 Virus packaging
HEK293FT cells were passaged and plated to 15 cm dishes 18 hours prior to transfection. The
cells reached about 75% confluency. For each dish, 2 ug pHCMV -G, 4 ug pCMV -Δ8.9, and 8 ug
pLL3.7-shLuc or pLL3.7-shA 20#1 were diluted in 0.6 ml DMEM. 42 ug LipoD293 DNA in vitro
transfection reagent (SignaGen, Cat#: SL100668) was diluted in 0.6 ml DMEM. The diluted
LipoD293 reagent was added to the dilut ed DNA solution and mix ed thoroughly. The mixture was
incubated at room temperature for 10 minutes and then pipetted to the dishes dropwise. The
medium was replaced 12 hours post transfection. The supernatant was harvested 48 hours post
transfection, filtered through a 0.45 μm filter, and centrifuged at 24,000 rpm for 2 hours. Then the
supernatant was decanted; and 100 ul PBS was added to each harvest tube. The tubes were
shaken at 50 rpm in an icebox overnight. The following day, the dissolved lentivirus solution was
aliquoted and stored at -80°C.

2.6 Western blot analysi s
At the designat ed time points, cultured rat neurons and postnat al mouse brains were lysed in
RIPA buffer (Boston BioProducts, Cat#: BP-115D), 1 mM PMSF (Sigma-Aldrich, Cat #: P7626),
and a protease inhibitor cocktail (Biotool, Cat#: B14012). The total prot ein concentrations were
measured with a Pierce B CA protein assay kit (Thermo Fisher, Cat#: 23225). The lysates were
12

adjusted t o the same concentration, resolved by 10% SDS -PAGE gel, and t rans ferred onto a
PVDF membrane. A fter blocking the membrane with 5% non-fat dry milk, the membrane was
separated between the 50 kD and 75 kD lines. The upper part was incubated with A20 antibody
(Cell Signaling, Cat#: 5630, 1:2000), and the lower part was incubated with β-Actin antibody
(1:500) at 4°C overnight. The membranes were washed wit h TBS T three times, 5 minutes each
time. Then t he membranes were incubated with HRP conjugat ed goat anti-rabbit IgG (for A20) or
HRP conjugat ed goat anti-mouse IgG (for β-Actin) at room temperature for 1 hour followed by
three times of TBS T wash. The blots were developed with SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Fisher, Cat#: 34095). The images were acquired on the ChemiDoc
MP system (BioRad, Cat#: 1708280). Then the A20 containing blot was stripped with stripping
buffer (Boston BioProducts, Cat#: BP -98) and reprobed with PSD-95 antibody (1:2000) to
determine PSD-95 level.

The subcellular fractions of rat brain homogenates were prepared by continuous sucrose gradient
centrifugation. The A 20 in each fraction was determined by three distinct A20 antibodies: A20
(Cell Signaling, Cat#: 5630, 1:2000), A20 (Abcam, Cat#: ab92324, 1:2000), A20 (Abc am, Cat #:
ab13597, 1:1000).

5

HEK293FT cells were plated to a 12-well plate at a density of 3*10 /ml, 1 ml per well. The cells
were transiently transfected with pCMV-Myc-A20 using Lipofectamine 2000 reagent (Invitrogen,
Cat#: 11668-019). Then A20 was determined by probing with both A20 antibody and c -Myc
antibody. Likewise, the effect of other DNA constructs including Syn-Ds Red-Syn-A 20 and pLL3.7shA20 was verified by western blotting.

2.7 Immunostaining
Three-month old wild type mouse brains were cryostat sectioned at a thickness of 40 μm. The
sections were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton, blocked with 1%
BSA, and then incubated with A20 antibody (Abcam, Cat#: ab92324, 1:100) in combination with
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one of the following antibodies: NeuN (1:300), GFAP (1: 300), MAP2 (1:100), Tau (1:200) at 4°C
overnight. The next day, sections were incubated with the secondary antibodies (1:500) at room
temperature for 2 hours. Then the sections were stained with Hoechst 33342 (1: 3000) at room
temperature for 20 minut es. In bet ween every two steps, the sections were was hed with PBS
three times, 5 minutes each time. The slices were mounted onto slides with t he ProLong A ntifade
Kit (Thermo Fisher, Cat#: P7481). For cultured rat neurons, the cells were transfected with SynDsRed-Syn-A20 on DIV 7 using the calcium phosphat e method; and the coverslips were collected
on DIV19. Then the neurons were stained with A20 antibody (Cell Signaling, Cat#: 5630, 1:100)
and anti-200 kD neurofilament heavy antibody (1:100). The images were acquired wit h a Leica
TCS SP5 confocal microscope.

