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Abstract
Objective: Deleterious variants in LRSAM1, a RING finger ubiquitin ligase which is also known as TSG101-associated ligase 
(TAL), have recently been associated with Charcot-Marie-Tooth disease type 2P (CMT2P). The mechanism by which mutant 
LRSAM1 contributes to the development of neuropathy is currently unclear. The aim of this study was to induce LRSAM1 
deficiency in a neuronal cell model, observe its effect on cell growth and morphology and attempt to rescue the phenotype with 
ancestral and mutant LRSAM1 transfections.
Materials and Methods: In this experimental study, we investigated the effect of LRSAM1 downregulation on 
neuroblastoma SH-SY5Y cells by siRNA technology where cells were transfected with siRNA against LRSAM1. 
The effects on the expression levels of TSG101, the only currently known LRSAM1 interacting molecule, were also 
examined. An equal dosage of ancestral or mutant LRSAM1 construct was transfected in LRSAM1-downregulated cells 
to investigate its effect on the phenotype of the cells and whether cell proliferation and morphology could be rescued.        
Results: A significant reduction in TSG101 levels was observed with the downregulation of LRSAM1. In addition, 
LRSAM1 knockdown significantly decreased the growth rate of SH-SY5Y cells which is caused by a decrease in cell 
proliferation. An effect on cell morphology was also observed. Furthermore, we overexpressed the ancestral and the 
c.2047-1G>A mutant LRSAM1 in knocked down cells. Ancestral LRSAM1 recovered cell proliferation and partly the 
morphology, however, the c.2047-1G>A mutant did not recover cell proliferation and further aggravated the observed 
changes in cell morphology.                  
Conclusion: Our findings suggest that depletion of LRSAM1 affects neuroblastoma cells growth and morphology and 
that overexpression of the c.2047-1G>A mutant form, unlike the ancestral LRSAM1, fails to rescue the phenotype.  
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Introduction
Leucine Rich Repeat And Sterile Alpha Motif Containing 

1 (LRSAM1), a RING finger E3 ubiquitin ligase, 
participates in a range of cellular functions including 
cell adhesion, signaling pathways and cargo sorting 
through receptor endocytosis (1, 2), and is expressed in 
both fetal and adult nervous systems (3). LRSAM1, also 
known as TSG101-associated ligase (TAL), regulates the 
metabolism of Tumor Susceptibility gene 101 (TSG101) by 
attaching several monomeric ubiquitins to the C-terminus 
of TSG101 (4). TSG101 is a tumor suppressor gene and 
a component of the endosomal sorting complex required 
for transport (ESCRT) machinery, with a significant role 
in cell cycle regulation and differentiation, and is the only 
reported interactor of LRSAM1 (2, 5). 

Ubiquitination is an important process of the cellular 
system, primarily regulating protein degradation by 
proteasomes, endocytosis, transcription regulation, protein 
trafficking and cell death (6, 7). Necessary components of 
ubiquitination are three highly specific enzymes, namely 
ubiquitin-activating enzyme (E1), ubiquitin-conjugating 
enzyme (E2) and ubiquitin protein ligase (E3) (8).  E2 

enzymes form a complex with ubiquitin (E2-Ub) that is 
pre-activated by E1 enzymes. The formed E2-Ub complex 
is recognized and coupled by E3 ligases for ubiquitin 
transfer to the target site (9). It has become evident that 
E3 ubiquitin ligases play an essential role in the regulation 
of axons, dendrites and dendritic spine morphogenesis as 
well as in neuronal function (7, 10). Aberrant E3 ubiquitin 
ligase activity has been associated with neurological 
disorders, including mutations in PARK2 (Parkinson 
Protein 2) and LRSAM1 which result in the juvenile type 
of Parkinson’s disease (10) and the Charcot-Marie-Tooth 
disease respectively (4). 

