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1  Introduction 

 

 The Ubiquitin Proteasome System 

The ubiquitin proteasome system (UPS) - an enzymatic cascade that marks a protein and 

tags with ubiquitin for proteolytic degradation1. Proteolysis in eukaryotes is mainly 

mediated by the UPS and the autophagous endo-lysosomal system. Central to both the UPS 

and autophagy is ubiquitination i.e., the conjugation of ubiquitin to substrate proteins 

through the lysine residues2. Conjugation of ubiquitin to a target protein or to itself is 

regulated by a sequential activity in three main steps. These three steps are characterized by 

the action of three different types of enzymes, namely E1 - ubiquitin activating enzymes, E2 

– ubiquitin conjugating enzymes, and E3 - ubiquitin-ligase enzymes (Fig.1-1). E3-ubiquitin-

ligases are crucial components in the UPS because they provide the substrate specificity. 

The first step in ubiquitination, is a two-step reaction catalysed by E1 enzyme, wherein E1 

binds to ATP and ubiquitin and catalyses ubiquitin C-terminal acyl-adenylation. Ubiquitin 

is then transferred to the catalytic cysteine of the E1 enzyme forming a thioester bond3. Only 

two human E1 genes that have been so far identified, namely Uba1 and Uba64. E1s 

collaborate with multiple E2s, the ubiquitin-conjugating enzymes to catalyse the transfer of 

the activated ubiquitin from E1 to its own catalytic cysteine residue through a thioester bond. 

In humans, 35 E2 enzymes have been identified5. Each E2 can activate a palette of E3 ligases 

producing multiple different but specific E2–E3 combinations. The final step of 

ubiquitination is catalysed by E3 ligases forming an isopeptide bond between the C-terminal 

glycine of ubiquitin and primary ε-amino group of another ubiquitin/substrate lysine6. The 

number of ubiquitin moieties added on a protein and the lysine residues involved in the 

binding confer activity, localization, protein-protein interactions, participation in different 

signalling pathways, and degradation either by the 26S proteasome or by endo-lysosome 

system7,8. While any of the 7 ubiquitin lysine’s (K6, K11, K27, K29, K33, K48, or K63) or 

alternatively, the N-terminal methionine (Met1) may involve to create a polyubiquitin chain. 

The K-48 and K-63 chains are the most characterized polyubiquitin chains involving at least 

four ubiquitin moieties that constitute the signal for 26S proteasome mediated recognition 

and degradation of protein substrates.  
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The most prominent polyubiquitination via proteasome is the K48-linked signal, while K-

63 chains often directs the endo-lysosomal degradation of proteins9. Interestingly, although 

primarily modifying Lys residues, ubiquitin can also attach to the amino group at the N-

terminus of the substrate10, as well as to Cys, Ser, and Thr residues of target proteins11,12. 

Other forms of mono- or polyubiquitination have been shown to regulate protein processing, 

activity, or localization, rather than destruction. To prevent energy loss, once the tagged 

substrate is recognized by the proteasome for degradation, specific deubiquitinases (DUBs) 

remove the polyubiquitin chains for ubiquitin molecules to be reused13. In addition to 

ubiquitin, other ubiquitin-like modifiers with diverse functions have also been identified, eg. 

the small ubiquitin-like modifier (SUMO) that plays a role in nuclear transport. Similarly, 

 

Figure 1-1. The ubiquitin-proteasome system (UPS). (a) Ubiquitin activation through ubiquitin-
activating enzyme (E1). (b) Activated ubiquitin is transferred to ubiquitin-conjugating enzyme (E2). (c) 
RING domain ligase: the ubiquitin charged E2 binds to the E3 ligase that carries the substrate for
degradation and ubiquitin is directly transferred to the substrate. HECT domain ligase: ubiquitin is first
transferred from E2 to the E3 ligase that carries the substrate for degradation and then to the substrate. All
three steps are repeated to result in substrate polyubiquitination. (d) Ubiquitinated protein is recognized by 
the proteasome, captured and processed for degradation. Short peptides (3–22 aa) are released at the end 
of the process. (e) Following substrate recognition, polyubiquitin chain is cleaved off through
deubiquitinases (DUB) and free ubiquitin is released to be reused. 
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interferon-stimulated gene 15 (ISG15), which acts in immune responses and neural 

precursor cell expressed developmentally downregulated 8 (NEDD8) that activates specific 

E3 ligases14. All these different modifiers have different and distinct sets of E1, E2 and E3 

enzymes. 

1.1.1 The Ubiquitin E3 ligases 

The ubiquitin E3 ligase proteins are responsible for target recognition in developing, 

maintaining, as well as degrading the cellular components. Developing roles include 

processes such as, cell division, stem cell differentiation and organogenesis, among others15–

17. Maintenance responsibilities include, cell signalling, metabolism, transcriptional control, 

protein sorting, trafficking, cell to cell communication and modulation of inflammatory 

responses, etc18–23. However, E3 ubiquitin ligases are commonly associated with the 

establishment of cellular proteostasis by regulating the turnover of cellular proteins, using 

degradatory pathways of UPS and autophagy24,25. Since past few years, several E3 ubiquitin 

ligases have been reported to play critical roles in diverse aspects of neuronal development, 

including axon, dendrite, and synapse morphogenesis26–28. Neurogenesis requires the precise 

and sophisticated coordination of signaling events for the controlled progression of neuron 

formation29.  

The two main classes of E3 ligases, classified based on the domain structure are the 

homologous to the E6-AP carboxyl terminus (HECT) domain proteins and the really 

interesting new gene (RING) domain proteins30. The RING group of E3 ligases along with 

the RING-related E3s, such as the U-box family, the plant homeodomain (PHD), and the 

leukaemia-associated protein (LAP) form the largest group of E3 ligases31. HECT domain 

E3 ligases first accept the ubiquitin moiety through a thioester linkage and then they transfer 

it to the protein substrate, whereas RING domain E3 ligases bind to the cooperating E2 and 

they mediate the direct transfer of ubiquitin from E2 to the target protein30 (Fig.1-1). More 

than 600 E3 ligases have been annotated in humans32from which approx. 30 are HECT 

domain E3 ligases. Most of the multi subunit RING E3 ligases belong to the cullin RING 

ligase (CRL) superfamily33 with SCF complex consisting of S-phase phase kinase-

associated protein 1/Skp1, cullin , F-box protein and anaphase-promoting complex (APC/C) 

being the most studied complexes that ensure the correct progression of cell cycle34.  
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The discovery of the ubiquitin C-terminal hydrolase protein gene product 9.5 (PGP 9.5) in 

somata and dendrites of differentiating neurons, first indicated that ubiquitination and UPS 

may play a key part in brain development35,36. In developing central nervous system, the 

diverse neuronal processes subjected to regulation by the UPS range from the regulation of 

neural progenitor proliferation, cell specification, neuronal differentiation, maturation and 

migration, neuritogenesis and synapse formation37,38 

 Neurogenesis  

The important aspects of the structure and function of the central nervous system (CNS), 

including the number and placement of neurons, as well as individual neuronal attributes are 

all controlled by processes during early development.  

1.2.1 Xenopus laevis as a model organism to study neurogenesis 

One of the widely used tractable model systems to answer the fundamental questions of 

biology and medicine and is the South African clawed frog, Xenopus laevis. It offers 

experimental advantage over other vertebrates in particular due to availability of large and 

robust eggs, its ease of handling and breeding. Likewise, its ease of manipulability and 

availability of large quantity of material makes it a choice model organism. For example, 

large size of the oocytes/embryos and their accessibility allows for manipulation of gene 

specific loss-of- or gain-of-function through RNA/DNA, morpholino oligonucleotide 

microinjection. This is easily performed by injecting one/two blastomeres of a two/four cell 

staged embryo with the un-injected side serving as inner control. Furthermore, microscopy 

and histology of in vivo expression and localization of RNA and proteins can be easily 

studied through whole mount in situ hybridization and immunofluorescence.  
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Most importantly, the high degree of conservation of essential cellular and molecular 

mechanisms and genomic synteny with mammals provides significant link to understand 

human development and disease39. Other important applications include procedures such as 

transplantation of single cell to tissue cut-paste. The large size and robust nature of the 

embryos has specific advantages in studying early neurogenesis in Xenopus laevis. It is also 

worth noting that some of the earliest studies on molecular mechanisms underlying early 

vertebrate neurogenesis were first described in Xenopus40–42. But in addition, from an 

evolutionary point of view Xenopus provides key clues as amphibians represent the only 

anamniote tetrapod’s that accomplish fast development through embryonic to larval and 

juvenile stages, along with a metamorphic process in which the neurogenic capabilities vary, 

thus allowing a very interesting scenario for such analysis (Fig.1-2). 

1.2.2 Vertebrate Embryonic Neurogenesis  

In vertebrates, the foundation for the nervous systems is laid during embryonic patterning, 

involving the generation and movement of neural progenitors and their progeny, which are 

Figure 1-2. Xenopus laevis developmental cycle through different stages at room
temperature (23°C). hpf – hours post fertilization. 
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controlled by diverse conserved factors. The initial step during the foundation of the 

vertebrate nervous system is the decision of the ectodermal cells to adopt a neural fate at the 

expense of an epidermal. The first signals of neural induction are triggered by the organizing 

(Spemann Organizer) region of the early embryo during gastrulation. As dorsal mesoderm 

is formed at gastrulation, a series of molecular growth factor antagonists such as noggin, 

chordin, follistatin, dkk, Cerberus are secreted by the Spemann Organizer43,44 (Fig.1-3). 

Here, these antagonist along with fgf share the ability to inhibit bmp signalling and thereby 

inducing the neural fate of the ectodermal tissue45.This newly formed vertebrate neuro-

ectoderm, which is restricted to the dorsal side, invaginates to form a hollow cylinder called 

the neural tube (Fig.1-4). Expression of neurogenic factors such as SoxB, BMP, Wnt and 

Fgf signalling are involved in setting up of the neuro-ectoderm46–48.  

 

 

 

Figure 1-3. Neural induction in 
vertebrates. The dorsal organizer in 
Xenopus express factors that protect the 
ectodermal domain. It gives rise to neural 
fates from activators of the BMP, Nodal 
and Wnt pathways. The combined 
functions of secreted agonists of these 
pathways and the inhibitors produced by 
the dorsal organizer give rise to gradients 
that both pattern the embryo and specify 
the domain of neural induction. Adapted 
and modified from Gaulden J and Reiter 
JF 200845 
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Cells of the neural tube possess neurogenic factors and undergo diverse patterns of 

proliferation to produce neurons and glia. These proliferating cells generally consists of 

apical and basal progenitors29,50,51 (Fig.1-5). At early stage, apical progenitors undergo 

symmetric division, resulting in expansion of the neural tube. Whereas at later stages, apical 

progenitors increasingly switch towards an asymmetric, self-renewing mode of division, 

where one cell remains mitotically active, and the other one delaminates and differentiates 

as a neuron, oligodendrocyte, or basal progenitor. At this point, apical progenitors transition 

molecularly, expressing markers of radial glial cells29. These radial glials produce mostly 

neurons until late stage in embryogenesis, where most of these cells differentiate as astroglia; 

Figure 1-4. Neurulation in Xenopus laevis. Transverse sections that show the progression of neurulation
form neural plate to neural tube. a) Neuroectoderm differentiates and thickens to form neural plate. b) Neural
plate converges dorsally, eventually joining at the neural plate border. c) Neural tube closure disconnects
neural crest from epidermis. d) Notochord degenerates while mesodermal cells differentiate into somites and
the skeletal muscle. Adapted and modified from Wikipedia (Neurulation), and Shroeder 197049 
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a smaller fraction becomes the ependymal lining of the ventricle, while some radial glia 

remains undifferentiated, which give rise to adult neural stem cells52 (Fig.1-5). Distinct to 

apical progenitors, basal progenitors do not self-renew, but undergo typically a single 

symmetrical division before differentiating53,54. Basal progenitors are found predominantly 

in the anterior part of the neural tube, in the telencephalon, where they form the massive 

subventricular zone (SVZ) from late embryonic stages onward. Self-renewal of progenitor 

cell populations and their transition into neurogenic and gliogenic stages are controlled by a 

set of extracellular cues and cell-intrinsic signalling pathways of five major types: WNT 

signalling, Notch signalling, Hedgehog signalling, receptor type serine/threonine kinase sig-

nalling — for example, through transforming growth factor-β (TGFβ) receptors — and 

signalling through receptor-type tyrosine kinases (for example, through high affinity nerve 

growth factor receptor (TRK), fibroblast growth factor (FGF) receptor family members or 

the epidermal growth factor (EGF) receptor55. 