2.8 Electrophysiologi cal recording
Cultured hippocampal neurons were transduc ed with pLL3.7-shLuc or pLL3.7-s hA20 c ontaining
lentivirus on DIV7. On DIV12, the coverslips were removed from 24 -well plates and transferred to
the recording c hamber with A CSF (artificial cerebrospinal fluid) solution containing (in mM) 126
NaCl, 1.2 NaH2PO4, 2.5 K Cl, 1.2 MgCl 2, 25 NaHCO3, 11 D-Glucose, 2.5 CaCl 2 (pH 7.4 by presaturated with 95% O2 and 5% CO2), which was supplemented with TTX (1 μM) to block action
potentials, APV (50 μM) to block NMDARs, and picrotoxin (100 μM) to block GABA A receptormediated IPSCs. Whole cell voltage -clamp recordings were made with patch pipettes filled with
an intracellular solution containing (in mM) 130 K-gluconate, 8 NaCl, 10 Hepes, 0.4 EGTA, 5 QX314 (lidocaine N-ethyl bromide), 2 Mg-A TP, 0.25 GTP -Tris (pH 7.3), with the membrane potential
held at -60 mV. Recordings were performed at ambient temperature using a Molecular Devices
Multiclamp 700B amplifier. Data were collected with pClamp 10 (Molecular Devices). The
threshold for detecting a mEPSC event was 5 pA.
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2.9 Yeast two-hybrid
The Matchmaker GAL4 two-hybrid system 3 (Clontech) was used t o screen A20 interactive
proteins in mouse brains. The bait plasmid pGBK T7 -A20 was constructed as described above in
2.4. The small-scale transformation was conducted using the PEG/LiAc method. The following
plasmid combinations were trans formed into AH109 yeasts: pGBKT7-GFP + pGADT7-GFP,
pGBK T7-P53 + pGADT7-GFP, pGBK T7-GFP + pGADT7-T, pGBK T7-GFP, pGBK T7-P53,
pGADT7-GFP, pGADT7-T, pGBK T7-P53 + pGADT7-T, pGBK T7-A20 + pGADT7-GFP, pGBKT7A20. The yeasts were streaked onto t hree nutrient deficient S D plates (SD -Leu, SD-Trp, SD-LeuTrp). A fter growing for three days, the surviving colonies of yeast on three plates were transferred
to three YPDA (yeast extract, peptone, dextrose, and adenine) growth medium plates. After three
days, X-Gal coloration was tested by the colony lift filter assay to verify that pGBK T7-A 20 actually
did not aut onomously activate the expression of the reporter genes. The normalized mous e brain
DUA Lhybrid cDNA library (Dualsystems Biotech, Cat#: P12401) was amplified. Sfi I primers
(Forward: 5’-GGCCA TTACGGCC-3’, Reverse: 5’-GGCCGCCTCGGCC-3’) were us ed to perform
PCR to validat e the library complexity. Twenty -four clones were randomly picked after
transformation into XL10-Gold ultracompetent cells and verified by restrictive digestion with SfiI
and PCR with SfiI primers. Library-scale transformation was conducted, and the transformation
mixture was inoculated to SD-His-Leu-Trp plates (15 cm diameter). Individual colonies gradually
appeared on the plates after one week. The larger colonies were restreaked onto SD -His -Leu-Trp
plates (60 mm diameter), 12 colonies per plate. X-Gal coloration assay was performed to validate
the putative positive clones. The library plasmid DNA was recovered from the positive clones by
phenol, chloroform, isopropanol extraction and transformed into XL10-Gold ult racompetent cells.
The colonies were picked and grown in ampicillin containing LB medium overnight. The plasmids
were purified and checked first by restriction digest and P CR, followed by DNA sequencing to
identify the insertion fragment．
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2.10 Stati sti cal analysi s
The band signal in western blotting was quantified by the ImageJ software (Version 1.50i). The
neurite complexity was analyzed by the Sholl plugin embedded in the ImageJ software (Ferreira
TA et al., 2014). The dendritic spines were trac ed by NeuronStudio soft ware (Version 0. 9.92).
The average and standard deviation of each group of dat a were calculated and graphed in
GraphPad Prism soft ware (V ersion 4). The spine size and density were compared using unpaired
t test for two independent samples or one-way analysis of variance with Bonferroni correction for
multiple pairwise comparisons. The amplitude and frequency of mEPSCs were analyzed with Mini
Analysis program (Synaptosoft, Version 6.0. 7). The statistical significance was defined as a p
value smaller than 0. 05.
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Chapter 3: Re sults

3.1 Expre ssion of A20 in cultured rat neurons and rodent brains
To confirm A20 expression in rat neuronal cultures and rodent brains, A20 expression levels and
subcellular localizations were detected by western blotting and immunofluorescent staining
(Figures 1 and 2). When probed with A20 antibody (Cell Signaling, Cat #: 5630), A20 expression
was detected as the band with an 82 kD molecular weight (Figure 1, A1). In some cases, two
parallel adjacent bands could be seen, suggesting the existence of at least two different isoforms
of this protein if detected with this specific antibody. Another possibility is that one band may be a
nonspecific antigen. The loading volume for samples at each time point was adjusted according
to the protein concentration in the sample so that equal amounts of total proteins were loaded in
each lane. During quantification, the relative signal intensity for A20 band was normalized to the
β-Actin signal intensity from the same lane. We found that A20 expression level increased from
DIV 0 to DIV17 and peaked bet ween DIV 17 and DIV21 (Figure 1, A2), suggesting that A20
amount increases as the cultured neurons become more mature. In comparison, PSD -95, a wellstudied postsynaptic scaffolding protein (95 k D), exhibited a stably increasing expression profile
as neuronal cultures matured from DIV0 th rough DIV20 (Figure 1, A3), which was consistent with
the previous data (B ustos et al., 2014).