LRSAM1 has recently been implicated in Charcot-
Marie-Tooth (CMT) pathways but its role remains unclear. 
LRSAM1 knockdown in zebrafish has been reported to 
cause delayed neurodevelopment (3), while LRSAM1 
knockout mice presented only sensitization to acrylamide-
induced neurodegeneration with no anatomical or functional 
abnormalities (11). Transfection of the c.2080C>T LRSAM1 
variant in LRSAM1 knockout NSC34 mouse neuronal cells 
caused axonal degeneration and also disrupted interaction of 
LRSAM1 with RNA-binding proteins (12). 
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We reported a dominant LRSAM1 mutation (c.2047-
1G>A, p.Ala683ProfsX3) in a large Sardinian CMT type 
2P family (13). To date, five other LRSAM1 mutations 
have been associated with CMT neuropathy of which 
one and four show recessive (4) and dominant (3, 12, 14, 
15) inheritance respectively. All the dominant mutations 
identified are located within the RING finger domain 
whereas the recessive mutation is located 37 amino 
acids upstream of this domain. To functionally examine 
the effect of the dominant variant we had identified, we 
downregulated LRSAM1 in neuroblastoma SH-SY5Y 
cells and overexpressed the ancestral and the c.2047-
1G>A mutant LRSAM1 in LRSAM1 knocked down cells. 
We hereby report the effects of LRSAM1 downregulation 
on SH-SY5Y cells and the inability of mutant LRSAM1 
to reverse the phenotype, contrary to the ancestral form.

Materials and Methods
In this experimental study, we investigated the effect of 

LRSAM1 downregulation on neuroblastoma SH-SY5Y 
cells followed by the overexpression of ancestral and 
mutant LRSAM1 in these knocked down cells. 

Human SH-SY5Y neuroblastoma cells culture 
Human SH-SY5Y neuroblastoma cells (ECACC, Sigma-

Aldrich, USA) were cultured in DMEM (Invitrogen, 
USA) without L-glutamine. The growth medium was 
supplemented with 10% fetal bovine serum (FBS, 
Invitrogen, USA), 2% GlutaMAXTM (Gibco, USA) and 
1% Penicillin-Streptomycin 100X Solution (Invitrogen, 
USA). SH-SY5Y cell lines were incubated at 37˚C under 
5% CO2.   

Plasmid construction
Whole human LRSAM1 constructs

The pIRES2-EGFP-LRSAM1 ancestral and mutant 
constructs were purchased from Eurofins (Germany). Vectors 
(pIRES2-EGFP) contained the whole coding and part of the 
5ˊ and 3ˊ UTR of the human LRSAM1 cDNA in frame. NheI 
and EcoRI restriction sites were added at the two ends. The 

mutant LRSAM1 cDNA included a G base deletion at the 
first codon of exon 25, representing the frameshift effect of 
the c.2047-1G>A splice defect variant (13).

Transfection

Cells were transfected using Lipofectamine® 3000 
(Life Technologies, USA) according to the manufacturer’s 
instructions. Lipofectamine® 3000 along with either 
constructs or siRNA were dissolved in the Opti-MEM® 
(Life Technologies, USA) reduced serum medium without 
FBS and antibiotics.

Downregulation of LRSAM1 in neuroblastoma SH-SY5Y 
cells

For downregulation of LRSAM1, cells were double-
transfected with siRNA (Table 1) to ensure a more 
efficient reduction of gene expression. The siRNA against 
LRSAM1 (Life Technologies, USA) was transfected 
into SH-SY5Y cells according to the manufacturer’s 
instructions. Negative control siRNA (Life Technologies, 
USA), lipofectamine only and untransfected-A were 
used as controls of the experiments. Untransfected-A 
represented cells that had not been transfected with siRNA 
while the other two controls were used to detect any effect 
of transfection. The cell growth rate was observed every 
24 hours (Table 1). Protein extraction was undertaken on 
days 2 and 5.