 

These successive steps of neurogenesis are characterized by dynamic changes in cellular 

protein profiles. Failure to properly regulate these changes in protein levels disrupts the 

Figure 1-5. Regulation of neural progenitor cells proliferation and differentiation upon various cues 
from the environment. Adapted from Paridaen and Huttner 201456 
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balance of proliferating progenitors and differentiated neurons and can be detrimental to the 

development of the central nervous system (CNS)57–59. Many conserved features such as 

SoxB transcription factors60,61 and Snail zinc-finger proteins62,63 play vital role in the 

neuroepithelium to promote neural progenitor delamination and proliferation and prevent 

cell death. The proneural bHLH genes define proneural domains from which precursors of 

primary neurons are selected. These domains are surrounded by territories where primary 

neurogenesis is inhibited by expression of the HES genes48,64 and become active after 

hatching-, a source for secondary neurogenesis. Within the embryonic proneural domains, 

Notch signalling defines the differential fate of asymmetrically dividing apical progenitors; 

the daughter cell ending up with lower Notch activity loses its progenitor fate and 

differentiates as a neuron or becomes an intermediate progenitor. The ability of the Notch 

signaling pathway to exert these opposite functions is made possible by tight regulation of 

a variety of molecular mechanisms, including the UPS. 

 Trim Ubiquitin E3 ligases 

Tripartite motif (TRIM) proteins also referred to as RBCC proteins, represent one of the 

largest family of highly conserved RING E3 ligases. TRIM proteins are characterized by an 

N-terminus tripartite or RBCC motif that consists of a RING-finger domain, one or two zinc 

finger domains, so-called B boxes, and a coiled-coil domain followed by a highly variable 

C-terminal domain65,66. To date, more than 70 TRIM family members have been identified 

in humans. Based on the type of C-terminal domains these proteins have been classified into 

11 subgroups (CI-CXI)67,68 (Fig. 6). Most TRIM family members have been proposed to 

function as E3 ubiquitin ligases due the presence of their RING-finger domain69. The RING-

type E3 ligases operate as scaffolds to recruit both ubiquitin coupled E2 and substrate, 

thereby facilitating ubiquitination70,71. Despite their overall similar structural organization, 

TRIM proteins regulate a wide variety of cellular processes. Recent insights, demonstrated 

on the role of Trim E3 ligases in neurogenesis. Tuoc et al. showed Trim11 mediated 

proteasomal degradation of Pax6 protein levels in cortical progenitors72. Similarly, 

Schwamborn, et al., demonstrated that another member of the TRIM E3 ligase, Trim32 

interacts with C-Myc and mediates C-Myc degradation, leading to suppression of progenitor 

proliferation and induction of premature neuronal differentiation73. 
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1.3.1 Midline1/Trim18 Ubiquitin E3 ligase  

MID1 (midline1/Trim18), a member of the TRIM E3 ligase family was first identified in 

1997 to be perturbed in patients with Opitz BBB/G syndrome (OS)74. OS patients suffer 

from the malformations of the ventral midline including hypertelorism, hypospadias, 

structural abnormalities in the brain, heart defects and cleft lip and palate. Xenopus Mid1 is 

a 76 kDa protein, containing a RING domain, two B boxes, a coiled-coil domain, a 

fibronectin type III domain and a large C-terminal B30.2 domain (Figure 7a). The E3 

ubiquitin ligase activity of MID1 was first described for its target protein PP2A. Here, MID1 

Figure 1-6. Structural classification of human TRIM proteins. The TRIM family members are classified
into 11 subfamilies (C-I to C-XI) and 3 TRIM like subfamily. Majority of the TRIM proteins possess an N-
terminal RING finger (R), one or two B-boxes (B1, B2), and a coiled coil (CC) domain. Abbreviations:
ACID – acid-rich region, ARF – ADPribosylation factor family domain, BROMO – bromodomain, COS –
cos-box, FIL – filamin-type I G domain, FN3 – fibronectin type III repeat, MATH – meprin and TRAF-
homology domain, NHL – NCL1, HT2A and LIN41 domain, PHD - PHD domain, PRY – PRY domain,
SPRY – SPRY domain, TM – transmembrane region. 
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binds to the alpha4 regulatory subunit of PP2A with its B-Box1 domain75,76 and mediates 

the proteasomal degradation via polyubiquitination of the catalytic subunit of PP2A 

(PP2Ac)76. By inhibiting PP2A activity MID1 enhances the activity of another central 

enzyme: the mTOR/ TORC1 complex. Perturbations of the MID1-PP2A complex affect 

mTORC1 signalling at the level of mTOR-Raptor complex formation. Depletion of MID1 

increases PP2A levels, which in turn leads to the disruption of the mTOR-Raptor complex, 

leading to down regulation of mTORC1 signalling77. Furthermore, MID1 mediates the 

ubiquitination of alpha4 in two distinct ways: either catalysing polyubiquitination, which 

targets alpha4 for degradation via the proteasome78, or catalysing monoubiquitination, 

which promotes calpain cleavage79. Another substrate of the MID1 E3 ubiquitin ligase is the 

kinase Fused (Fu), which is involved in the Sonic hedgehog-signalling (SHH) pathway. 

Mid1 interacts with the GLI regulator Fu, leading to a cytoplasmic retention of GLI3 in 

cancer cells80. Additionally, MID1 has also been implicated in the pathogenesis of 

neurodegenerative Alzheimer’s (AD) and Huntington’s disease (HD). In AD, MID1 is 

shown to regulate the translation of BACE1 mRNA81, causative in the generation of amyloid 

plaques through enhancement of Tau phosphorylation82. Similarly, in HD MID1 specifically 

binds to and enhances translation of the mutant Huntingtin mRNA carrying an expanded 

CAG repeat83.  

1.3.2 Trim2 Ubiquitin E3 ligase 

TRIM2, a member of Trim ubiquitin E3 ligase family has been shown to exclusively express 

in the mouse brain84,85. Xenopus Trim2 has a molecular mass of 85 kDa and contains a RING 

domain, a B box, large coiled-coil and Filamin/ABP280 domain, and six C-terminal NHL 

repeats (Figure 7b). In mouse, TRIM2 expression is most predominant within the cytoplasm 

of hippocampal neurons, where it interacts with motor protein myosin V via its NHL 

domain84. Moreover, Trim2-deficient mice showed accumulation of neurofilament light 

chain (NEFL) in neuronal structures, which causes axonopathy, progressive 

neurodegeneration, and juvenile onset of tremor and ataxia. Re-expression of TRIM2 

prevented neurodegeneration via UbcH5a-dependent degradation of NEFL85. Similarly, 

cultured hippocampal neurons from mice lacking Trim2 showed loss of axons and neuronal 

polarity, whereas overexpression of TRIM2 induced specification of multiple axons86. In 

mouse embryonic fibroblasts, p42/p44 MAPK-dependent ubiquitination of cell death-
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promoting factor Bim (Bcl-2-interacting mediator of cell death) by TRIM2 conferred 

neuroprotection during rapid ischemia87. Consistent with its neuroprotective functions in 

mice, alterations of TRIM2 function have been linked to neural diseases in humans. Here, 

specific miRNAs (miR-9 and miR-181c) are involved in deregulation of Trim2 expression 

which are in turn down-regulated by amyloid-β and has been linked to the onset of 

neurodegenerative Alzheimer’s disease88. Furthermore, mutations in the TRIM2 gene have 

been associated with childhood onset of axonal neuropathy89. Together, these findings 

implicate TRIM2 as a key regulator in differentiated neurons, while its function during 

neurogenesis and neurodevelopment remains enigmatic. 

 

 
 

 

Figure 1-7. Mid1 and Trim2 protein domain structures. (a) Xenopus Mid1 protein consists of 
668 amino acids and is organized in domains containing a single RING zinc finger, two B-box zinc 
finger, a single coiled-coiled, FNII and a B30.2 domain. (b) Xenopus Trim2 protein consists of 748
amino acids and is organized in domains containing a single RING zinc finger, a B-box zinc finger, 
a single coiled-coiled, Filamin/ABP 280 and six NHL repeats  
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2 Aim of the Work 

 

To date, there have been over 70 TRIM E3 ligases identified in humans and extensive work 

both in humans and mouse has given answers to various fundamental mechanisms. Most of 

these studies addressed physiological functions but were rarely characterized during early 

development. As demonstrated in the previous sections, Trim E3 ligases Mid1 and Trim2 

are essential for early neurogenesis during CNS development. Although, there have been 

studies showing physiological and clinical pathological effects due to mutations in these 

genes during development, but still there is lack of data on the functional and mechanistic 

aspects of these proteins during early development. Therefore, the major aim of the thesis 

was to characterize novel functions of these proteins during vertebrate embryonic 

neurogenesis. Towards this, to further fundamental mechanistic clarification, the following 

questions were addressed. 

 

1. Whether there are other Trim E3 ligases present in the Xenopus genome, their 

expression during early development compared to other species and their homology 

towards human orthologues?  

2. Whether mid1, which is associated with OS is involved in the functional and 

mechanistic regulation of the proteins expressed during early neurogenesis?  

3. The molecular characterization of trim2 during early development of CNS in 

Xenopus laevis.  
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3 Short Summary of Published Manuscripts 

 

 Manuscript 1: Interplay of Trim2 E3 ubiquitin ligase and Alix/ESCRT 

complex: Control of developmental plasticity during early neurogenesis 

Ashwin Lokapally, Herbert Neuhaus, Juliane Herfurth and Thomas Hollemann 

Manuscript under 2nd review process! 

 

TRIM2 drives neurite outgrowth and polarization, is involved in axon specification, and 

confers neuro-protective functions during rapid ischemia. Here we show that in Xenopus, 

trim2 knock down affects primary neurogenesis and neural progenitor cell survival. 

Embryos also suffer from severe craniofacial malformation, reduction in brain volume, and 

loss of gross motor sensory function. Using a high throughput LC-MS/MS approach with 

GST-Trim2 as bait, we identified the ALG-2 interacting protein X (Alix) from Xenopus 

embryonic lysates as a novel interacting partner of Trim2. We demonstrate at that expression 

of trim2 and alix overlap during embryogenesis as well as at cellular level in the cellular 

cytoplasm.  Alix is involved in bending and fission of endosomal and cell surface 

membranes. Interestingly, trim2-morphants showed loss of cellular polarity and clustering 

and apoptosis of neural progenitors, phenotypic hallmarks also observed in Alix KO mice. 

Therefore, we propose that interaction of Alix and Trim2 plays a key role in the 

determination and differentiation of neural progenitors via modulation of cell 

proliferation/apoptosis during neurogenesis 

 

 

 

 

 

 



Short Summary of Published Manuscripts      

 

15 
 

 Manuscript  2: Hedgehog-dependent E3-ligase Midline1 regulates ubiquitin-

mediated proteasomal degradation of Pax6 during visual system development 

Thorsten Pfirrmann, Enrico Jandt, Swantje Ranft, Ashwin Lokapally, Herbert 

Neuhaus, Muriel Perron and Thomas Hollemann  

PNAS (2016), 113 (36) 10103-10108. https://doi.org/10.1073/pnas.1600770113 

 

The manuscript describes Mid1 regulated ubiquitination and proteasomal degradation of 

Pax6 protein in the forming optic stalk. Pax6 an evolutionarily conserved transcription 

factor, plays a key role in the cell fate determination during development of eyes, brain and 

pancreas. In humans, heterozygous mutation in PAX6 cause a wide variety of ocular defects, 

whereas the homozygous loss results in the anophthalmia. Moreover, spatio-temporal and 

quantitative expression levels of Pax6 is indispensable and is a key regulator for the normal 

development of eye. Mid1, a member of the TRIM/RBCC E3 ligase family, was first 

identified in patients with X-chromosome-linked Opitz BBB/G (OS) syndrome. Expression 

analysis of Mid1 in Xenopus showed early expression in the neural tube and optic vesicle a 

eye, especially in the forming eye stalk. Misexpression of the morphogen sonic hedgehog 

(shh) strongly induced mid1 expression in the optic cup, whereas as pax6 was repressed. 