To det ect A20 expression in vivo, we also prepared the brain homogenates from mice at different
ages using western blotting to detect whether A20 is also expressed in the mouse forebrains
(Figure 1, B). Again, the A20 band was seen fairly early on postnatal day 1, although at a low
abundance. Cortical A 20 expression increased dramatically as mice aged. The A20 expression
level culminated at about postnatal day 3 0 and then dropped down after one month (Figure 1, B1,
B2). Interestingly, cortical PSD-95 level showed a similar trend to that of A20 during early
postnatal development in mice (Figure 1, B3).
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Western blotting res ults confirmed A 20 ex pression in the brain yet did not inform the exact
location. To gain insights on the subcellular localizations of A20 in neurons, subcellular fractions
were prepared and purified by differential density centrifugation from rat brain homogenates and
analyzed by western blotting with three different A20 antibodies (1. Cell Signaling, Cat#: 5630; 2.
Abcam, Cat#: ab92324; 3. Abcam, Cat#: ab13597) and PSD -95 antibody. We found that A20
expression showed differential enrichment patterns when probed wit h different antibodies (Figure
1, C). Specifically, CS5630 detected A20 in all seven fractions, with the highest level in the PSD
and the second highest in synaptic membrane fraction. In c omparison, Ab92324 probed A20 also
in all seven fractions, again with the highest le vel in PSD, but quite faint in presynaptic fraction.
Finally, when probed with Ab13597, A 20 was expressed more abundantly in total homogenat e,
crude membrane, synaptosome, synaptic membrane, and presynaptic fraction as compared to
the other two antibodies, but revealed much lower abundanc e of A20 in the cytosol and PSD. The
enrichment pattern implied that A20 is distributed in various subcellular compartments.

Next we aimed to determine the cellular and subcellular localizations of A20 in the mouse brain.
To this end, coronal brain sections from three-month old mice were cut, fixed, permeabilized, and
stained with A20 antibody, Hoechst 33342 (a nucleus stain), and other neuronal or glial markers
to inform the possible cell types and localizations. When coimmunostained with NeuN (a neuronal
nuclear marker), MAP-2 (a dendritic marker), GFAP (a glial marker), and Tau (extensively in
axons, somata, dendrites, astrocytes, and on ribosomes), A20 showed regular unidirectional
fascicular strips at a medium density, or appeared as closely intert wined dense patches, or
distributed as diffused pieces (Figure 2). In all the brain images, however, little apparent
colocalizations of A20 and the selected neuronal markers were observed.

3.2 Construction and te sting of A20 plasmids
A main goal of this study was to understand the role of A20 in neuronal development, function,
and plasticity, thus as a first step, we constructed several A20 expression and shRNA plasmids to
manipulate A 20 levels (upregulate or downregulate) in neurons and cell lines. The full-length A20
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gene was subcloned into the pCMV-Myc vector (Figure 3, A1). The sizes of the DNA inserts were
confirmed by the subsequent PCR and S fiI digestion (Figure 3, A2, A3). Considering that the
main goal of our study focus was on the role of A 20 in neurons, A20 was also subcloned int o the
Syn-DsRed-Syn vector in order to drive higher A20 expression by the Synapsin promoter that is
specific to neural cells or tissues (Figure 3, B). We also planned to find the proteins that interact
with A20 by yeast two-hybrid screening assay. Therefore, A20 was subcloned to pGBKT7 vector
to generate pGBK T7-A20 clones, which can be further employed in the subsequent screening
procedure (Figure 3, C). The correctness of inserted full-length A20 fragment was further verified
by DNA sequencing.

The plasmid was trans fected into a HEK 293FT cell line to express the Myc-tagged A20. Western
blotting confirmed that the overexpressed protein was indeed A20 because it was detected by
both A20 and c-Myc antibodies. However, the A 20 band appeared in pcDNA6-V5-A20
overexpression lysates when probed with A 20 antibody but dis appeared when probed with c-Myc
antibody (Figure 4, A) due to lack of Myc in this vector. These ex periments showed pCMV -MycA20 induces A20 expression efficiently and produces the expected protein. The trans fection
result indicated that Syn-DsRed-Syn-A20 is expressed very well when tested in HEK293FT cells
(Figure 4, B). Not surprisingly, expression of Syn-DsRed-Syn-A20 when trans fected into
HEK293FT cells was markedly lower than that of pCMV-Myc-A20, likely because the CMV
promoter is stronger that the Syn promoter in these cells.

To examine the ex pression and loc alization of Syn-DsRed-Syn-A20 in neurons, cultured rat
neurons were trans fected with Syn -Ds Red-Syn-A 20 at DIV7. At DIV19, the neurons were stained
with A20 antibody (Cat #: 5630) and NF -H (neurofilament heavy, an axonal marker) antibody to
pinpoint A20 expression sites. Strong staining of A 20 was extensively visible on soma, axon,
dendrites, and spines. Partial colocalization between A20 and NF -H could be observed (Figure
5).
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In addition to the above A20 expression plasmids, shRNAs against mouse A20 (shA 20) were also
constructed to silence A20 expression in HEK293FT cells and cultured rat neurons. Three s hA20
targets were designed and s ubcloned into pLL3.7 vector (Figure 6, A), and t he ins ertion was
confirmed by DNA sequencing. When HEK293FT cells were cotransfected with pCMV -Myc-A20
and pLL3.7-s hA20 constructs, targets 1 and 2 (but not 3) both knocked down t he ex ogenous
Myc-A20 level by about 50% (Figure 6, B). In comparison, all three shA20 sequences did not
affect the endogenous A20 level when trans fected into HEK293FT cells (a human cell line)
(Figure 6, C). We also obtained four commercial shA20 target sequences, shU6H1A 20a, b, c, d
from Applied Biological Materials Inc., to make shA20 constructs carrying different promoters.
However, these commercial sequences could not reduce Myc -A20 expression in HEK 293FT cells
(Figure 6, D).