Transfection of LRSAM1 constructs in knocked down 
SH-SY5Y cells

Knocked down SH-SY5Y cells were transfected on day 
5 (Table 1), using an equal, maximum recommended, 
dose of ancestral or mutant LRSAM1 construct. The 
empty vector (pIRES2-EGFP) was used as a control to 
test for any possible effect of the construct on the cells. 
Untransfected-B cells were also used as controls which 
were treated with LRSAM1 siRNA but not transfected with 
either ancestral or mutant LRSAM1 construct. Cells were 
monitored using the IX73 inverted microscope (Olympus, 
Japan) before and 48 hours after transfection.

Table 1: LRSAM1 knockdown timetable

Intervals Procedure Counting

Day 0 Platting √

Day 1-40% cells confluency 1st transfection √

Day 2-24 hours after 1st transfection 2nd transfection √

Day 3-48 hours after 1st -24 hours after 2nd transfection Incubation √

Day 4-72 hours after 1st -48 hours after 2nd transfection Incubation √

Day 5-96 hours after 1st -72 hours after 2nd transfection Incubation √
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Cell concentration in knocked down SH-SY5Y cells

Cells were collected from each well using the appropriate 
volume of 0.25% Trypsin-EDTA (Life Technologies, 
USA). Concentration of live cells (number of cells/ml) was 
determined using a hemocytometer (Hausser Scientific, 
USA). Trypan blue 0.4% (Sigma-Aldrich, USA) was added 
to the cell suspension (1:1 ratio) and only circular cells that 
did not absorb the blue dye were counted.
Protein extraction from SH-SY5Y cells

Proteins were extracted using a protein lysis buffer 
containing 1M NaCl, 10 mM Tris-Cl (pH=7.5), 10% 
glycerol (Sigma-Aldrich, USA), 1% TweenTM 20 (Affymetrix, 
USA), 10 Mm β-mercaptoethanol (Sigma-Aldrich, USA) 
and 1x EDTA-free Protease Inhibitor Cocktail (Promega, 
USA). Lysates were sonicated, denatured at 95˚C and 
diluted in 1x sodium dodecyl sulfate 20 % (Fisher 
Scientific, UK). The Coomassie Plus (Bradford) protein 
assay (Thermo Scientific, USA) was used to measure the 
protein concentration.

Western blot analysis

Proteins were separated on SDS-PAGE (8-12%) gels and 
transferred to PVDF membranes (Millipore, Germany). 
Membranes were blocked with 5% non-fat milk in PBS-
0.1% TweenTM20 and were incubated overnight at 4˚C 
with the respective specific primary antibody for each 
protein [mouse anti-LRSAM1/Abcam ab73113 (1:400), 
rabbit anti-LRSAM1/Novus Biological H00090678-D01 
(1:750), rabbit anti-CASPASE-3/Santa Cruz SC7148 
(1:700), mouse anti-CYCLIN D1/Abcam ab6152 (1:300), 
mouse anti-TSG101/Novus Biological NB200-11 (1:500) 
and mouse anti-β-ACTIN/Sigma-Aldrich A2228 (1:4000)] 
which was diluted in phosphate buffered saline (PBS)-0.1% 
TweenTM20. The membranes were then incubated for 2 hours 
with the appropriate secondary antibodies [AP124P goat 
anti-mouse IgG-Peroxidase H+L/Millipore (1:7000) and 
sc-2077 donkey anti-rabbit IgG-HRP/ Santa Cruz (1:7000)] 
followed by incubation with the visualization LumiSensorTM 

Chemiluminescent HRP Substrate Kit (Genscript, USA). 
Membranes were finally visualized using the UVP imaging 
system (BioRad, USA). Western blots were quantified using 
the ImageJ software (https://imagej.nih.gov). Protein quantity 
ratio was estimated relative to β-actin.

Statistical analysis
Quantitative data (ratio %) from three independent 

experiments were analyzed using the two-tailed Student’s 
paired t test. A P<0.05 was considered statistically 
significant. All the data are expressed as mean ± SD of 
the three replicates. The mean of quantitative data of the 
control samples was set to 100%.

Ethical considerations
This study was ethically approved by the Cyprus 

National Bioethics Committee (ΕΕΒΚ/ΕΠ/2013/28).