Furthermore, suppression of mid1 function resulted in large eyes with loss of sharp 

boundaries of retinal layers, but still expressed pax6. At cellular level, Mid1 interacts with 

Pax6 in vivo in the nucleus. Lysates from cells co-transfected with pax6 and mid1 showed a 

clear reduction in Pax6 protein levels in the presence of Mid1 and Pax6 served as a substrate 

for the E3 ligase mediated proteasomal degradation. 
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 Manuscript  3: Xenopus laevis neuronal cell adhesion molecule (nrcam): 

plasticity of a CAM in the developing nervous system 

Ashwin Lokapally, Sanjeeva Metikala, Thomas Hollemann 

Development Genes and Evolution (2017), 227: 61-67. 

https://doi.org/10.1007/s00427-016-0569-9 

 

The manuscript describes expressional characterization of neuronal cell adhesion molecule 

(nrcam) of the L1 immunoglobulin superfamily during Xenopus neural development and as 

a marker for differentiated neurons. NRCAM plays diverse roles during the formation of the 

nervous system including axon growth and guidance, synapse formation and formation of 

the myelinated sheath. Sequence analysis and evolutionary relationship among vertebrates 

showed a high conservation with >85% homology against human NRCAM. Similarly, the 

spatio-temporal expression using semiquantitative-RT-PCR and whole-mount in situ 

hybridization (WMISH) showed mRNA expression along the entire axis of the developing 

CNS from forebrain extending into the spinal cord. However, primary expression in the 

brain was mainly observed in regions where cells differentiate into various cell types such 

as motor neuron region, dorsal intermediate and longitudinal neuron, the trigeminus and the 

radial glial. Likewise, in the lens epithelium and retinal outer nuclear layer, where neural 

progenitors differentiate into various cell types based on the cues from the surrounding 

environment, nrcam transcripts were also highly enriched. These findings establish Xenopus 

nrcam as a marker for neuronal determination and differentiation. 
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 Manuscript 4: Expressional characterization of mRNA (guanine-7) 

methyltransferase (rnmt) during early development of Xenopus laevis 

Ashwin Lokapally, Sanjeeva Metikala, Thomas Hollemann 

International Journal of Developmental Biology (2016), 60: 65-69.  

https://doi.org/10.1387/ijdb.150409th 

 

The manuscript describes the expression of (guanine-7) methyltransferase (rnmt) during 

Xenopus neural development. Recent insights into the function of mammalian cap methyl 

transferase revealed that RNMT along with its activating subunit RAM is highly expressed 

in embryonic stem cells and is important for pluripotency associated genes. Thus, the 

repression of RAM during neural differentiation is essential for the expression of neural 

associated genes. Amino acid sequence comparison among vertebrates revealed 100% 

conservation within the methyltransferase activity region. Moreover, spatial expression 

using whole-mount in situ hybridization (WMISH) during early neurulation showed 

expression in the anterior neural plate, neural folds and in the eye anlage, regions where 

neural stem cells arise. Similarly, at later stages, mRNA transcripts were observed 

throughout the developing CNS i.e. the brain, eye, and the spinal cord as well as in the glial 

cells of the otic vesicle. These observations further strengthen the evidence for an 

involvement of rnmt in the regions of increased translation. Here, RNMT seems to play a 

role for the formation of theses neuronal structures and at the same time instructs changes 

in gene expression profile to allow differentiation and reprogramming in these cells. 
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 Manuscript  5: SOMA: A Single Oligonucleotide Mutagenesis and Cloning 

Approach 

Thorsten Pfirrmann, Ashwin Lokapally, Claes Andréasson, Per Ljungdahl, Thomas 

Holleman 

PLoS ONE (2013), 8(6): e64870. https://doi.org/10.1371/journal.pone.0064870 

 

The manuscript describes a new mutagenesis and cloning approach: Single Oligonucleotide 

Mutagenesis and Cloning Approach (SOMA) that is independent of restriction sites and only 

requires a single mutagenic oligonucleotide to modify a plasmid. The broad application 

spectrum of SOMA is demonstrated with the help of three examples. First, a novel plasmid 

that in a standardized and rapid fashion can be used as a template for SOMA to generate 

GFP-reporters. We successfully use such a reporter to assess the in vivo knock-down quality 

of morpholinos in Xenopus laevis embryos. In a second example, we show how to use a 

SOMA-based protocol for restriction-site independent cloning to generate chimeric proteins 

by domain swapping between the two human hRMD5a and hRMD5b isoforms. Last, we 

show that SOMA simplifies the generation of randomized single-site mutagenized gene 

libraries. As an example we random-mutagenize a single codon affecting the catalytic 

activity of the yeast Ssy5 endoprotease and identify a spectrum of tolerated and non-

tolerated substitutions. Thus, SOMA represents a highly efficient alternative to classical 

cloning and mutagenesis strategies. 
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 Manuscript 1: Interplay of Trim2 E3 ubiquitin ligase and Alix/ESCRT 

complex: Control of developmental plasticity during early neurogenesis 

Ashwin Lokapally, Herbert Neuhaus, Juliane Herfurth and Thomas Hollemann* 

Manuscript under 2nd review process 

 

Abstract: TRIM2 drives neurite outgrowth and polarization, is involved in axon 

specification, and confers neuro-protective functions during rapid ischemia. The 

mechanisms controlling neuronal cell fate determination and differentiation are fundamental 

for neural development. Here we show that in Xenopus, trim2 knock down affects primary 

neurogenesis and neural progenitor cell survival. Embryos also suffer from severe 

craniofacial malformation, reduction in brain volume, and loss of motor sensory function. 

Using a high throughput LC-MS/MS approach with GST-Trim2 as bait, we pulled down 

ALG-2 interacting protein X (Alix) from Xenopus embryonic lysates. We demonstrate that 

expression of trim2/TRIM2 and alix/ALIX overlap during larval development and on 

cellular level in cell culture. Interestingly, trim2-morphants showed loss of cellular polarity 

and clustering and apoptosis of neural progenitors, phenotypic hallmarks also observed in 

Alix KO mice. Therefore, we propose that interaction of Alix and Trim2 plays a key role in 

the determination and differentiation of neural progenitors via modulation of cell 

proliferation/apoptosis during neurogenesis. 

Introduction 

Tripartite motif (TRIM) proteins represent a large family of proteins, with more than 80 

family members in humans. TRIM proteins are characterized by a similar domain structure 

at the N-terminus that consists of a RING-finger domain, one or two zinc finger domains, 

so-called B boxes, and a coiled-coil domain. Most TRIM family members have been 

proposed to function as E3 ubiquitin ligases due the presence of their RING-finger domain. 

The RING-type E3 ligases operate as scaffolds to recruit both ubiquitin coupled E2 and 
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substrate, thereby facilitating ubiquitination1,2. Despite their overall similar structural 

organization, TRIM proteins regulate a wide variety of cellular processes.  

One such ubiquitin ligase, TRIM2, is expressed in the mouse brain, predominantly within 

the cytoplasm of hippocampal neurons, where it interacts with motor protein myosin V via 

its NHL domain3. Moreover, Trim2-deficient mice showed accumulation of neurofilament 

light chain (NEFL) in neuronal structures, which causes axonopathy, progressive 

neurodegeneration, and juvenile onset of tremor and ataxia. Re-expression of TRIM2 

prevented neurodegeneration via UbcH5a-dependent degradation of NEFL4. Similarly, 

cultured hippocampal neurons from mice lacking Trim2 showed loss of axons and neuronal 

polarity, whereas overexpression of TRIM2 induced specification of multiple axons5. In 

mouse embryonic fibroblasts, p42/p44 MAPK-dependent ubiquitination of cell death-

promoting factor Bim (Bcl-2-interacting mediator of cell death) by TRIM2 conferred 

neuroprotection during rapid ischemia6. Consistent with its neuroprotective functions in 

mice, alterations of TRIM2 function have been linked to neural diseases in humans. In this 

respect miRNAs (miR-9 and miR-181c) had been described, which are down-regulated by 

amyloid-β in Alzheimer’s disease. In particular, miR-181c was found to suppress Trim2 

expression providing a link to progressive neurodegeneration accompanied by juvenile-

onset tremor and ataxia4,7. Furthermore, mutations in the TRIM2 gene have been associated 

with childhood onset of axonal neuropathy8. Together, these findings implicate TRIM2 as a 

key regulator in differentiated neurons, while its function during neurogenesis and 

neurodevelopment remains enigmatic. 

Our present study strongly suggests that in Xenopus, Trim2 associates with Pdcd6ip/Alix 

(Programmed cell death 6 interacting protein/Apoptosis-linked gene-2 interacting protein 

X) and regulates neural development. Alix is a multimodular adaptor protein involved in the 

sorting of cargo proteins of multivesicular bodies for incorporation into vesicles and the 

endo-lysosome system9-12. Alix plays a role in the regulation of apoptosis, cell adhesion, and 

cytomorphology13,14. Overexpression of Alix can promote apoptosis15,16 or tumor cell 

proliferation17, whereas a truncated form prevents apoptosis15. Numerous studies have 

linked Alix to the modulation of apoptosis in neurons and neurodegenerative diseases15,16,18-

20. A recent study from Laporte et al. (2017) showed that the lack of Alix expression at the 
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beginning of neurogenesis induces a transient wave of apoptosis in neural progenitors and 

results in the development of smaller brains in mice21. 

We could show that Trim2 physically interacts with Alix and is possibly involved in a 

Trim2-Alix/ESCRT-dependent modulation of early neurogenesis. We observed overlapping 

expression of trim2 and alix during Xenopus development and in cell culture. At early and 

late tailbud stages, alix and trim2 are both expressed in the central nervous system, olfactory 

placode, otic vesicle, cement gland, and pronephros. Suppression of trim2 function led to a 

reduction in brain size caused by increased apoptosis in the head region, phenocopying Alix 

KO mice. These findings provide evidence that Alix and Trim2 E3 ligase are possibly 

involved in the timing of determination and differentiation of neural progenitors by the 

control of cell proliferation and cell survival during early neural development. 

Results 

During Xenopus development, trim2 is expressed in neural and non-neural ectoderm 

Trim2 expression was first described in the adult mouse brain4. However, its expression 

during development has not been reported. At first, we examined the temporal expression, 

sequence analysis and evolutionary relationship of Xenopus trim2. Temporal analysis 

showed gradual decrease of maternal expression. First zygotic expression was detected at 

low levels at the onset of gastrulation and was maintained throughout early development 

with an increase at the onset of neurulation. A comparison of amino acid sequences revealed 

that the known domains of Trim2 are fully conserved between mammalian and Xenopus. 

Moreover, analysis of synteny and phylogeny showed a high conservation of Trim2/trim2 

particularly in tetrapods (Suppl. fig. 1). To analyze the spatial expression of trim2 during 

early neural development, we performed a series of whole-mount in situ hybridizations 

(Wmish) on Xenopus embryos (Fig. 1). In accordance with the temporal analysis, maternal 

transcripts of trim2 were detected in the animal hemisphere of the embryo. At the onset of 

neurulation, neural plate and forming neural folds showed weak trim2 expression (not 

shown). During early neurulation, this expression was more prominent in the prospective 

head region, where we detected trim2 transcripts in the neural folds, forming eye vesicles, 

the prospective brain, olfactory and otic placodes, and the cement gland. At tailbud stages, 

expression of trim2 was detected in the eye, brain, otic vesicle, spinal cord, olfactory 

placodes, and the trigeminal ganglion (Fig. 1, h-m). 
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Figure 1. Expression of trim2 during neurogenesis. (a-i) trim2 expression was assessed by whole-mount in 

situ hybridization (Wmish) at different developmental stages. (a-b) Maternal trim2 transcripts were detected 

in the animal (an) and vegetal (vg) hemisphere of Xenopus embryos. (c) NF stage 17, anterior view, trim2 

transcripts were evident in the eye field (ef) and in the forming neural tube. (e-g) NF stage 21, lateral, anterior 

and dorsal views. trim2 transcripts were detected in eye vesicle (ev), neural tube (nt), olfactory (ol), and otic 

placode (op), as well as cement gland anlage (cg). (h-j) At NF stage 25, trim2 expression became more distinct 

in eye bulb (eb), forebrain (fb), midbrain (mb), olfactory placode (ol), otic placode (ot) and neural tube (nt). 

(k-m) NF stage 33, trim2 in fore- (fb), mid- (mb), and hindbrain (hb), eye (ey), otic vesicle (ov), spinal cord 

(sc), and trigeminal ganglion (tg). Scales as indicated. 
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To investigate whether the timing and appearance of mRNA and protein expression 

correlate, we compared whole-mount in situ detection of trim2 mRNA and 

immunohistochemical detection of Trim2 protein in late tailbud stage embryos (Fig. 2A, B). 