3.3 A20 regulates dendritic spine morphology and neurite complexity
To illustrate how exogenous A20 overexpression altered neuronal morpholgy and neurite
complexity, we transfected cultured rat forebrain neurons with Syn-DsRed-Syn-A20 or the control
Syn-DsRed at DIV7, and analyzed the morphologic al parameters at DIV19. We cat egorized
dendritic segments across the dendritic tree of a neuron int o proximal, medial, and distal
branches (Figure 7, A). Representative proximal, medial, and distal dendritic branches and spines
at a higher magnification were shown in Figure 7, B. For each neuron, one image from each
segment was taken for spine analysis. A20 overex pression did not change the proportion of three
spine subtypes (Figure 7, C), i.e., mushroom (14% ), stubby (10%), thin (76%), but it reduced the
size of each spine subtype significantly (Figure 7, D). Overexpression of A20 also signific antly
reduced the total spine density compared with the control group (Figure 7, E). When individual
spine type was examined, we found that mushroom and thin spine densities were reduced
significantly. Stubby spine density was also decreased, yet the difference did not reach
significance (Figure 7, F). Finally, Sholl analysis indicated that A20 overexpression reduces the
neurite complexity, especially at medial-distal sections of the dendritic tree. More specifically,
dendritic branches and arborization between 80 and 180 μm away from the soma displayed less
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complexity in neurons transfected with Syn-DsRed-Syn-A20 as compared to Syn-DsRed
transfected control group. At a distance from t he soma closer than 80 μm or fart her t han 180 μm,
no obvious branching difference was observed (Figure 7, G, H). Thes e data suggested that A20
upregulation can diminish spine size, attenuate spine density, and reduce neurite complexity
preferentially at distal sites.

A20 expression was downregulated by transfecting pLL3.7 -shA20 construct, while pLL3.7-shLuc
served as the control, and pLL3.7-s hA20 plus pEGFP -C1-hA 20 was the rescuing group. The
representative dendritic branches of the proximal, medial, distal segments from eac h group were
exhibited (Figure 8, A). Again, the proportion of three spine subtypes remained unchanged
(Figure 8, B). In contrast to the overexpression of A20, A20 knockdown enlarged the mushroom
and stubby spine sizes significantly. The thin spine size only increased to a slight degree (Figure
8, C). A20 downregulation enhanced the total and differential spine densities, yet without
significant differences (Figure 8, D, E). The increased total spine density by A20 knockdown was
markedly reversed by introducing the rescuing pEGFP -C1-hA 20 simultaneously (Figure 8, D).
Sholl analysis did not indicate observable difference caused by A20 downregulation (Figure 8, F).
In summary, the neuronal changes brought about by A20 knockdown were opposite to those
caused by A20 overexpression.

3.4 A20 affects synaptic strength
To study the effect of A20 knockdown on the neuronal communication, lentivirus composed of
shA20, pHCMV-G, and pCMV-Δ8.9 was transduced into cultured rat hippocampal neurons at
DIV 7 to suppress A20 expression. At DIV12, infected neurons assessed under the microscope
were voltage-clamped and mEPSCs were recorded. The mEPSCs measured reflected the
abundance and activity of post-synaptic AMPA receptors since NMDA and GABA rec eptors were
blocked by their respective inhibitors. Hippocampal neurons infected with shA20 containing
lentivirus showed no difference in mean mEPSCs frequency compared to those infected with
shLuc containing control lentivirus (Figure 9, A, B, C), in agreement with t he lack of changes in
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spine density in shA20-infected neurons. Consistent with the increased spine size in A20 k nocked
down neurons, A20 knockdown enhanced the average mEPS Cs amplitude signific antly
compared to the control (Figure 9, A, D, E). The electrophysiological data implied that A20
knockdown can increased glutamatergic synaptic strength.

3.5 Yeast two-hybrid screen in search of potential proteins interacting with A20
In an attempt to identify the proteins in the mouse brain that may associate with A20 and
investigate the underlying mechanism by which A20 influences neuronal development, funct ion,
and synaptic plasticity, we employed the yeast two-hy brid screening assay (Figure 10, A). Two
bait constructs, i.e., pGBKT7-A20 #7, #8, were obtained (cf. Figure 3, C) and confirmed by DNA
sequencing. The yeast growth outcomes of the negative controls (pGBK T7-GFP + pGADT7-GFP,
pGBK T7-P53 + pGADT7-GFP, pGBK T7-GFP + pGADT7-T, pGBK T7-GFP, pGBK T7-P53,
pGADT7-GFP, pGA DT7-T) and positive control (pGBK T7-P53 + pGA DT7-T) on the t hree nutrient
deficient media (S D-Leu, SD-Trp, SD-Leu-Trp) were all correct (Figure 10, B). As expected,
yeasts transformed with the pGBK T7-A 20 bait construct grew on SD-Trp plates only. In addition,
yeasts transformed wit h pGBK T7-A20 + pGADT7-GFP grew on three plates. The yeasts that had
undergone the small-scale transformation were then replicated to YPDA plates, and the X-Gal
coloration test was conducted. A20 had a minimal autonomous activation judging from t he blue
color change in A 20 containing plasmids transformed groups (Figure 10, C). The quality of
pGADT7 cDNA library was examined (Figure 10, D). SfiI PCR showed diffuse smear bands
ranging bet ween 0.5 kb and 3 kb band, which suggested the library contains a large number of
cDNAs with a wide range of sizes, as desired. This result was in good agreement with the product
manual. The c DNA library was trans formed into XL10-Gold ultracompetent cells, and 24
representative clones were picked, amplified, and identified by SfiI enzyme digestion and PCR
with SfiI primers. Together, these results validated that the library quality is fine. In total, 205
cotransformants were obtained from the library-scale trans formation, and then restreaked onto
medium stringency plates cont aining SD-His-Leu-Trp medium. X-Gal reaction assay further
screened out 12 positive clones (Figure 10, E1-3). Plasmids were rescued from thes e positive
22