Results
Downregulation of LRSAM1 affects growth and 
morphology of undifferentiated SH-SY5Y cells

The efficiency of downregulation was evaluated with 
Western blot analysis on days 2 and 5. Twenty-four hours 
after the first LRSAM1 siRNA transfection (day 2), we 
observed a 41 ± 2.94% reduction of endogenous LRSAM1. 
Downregulation of LRSAM1 also caused a 30 ± 4.99% 
reduction in TSG101 levels (data not shown). Following 
the double-transfection of LRSAM1 siRNA, a 75 ± 3.94% 
and 47 ± 2.72% decrease in LRSAM1 and TSG101 levels 
was observed (Fig.1). Growth of LRSAM1 knocked down 
cells was remarkably reduced 72 hours after the second 
transfection (day 5). Slightly reduced growth was observed 
in negative siRNA and lipofectamine only controls, reflecting 
the transfection effect (Fig.2A). However, downregulation 
of LRSAM1 substantially decreased the growth rate of 
neuroblastoma SH-SY5Y cells when compared with the 
controls (PLRSAM1/untransfected-A=0.0478). 

Monitoring the cells 72 hours after the first transfection, 
we observed that LRSAM1 downregulation had affected the 
morphology of the cells compared with negative control cells 
(Fig.2B). The majority of knocked down cells had a spherical 
shape with only a small proportion displaying an elongated 
shape. No neurite formation among the cells was observed in 
knocked down cells. In addition to a higher density, negative 
control cells not only showed an elongated shape, but they 
also displayed short neurite outgrowths in empty spaces 
among the cells with a tendency to form networks.

To identify the cause of the observed reduction in 
growth rate, we examined the protein levels of two 
protein markers with Western blot analysis. Cyclin D1 
and Caspase-3 were used as the cell cycle and apoptotic 
markers respectively. Equal expression of Caspase-3 was 
detected in knocked down and control cells (Fig.3A). 
However, a significant reduction of 44 ± 4.50% of Cyclin 
D1 expression was observed in knocked down cells 
when compared with controls (Fig.3B), thus indicating a 
potential role for LRSAM1 in the cell cycle process.

Transfection of LRSAM1 in knocked down SH-SY5Y cells
Knocked down cells were transfected with ancestral or 

mutant LRSAM1 constructs. Efficiency of the transfection 
was monitored with Western blot analysis (Fig.4). Given 
that the efficiency of the knockdown was approximately 
70%, 30% of the endogenous LRSAM1 protein level 
was expected to be present. This level of endogenous 
LRSAM1 was confirmed in the empty vector pIRES2-
EGFP and the untransfected-B controls as well as those 
transfected with the mutant LRSAM1. In the latter, 
two bands were observed representing the ancestral 
(endogenous) and the lower molecular weight truncated 
mutant protein (exogenous). Total expression levels of 
LRSAM1 (ancestral and mutant) in ancestral and mutant 
transfected knocked down cells was equivalent (89 and 
90% respectively).
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Fig.1: siRNA-mediated downregulation of LRSAM1. A. Western blot analysis of endogenous LRSAM1 and TSG101 levels, compared with the 
controls (negative control siRNA, lipofectamine only and untransfected-A cells). LRSAM1 and TSG101 levels were determined 72 hours after the 
second transfection. β-ACTIN was used as an internal control and B. Quantification of LRSAM1 and TSG101 was performed relative to β-ACTIN. 
Untransfected-A cell values (LRSAM1 and TSG101) were set to 100% to reflect the normal cell growth within the 5 days of the experimental 
procedure. LRSAM1 levels (purple colour): LRSAM1 siRNA transfected cells (25 ± 3.94%, P<0.004), negative control siRNA transfected cells (90 ± 
2.89%, P<0.009), lipofectamine only transfected cells (94 ± 2.15%, P<0.008) and untransfected-A cells (100 ± 1.36%). TSG101 levels (light purple 
colour): LRSAM1 siRNA transfected cells (53 ± 2.72%, P<0.007), negative control siRNA transfected cells (84 ± 2.20%, P<0.027), lipofectamine only 
transfected cells (93 ± 2.49%, P<0.040) and untransfected-A cells (100 ± 4.51%). 