Histological analysis of sectioned embryos revealed that temporal and spatial expression of 

trim2 transcripts and Trim2 protein overlap. We observed elevated expression of 

trim2/Trim2 in the region of prospective motor neurons, crossing fibers of the floor plate, 

and cells of the medial and lateral ganglionic eminences (Fig. 2A, e-g; 2B, e-g. Lower levels 

of expression were detected throughout the forebrain (Fig. 2A, d; 2B, d). At the level of 

diencephalon, Trim2 expression was also observed in the ventral midline region, where 

radial glial cells22 are present (Fig. 2B, e). Furthermore, trim2/Trim2 was found in the 

hypothalamus, prethalamus, radial glial, as well as in ganglion cells of the retina and in the 

lens epithelium (Fig. 2A, e; 2B, e). Double whole-mount in situ with n-ß-tubulin revealed,  

that trim2 was expressed at particularly high levels in secondary neurons of the hindbrain, 

the inner otic vesicle, dorsal root entry zone, and in dorso-lateral sensory neurons of the 

spinal cord (Suppl. fig. 2). Generally, trim2/Trim2 were highly expressed in committed and 

differentiated neuronal cells, whereas the expression level in neural progenitors was almost 

absent. Outside the forming neural system, we observed weak trim2 expression only in 

somites, notochord, and the ventral blood island. The localization of trim2 transcripts and 

protein suggest a functional role of Trim2 during the formation of the central nervous 

system. 
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Figure 2. Trim2/trim2 is expressed in differentiated neurons of the forming central nervous system at tailbud 

stage. (A) (a-c) Expression trim2 mRNA at NF stage 35, anterior, ventral and lateral views, trim2 transcripts 

were detected in the forming brain (br), olfactory placode (ol), spinal cord (sc) and the ventral blood island 

(vbi). (d-h) Twenty-micrometer gelatin/albumin sections at the level of fore-, mid-, hindbrain, and spinal cord. 

trim2 is expressed prosencephalon (pc), olfactory placode (ol), ganglion cell layer (gc), lens epithelium (ls), 

hypothalamus (hy), motor neurons (mn), inner otic vesicle (ov), and spinal cord (sc), Faint expression was 

observed in pronephros (pn) and ventral blood island (vbi). (i-k) Sagittal sections reveal trim2 expression in 

the ganglion cells layer, lens epithelium, brain, spinal cord, notochord, somites, and ventral blood island. (B) 

Whole-mount immunochemistry. (a-c) At NF stage 35 (anterior, dorsal and lateral views), Trim2 protein 

expression corresponding highly to that of trim2 mRNA. (d-i) Twenty-micrometer gelatin/albumin transverse 

sections along fore-, mid-, hindbrain, and spinal cord region. Trim2 protein was detected in the developing 

CNS, cement gland, dorsal root entry zone (drez), ganglion cells, hindbrain, hypothalamus, ion secreting cells 

(isc), motor neurons, olfactory placode, otic vesicle, prosencephalon (pc), prethalamus (pth), presumptive 

radial glial cells (rg), somites (so), and ventral blood island. Scales as indicated. 
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trim2 knock down leads to smaller head and affects cranial axis positioning  

In order to understand the function of Trim2, we utilized antisense morpholino 

oligonucleotides to block translation of trim2. Synthetic egfp-RNA was co-injected as a 

tracer into one cell of two-cell stage Xenopus embryos. The specificity of the morpholino 

was confirmed by injecting a GFP-tagged complimentary sequence as a morpholino reporter 

as reported earlier23 and by immunohistochemistry (Fig. 3). A scrambled morpholino was 

injected as control. A first inspection of trim2-morphants equivalent to NF stage 35 revealed 

that on the injected side the prospective head was smaller and that the pigmentation 

particularly of the eye was suppressed (Suppl. fig. 3). Immunohistochemistry of trim2-

morphants at NF stage 17 revealed complete absence of Trim2 within the neural plate 

territory (Fig. 3, a). Tadpoles at NF stage 35 showed a strong reduction of Trim2 expression 

in the eye, brain, and spinal cord on the trim2-morpholino-injected side of the embryo (Fig. 

3b-b’’, b1-b3). Moreover, a structural disorganization of presumptive brain tissue towards 

the non-injected side was also observed (Fig. 3, b1). Cells were found dissociated, 

misaligned, and clustered all over the presumptive brain and in the forming eye (strd-mo 

N=20 embryos; trim2-mo N=16 embryos (E); P=1.97E-09, unpaired χ2 test, χ2 = 36, df =1, 

phenotype occurrence (po) =16, P<0.001).  
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Figure 3. Suppression of trim2 function 

interferes with embryonic CNS 

development. Micro-injections of trim2 

morpholino was performed in one cell of 

a two-cell stage embryo. Trim2-

morphants were analysed by whole-

mount immunochemistry using a 

commercial Trim2 antibody at (a) NF 

stage 17 and (b) NF stage 35. (b) non-

injected side (nis), (b‘) anterior view, (b‘‘) 

injected side (is). Forming brain (br), 

cement gland (cg), eye (ey), olfactory 

vesicle (ol), and otic vesicle (ov), showed 

loss of Trim2 expression. (b1-b3) 

Twenty-micrometer gelatin/albumin 

transverse sections of the cranial region. 

The embryonic brain appeared smaller 

and disorganized upon trim2 morpholino 

injection. Midbrain (mb), cement gland 

(cg), eye (ey), hindbrain (hb), otic vesicle 

(ov), and spinal cord (sc). Red arrow 

heads represent the affected region in the injected side. Green arrow heads indicate complementary regions on 

the control side (nis). Scales as indicated. 

 

Suppression of trim2 function impairs neural tube closure 

To investigate whether knock down of trim2 affects neural tube closure, we looked at 

different embryonic stages during neural tube formation. Indeed, trim2-morphants showed 

a marked delay in neural tube closure as compared to control embryos (Fig. 4A). The 

injected side of the embryos showed a widened neural plate and delayed convergent 

extension of the neural folds at NF stage 20 (Fig. 4a’’). Interestingly, already at the onset of 

neural tube formation at NF stage 15, trim2-morphants showed an impaired invagination 

movement of epithelial cells. Accumulation of phalloidin on the injected side of trim2-

morphants indicated a high proportion of F-actin and thus a disturbed dynamic of actin 

assembly/disassembly in trim2-deficient cells. In contrast, the neuroepithelial cells on the 

injected side showed normal apicobasal elongation and apical constriction (Fig. 4B). 
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Figure 4. (A) Suppression of trim2 function affects neural tube closure. (a-a‘‘) Three developmental stages 

equivalent to (Aa) open neural plate, (Ab) closing neural tube, (Ac) closed neural tube stage. Embryos were 

injected with trim2 morpholino in one cell at the 2-cell stage and were grown until neural plate stage. At NF 

stage 14, the neural plate appeared widened on the injected side. Similarly, at NF stage 17, the convergence of 

neural folds was impaired and irregular in particular at the anterior end. At NF stage 20, embryos show aberrant 

closure of the neural tube with the anterior axis of the embryo bending towards the trim2-mo injected side. Bar 

plot: percentage embryos affected by neural tube closure defects (standard-mo injected embryos N=133, trim2-

mo N=246 embryos, p=*** (2.9E-79), unpaired χ2 test. (B) Whole-mount staining of trim2-morphants with 

phalloidin dye conjugate (Alexa 488) at NF stage 15. (a‘, a’’) Suppression of trim2 function led to an 

accumulation of F-actin on the injected side, accompanied by a delayed invagination of the neuroectoderm to 

form the neural groove. 

 

Suppression of trim2 function affects neurogenesis, proliferation and cell survival 

Suppression of trim2 function resulted in smaller heads, affecting the developing brain and 

eyes. To investigate whether early forebrain development is impaired in trim2-morphants, 

we investigated the expression of early forebrain markers in those embryos. Expression of 

pax6 appeared widened at stage 15 in the prospective eye field (Fig. 5A, b; strd-mo N=12E; 
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trim2-mo N=20E; P=2.1E-06, unpaired χ2 test, χ2 =22.5, df =1, po=18, P<0.001). A similar 

effect was observed for fb1 and otx2 genes (Fig. 5A, a, b;  fb1: strd-mo N=10E; trim2-mo 

N=12E; P=2.73E-06, χ2 =22, df =1, po=12; otx2: strd-mo N=10E; trim2-mo N=12E; 

P=1.85E-05, unpaired χ2 test, χ2 =18.33, df =1, po=11, P<0.001). The appearance of a 

broader expression of forebrain markers on the trim2-deficient side was presumably a result 

of impaired convergent and extension movements of the neural plate as shown in Fig. 4 and 

not an expansion of the neural plate itself. However, we wanted to know whether the 

suppression of trim2 affected cell proliferation and/or survival (Fig. 5A, d-h’’). Cell 

proliferation assay identified only half the number of mitotic cells on the injected side 

compared to the non-injected side (Fig. 5, f-h’’; nis: N=384 cells/E; is: mean N=202 cell/E; 

P=0.0074, paired t-test, percentage error set at 5%, P<0.01). TUNEL assay revealed a 

profound increase in apoptotic cells at early neuronal (NF stage 15) as well as at early 

organogenesis stages (NF stage 27). The block of trim2 translation led to an increased 

number of apoptotic cells within the brain, eye, and cement gland (Fig. 5A, d-e’’, red arrow 

heads), and all other territories of trim2 gene expression. As observed in the cranial 

transverse section of an NF stage 27 embryo, we often observed aggregation of apoptotic 

cells in the presumptive brain and eye on the injected side (Fig. 5A, e’’). To further 

characterize the trim2-deficient phenotype during early neural development, we monitored 

the expression of three key markers of neural differentiation (Fig. 5B, a, d, g). Neural 

precursor cells express the pan-neural marker sox3 throughout the neural plate at NF stage 

15 and appeared with a clearly expanded band on the trim2 morpholino-injected side as was 

shown for pax6 (Fig. 5B, a, upper left, strd-mo N=30E; trim2-mo N=28E; P=1.88E-13, 

unpaired χ2 test, χ2 =54, df =1, po=27, P<0.001) indicating regular induction of neural fate 

in trim2-deficient cells. However, neural specification and differentiation markers such as 

myt1 and n-ß-tubulin, which are expressed in medial, intermediate and longitudinal stripes 

and in the trigeminal placode within the neural plate, were clearly reduced upon suppression 

of trim2 function (Fig. 5B, d, g;  myt1: strd-mo N=30E; trim2-mo N=28E; P=1.88E-13, χ2 

= 54, df =1, po=27; n-ß-tubulin: strd-mo N=30E; trim2-mo N=29E; P=7.17E-13, unpaired 

χ2 test, χ2 =51, df =1, po=27, P<0.001). Correspondingly, at tailbud stage, expression of 

sox3, myt1, and n-ß-tubulin was significantly reduced (Fig. 5B, b-c, e-f, h-i). Here, as 

observed in transverse sections of trim2-morphants, sox3 expression was strongly reduced 

in the dorsal regions of forebrain and midbrain (Fig. 5B, b-c; sox3: strd-mo N=34E; trim2-
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mo N=41 embryos; P=2.24E-16, unpaired χ2 test, χ2 = 67, df =1, po=39, P<0.001). Similarly, 

expression of the neural specification and differentiation marker myt1 and the differentiation 

marker n-ß-tubulin was strongly reduced in the prospective dorsal brain, eyes and secondary 

neurons at the lateral side of the neural tube (Fig. 5B, e-f, h-i; myt1: strd-mo N=28E; trim2-

mo N=39E; P=2.03E-15, χ2=63, df=1, po=38; n-ß-tub: strd-mo N=29E; trim2-mo N=40E; 

P=4.85E-15, unpaired χ2 test, χ2=61, df =1, po=38, P<0.001). In placodal structures such as 

olfactory, otic and trigeminal placodes the expression of myt1 and n-ß-tubulin was also 

reduced (5B). These results showed that suppression of trim2-function affects cell 

proliferation and cell survival during early neurogenesis and consequentially led to a loss of 

primary and secondary neurons. 
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Figure 5. (A) Suppression of trim2 function affected cell proliferation and cell survival within the forming 

CNS in tadpoles. (a-c) At NF stage 15, early forebrain marker gene expression (otx2, pax6, and fb1) appeared 

expanded apparently (red arrow heads), accompanied by a mild increase in apoptotic cells (d, TUNEL), while 

proliferation (f, pH3) was not affected at this early stage. In early tadpole stages, the rate of apoptosis was 

highly increased in the brain region including the eye (e’-e’’) and the number of mitotic cells was strongly 

reduced (g-g’’). (i) Bar plot: cranial region counted for pH3 positive cells (n=3 embryos; nis mean N=384 

cells/embryo, is mean N=202 cell/embryo, P=0.0074, paired t-test, percentage error 5%, p>0.001). (B) 

Suppression of trim2 function interfered with primary and secondary neurogenesis. (a, d, g) A comparison of 

early neuronal marker gene (sox3, myt1, and n-ß-tubulin) expression at NF stage15 of trim2 morphants 

revealed that primary neurogenesis was impaired. An apparent, widened expression of sox3 positive neural 

progenitors and the suppression of primary neuron formation was observed. (b-c, e-f, h-i) At NF stage 35, 

trim2-morphants showed reduced sox3 expression in the lens epithelium and the dorsal intermediate neurons 

(din) (b-c). Similarly, myt1 and n-ß-tubulin expression was absent in the morphant brain territory (br), 

particularly in dorsal intermediate neurons (din), eye (ey), olfactory placode (op) (e-f, h-i). Red arrowheads 

indicate the affected regions. Green arrow heads represent the corresponding region in the control side. (c) 

sox3 (p=*** (2.24E-16)); (f) myt1 (p=*** (2.03E-15)), (i) n-ß-tub (p=*** (4.85E-15), unpaired χ2 test). Scales 

as indicated. (b’’’, e’’’, h’’’) Twenty-micrometer gelatine/albumin transverse sections. 

trim2-morphants show loss of motor sensory function 

Recently, a human patient with a heterozygous missense mutation in TRIM2 was reported 

to exhibit loss of gross motor neuron development that resulted in early onset of axonal 

neuropathy, muscle hypotonia, and sarcopenia8. Trim2-depleted mice displayed tremors 

with episodes of spontaneous seizures4. Since Xenopus tailbud embryos and tadpoles 

respond to poking/touching by escaping with a rapid beating movement, we performed 

motility-escape assays on late tailbud stage embryos to investigate whether trim2 knock 

down affects this motor-sensory function. The analysis revealed loss of motor and sensory 

function in trim2-morphants injected into one cell at the 2-cell stage (Movie 1). After several 

attempts of poking/stimulating the embryos on the injected side, embryos moved in circles 

with one sided-beating against stimulation on the non-injected side, indicative of non-

spontaneous response to sensory stimulation (control embryos N=100; trim2-mo N=298E; 

P=2.90E-79, unpaired χ2 test, χ2 =355, df =1, po=298, P<0.001). A complete loss of motor 

sensory function accompanied by severe developmental defects and high mortality was 

observed upon injection of trim2- morpholino into both blastomeres of a two-cell stage 

embryo (Movie 3; control N=20E; trim2-mo N=12E; P=1.54E-08, unpaired χ2 test, χ2=32, 

df=1, po=12, P<0.001). We were able to rescue this phenotype as well as marker gene 
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expression of primary neurogenesis (Suppl. fig. 4) by injecting synthetic mutated Xenopus 

trim2 RNA (trim2) resistant to the trim2-morpholino (Movie 2; control N=50E; trim2-

mo+trim2 N=47E; P=4.64E-21, unpaired χ2 test, χ2 =87, df =1, po (rescued) =47, p<0.001). 

