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8 Abstract—Development of functional synapses is crucial for

the transmission and storage of information in the brain.

Post establishment of the initial synaptic contact, synapses

are stabilized through neuronal activity-induced signals.

Emerging studies have implicated ubiquitination; a reversi-

ble posttranslational modification, as a key regulatory

switch that modulates synapse development through pro-

teasomal degradation. Ubiquitination of proteins is pre-

cisely regulated by E3 ligases, a set of enzymes that bind

to specific substrates to facilitate the conjugation of mono-

meric or polymeric ubiquitin. However, the identity of speci-

fic E3 ubiquitin ligases that influence activity-dependent

maturation of synapses and the mechanism by which ubiq-

uitination of proteins regulate functional synapse develop-

ment remain elusive. Here, we have identified a RING

domain containing E3 ligase, Rnf2, as an activity-regulated

factor that modulates glutamatergic synapse development

in the hippocampus. Rnf2 is a synapse associated E3 ligase

that is stabilized by neuronal activity through self-

polyubiquitination. We have shown that neuronal activity

shifts the balance toward stabilization of Rnf2 through

self-polyubiquitination rather than triggering its degradation

through polyubiquitination by Ube3A, an E3 ligase impli-

cated in Angelman Syndrome. Our synapse density mea-

surements and whole-cell patch-clamp recordings have

revealed that the loss of Rnf2 function in cultured hippocam-

pal neurons result in the development of ‘silent’ synapses

that lack GluA1 containing functional AMPA receptors.

These results provide a plausible mechanistic approach

toward understanding how synapse maturation is regulated

via the activity-dependent stabilization of Rnf2 through a

non-canonical function of polyubiquitination. � 2017 The

Author(s). Published by Elsevier Ltd on behalf of IBRO. This

is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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10INTRODUCTION

11Synapses are specialized microstructures between

12neurons that are made up of a defined assemblage of

13pre-synaptic and post-synaptic compartments that work

14cohesively to execute functions of the neural circuitry.

15Synapse development is initiated when contact points

16are established between an axon and a dendrite;

17following which preassembled packets of proteins along

18with the synaptic vesicle release machinery are

19recruited at the presynaptic terminal with a concomitant

20recruitment of neurotransmitter receptors, signaling

21molecules, and scaffolding proteins at the postsynaptic

22compartment (Waites et al., 2005; Tessier and Broadie,

232009). These nascent synapses then undergo activity-

24dependent maturation to strengthen and maintain a sub-

25set of active synapses while the remainder of immature

26synapses are weakened and then pruned to ultimately

27sculpt a functional neuronal circuitry (Goda and Davis,

282003; Tessier and Broadie, 2009; Kay et al., 2011). Thus,

29synapse development is a multi-step process that is

30spatio-temporally modulated through various regulatory

31controls including gene transcription in the nucleus, intra-

32cellular signaling, protein–protein interaction of ligand-

33receptor complex as well as various cell adhesion pro-

34teins (Waites et al., 2005; Siddiqui and Craig, 2011;

35West and Greenberg, 2011). Emerging studies have

36implicated an added layer of regulatory control in the form

37of ubiquitination of pre- and post- synaptic proteins; a

38selective post-translational modification that serves as a

39reversible switch to regulate synapse development

40(DiAntonio and Hicke, 2004; Mabb and Ehlers, 2010).

41Ubiquitination involves the conjugation of the 76

42amino acid ubiquitin moiety to a lysine residue of the

43substrate protein. The reaction is facilitated through

44three sequential enzymatic reactions involving an E1

45ubiquitin activating enzyme, an E2 ubiquitin conjugating

46enzyme and an E3 ubiquitin ligase that work in tandem.

47Among these, the E3 ubiquitin ligase is a crucial

48regulator of ubiquitination as it can selectively recruit a

49subset of target proteins and bind them to the substrate

50directly (DiAntonio and Hicke, 2004). A growing body of

51literature has elucidated the role of a few E3 ligases in

52synapse development (Schaefer et al., 2000; Wan et al.,

532000; Zhen et al., 2000; Yi and Ehlers, 2005; Yamada

54et al., 2013). These studies revealed that E3 ligases are
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55 localized in specific subcellular compartments; such as

56 pre- and post-synaptic sites; to regulate gene expression

57 locally for functional synapse development (Yamada

58 et al., 2013). A growing list of annotated �617 putative

59 E3 ligases suggest that they are involved in diverse regu-

60 latory mechanisms linked with various nervous system

61 functions, particularly the complex stages of synapse

62 development (Li et al., 2008; Mabb and Ehlers, 2010). A

63 prominent example of E3 ligases implicated in synapse

64 development is highwire in Drosophila, or its ortholog,

65 rpm-1 in C. elegans. Mutation of this E3 ligase leads to

66 aberrant development of the pre-synaptic compartment

67 (Wan et al., 2000; Zhen et al., 2000). Anaphase Promot-

68 ing Complex (APC), a multi-subunit E3 ubiquitin ligase,

69 has been shown to regulate synapse development in Dro-
70 sophila by regulating the abundance of glutamate recep-

71 tors at the postsynaptic compartment, thus affecting

72 synaptic transmission (Juo and Kaplan, 2004; van

73 Roessel et al., 2004). Consistent with these observations

74 from invertebrate model organisms, PDZRN3, a RING

75 domain containing E3 ligase has been shown to modulate

76 the surface expression of muscle-specific kinase (MuSK)

77 at the postsynaptic membrane via ubiquitination and sub-

78 sequently regulate neuromuscular junction (NMJ)

79 synapse formation in mice by controlling nicotinic acetyl-

80 choline receptor clustering (Lu et al., 2007). The non-

81 redundancy of E3 ligases is further underscored by a

82 recent example, wherein a mutation in the HECT domain

83 containing the E3 ligase, Ube3A, was implicated in Angel-

84 man Syndrome which is a neurodevelopmental disorder.