Fig.2: Effect of LRSAM1 knockdown on SH-SY5Y cells. A. Double transfection of LRSAM1 siRNA was performed on days one and two of the experimental 
procedure. Cell counts after every 24 hours from day zero (plating) are depicted. Negative control siRNA, lipofectamine only and untransfected-A cell 
cultures were performed and used as control for the experiment and B. Microscopy analysis 72 hours after the first LRSAM1 downregulation in double 
transfected LRSAM1 siRNA and negative control siRNA SH-SY5Y cells. Arrows heads show the formation of early neurites (scale bar: 200 μm).

A

B

A B
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Fig.3: Investigation of apoptotic (caspase-3) and cell cycle (cyclin D1) markers in LRSAM1 knockdown SH-SY5Y cells. Western blot analysis of A. Caspase-3 
and B. Cyclin D1 levels compared with the controls (negative control siRNA, lipofectamine only and untransfected-A cells). Protein levels were determined 
96 hours after the first transfection. β-ACTIN was used as an internal control. Quantification of caspase-3 and cyclin D1 was performed relative to β-ACTIN. 
Untransfected-A cell values (caspase-3 and cyclin D1) were set to 100%. Caspase-3 levels: LRSAM1 siRNA transfected cells (96 ± 5.48%, P<0.018), negative 
control siRNA transfected cells (100 ± 4.55%, P<0.02), lipofectamine only transfected cells (96 ± 2.58%, P<0.019) and untransfected-A cells (102 ± 5.31%). 
Cyclin D1 levels: LRSAM1 siRNA transfected cells (44 ± 4.50%, P<0.005), negative control siRNA transfected cells (95 ± 3.99%, P<0.009), lipofectamine only 
transfected cells (104 ± 3.33%, P<0.03) and untransfected-A cells (99 ± 2.92%). 

A B

A B

Fig.4: Evaluation of endogenous and exogenous LRSAM1 levels. A. Western blot analysis of LRSAM1 levels 48 hours after the LRSAM1 transfection in 
knocked down SH-SY5Y cells. An approximately 30% of endogenous protein was detected. β-ACTIN was used as an internal control and B. Quantification 
of ancestral and mutant LRSAM1 was performed relative to β-ACTIN. Untransfected-B cell values (LRSAM1) were set to 30% (endogenous LRSAM1 
background). Ancestral LRSAM1 transfected cells representing ancestral-endogenous + ancestral-exogenous LRSAM1 levels within a single band (89 ± 
1.80%, P<0.0087 relative to untransfected-B). LRSAM1 mutant transfected cells representing ancestral-endogenous (31 ± 0.68%, P<0.01) and mutant-
exogenous (59 ± 1.68%, P<0.007) LRSAM1 levels in two different size bands. Empty vector pIRES2-EGFP transfected cells representing ancestral-
endogenous levels (28 ± 0.71%, P<0.0045). Untransfected-B cells representing ancestral-endogenous LRSAM1 levels (30 ± 0.72%, P<0.0019).
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Fig.5: Investigation of cell morphology and proliferation after transfection of ancestral or mutant LRSAM1 in knocked down SH-SY5Y cells. Microscopy 
analysis before and 48 hours after the transfection of ancestral or mutant LRSAM1 constructs. At the time of LRSAM1 transfection, cells expressed 30% of 
the endogenous LRSAM1 level. Arrows show the formation of early neurites (scale bar: 100 μm).

We overexpressed ancestral and mutant LRSAM1 
in  knocked down cells to investigate whether cell 
proliferation and morphology could be rescued. Forty-
eight hours after transfection of the ancestral LRSAM1, 
the growth of cells was considerably recovered 
when compared with controls. Cells transfected with 
ancestral LRSAM1 re-proliferated, morphology of the 
cells was partly retrieved and cells displayed a more 
elongated shape. Also, cells initiated formation of early 
neurites. Transfection with an equal dose of the mutant 
LRSAM1 not only did not improve cell proliferation, 
but also worsened the morphological features of cells 
when compared with controls. Specifically, mutant 
LRSAM1 transfection induced the formation of cell 
clusters comprising small circular and thin elongated 
cells. Empty vector pIRES2-EGFP and untransfected-B 
cells displayed the same morphology and growth 
prior to the transfection without any improvement in 
density, neurite formation and alteration in the shape 
of the cells (Fig.5).