clones and trans formed into XL10-Gold ultracompetent cells (Figure 10, E4). The trans fomants
were selected, amplified, digested by SfiI (Figure 10, E5), and tested by DNA sequencing with
both T7 sequencing primer and 3’ AD sequencing primer. Unfortunately, no det ectable signals
were read.
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Chapter 4: Di scussion

4.1 A20 expression in neurons and brains
We have det ermined A20 expression in cultured rat neurons and rodent brains using western
blotting and immunostaining. A20 is believed to be ex pressed by virtually all tissues and cell
types (Harhaj et al., 2012). A20 expression in neurons and brains has also been reported in some
studies. It is found to be widely expressed in mouse microglia (P arisi et al., 2016), rat neurons
and astrocytes (Peluffo et al., 2013). Previous immunohistochemistry has shown A20 ubiquitinediting complex components consisting of RNF11, TA X1BP1, Itch, and TRAF6 are differentially
expressed in cerebral cortex, hippocampus, striatum, pons, and medulla in human brains. These
components are mainly expressed in neurons (Pranski et al., 2012). Although A20 itself was not
examined, it indirectly hints A20 presence in neurons in human brains. In the current research, for
the first time, we determined the expression profiles of A20 at different stages of embryonic and
postnatal brains and at different subcellular fractions. In cultured rat neurons, A20 expression
level gradually increases and peaks at the synapse maturation stage, i.e., DIV 21. In postnatal
mouse brains, we observed a similar tendency of A 20 expression which reac hes the highest level
at P30 followed by a gradual decline. Int erestingly, the expression pattern of A 20 closely parallels
to that of PSD-95, the major postsynaptic scaffold that clusters NMDA Rs and ot her signaling
molecules required for synaptic plasticity and maturation (Kim et al., 2004). The fact that A20
expression level changes in parallel with PSD-95 might suggest a potential role for A20 in
synapse development, maturation, and maintenance.

The varied levels of A20 across different subcellular fractions suggest that A20 may differentially
localize at different subcellular compartments. However, A20 distribution patterns also differ when
probed with three distinct commercial antibodies that recognize different epit opes. Assuming
these antibodies are specific to A20 as advertised, these data raise the possibility that different
A20 isoforms may be differentially expressed at different cells and/or subcellular compartments.
When probed with A20 antibodies (Cat#: 5630 and Cat#: ab92324), A20 expression level was the
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highest in the PS D, indic ating that A20 may influence PS D structur e and function, or associate
with some PSD molecules to affect neuronal activities .

The lack of apparent colocalization of A20 with NeuN, MAP -2, and GFAP on mouse brain
sections in immunofluorescence experiments is surprising, and there are several possib ilities.
While unlikely, A20 may not be expressed or have low expression in neurons or glia. Another
reasonable explanation may be that the specific A20 epitope recognized by the antibody ab92324
belongs to a certain, yet still unknown, A20 isoform that is not abundantly expressed in neurons
or glia, or the epitope may not be exposed utterly. Finally, the antibody may not be sufficiently
specific and contribute to lack of overlapping. The antibody specificity can be validated in the A20
knockout mice. Since our biochemical data strongly support A20 expression in cultured neurons
and brain tissues, effective commercial A20 antibodies are needed to be utilized for
immunostaining. A 20 ex hibits partial colocalization with NF-H, a dendritic mark er. Thus, A20 may
exist in the cytoskeletal structures in the central nervous system since NF-H antibody (Abcam,
Cat#: 3966) reacts with intermediate filament protein in neurons.

4.2 A20 regulates neurite complexity, dendritic spine morphology, and mEPSCs
Dendritic spines are the fundamental structural units where neuron-neuron communication
occurs. The current study, for the first time, tested the role of A20 in dendritic branching, spine
morphology, and synaptic transmission. A20 appears to have an important role in dendritic
arborization, as A20 overexpression decreas es the complexity of dendri tic arborizations at
medial-distal sections of the dendritic tree. However, A20 does not seem to influence the
formation of different spine types, as neither A20 overexpression nor silencing in cultured
neurons affects the proportion of mushroom, thin, and stubby spines. In our experiments, the
mushroom spines accounted for a smaller percentage than previous published data (P ak et al.,
2001; Reim et al., 2016). The inconsistency may be due to differences in cell conditions,
transfection time, treatment details, and neuronal maturity stages. Importantly, however, A20
overexpression markedly reduces spine sizes and density, whereas A20 knockdown signific antly
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increases mushroom and stubby spine sizes and has a more modest effect on spine density. The
differential regulatory effects on neurons between A20 overexpression and knockdown may be
due to the extents of difference of A20 level changes. One caveat is that our data were not
analyzed in a blind manner, which might breed a potential bias. In summary, A20 may have an
important role in dendritic spine development and remodeling.