85 Disruption of Ube3A function in the Angelman Syndrome

86 mice model, leads to an increased Arc expression and a

87 concomitant decrease in the number of AMPA receptors

88 at the postsynaptic membrane, resulting in aberrant

89 synaptic transmission (Greer et al., 2010).

90 Interestingly, the RING domain containing E3 ligase,

91 Rnf2 or Ring1B, a component of Polycomb Repressive

92 Complex 1 (PRC1), has been shown to regulate

93 neuronal differentiation of sub-cerebral projection

94 neurons during the mouse neocortical development

95 (Morimoto-Suzki et al., 2014). Another study has shown

96 that Rnf2 mono-ubiquitinates nucleosomal histone H2A

97 to regulate gene expression both in neural tissues such

98 as cerebellar Purkinje cells and non-neural tissue; such

99 as liver (Zaaroor-Regev et al., 2010). Apart from ubiquiti-

100 nating histone H2A, Rnf2 has also been implicated in the

101 ubiquitination of various signaling proteins and thereby, is

102 pivotally positioned as a master E3 ligase involved in

103 gene expression control in neuronal as well as non-

104 neuronal systems (Roman-Trufero et al., 2009; Vidal,

105 2009; Zaaroor-Regev et al., 2010; Dietrich et al., 2012;

106 Morimoto-Suzki et al., 2014). Ube3A and Rnf2 have been

107 shown to mutually regulate each other’s function by polyu-

108 biquitination in various tissues including brain (Zaaroor-

109 Regev et al., 2010). Ube3A targets Rnf2 for proteasomal

110 degradation via the ‘‘canonical” polyubiquitination chain

111 that differs from the multiple-branched ‘‘non-canonical”

112 polyubiquitination chain self-conjugated by Rnf2 for its

113 stabilization (Zaaroor-Regev et al., 2010). This observa-

114 tion suggests that neuronal activity could function as the

115major control point for Rnf2 activation vs. degradation

116via differential polyubiquitination patterns.

117Apart from the polyubiquitination–mediated tagging of

118synaptic proteins for degradation, a recent study has

119demonstrated that accumulation of the polyubiquitinated

120proteins facilitate the assembly of pre-synaptic terminals

121via a non-canonical pathway (Pinto et al., 2016). How-

122ever, a comprehensive picture of specific E3 ligases that

123modulate polyubiquitination for non-degradative functions

124remain elusive. Particularly, the mechanistic details of

125ubiquitin–mediated control of synapse formation and the

126role of E3 ligases in different phases of synapse develop-

127ment require further elucidation.

128Here, we have identified Rnf2 as a synapse-

129associated E3 ligase that is regulated by neuronal

130activity during synapse formation. Our study revealed

131that neuronal activity has stabilized Rnf2 expression via
132self-polyubiquitination rather than triggering its

133degradation by Ube3A–mediated polyubiquitination

134Observations from synapse density measurements and

135mEPSC recordings have shown that the absence of

136Rnf2 leads to an increase in the number of immature

137synapses that are electrically ‘silent.’ We found that

138such an increase of silent synapses was concomitant

139with the impairment of GluA1-subunit containing AMPA

140receptor insertion into the post-synaptic membrane.

141These results point toward a novel regulatory

142mechanism of glutamatergic synapse maturation

143through activity-dependent control of Rnf2 expression

144via a non-canonical function of polyubiquitination.

145EXPERIMENTAL PROCEDURES

146Cell culture

147Rat and mouse primary hippocampal neuronal cultures

148were prepared as described previously (Kaech and

149Banker, 2006). Timed pregnant rats (Sprague Dawley)

150and mice (C57BL6/J) were generated at the animal house

151of National Brain Research Center as per methods

152approved by Institutional Animal Ethics Committee

153(IAEC). The Ube3A mutant heterozygous mice carrying

154paternally imprinted Ube3A (Ubiquitin protein ligase 3A)

155knockout mutation was obtained from The Jackson Labo-

156ratory, USA (Stock Number 129-Ube3Atm1Alb/J). These

157heterozygous mice were mated to obtain homozygous

158Ube3A null mice at the animal facility of National Brain

159Research Center. These null mice were further mated to

160obtain timed pregnant Ube3A null mice for preparation

161of primary hippocampal neuronal culture. Briefly, hip-

162pocampi were dissected from either E18 rat (Sprague

163Dawley) embryos or E15 mouse (C57BL6/J or Ube3A null

164mice in C57BL6/J background) embryos. Hippocampi

165were trypsinized to prepare a single-cell suspension that

166was plated onto poly-L-lysine (1 mg/ml)-coated coverslips

167(190–300 cells/mm2). 300 cells/mm2 were used for all bio-

168chemical experiments, 190 cells/mm2 were used for elec-

169trophysiology and imaging experiments. Neurons were

170co-cultured with glial cells in Neurobasal Medium (Gibco)

171containing B27 supplement (Gibco) as indicated.
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