Trim2 interacts with Alix physically 

 Previous studies have shown that NEFL is a substrate for TRIM2-catalysed ubiquitination 

and that NEFL accumulates in the cerebellum of Trim2 mutant mice4. However, using a 

GST-Trim2 protein as bait, we were unable to pull down NEFL from Xenopus embryonic 

lysates or over-expressed NEFL from cultured cells. To identify proteins that interact with 

Xenopus Trim2, we applied GST-pulldown along with high throughput LC-MS/MS 

screening (Fig. 6A). We identified the Alix protein in very high abundance as a prominent 

candidate for a Trim2 interacting protein (Table 1). We confirmed the interaction of Trim2 

with Alix, by a GST-pulldown assay using GST-Trim2 and lysates of flag-Alix transfected 

HEK293T cells (Fig.6B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6. (A) Schematic representation of LC-MS/MS analysis for identification of interaction partners, 

modified after32. (a) Protein lysates were extracted from NF stage 30-36 embryos using mild non-denaturing 

conditions, (b) GST tagged bait protein and protein interactors from the embryo lysates were enriched by GSH-
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Sepharose. Subsequently, bound proteins were digested into peptides. (c) The peptide mixture was analysed 

by single-shot liquid chromatography tandem mass spectrometry (LC-MS/MS) on an Orbitrap instrument (see 

acknowledgement). (d) Raw data were processed with MaxQuant to identify and quantify proteins and to 

identify interacting proteins. (B) Interaction of Trim2 and Alix was verified by GST pull down assay using 

GST-Trim2 as bait and lysates of HEK293T cells transfected with Flag-Alix by Western blot. Cell lysates with 

input proteins (Lane 1 & 2). GST alone serves as a control (Lane 3). Eluted flag-tagged Alix after binding 

GST-Trim2 (lane 4, upper blot). Note: images of the blots are cropped accordingly to the area of exposed 

protein bands. Two different gels/bolts were used to show the eluted flag-tagged Alix and precipitated GST-

Trim2 of the same sample. Uncropped blots in supplementary figure 5. 

Expression of alix overlaps with trim2 in Xenopus embryos 

Direct interactions between Trim2 and Alix suggests that both genes are either expressed in 

overlapping or at least adjacent domains of the embryo. Indeed, we observed an overlapping 

pattern of expression for alix and trim2. During early neurulation, alix transcripts were 

detected in the neural tube, eye bulb, and the cement gland (Fig. 7). At late tailbud stages, 

expression of alix appeared strongly within the forming CNS and cranial placodes. High 

level of expression was further detected in the pronephros, which did not show trim2 

expression (Fig. 2Ag, 2Bh), indicating additional Trim2 independent functions of Alix. 

Moreover, we tested by immunofluorescence whether endogenous TRIM2 and ALIX do 

show overlapping expression in a human neuroblastoma cell line SH-SY5Y. The specificity 

of both commercial antibodies employed was confirmed by blocking the respective signals 

in Western blot using specific siRNAs for each transcript (Suppl. fig. 5). Signals for 

endogenous TRIM2 and ALIX overlapped strongly and showed a filamentous pattern 

including some vesicular-like or granular structures within the cytoplasm (Fig. 7B).   
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Figure 7. (A) Expression of alix during neurogenesis overlaps strongly with trim2 in Xenopus. (a) At NF stage 

14, alix expression was observed within the neural plate (np) and cement gland Anlage (cg). (b-b’, anterior 

(ant) and lateral (lat) views) At NF stage 18, alix transcripts were detected in the neural tube (nt), eye bulb 

(eb), and forming cement gland (cg). (c-c‘) At NF stage 28, the presumptive brain (br), olfactory placode (ol), 

otic vesicle (ov), cement gland (cg), pronephros (pn) and skin cells (sk) reveal alix transcripts. (d) At NF stage 

36, a lateral view showed strong expression in eye, embryonic brain, spinal cord (sc), otic vesicle, and 

pronephros (pn). (d1-d5) Twenty-micrometer transverse gelatine/albumin sections taken at the level of fore-, 

mid-, hindbrain, otic vesicle, and spinal cord. Transcripts of alix were detected in the eye (ey), forebrain (fb), 

midbrain (mb), hindbrain, lens epithelium (ls), motor neuron (mn), olfactory placodes (ol), otic vesicles (ov), 

radial glial cells (rg), spinal cord (sc) and trigeminal nerve (tg). (B) Endogenous Alix and Trim2 were detected 

by fluorescence immunohistochemistry in a strongly overlapping pattern within the cytoplasm of SH-SY5Y 

glioblastoma cells. Pictures were taken in greyscale. Merge in false colours. Nuclei were stained with DAPI 

(blue). 

Functional interactions of Trim2 and Alix 

To provide first insight into the functional relationship of Trim2 and Alix, we performed 

single and co-suppression experiments of trim2 and alix and compared the expression of 

early neural marker genes. The injection of both morpholinos at a combined dose equal to 

the final dose of a single trim2-morpholino (see figure 5) injection resulted in similar 
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alterations of marker gene expression compared to trim2-morphants (Fig. 8). At NF stage 

15, sox3 expression within the neural plate appeared widened upon injection of alix alone 

or in combination (Fig. 8a and fig. 5 for trim2-mo) as ; strd-mo, N=10E; co-inj. trim2/alix-

mo, N=20E; P=9.47E-06, unpaired χ2 test, χ2 =19.6, df =1, po=17, P<0.001). The expression 

of myt1 and n-ß-tubulin in intermediate and longitudinal stripes and the trigeminal placode 

were again reduced in trim2/alix morphants (Fig. 8e-f, h-i; myt1: strd-mo N=10E; trim2/alix-

mo N=12E; P=1.85E-05, χ2 =18, df =1, po=11; n-ß-tubulin: strd-mo, N=10E; trim2/alix-mo, 

N=13E; P=1.12E-05, unpaired χ2 test, χ2 =19, df = 1, po=12, P<0.001). Moreover, at early 

tail bud stage (NF stage 32), alix-morphants showed a similar loss of motor-sensory function 

as observed for trim2-morphants (Movie 4). Since Trim2 and Alix physically interacted and 

either-or combined suppression resulted in an almost identical phenotype, we asked whether 

an epistatic relationship exits or whether both act interdependent. To this end, we performed 

rescue experiments for co-injected morphants with synthetic trim2 RNA or with human 

ALIX mRNA. However, we were unable to rescue the morphants with either trim2 or ALIX 

mRNA, which suggests that Trim2 and Alix act or interact in the same pathway in parallel 

(data not shown). 

 

Figure 8. trim2 and alix act in parallel on the formation of 

primary neurons in Xenopus. A comparison of early 

neuronal marker gene (sox3, myt1, and n-ß-tubulin) 

expression at NF stage15 of trim2 (see fig.5), alix and 

combined morphants revealed that primary neurogenesis 

is likewise impaired. (a-b) An apparent, widened 

expression of sox3 positive neural progenitors in the neural 

plate region on the injected side (red arrowheads and 

dotted lines). (c-f) The expression of the neural 

specification marker myt1 and the differentiation marker 

n-ß-tubulin were repressed or lost upon suppression of 

trim2, alix, and trim2/alix function. Primary neurons 

revealed as medial (md), intermediate (im), longitudinal 

(lt) stripes, and trigeminal placode (tg). 
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Discussion 

Our present work provides insight into the differential expression and function of Trim2 

during vertebrate embryogenesis. Trim2 is a conserved member of the TRIM-NHL family 

of E3 ligases24. Evolutionarily, Trim2 is highly conserved across species; the amino acid 

sequence of the human orthologue shows 96% homology to Xenopus Trim2 (Suppl. fig. 1). 

Analysis of trim2/Trim2 mRNA and protein expression revealed that trim2/Trim2 is 

predominantly expressed in the developing neural system of Xenopus laevis embryos. By 

suppression of function experiments, we demonstrated that trim2 affects proliferation, 

determination, and differentiation of neural progenitors during embryonic neurogenesis but 

not primary neural induction and also affects motor sensory function at later stages. We also 

provide evidence that Trim2 interacts with Alix using pulldown techniques, mass 

spectroscopic and functional analysis. 

In adult mice, Trim2 expression was reported in regions of the cerebellum, hippocampus, 

retina, and the spinal cord4. In Xenopus embryos, we found trim2 expression in the 

presumptive ventral brain and spinal cord, including the floor plate, otic vesicles, and 

olfactory placodes. Both, Trim2 protein and trim2 mRNA levels were high in committed 

and differentiated neuronal cell layers of the future central nervous system. Thus, 

Trim2/trim2 expression appeared highly similar in the CNS of Xenopus tadpoles and adult 

mice. In non-neural tissues, only weak expression like in head mesenchyme, notochord, 

somites and in the ventral blood island was observed.   

Recent insights into the mechanisms of neuronal polarization during axon specification 

revealed TRIM2-dependent post-translational regulation of NEFL4,5,25. First reported in the 

molluscan Lymnaea stagnalis, the orthologue L-Trim is up-regulated during neurite 

outgrowth of central neurons and in the postnatal brain during neuronal regeneration. Strong 

inhibition of neurite outgrowth was observed upon knock-down of l-trim mRNA as well25. 

Similarly, cultured hippocampal neurons and motor neurons from mice showed a 

hyperpolarization-like phenotype upon TRIM2 overexpression and a hypopolarization-like 

phenotype after trim2 knockdown. Likewise, proteasomal degradation of NEFL by TRIM2 

is necessary for neural polarization of the hippocampal neurons. All data thus far indicate a 

functional role for TRIM2 in secondary neurogenesis. Our findings complement this 

previous work, providing further evidence of trim2 function in embryonic neurogenesis. We 
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showed that in trim2-morphants, determination and differentiation of proneural genes is 

impaired at the open neural plate stage, while the precursor cell pool was unaffected or 

appeared even enlarged. This was also the case as observed for early forebrain markers. 

Presumably, suppression of trim2 function inhibited the cells from exiting the cell cycle 

properly, thereby resulting in an accumulation of precursor cells with a higher frequency of 

apoptotic cells. The apparent expansion of the neural precursor territory upon suppression 

of trim2 was most likely due to a delayed invagination movement of neural plate cells. In 

later stages, we also observed severe gross morphological malformations and loss of 

structural organization within the craniofacial region, in contrast to findings in Trim2GT 

mice. However, this may be due to integration of gene trap vector inside the Trim2 locus 

between exons 6 and 7, which may result in a partially active protein (since the catalytically 

active RING domain of Trim2 is located on exon 2). In addition, the authors reported a 

residual expression of nearly 5% of WT mRNA due to an alternative splicing effect4. On the 

other hand, suppression of trim2 function in Xenopus embryos resulted in defective motor 

neurons as seen by an ataxia-like phenotype of swimming tadpoles, similar to that reported 

in Trim2GT mice.  

Little is known about the direct interaction partners of TRIM2/Trim2. We identified Alix 

(originally described as a pro-apoptotic protein) as a candidate Trim2-interacting protein. 