Discussion
A relatively small number of variants in LRSAM1 have 

been associated with CMT2P, however, the majority of 
them are predicted to interfere with the RING domain 
and in turn the E3 ubiquitin ligase activity of the protein. 
Ubiquitination plays a central role within cells and its 
disruption is expected to have an impact on the overall 

wellbeing of the cell. We thus investigated the effect of 
LRSAM1 depletion on cell growth and morphology using 
neuroblastoma cells, a good in vitro model to study the 
function of a gene that is associated with a neurological 
condition, namely CMT2P neuropathy.

LRSAM1 incomplete (70%) knockdown severely 
affected the growth and morphology of neuroblastoma 
cells. However, failure to observe a phenotype in mouse 
NSC34 cells despite complete knockout of LRSAM1 
with the CRISPR/Cas9 system has been reported (11, 
12). The mouse model which was homozygous for a 
loss-of-function variant in Lrsam1 had no anatomically 
or functionally detectable abnormalities with only a 
sensitivity of peripheral motor axons to acrylamide-
induced degeneration (11). Unlike the mouse model, the 
morpholino induced Lrsam1 zebrafish model had both 
anatomically and functionally detectable abnormalities 
(3). Thus, species- and/or cell/model-specific LRSAM1 
regulation may explain the differences between the 
effects of LRSAM1 depletion that we observed in human 
neuroblastoma SH-SY5Y cells as opposed to the reported 
effect in mouse NSC34 cells. 

Given that LRSAM1 downregulation affected the 
cell cycle process by observing a lower level of cyclin 
D1, the G1-phase is most likely impaired. We also 
observed a significant reduction of TSG101 levels with 
downregulation of LRSAM1. In another study on TSG101 
deficient cells, G1 and G1/S-phase cyclins D1 and E were 
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not affected, however the S and M phase cyclins A2 and 
B1 were prominently decreased (16). We therefore suggest 
that knockdown of LRSAM1 affects cell cycle regulation 
in the G1-phase at an earlier stage than TSG101. The 
two molecules may act directly or indirectly and through 
interaction with each other or independently to cause 
changes in the cell cycle.

LRSAM1, through its E3 ligase activity, regulates 
the level of TSG101 by targeting it for ubiquitination 
and degradation. Silencing of TSG101 has been shown 
to decrease proliferation and cell growth of adult and 
embryonic tissues (17). Early embryonic lethality was 
also observed in homozygous knockout TSG101 mice 
(18). Interestingly, strong overexpression of TSG101 also 
prevented cell division and induced cell cycle arrest (19). 
It therefore seems that TSG101 is tightly controlled and is 
necessary for normal cell function with LRSAM1 having 
a significant role in adjusting the TSG101 level. 

Other E3 ubiquitin ligases have also been reported to be 
involved in cell cycle regulation and neurodegeneration. 
Two E3 ubiquitin ligase complexes are involved in cell 
cycle regulation;  SCF (SKP1/CUL1/F-box) and APC/C 
(anaphase prompting complex) complexes mediate 
ubiquitination and activation of cell cycle marker proteins 
(20). In addition, deficiency in the E3 ubiquitin ligase 
activity of TRIM2 has been reported to cause severe early-
onset axonal CMT2R (21).  TRIM2 ubiquitinates the 
neurofilament light chain and patient sural nerve biopsy 
as well as TRIM2-gene trap mice studies have shown the 
accumulation of neurofilaments inside the axons (21, 22). 
Deregulation in the ubiquitin proteasome system (UPS), 
consisting of E3 ubiquitin ligases, has also been associated 
with neurodegenerative disorders. Parkin, an E3 ligase, 
exerts a direct, confirmed impact on neurodegeneration 
which leads to Parkinson disease (23). Decreased levels 
of HRD1and Fbxo2 E3 ligases have also been reported in 
tissues obtained from Alzheimer’s patients (24). 