The effects of manipulating A20 level on spine morphology suggest a role for A20 in synaptic
transmission at the functional level. Indeed, the amplitude of mEPSCs was increased signific antly
by lentivirus-mediated A20 silencing, presumably due to enhancement of spine head sizes. This
is consistent with the previous report that the spine head volume is positively correlat ed with the
synaptic strength (Bosch et al., 2012). Therefore, at individual synapses, the density or
conductance of postsynaptic AMPA receptors may rise accordingly (Queenan et al., 2012). The
mEPSCs frequency did not show apparent changes after A20 knockdown, which can be
explained in part by the generally unchanged spine density in A20 KD neurons (Figure 8, D).

4.3 Possible mechanism s by which A20 may regulate synapse s
The NF-κB family of transcription factors are required for neuronal differentiation, development,
survival, neurite outgrowth, activity-dependent plasticity, and cognitive performances (Aloor et al.,
2015; Yamanishi et al., 2015; Teng et al., 2010; Snow et al., 2014). As a prominent component in
the NF-κB signaling cascade, A20 may affect neuronal morphology and function by regulating this
signaling transduction. A20 is a unique ubiquitin -editing enzyme harboring three differential yet
closely-coordinat ed acitivities: E3 ligase, DUB, and ubiquitin binding. The cytoskeleton of
dendritic spines is predominantly composed of filamentous actin, whic h endows spines with
highly motile shapes and sizes. The E3 biquitin ligase TRIM3 can modulate γ-actin remodeling in
dendritic spines to alter hippocampal plasticity and memory formation (Schreiber et al., 2015).
Accordingly, A20 may regulate the actin cytoskeleton via its E3 ligase activity and thus influence
actin polymerization/depolymerization to change neurite processes number, spine shape, and
spine volume. UCH-L1 can preserve the homeostasis of the ubiqutin pool in neurons by
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deubiquitinating prec ursor ubiquitins and by binding to and stabilizing monoubiquitins (Kowalski et
al., 2012). As a DUB, it is hence likely that A20 exerts its role by countering protein ubiquitination
and maintaining ubiqutin contents. Experiments with HEK293T showed that A20 restrains NF -κB
activation mediated by LUBA C via the ZnF7 domain (V erhelst et al., 2012). It is also possible that
the similar mechanism applies to the action of A20 in neurons. Ubiquitination modification of the
scaffolding protein PS D-95 by Mdm2 accelerates NMDA receptor-induced AMPA receptor
endocytosis (Colledge et al., 2003). Noticing that A20 is abundantly expressed in PSD fraction
whenever probed with any of the three antibodies, we speculate that A20 may be able to directly
or indirectly interact with PSD-95, strengthen or weaken its ubiquitination by E3 ligase, and
modulate synaptic transmission and plasticity. USP46 regulat es the synaptic abundance of
gluatamate recept ors and GABA receptors to affect the morphogenesis and electrical activities of
neurons (Kowalski et al., 2012). Likewise, A20 c an als o affect postsynaptic rec eptors since it
alters spine architecture and synaptic strength as revealed in this study.

To further explore the mechanisms by which A20 regulates synaptic structure, function, and
plasticity, we attempted to search for brain proteins interacting with A20 by yeast two -hybrid
screening. From a mouse L929 fibrosarcoma cDNA library, several A20 bi nding prot eins were
identified, including A20 itself, 14-3-3 ε, 14-3-3 δ, TABP151, ABIN-1, and ABIN-2 (Heyninck et al.,
2004). Unfortunately, our screening was stuck at the plasmid rescuing step. It would be helpful in
the future to optimize this protocol and identify novel A20 interacting proteins in neurons to
understand molec ular mechanisms by which A20 regulates synapse development, function, and
plasticity. Specifically, the plasmid extraction procedure will be optimized to rescue the AD/library
plasmids. DNA sequencing can be re-done with the obtained two library plasmids. We can also
try mixing all positive colonies to recover plasmid DNA for sequencing. Another possible reas on is
that the blue stained transformants were false positives since SD-His-Leu-Trp plates have only
medium stringency. It may be wort h trying the high stringency screening.
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4.4 Implications of A20 and future research directions
In view of the pleiotropic effects of A20 in inflammatory, autoimmune, and malignant diseases,
and its marked effects on neuronal morphology and synaptic transmission, A20 likely possesses
extensive regulatory functions in neuronal development, neurit e branching, and synaptic function
and plasticity. It can be anticipated that further studies on this peculiar molecule will undoubtedly
benefit the understanding of the neural development, brain funct ions, and the pathogenesis of
neurological and psychiatric disorders. In addition, A20 may exemplify a promising candidate to
develop therapeutic strategy to ameliorate symptoms of nervous diseases. Meanwhile, in the
context of the complex neuro-endocrine-immune modulation meshwork, it also poses a
tremendous challenge to control homeostatic responses.