First isolated from Xenopus oocytes, the alix homologue Xp95 is phosphorylated by src 

kinases26. In mice, ALIX has been described as a calcium-dependent interaction partner of 

apoptosis linked gene-2 (ALG-2)27,28. The overexpression of ALIX in cerebellar neurons of 

mice revealed activation of the caspase cascade leading to neuronal cell death, independent 

of the JNK or p38 MAPK signaling pathways. However, a C-terminal fragment of ALIX 

protected neurons from potassium withdrawal-induced cell death16. Our studies suggest a 

direct, functional interaction of Alix and Trim2 during embryonic neurogenesis and 

development. In a GST-pulldown/LC-MS/MS approach of Xenopus embryonic lysates 

using GST-Trim2 as bait, we identified the Xenopus homologue of Alix as a potential 

binding partner of Trim2. In general, expression of alix correlated strongly with trim2 during 

Xenopus development. In tadpoles, both transcripts were found in an overlapping pattern in 

the developing central nervous system and particularly in the retina and lens, brain, spinal 

cord, and the olfactory and otic placodes. Moreover, loss of neural differentiation and the 

microcephalic-like phenotype observed in trim2-morphants mimics that of Alix deficient 
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mice21. To date, there is no evidence for a functional role of TRIM2 in the regulation of 

apoptosis or cell survival. However, there is clear evidence for ALIX in this respect18,27,28. 

We could show a significant decrease in cellular proliferation, most probably due to a high 

rate of apoptosis within the developing CNS of trim2-morphants. The proportion of 

phosphohistone-H3-positive cells decreased, while the number of TUNEL-positive cells 

increased significantly. Along similar lines, loss of neural progenitors was observed during 

the transient phase of apoptosis in Alix KO mice21. Alix is involved in the regulation of the 

endolysosomal system through binding to endophilins and to endosomal sorting complexes 

required for the transport (ESCRT) proteins TSG101 and CHMP4b. Since TRIM2 appear to 

localize to vesicular structures, this may provide a subcellular platform for functional 

interactions between these referred proteins10-12,29.  

Our results provide evidence for an important function of Trim2-Alix interaction during 

early neural development. In concert, they may link developmental cues to cellular 

proliferation/cell survival and thus may take an important function during neuronal 

determination and differentiation. 

Materials and Methods 

Experimental model, microinjections and plasmids 

Albino Xenopus laevis frogs were purchased from Nasco (Ft. Atkinson, WI). Production, 

rearing and staging of embryos was performed according to Nieuwkoop and Faber, 199430. 

All procedures were performed according to guidelines set by the German animal use and 

care laws (Tierschutzgesetz) and approved by the German state administration Saxony-

Anhalt (Projekt/AZ: 42502-3-600 MLU). trim2 antisense morpholino (5'-

CTTCACTGGCCATCCTAGACCACTG-3') and alix antisense morpholino (5'- 

GTACCGAGATGAAGGTAGCCATCG-3') oligonucleotides were designed and purchased 

from Gene Tools, LLC, USA. For antisense microinjections 1.9 pmol of trim2 morpholino 

and 2.5 pmol of alix morpholino together with 250 pg synthetic egfp or ß-gal RNA as a 

tracer, was injected into one cell of two-cell stage embryos. For epistatic analysis, a low 

concentration of 1pmol of each morpholino was used in co-injections. A control morpholino 

oligonucleotide designed by Gene Tools (USA) was injected as a control (5-

CCTCTTACCTCAGTTACAATTTATA-3'). Embryos were raised until the desired stages 
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and fixed in MEMFA. Xenopus trim2 (Acc. no.: NM_001092023) and alix (Acc. no.: 

NM_001088401) plasmid clones were purchased from Source Bioscience, UK.  

Whole-mount in situ hybridization 

To analyse the spatiotemporal expression of respective marker genes, whole-mount in situ 

hybridization was performed as described earlier31. Anti-sense RNA probes were transcribed 

in the presence of digoxigenin and/or fluorescein-labelled UTP (Roche) from plasmids. 

Chromogenic reactions were carried out using NBT/BCIP (Roche). For a more detailed 

analysis of gene expression 20µm thick sections were cut from embryos embedded in 

gelatine/albumin (Roth) using a microtome (Leica) and were mounted on glass slides. 

Antisense probes (cut, transcribe): pCS2+MT-trim2: BamHI, T3; pBluescriptKS-n-ß-

tubulin, BamHI, T3; pCS107-sox3, HindIII, T7; pBluescriptKS-myt1, ClaI, T7; pGEM-T-

pax6L, NotI, T7; pBluescriptKS+-bf1, BamHI, T3; pCMVSport6-pdcd6ip.L/alix, SalI, T7. 

Immunostaining of Xenopus embryos 

To analyse the protein expression, embryos injected with either morpholino or mRNA in 

one cell of a two-cell stage embryo and or non-injected embryos. Embryos grown until 

desired NF stage were fixed and left overnight in Dent’s solution at -20°C for 

permeabilization. Next embryos were washed in a series of decreasing methanol 

concentration steps, blocked for ~6 hours in 20% horse serum/PBS and incubated with 

appropriate antibody (see Immunostaining and Western blotting) at 4°C overnight. Embryos 

were washed thoroughly in PBSTB twice, 2 hours each and in PBSTBN for 2 hours. Then 

3 times 5 min wash and a wash step in PBSTB at 4°C overnight. Embryos are transferred to 

respective secondary antibody conjugated with either alkaline phosphate or fluorophores 

and incubated at 4°C overnight. This was followed by wash steps as above for 30 min and 

overnight. The staining of embryos was performed as described for Wmish. In case of 

fluorescence staining, embryos were washed twice for 5 min and left in PBS buffer for 

further analysis.  

Apoptosis/proliferation assay in Xenopus embryos 

Apoptotic cells were detected using the TUNEL assay (Hensey and Gautier, 1998). TdT 

(Terminal Deoxynucleotidyl Transferase, 20 u/μl) and Dig-11-dUTP were purchased from 

Roche. Proliferating cells were identified by detection of phosphorylated histone H3 (PH3) 
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as described (Saka and Smith, 2001). Rabbit polyclonal anti-phosphohistone H3 (Millipore) 

was used with a dilution of 1:400. Embryos were then subjected to plastic sections (5 μm) 

and the PH3-positive cells were counted on each section. 

Cell culture and transfections. 

HEK 293T cells were used for the Western blot analysis. For pull-down assay approximately 

1.0*106 cells were seeded in a 6-well plate and maintained in DMEM supplemented with 

10% FCS and 100U/ml penicillin G and streptomycin. All media and sera were purchased 

from PAA laboratories. For transient transfection, 60% confluent cells were transfected with 

indicated plasmid DNA polyethyleneimine (3µg in 1µl) (PEI-Sigma Aldrich, 5mg/ml). After 

~6h of incubation with the PEI/DNA complex, medium was replaced by fresh serum 

containing medium. 24h post transfection cells were harvested. The lysates were cooked in 

loading buffer and loaded on 10% SDS gels for further analysis.  

Immunocytochemistry and Western blot 

For immunofluorescence, approximately 1.1*106 cells of NIH-3T3 and 1.6*106  cells of  SH-

SY5Y were seeded on glass coverslips for 24h, fixed in 4% paraformaldehyde, 

permeabilized with 0.2% Triton X-100 for 5min, and blocked with 2% BSA for 30min. 

Following the incubation with the primary antibodies for 45min at 37°C, cells were blocked 

again for 30min and incubated with the secondary antibodies (anti-mouse-Alexa 488, anti–

rabbit-Alexa 594, 1:200). Cells were washed three times with PBS after each step except 

after blocking and were finally desalted in water, dehydrated in 100% ethanol, and mounted 

on superfrost glass slides with Mowiol containing DAPI (1:1000). For antibody specificity 

approximately 1.5*105 NIH-3T3 cells seeded, grown to confluency and transfected with 

different trim2 and alix siRNAs to knockdown the endogenous protein levels. Cells grown 

overnight were collected and lysed with RIPA buffer containing appropriate inhibitors, 

cooked in Laemmli buffer and loaded on to SDS gels. The resolved proteins were transferred 

on to a PVDF membrane and the chemiluminescence reaction was observed on an X-ray 

film. Antibodies: anti-Trim2, Sigma-Aldrich, SAB4200206, rabbit, IHC 1:400, IF 1:200, 

WB 1:500; anti-Trim2, Novus Biologicals, NB100-1218, goat, IF 1:200, WB 1:500; anti-

Alix (3A9), Santa Cruz Biotechnology, Inc., SC-53538, mouse, IF 1:200, WB 1:200; anti-

Flag, Sigma-Aldrich, F1804, mouse, WB 1:5000; mouse trim2 siRNA, 5-
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GCACCUACGAGUUCUUGUA, mouse; alix siRNA, 5-GAACCUAGCAACUGCGUAU 

from Dharmacon, transfection by Lipofectamine “RNAi max”, Invitrogen.  

Total RNA extraction, cDNA preparation and semi-quantitative RT-PCR 

Total RNA was extracted from snap frozen embryos. Embryos were homogenized in 

TRIZOL, and phase separated using chloroform. The mixture was centrifuged and re-

extracted using chloroform. Total RNA was precipitated using isopropanol and re-

suspended in RNase free water. 500 ng total RNA was used for cDNA synthesis using 

Protoscript II RTase (NEB) and random primers following manufacturer’s protocol. Semi-

quantitative RT-PCR was performed using intron spanning primer pairs (trim2-fwd, 5'-

CCCGGACGGTAGTGTTACTG-3', trim2-rev, 5'-GTAGTTGACCTGGGGACCTG-3'). 

Annealing temperatures were 59 °C for both, 29 cycles respectively. Histone h4 (h4-fwd, 5'-

CGGGATAACATTCAGGGTATCACT-3', h4-rev, 5'-

ATCCATGGCGGTAACTGTCTTCCT-3') was used to control the input mRNA (56 °C, 26 

cycles). 

GST-Pulldown and LC-MS/MS Mass Spectrometry 

Xenopus trim2 was cloned into pGEX4-T1 vector. Fifty micrograms of bacterially expressed 

and purified GST or GST-Trim2 was added to 1mL (1 mg protein) lysate and after 1h at 4°C 

under continuous rotation, 50μL GSH-Sepharose beads were added to the mixture. Further 

60min of incubation, the beads were washed three times with IP lysis buffer and once with 

0.1mM Tris, pH7.4. Proteins were eluted with 2× Laemmli buffer, separated by SDS/PAGE, 

and analysed by Western blot. GST-Trim2 as a bait was applied on Xenopus embryonic 

lysates (NF stage 30-36) followed by affinity enriched LC-MS/MS on an LTQ Orbitrap 

instrument32. Three independent biological replicates were analysed. Proteins detected were 

evaluated based on the intensities of the MS signals and spectral counts to assess enrichment 

of protein interactions with GST-Trim2 relative to GST alone. First, proteins are required to 

be reproducibly present, detected by at least five spectral counts. Second, proteins showing 

less than 100-fold spectral count enrichment over proteins co-isolated with GST alone are 

deemed nonspecific and are excluded. Third, base value for student t-test with a significance 

of 10-5 is set as standard (Table 1). 
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Alignment, Phylogeny, Synteny 

Fasta sequences for the protein families analysed were obtained by Blast tool 

(http://blast.ncbi.nlm.nih.gov) and aligned using T-Coffee and Box shade tool 

(http://tcoffee.vital-it.ch/apps/tcoffee/index.html). A phylogenetic tree of the proteins was 

generated through maximum-likelihood using one-click mode 

(http://phylogeny.lirmm.fr/phylo_cgi/index.cgi). The synteny analysis is based on data 

derived with the help of metazome v3.2 (https://metazome.jgi.doe.gov/pz/portal.html). The 

individual gene sequences and the corresponding information regarding Xenopus laevis gene 

loci were obtained from Xenbase (http://gbrowse.xenbase.org) and depicted accordingly. 

Statistical Analysis 

Chi square test of homogeneity examines the extent to which the occupied variables for a 

four-field table deviate from an expected, homogeneous distribution. Unpaired Chi square 

distribution of independence was used to test the null hypothesis. P-values were deduced from 

the abundance values of the replicates of independent biological samples. Significance of P value 

was set at p<0.001 and degrees of freedom (df) n-1. Null hypothesis is rejected, if the chi 

square is greater than the value in the chi-square table with p ≤ 0.001 and 1 degree of 

freedom, then the null hypothesis of independence is rejected. 
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Table 1. List of proteins identified in the interactome from LC-MS/MS analysis. Genes arranged 

according to decreasing P values. Alix (row 5) protein with one of the highest P values and abundance. Note, 

the identification of Trim2 in the interactome (row 18, 20). 