Other CMT genes, which lack E3 ubiquitin ligase 
activity, have also been implicated in cell cycle 
progression. The ancestral GDAP1 (CMT2K and 
CMT4A) has been reported to rescue cell cycle delay 
caused by Fis1 deficiency in contrast to mutant GDAP1 
(25), and an extended cell cycle was observed in zebrafish 
mutants with impaired PRPS1 expression, a gene that has 
been associated with X- linked CMT (26). 

In the second part of this study, we overexpressed 
the ancestral and the c.2047-1G>A mutant LRSAM1 in 
knocked down cells. Given that transfection with the 
mutant form failed to rescue the phenotype and also 
deteriorated the morphology of the cells, we speculate 
that the c.2047-1G>A mutation, which leads to protein 
truncation, dramatically affects the activity of the enzyme 
rendering it unable to cause ubiquitination. A recent study 
demonstrated that recombinant mutant LRSAM1 RING 
proteins, carrying frameshift or missense mutations, 
abolished the ligase activity of LRSAM1. Mutant proteins 
failed to interact and form poly-ubiquitin chains with E2 

enzymes, which is a crucial process for efficient target 
ubiquitination (27). Transfection of LRSAM1 with a 
missense variant in the RING domain also caused axonal 
degeneration in LRSAM1 knockout NSC34 cells and 
disrupted interaction of LRSAM1 with RNA-binding 
proteins (12). 

Five of the six LRSAM1 mutations that have been 
associated with CMT2P exert a dominant effect and are 
all located within the RING domain, suggesting that the 
E3 ligase activity of the protein is affected. The recessive 
mutations are located upstream of the RING domain and 
result in no detectable protein. A dominant-negative effect 
of the dominant mutations is possible, with the presence 
of the mutant protein interfering with the function of the 
ancestral LRSAM1, given the similar clinical phenotype 
between patients with dominant and recessive forms. This 
possibility is supported by the findings of Hakonen et al. 
(27), who demonstrated that LRSAM1 RING mutants 
maintained the capacity to form heterodimers with the 
ancestral LRSAM1 proteins. Another possibility of a 
dominant-negative effect of mutant LRSAM1 may be 
through its interaction with TSG101. LRSAM1 interacts 
with TSG101 for proper ubiquitination of TSG101 (2) 
and the interacting amino acids precede the RING domain 
of the protein, and both mutant and ancestral LRSAM1 
may therefore compete for TSG101 binding. The 
interaction and formation of a complex between mutant 
LRSAM1 and TSG101 is not affected by the disruption 
of the LRSAM1 RING domain (27). In the absence of 
ubiquitination efficiency caused by RING domain-mutant 
LRSAM1, the mutant LRSAM1-TSG101 complex may 
lead to blockage of the TSG101 ubiquitination pathway, 
consistent with an alternative dominant-negative effect of 
mutant LRSAM1.      

Conclusion
We suggest that depletion of LRSAM1 affects 

neuroblastoma cells growth and morphology and that 
overexpression of the c.2047-1G>A mutant, in contrast 
to the ancestral LRSAM1, fails to rescue the phenotype.         

Acknowledgements
This study has been financially supported by a grant of 

the Cyprus TELETHON (Grant number: 73115). There is 
no conflict of interest in this study.

Authors’ Contributions 
A.M., P.N., K.C.; Conceived and designed the 

experiments. A.M.; Performed the experiments. A.M., 
P.N.; Analysed the data. All authors contributed to 
reagents/materials/analysis tools and wrote the paper. All 
authors read and approved the final manuscript.

References
1. Li B, Su Y, Ryder J, Yan L, Na S, Ni B. RIFLE: a novel ring zinc 

finger-leucine-rich repeat containing protein, regulates select cell 
adhesion molecules in PC12 cells. J Cell Biochem. 2003; 90(6): 
1224-1241.