The present findings are exciting and lay a good foundation for future investigation of the
molecular mechanisms of A20 regulating spine morphology and synaptic transmission. To
improve t he current study, the expression profiles (s patial and temporal) in the brain tissues need
to be further characterized and consolidated using high quality antibodies. The overexpression
A20 plasmid or rescuing plasmid cont aining lentivirus will be transduc ed into neurons and
mEPSCs will be rec orded so that bidirectional effect and the rescuing efficacy of A20 on mEPS Cs
can be investigated. In the future, numerous mutants of A20 will be constructed to identify the key
residue(s) and domain(s) in regulating synaptic activities. The interaction between A20 and
synaptic proteins will be furt her identified and studied by yeast two-hybrid, GS T pulldown, and
mass spectrometry to elucidate the possible molecular mechanisms underlying the modulation of
synaptic formation, elimination, remodeling, and plasticity. It would also be important to carry out
in vivo experiments to investigate the effect of A20 on neuronal development and functions.
Finally, conditional or systemic A20 knockout mice can be employed to see how the neural
properties such as synapse formation, pruning, plasticity, and behaviors (e.g. learning and
memory) are influenced.
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Figure 1. A20 expression in rodent neurons and brains
A20 expression in cultured rat neurons, mouse cortices, and rat brain subcellular fractions
analyzed by Western blotting. (A1) A20, PSD-95, and β-Actin expression levels in cultured rat
neurons at seven developmental time points: DIV1, 4, 7, 10, 14, 17, and 21. The molecular
weights of three proteins are approximately 82 kD, 95 kD, 43 kD, respectively. DIV, days in vitro.
(A2) Relative expression level of A20 in cultured rat neurons as normalized to β-Actin. (A3)
Relative ex pression level of PSD-95 in cultured rat neurons as normalized to β-Actin. (B1) A20,
PSD-95, β-Actin expression in mouse cortices at six time points (P1, 5, 10, 21, 30, and 50) are
measured. P, postnatal days. (B2) Relative ex pression level of A20 in mouse cortices as
normalized to β-Actin. (B3) Relative expression level of PSD-95 in mouse cortices as normalized
to β-Actin. (C) A20 enrichment patterns in subcellular fractions of the rat brain when probed with
different A20 antibodies (Cat#: CS5630, Cat#: ab92324, Cat#: ab13597).
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Figure 2. A20 immunostaining in mouse brain sections
(A-D) Three-month old wild-type mouse brain sections at the thickness of 40 um were stained
with A20 and NeuN (neuronal nuclei), GFAP (glial fibrillary acidic protein), MAP2 (microtubuleassociated protein 2), or Tau. The nuclei were stained with Hoechst 33342. The images were
acquired from cortical and hippocampal regions by confocal microscopy. The A20 distribution
patterns and densities were indicated.
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Figure 3. Cloning of pCMV-Myc-A20, Syn-DsRed-Syn-A20, and pGBKT7-A20 constructs
The full-length A20 fragment was insert ed into several vectors. (A1) A20 was subcloned into the
pCMV -Myc vector. (A2, A3) pCMV -Myc-A20 constructs were confirmed by restrictive enzyme
digestion with SfiI and PCR with A20 primers. (B1) A20 was subcloned into the Syn-DsRed-Syn
vector. (B2, B3) Syn-DsRed-Syn-A20 constructs were confirmed by PCR with A20 primers and
restrictive digestion with SfiI. (A1) A20 was subcloned into the pGBK T7 vector. (A 2, A3) pGBK T7A20 constructs were confirmed by PCR with A20 primers and restrictive digestion with SfiI.
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Figure 4. Confirmation of A20 expression in HEK293FT cells
A20 clones were transfected into cultured cells and A20 level was detected by western blotting.
(A) HEK293FT cells were transfected with pCMV-Myc-A 20 and immunoblotted with A20 antibody
(Cat #: CS5630, above). To further confirm the band was exactly A20, the blot was stripped and
reprobed with c-Myc antibody (below). (B) HEK293FT cells was transfected with Syn-Ds Red-SynA20 and immunoblotted with A20 antibody (Cat#: CS 5630) and c -Myc antibody.
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Figure 5. Expression of DsRed-A20 in individual cultured rat neurons
Exogenous A20 expression was determined by immunostaining and visualized with confocal
microscopy. (A) Rat neuronal cultures were transfected with Syn-Ds Red-Syn-A 20 at DIV7. The
cells were fixed at DIV19 and stained with A20 antibody and NF -H (neurofilament heavy)
antibody. Green fluorescent signal (Alexa Fluor 488) labeled A20 and blue fluorescent signal
(Alexa Fluor 647) labeled NF-H.
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Figure 6. shA20 cloning and western blotting analysi s
(A) Cloning of pLL3. 7-shA20 constructs. Three targeting sequences were generated. (B1)
Downregulation effect of shA20 constructs on Myc -A20 protein level in HEK293FT cells
cotransfected with pCMV -Myc-A20 and pLL3.7-shA20 or pLL3.7-shLuc. The shLuc was used as
a control shRNA sequence. (B 2) Quantification of t he effect of pLL3.7-s hA20 c onstructs on
exogenous A20 expression. (C1) E ffect, or lack of thereof, of pLL3. 7-shA20 constructs on the
endogenous A20 expression of HEK293FT cells transfected with pLL3.7 -shA20. (C2)
Quantification of the int erfering effect of pLL3.7-shA 20 constructs on endogenous A20
expression. (D1) Lack of the interfering effect of four shA 20 constructs (shU6H1A20a, b, c, d,
purchased from A pplied Biological Materials Inc. Herein they are used as negative controls.) in
HEK293FT cells cotransfected with pCMV-Myc-A20 and shA20 targets. (D2) Quantification of the
interfering effect of shA 20 constructs (shU6H1A20a, b, c, d).
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Figure 7. Effect of A20 overexpression on neuronal morphology and neurite complexity
Cultured rat neurons were trans fected with Syn-DsRed-Syn-A20 at DIV7, and the coverslips were
collected at DIV19. Spine proportion, spine size, spine density, and neurite complexity were
analyzed. (A) A repres entative rat cortical neuron was selected to illustrate the proximal, medial,
and distal segments of dendrites. The proximal segment starts from the soma and extends to the
point within 100 μm of the soma. The medial segment counts from the first bifurcation position to
the secondary branc hes. The distal segment includes tertiary and higher order branches. (B )
Representative proximal, medial, and distal dendritic branches showing the spines on dendritic
shafts. (C) Comparison of proportions of different spine types in control group and A20
overexpression group. (D) Summary of spine sizes for three types of spines (mushroom, stubby,
and thin) in control group and A20 overex pression group analyzed by unpaired t test. (E, F)
Summary of total and different types of spine density (per 10 μm) in control group and A20
overexpression group analyzed by unpaired t test. (G) Representative control and A20
overexpresssing neurons displaying the neurite complexity. (H) Sholl analysis of dendritic
arborization and complexity. The data were presented as mean ± SEM. For the sample size, n =
15 in Syn-DsRed transfected group; n = 13 in Syn-DsRed-Syn-A20 transfected group. * p < 0.05.
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Figure 8. Effect of A20 silencing on dendritic spine morphology and neurite complexity
Cultured rat neurons were transfected with pLL3.7-shLuc, pLL3.7-shA20, pLL3.7-shA20 plus
pEGFP-C1-A20 at DIV 7, and the cells were fixed at DIV19. S pine proportion, spine size, spine
density, and neurite complexity were analyzed. (A) Repres entative proximal, medial, and distal
dendritic branches showing spine distribution on dendritic shafts in each group. (B) Spine
proportions of three types of spines in control group, A20 downregulation group, and rescue
group were calculated. (C) Quantification of the sizes of three types of spines (mushroom, stubby,
and thin) in pLL3.7-shA 20 and pLL3.7-shLuc trans fected neurons. (D, E) Summary of the total
and differential spine density of three types of spines (mus hroom, stubby, and thin) in each group ,
analysed using ANOVA. (F) An example neuron chosen from each group to show the neurite
complexity. (H) Sholl analysis of complexity of dendritic arborization in eac h group. The dat a were
presented as mean ± SEM. For the sample size, n = 15 in pLL3.7-shLuc group; n = 14 in pLL3.7shA20 group; n = 14 in pLL3.7-shA20 plus pEGFP-C1-A20 group. * p < 0.05.
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Figure 9. Electrophysi ological analysi s of A20 knockdown on mEPS Cs in rat hippocampal
neurons
(A) Represent ative traces of mEPS Cs recorded from shLuc and shA20#1 containing lentivirus
infected neurons. (B) Cumulative distribution plot of int erevent intervals (IE I) from all rec orded
neurons. (C) A verage mEPSCs frequency under the indicated conditions . (D) Cumulative
distribution plot of amplitude from all recorded neurons. (E) Average mEPSCs amplitude under
the indic ated conditions. The data were presented as mean ± SEM. For the sample size, n = 7 in
each group. * p<0.05.
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Figure 10. Yeast two-hybrid screening for A20 interacting proteins
(A1) The principle of yeast two-hybrid screen. The yeast transcription factor GA L4 contains a
DNA binding domain (DNA-B D) that rec ognizes and binds to the upstream activating s equence
(UAS) and activation domain (A D) that activates the transcription of the downstream reporter
genes. The bait protein is fused to DNA-B D and the prey cDNA -enc oded proteins are fused to
AD. Neither of them can trigger the transcription alone. Only when the bait protein and one or
more prey proteins approac h and interact is transcription from the report er genes initiated. (A2)
The general flowchart of conducting a yeast two-hybrid assay using the Matchmak er