 

 

 Gene Name Gene 
Symbol 

Accession 
Number 

P value Abundance 

1 phosphoribosylglycinamide 
formyltransferase, 
phosphoribosylglycinamide synthetase, 
phosphoribosylaminoimidazole synthetase 

gart NM_001099882 
 

1.99E-09 99753557.71 

2 phosphoglucomutase 3 pgm3 NM_001087415 2.27E-08 54689274.29 

3 ATP synthase F1 subunit gamma atp5f1c NM_001091279 4.45E-08 103066222.90 

4 serpin family A member 6 serpina6 NM_001085634 1.71E-07 6.16 

5 programmed cell death 6-interacting 
protein 

pdcd6ip/
alix 

NM_001088401 9.27E-07 127818404.90 

6 microsomal glutathione S-transferase 3 mgst3 NM_001092866 4.76E-06 131.32 

7 ribosomal protein L27a rpl27a NM_001086720 6.90E-06 10.04 

8 ATP synthase F1 subunit gamma atp5f1c NM_001087012 8.92E-06 647.69 

9 voltage-dependent anion channel 3 vdac3 NM_001091887 1.07E-05 3.32 

10 glyceraldehyde-3-phosphate 
dehydrogenase 

gapdh NM_001087098 1.39E-05 13.55 

11 endoplasmic reticulum oxidoreductase 
alpha 

ero1a BC077754 1.69E-05 19.45 

12 ribonucleotide reductase M1 rrm1 NM_001090843 1.93E-05 7.53 

13 CNDP dipeptidase 2 cndp2 NM_001093621 2.24E-05 212.52 

14 proteasome 26S subunit, non-ATPase 8 psmd8 NM_001091280 5.76E-05 31524095.71 

15 heat shock protein family D (Hsp60) 
member 1 

hspd1 NM_001086185 7.51E-05 10.39 

16 glutathione S-transferase theta 1 gstt1 NM_001091734 1.05E-04 133086476.60 

17 adenylosuccinate lyase adsl NM_001087124 1.20E-04 49220858.57 

18 tripartite motif containing 2 trim2 XM_018236814 1.66E-04 998526258.90 

19 acetyl-CoA acyltransferase 2 acaa2 NM_001087263 2.76E-04 21.10 

20 tripartite motif containing 2 trim2 NM_001092023 3.28E-04 63.35 

21 aspartyl-tRNA synthetase dars NM_001092021 3.60E-04 39632768.86 

22 ribosomal protein L8 rpl8 NM_001086996 5.45E-04 110.75 

23 bifunctional purine biosynthesis protein purh XM_018238947 6.60E-04 139875184.60 

24 cytochrome c-1 cyc1 NM_001096171 6.63E-04 13.38 

25 phosphorylase, glycogen; brain pygb XM_018259948 8.65E-04 43701513.71 

26 proteasome 26S subunit, non-ATPase 13 psmd13 NM_001094267 1.02E-03 21.91 

27 glutamyl-prolyl-tRNA synthetase eprs NM_001127874 1.09E-03 22483025.14 

28 regulator of chromosome condensation 2 rcc2 NM_001095936 1.14E-03 96777897.14 

29 ribosomal protein, large, P0 rplp0 NM_001086665 1.15E-03 7.93 

30 eukaryotic translation initiation factor 5A eif5a NM_001087067 1.46E-03 5.92 
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5 Discussion 

 

The generation of the proper amount of neurons in the various regions of the developing 

vertebrate central nervous system is a complex process that involves carefully regulated 

spatial and temporal balance between neural progenitor cells (NPC) proliferation and 

differentiation. This balance is tightly regulated by the activities of numerous extracellular 

and intracellular molecular factors, including commitment of neural stem cells (NSCs) 

toward neuronal fates, specification of neuronal subtype identities, neuronal differentiation 

and neuronal migration. The timing of the switch of NPCs from proliferation to 

differentiation, as well as the sequential induction of specific NPC and neuron types, differs 

between central nervous system regions and vertebrate species. Accumulating evidence 

indicates that the ubiquitin proteasome system (UPS) plays an essential role in the proper 

timing of these decisions. Ubiquitin E3 ligases play a vital role in this process by targeting 

key factors of neurogenesis for degradation. The primary aim of the present thesis was to 

characterize functional interaction partners of Trim E3 ligases as well as to understand their 

role during the formation of the nervous system. 

 Xenopus Trim E3 ligases in early neurogenesis 

The extensive research on TRIM E3 ligases in humans and lack of any data on the 

expressional and functional mechanism of these ligases in the vertebrates raised our interest 

to address this question. Trim-related cDNAs were identified in Genbank and obtained from 

Source BioScience (UK). Preliminary expressional analysis based on the spatio-temporal 

characterization using whole-mount in situ hybridization (WMISH) and semiquantitative-

RT-PCR revealed ubiquitous expression for majority of the obtained Xenopus Trim E3 

ligases (data not shown). However, we identified a number of cDNAs, which revealed a 

specific expression pattern within the neuro-ectodermal and neuronal derived structures of 

the early developing Xenopus embryo (Fig. 8). Sequence analysis of these trim’s (trim2, 

trim7, mid1, trim23, trim28, trim29, and trim36) confirmed the homology towards human 

orthologues.   
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 Midline1/Trim18 Ubiquitin E3 ligase during vertebrate early neurogenesis 

Mid1/Trim18, was the first member of the Trim family of ubiquitin E3 ligases that had been 

cloned in the lab. Trim18/MID1 was first identified as the causative gene for the X-linked 

Figure 5-1. Members of the trim family of E3-ligases with distinct patterns of expression during 
Xenopus embryogenesis. Preliminary expression was observed in stages starting from gastrulation through
to early tadpole stage. Homology towards human protein sequence is indicated in percentage 
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OS74. The major activity of MID1 was associated with the ubiquitination and proteasome 

dependent degradation of PP2A and/or α4 protein76. Similarly, recent studies have revealed 

association of  MID1 with various proteins such as elongation factor 1α (EF-1α), RACK1, 

Annexin A2, Nuclephosmin, Mig12 among others and is involved in mRNA transport and 

translation and microtubule dynamics and may cause the pathological signs affecting the 

patients with OS90–92. Though OS is a developmental disease, little is known about the role 

of Mid1 during early vertebrate development, which would be of high interest to understand 

the etiology of the disease. To address this question, we first analysed the expression of mid1 

through whole mount in situ hybridization (WMISH) during the early development of 

Xenopus. Early tailbud stages showed mid1 expression in the optic vesicles overlaps with 

early pax6 expression. At later stages, mid1 expression was more confined to ventral region 

of the forming eye and the optic stalk, while pax6 expression in the retina. In mouse and 

chick embryos, Mid1 expression was observed in the proliferating nueroepithelium of the 

forebrain and the outer nuclear layer of the retina93,94 whereas pax6 expression is restricted 

to the inner nuclear layer. This expression of mid1 in part correlated to hedgehog (hh) 

regulated genes vax1 and pax2, important transcription factors regulating ventral eye/eye 

stalk identity95,96. In Xenopus, analysis of a similar Hedgehog dependent regulation of mid1 

revealed strong induction of mid1 in the optic vesicle and prospective forebrain region upon 

misexpression of shh. On the other hand, it was showed that, Mid1 can function on Hh-

signalling. The human Fu, known to transmit the Hh signalling in Drosophila, permits 

nuclear localization of the transcription factor GLI3 in a cancer cell line. Here, MID1 

catalyses the ubiquitination of Fu and promotes a site-specific cleavage, which is normally 

needed for the nuclear localization and thus transcriptional activity of GLI380. Thus, a 

feedback loop may exist, which regulates the balance between mid1 and shh expression.  

5.2.1 Mid1 modulates Pax6 protein abundance in a substrate dependent manner 

Pax6, a member of the PAX gene family is an evolutionarily highly conserved transcription 

factor97.  Pax6 is one of the first eye field transcription factors (EFTFs) described in a wide 

area of the neural plate including the eye filed98. Pax6 is involved in the specification of the 

prospective eye and retinal field99,100 whereby, the level and timing of Pax6 expression are 

tightly controlled during the formation of these structures101–104. Moreover, Pax6 is an 

indispensable transcription factor for the proper formation of the vertebrate eye and acts cell 
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autonomously in the optic vesicle and lens surface ectoderm100,104. In humans, heterozygous 

mutations in PAX6 caused ocular defects, whereas the homozygous mutation resulted in 

anophthalmia105. Contrarily, transgenic mice overexpressing multiple copies of the human 

PAX6 gene also showed similar ocular defects as the heterozygous mice106,107. Similarly, 

both in Xenopus and Drosophila, overexpression of pax6 induced the formation of ectopic 

eyes108,109. On a broader scale, Pax6 is one of the most important regulators of eye 

development with its function critically dependent on the spatio-temporal and quantitatively 

defined expression levels101. 

In Xenopus, pax6 is detected in the neuroblast cells of the developing retina. In early tailbud 

stages, pax6 is expressed homogenously in the optic vesicle, whereas in tadpoles expression 

is limited to the lens epithelium, inner nuclear layer and the ganglion cell layer110,111. 

Recently, regulation of Pax6 activity by posttranslational modification has been reported112–

114. However, similar mechanisms leading to the development of the visual system is 

unknown. We addressed the question, whether Mid1 is involved in the control of Pax6 

protein levels in the forming visual system. We showed that, mid1 is expressed in the ventral 

region of the eye and the optic stalk, while pax6 expression was confined to the retina, 

indicating spatial regionalization during the formation of the visual system. Intriguingly, this 

expression pattern correlated with the expression of Pax6 and Pax2 in the developing 

zebrafish embryos, Where Pax6 is expressed in the neural retina and pigmented epithelium, 

while Pax2 was observed in optic stalk115. Similarly, in Pax2 and in Pax6 mutant mice, 

reciprocal mutant mice, reciprocal expansion of Pax2 and Pax6 gene expression in the 

complimentary phenotypes was observed. In Pax6 mutants, expansion of Pax2 expression 

at the margins of the optic cup was observed, suggesting failure to become restricted to optic 

cup/optic stalk boundary. Whereas, Pax2 mutants showed Pax6 expression expanded 

towards the roof of diencephalon, while the primordial optic stalk acquired the fate of neural 

retina. These results showed that spatial specification of the eye/eye stalk boundary is 

dependent on the expression as well as reciprocal transcriptional repression of Pax2 

promoter activity by Pax6 protein and vice versa116. However, earlier it was also reported 

that, sonic hedgehog (Shh) both directly or indirectly induces the expression of Pax2 and 

inhibits the expression of Pax6, thus regulating the partition of optic primordia into optic 

stalk and retina115. In similar lines, we showed that shh induces mid1 expression, whereas 

pax6 expression was repressed. Interestingly, since shh seem to regulate both pax2 and mid1, 
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we looked at the expression of mid1 upon suppression of pax2 function. We did not observe 

any impairment of mid1 expression in the ventral eye or optic stalk suggesting that Mid1 

acts independently to target Pax6 activity for degradation in the ventral eye/eye stalk region. 

Thus, we wanted to test whether Mid1 can target Pax6 for degradation. In cell culture using 

immunofluorescence, Mid1 was mainly detected in the cytoplasm and Pax6 in the 

nucleus117,118 (own data). Nevertheless, biochemical (WB) analysis of nuclear and 

cytoplasmic cellular fractions revealed that a minor amount of Mid1 is also present in the 

nucleus. Indeed, a much lower level of Pax6 protein was detected in immunoprecipitates of 

cell lysates co-transfected with both Pax6 and Mid1. Similarly, overexpression of Mid1 in 

αTN4-1 cells or in neuralized animal cap explants, led to a reduction of endogenous Pax6, 

while the degradation of Pax6 by the UPS was suppressed by proteasome inhibitors. These 

results confirmed that Mid1 indeed mediates proteasomal degradation of Pax6, acting as a 

Pax6 specific E3-ligase. In line with these results, Tuoc and Stoykova reported in 2008 that 

in the developing mice cortex, Trim11 mediates Pax6 degradation. Interestingly, Pax6 

regulates trim11 transcription, probably in a negative feed-forward loop to reduce excess 

Pax6 protein119.  

5.2.2 mid1 in vivo loss-of-function induces large eyes and Pax6 overexpression 

Based on our results and to further understand the function of mid1 in vivo, we suppressed 

mid1 function using antisense morpholino technique, which blocks the translation of the 

targeted mRNA. The microinjection of the mid1-morpholino resulted in a significant 

increase in the size of the embryonic eyes due to a higher rate of cell proliferation. Closer 

investigation of the affected eye revealed a strong enlargement of the optic vesicle with 

aberrant retinal folds, loss of retinal stratification and ectopic expression of pax6. Thus, 

suppression of mid1 function allows to maintain pax6 expression in a region where normally 

Mid1 restricts Pax6.  

Further, Pax6 was shown to be required for proliferation and retinal cell-fate 

determination120,121. In the more peripheral RPCs, Pax6 prevents activation of 

photoreceptor-differentiation pathway by suppressing expression of the transcription factor 

Crx, whereas more centrally Pax6 is dispensable for neurogenesis but is essential for their 

multipotency102,120. In chick, Pax6 promoted the differentiation of non-photoreceptor 
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neurons while inhibiting the differentiation of photoreceptor cells122. Against this 

background, we investigated direct cell autonomous effects of Mid1 in retinal cells 

following in vivo lipofection experiments. Following mid1 overexpression in the retina, an 

increased proportion of photoreceptor cells and a reduction in bipolar cells upon Mid1 

knockdown was observed. Since, this effect could be rescued by Pax6 overexpression, the 

change in the proportion of retinal cell types upon Mid1 overexpression was most likely the 

result of a Mid1 mediated degradation of endogenous Pax6. 

We conclude that, our results reveal an important aspect of Mid1 function in the eye/eye 

stalk regionalization during early neurogenesis. We have shown that, mid1 is expressed in 

the ventral region of the eye and the optic stalk and expression of mid1 is under the control 

of shh in a feedback dependent loop. We could show Mid1 E3 ligase dependent proteasomal 

degradation of Pax6 in the forming optic stalk. Thus, providing evidence that part of Mid1 

function in vertebrates is the tight and specific regulation of Pax6 protein levels essential for 

the visual system development.  

 Trim2 regulates proliferation and differentiation during Xenopus early neural 

development 

Trim2 was first identified in mouse brain as neural activity ring finger protein (NARF) that 

interacts with motor protein myosin V via the NHL domain84. Here, striking signals of 

NARF mRNA were detected in the hippocampus, cerebral frontal cortex, retina, olfactory 

bulb  and the spinal cord84,85. By whole-mount in situ hybridization and whole-mount 

immunostaining approaches, we showed a strong expression of trim2/Trim2 in the 

presumptive ventral brain, the floor plate, retina, lens, otic vesicles, olfactory placodes and 

the spinal cord. Both, levels of trim2 mRNA and Trim2 protein were high in committed and 

differentiated neuronal cell layers of the forming CNS of Xenopus tadpoles, highly similar 

to the expression of Trim2 in adult mice. Concomitantly, Xenopus Trim2 amino acid 

sequence analysis showed 96% homology towards the human orthologues protein.  

Moreover, investigation of antisense morpholino induced trim2 loss-of-function in Xenopus 

resulted in smaller heads affecting the developing brain and eyes. Further analysis whether 

the small head is due to differential down regulation of precursor pool or even proneural 

genes, we examined the expression of panneural precursor gene sox3 and proneural early 
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forebrain markers namely fb1, otx2 and pax6 at the open neural plate stage (Nieuwkoop & 

Faber (NF) stage 14/15). trim2-morphants displayed broadened expression of all these 

maker genes, which was presumed to be a result of impaired convergent and extension 

movements of cells of the neural plate and not an expansion of the neural plate itself. This 

assumption was strengthened by the observation of a disturbed dynamics of actin 

assembly/disassembly shown by the accumulation of phalloidin at early neurula (NF stage 

15). The defective actin dynamics might also the cause for the neural tube closure defects 

and high mortality (NF stage 20) in trim2-morphants. Further, we counted only half the 

number of proliferative cells compared to the control-side. However, the number of 

apoptotic cells dramatically increased in all regular trim2 territories, often showing 

aggregation of apoptotic cells in the presumptive brain and eye of late tailbud stages (NF 

stage 27). Contrarily, the Trim2 gene trap (Trim2GT) homozygous mice did not show any 

neural tube defects. However, at approximately postnatal day 50 (P50), the homozygous 

mice developed progressive and substantial loss of Purkinje cells (73%, differentiated 

neurons) due to apoptosis, which increased to 85% in the 5 month old Trim2GT mice85. 

Similarly, upon analysis of myt1, n-tubulin and nrcam for differentiated neurons in Xenopus 

trim2-morphants, a marked reduction of differentiated neurons was observed. The reduced 

number of differentiated cells might be due to the high apoptosis of the precursor cells. 

Furthermore, in Xenopus, a motility-escape assay revealed loss of gross motor-sensory 

function in trim2-morphants (Movie 1 and 2, see attached CD). These observations 

complemented the human patient phenotype with early onset of axonal neuropathy and 

muscle hypotonia due to a heterozygous missense mutation in TRIM289 and of the Trim2GT 

mice with juvenile onset of tremor and ataxia85. Thus, our findings not only complement the 

previous work, but provide vital evidence for a role of trim2 function during proliferation 

and differentiation of neural precursor cells. 

5.3.1 Pdcd6ip/Alix is an interaction partner of Trim2 involved in early neurogenesis 

In general, E3 ubiquitin ligases are conceived to have more than one substrate or interaction 

partner. It was shown in Trim2GT adult mice that, accumulation of neurofilament light chain 

(NEFL) in neuronal structures leads to axonopathy, progressive neurodegeneration, and 

juvenile onset of tremor and ataxia. Re-expression of TRIM2 prevented neurodegeneration 

via UbcH5a-dependent degradation of NEFL85. Similarly, in mouse embryonic fibroblasts, 
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p42/p44 MAPK-dependent ubiquitination of cell death-promoting factor Bim (Bcl-2-

interacting mediator of cell death) by TRIM2 conferred neuroprotection during rapid 

ischemia87. Surprisingly, analysis of nefl expression in trim2-morphants do not show any 

accumulation of nefl in the late tadpoles, probably still too early to observe an accumulation 

like in adult mice. Therefore, we aimed to identify Trim2 interacting proteins during 

Xenopus development by GST pull-down based high throughput LC-MS/MS mass 

spectrometry. To this end, we analysis embryonic lysates of late tailbud stage embryos (NF 

stage 30 – 36) using Trim2-GST as a bait.  

We identified Pdcd6ip/Alix (Programmed cell death 6 interacting protein/Apoptosis-linked 

gene-2 interacting protein X) as an interaction partner of Trim2. First isolated from Xenopus 

oocytes, the alix homologue Xp95 is phosphorylated by src kinases123. Alix is a 

multimodular adaptor protein involved in the sorting of cargo proteins of multivesicular 

bodies for incorporation into vesicles and the endo-lysosome system124–127. Alix plays a role 

in the regulation of apoptosis, cell adhesion, and cytomorphology128,129. Overexpression of 

Alix can promote apoptosis130,131 or tumour cell proliferation132, whereas a truncated form 

prevents apoptosis131. Spatial expression analysis of alix revealed that it correlated strongly 

with trim2 during Xenopus development. In tadpoles, both transcripts were found in 

overlapping regions of the developing CNS, particularly in the retina, lens, brain, spinal 

cord, and the olfactory and otic placodes. Similarly, cellular expression of endogenous Alix 

and Trim2 as analysed in a human neuroblastoma cell line (SH-SY5Y) also revealed a highly 

overlapping expression within the cellular cytoplasm. Further, expression of precursor and 

proneural genes in alix-morphants showed a similar altered expression pattern and at early 

tail bud alix-morphants showed a similar loss of motor-sensory function as observed for 

trim2-morphants (Movie 4, see attached CD). Similarly, the combined suppression resulted 

in an almost identical phenotype, suggesting that these proteins function towards the same 

pathway. Moreover, loss of neural differentiation and the microcephalic-like phenotype 

observed in trim2-morphants mimicked that of Alix deficient mice 133. Thus, we aimed to 

solve the question of an epistatic relationship or whether both act interdependently. To this 

end, we performed rescue experiments for co-injected morphants with synthetic trim2 RNA 

or with human ALIX mRNA. However, we were unable to rescue morphants with either 

trim2 or ALIX mRNA, suggesting that Trim2 and Alix interact in the same pathway in 

parallel. It has been reported that ALIX plays a critical role in the apoptotic pathway134–136 
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and is also involved in the regulation of the endolysosomal system125–127,137. trim2-

morphants showed a significant decrease in cellular proliferation of the progenitor 

population, due to a high rate of apoptosis. Along similar lines, loss of neural progenitors 

was observed during the transient phase of apoptosis in Alix KO mice133. Numerous studies 

have linked Alix to the modulation of apoptosis in neurons and neurodegenerative 

diseases130,131,134,138,139. The Trim2 paralogue Trim3 was reported to localize to early 

endosomes140 and from our results of TRIM2 expression in vesicular like structures, one can 

hypothesize that trim2 in conjunction with alix might play a crucial role in the endosomal 

mediated apoptosis during neuronal biogenesis. 

Thus, our results provide first evidence for an important function of Trim2-Alix interaction 

during early neurogenesis. Here, we have shown similar expression as well as loss-of 

function phenotypic profiles for both trim2- and alix-morphants. In both morphants 

apoptosis of neurogenic cells was the common phenotype. In concert, these may link 

developmental cues to cellular proliferation/cell survival and thus may take an important 

function during neuronal determination and differentiation. 
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6 Summary 

 

The major focus of my work has been to elucidate the molecular mechanisms underlying 

the early development of nervous system in the vertebrate model organism Xenopus laevis. 

The generation of neurons and the formation of the central nervous system is tightly 

regulated in space and time by the activities of numerous molecular factors, beginning from 

neural induction, neural differentiation and migration up until adult neurogenesis. Recently, 

TRIM proteins have been implicated in many biological processes from cell signalling to 

immune response. Thus, alterations in TRIM proteins are involved in my pathological and 

developmental disorders including neurodegenerative diseases. In the present dissertation, I 

present a comprehensive analysis on the spatio-temporal expression of Xenopus laevis Trim 

protein family members. We show that majority of Trim’s have ubiquitous expression with 

a few exceptions. 

Further, for the first time we demonstrate Trim18/Mid1, identified in X-chromosome linked 

Opitz BBB/G (OS) syndrome, interacts with Pax6. Mid1 transcripts were observed in the 

neural tube, optic vesicle in the early stages, which at later stages were more defined and 

restricted to the ventral regions of the midbrain-hindbrain, eye, and in the optic stalk. Within 

the optic cup, a major territory of mid1, misexpression of the morphogen shh strongly 

induced mid1 expression, whereas as pax6 was repressed. Here, Mid1 regulates the 

ubiquitination and proteasomal degradation of Pax6. Concurrently, mid1 loss-of-function 

showed enlarged eyes and extended expression of pax6. Moreover, targeted overexpression 

of mid1 affected the fate of retinal precursor cells, which could be reversed by co-expression 

of pax6. These findings indicate that Mid1 mediated posttranslational modification and 

clearance of the excessive Pax6 protein is necessary to set proper boundaries between the 

eyestalk and the retina. A function that is under the regulation of sonic hedgehog to suppress 

the Pax6 activity and thus break autoregulation of pax6 at defined intervals during visual 

system development. 

Moreover, functional analysis of Trim2, another Trim protein family member showed 

physical interaction with Alix. Analysis trim2/Trim2 mRNA and protein revealed 

predominant expression in the developing neural system of Xenopus laevis embryos. 
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Moreover, trim2 knock down affected neural progenitor cell survival, thereby inhibiting 

primary neurogenesis. Further, Alix was identified as an interaction partner in embryonic 

lysates of Trim2-GST pull-down led LC-MS/MS mass spectrometry screen. alix transcripts 

showed an overlapping expression similar to trim2 during Xenopus neural development and 

in cell culture. Additionally, functional and epistatic analysis through single and co-

suppression of trim2 and alix on early neural marker genes revealed similar alterations 

during early neurogenesis. These findings provide evidence that Alix and Trim2 E3 ligase 

interact in the same pathway in parallel and are possibly involved in the timing of 

differentiation and determination of neural progenitors through the control of cell 

proliferation/apoptotic processes during early neural development.  
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7 Outlook 

 

The research work presented in this thesis has opened a number of research lines that should 

be explored in the future. For instance, based on the expressional data analysis presented in 

this work both for mid1 and trim2, it is of keen interest to further elucidate the molecular 

mechanisms underlying the development of the neural system. Towards this, one of the 

extensive reviews underlying the function of Mid1 in development and disease has been 

described by Winter J et al.141. Here, a functional aspect one could ask regarding the MID1 

expression in neural crest cells (NCC) and its involvement in neurocristopathy of OS. MID1 

expression pattern in NCC is highly conserved in human, mouse, chick and 

Xenopus74,92,94,142. Craniofacial dysmorphism- a condition observed in OS is caused due 

defective NCC formation and is linked to SHH signalling141.  In the present work we have 

shown that misexpression of shh revealed a strong induction of mid1 in the optic cup. It is 

also known from earlier research that, MID1 interacts with GLI3, an SHH effector, through 

FU and regulates it transcriptional activation. Therefore, future studies aimed at 

investigating the functional relationship between Mid1 and Shh/Gli3 in NCCs would be of 

immense interest/use in deciphering part of its functional role in OS. 

Similarly for Trim2, apart from further elucidating the functional role between Trim2 and 

Alix in early neurogenesis, one could further ask its role in embryonic patterning. We have 

shown that trim2 loss-of-function in Xenopus leads to neural tube closure defects due to 

inability of the cells to collectively migrate. Recently, trim2 was identified to be enriched in 

the organizer around the dorsal lip of Xenopus laevis gastrulae143. It is known form earlier 

studies that, cells surrounding dorsal lip, the organizer are involved in patterning of the 

embryo. Therefore, future studies should aim at dissecting the role of trim2 in embryonic 

induction and patterning. 
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