TM

GAL4 two-

hybrid system 3. The bait plasmid is created, trans formed into compet ent cells, and assayed for
autonomous activation. A cDNA library is generat ed in-hous e or bought and tested for the library
complexity. Then the bait plasmid and the prey library are cotransformed into AH109. The
positive transformants are selected. The library plasmids are rescued and the potential interactive
proteins with the bait protein are identified. (B ) Transformation of negative controls, positive
control, pGBK T7-A20 + pGADT7-GFP, pGBK T7-A20. (C) Detection of autonomous activation as
indicated by X-Gal coloration via colony lift filter assay. (D) Assessment of the quality of pGA DT7
cDNA library. (D1) S fiI primers were used to evaluate the library size. (D2) The library was
amplified in XL10-Gold ultrac ompet ent cells and 24 representative clones were randomly
selected. (D3, D4) The selected clones were confirmed by restrictive enzyme digestion with S fiI
(D3) and PCR with SfiI primers (D4). (E) Library screening of proteins interacting with A20. (E1E3) Library scale cotrans formation of pGBK T7-A20 and cDNA library, trans ferring larger colonies,
and quantifying X-Gal secretion. (E 4, E5) Library plasmids were rescued via transformation of
XL10-Gold ultracompetent cells and the clones were identified by SfiI digestion and DNA
sequencing.
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