Arc
hive

 of
 S

ID

www.SID.ir



          Cell J, Vol 20, No 3, Oct-Dec (Autumn) 2018 347

LRSAM1 Depletion Affects SH-SY5Y Growth and Morphology

2. Amit I, Yakir L, Katz M, Zwang Y, Marmor MD, Citri A, et al. Tal, a 
Tsg101-specific E3 ubiquitin ligase, regulates receptor endocytosis 
and retrovirus budding. Genes Dev. 2004; 18(14): 1737-52.

3. Weterman MA, Sorrentino V, Kasher PR, Jakobs ME, van Engelen 
BG, Fluiter K, et al. A frameshift mutation in LRSAM1 is responsible 
for a dominant hereditary polyneuropathy. Hum Mol Genet. 2012; 
21(2): 358-370.

4. Guernsey DL, Jiang H, Bedard K, Evans SC, Ferguson M, Matsuo-
ka M, et al. Mutation in the gene encoding ubiquitin ligase LRSAM1 
in patients with Charcot-Marie-Tooth disease. PLoS Genet. 2010; 
6(8). pii: e1001081.

5. Oh H, Mammucari C, Nenci A, Cabodi S, Cohen SN, Dotto GP. 
Negative regulation of cell growth and differentiation by TSG101 
through association with p21(Cip1/WAF1). Proc Natl Acad Sci 
USA. 2002; 99(8): 5430-5435.

6. van Wijk SJ, de Vries SJ, Kemmeren P, Huang A, Boelens R, Bon-
vin AM, et al. A comprehensive framework of E2-RING E3 inter-
actions of the human ubiquitin-proteasome system. Mol Syst Biol. 
2009; 5: 295.

7. Hamilton AM, Zito K. Breaking it down: the ubiquitin proteasome 
system in neuronal morphogenesis. Neural Plast. 2013; 2013: 
196848.

8. Husnjak K, Dikic I. Ubiquitin-binding proteins: decoders of ubiquitin-
mediated cellular functions. Annu Rev Biochem. 2012; 81: 291-322.

9. Budhidarmo R, Nakatani Y, Day CL. RINGs hold the key to ubiqui-
tin transfer. Trends Biochem Sci. 2012; 37(2): 58-65.

10. Chin LS, Vavalle JP, Li L. Staring, a novel E3 ubiquitin-protein li-
gase that targets syntaxin 1 for degradation. J Biol Chem. 2002; 
277(38): 35071-35079.

11. Bogdanik LP, Sleigh JN, Tian C, Samuels ME, Bedard K, Seburn 
KL, et al. Loss of the E3 ubiquitin ligase LRSAM1 sensitizes pe-
ripheral axons to degeneration in a mouse model of Charcot-Marie-
Tooth disease. Dis Model Mech. 2013; 6(3): 780-792.

12. Hu B, Arpag S, Zuchner S, Li J. A Novel Missense Mutation of 
CMT2P Alters Transcription Machinery. Ann Neurol. 2016: 80(6): 
834-845.

13. Nicolaou P, Cianchetti C, Minaidou A, Marrosu G, Zamba-Papani-
colaou E, Middleton L, et al. A novel LRSAM1 mutation is associat-
ed with autosomal dominant axonal Charcot-Marie-Tooth disease. 
Eur J Hum Genet. 2013; 21(2): 190-194.

14. Engeholm M, Sekler J, Schondorf DC, Arora V, Schittenhelm J, 
Biskup S, et al. A novel mutation in LRSAM1 causes axonal Char-
cot-Marie-Tooth disease with dominant inheritance. BMC Neurol. 
2014; 14: 118.

15. Peeters K, Palaima P, Pelayo-Negro AL, García A, Gallardo E, 
García-Barredo R, et al. Charcot-Marie-Tooth disease type 2G re-
defined by a novel mutation in LRSAM1. Ann Neurol. 2016: 80(6): 
823-833.

16. Krempler A, Henry MD, Triplett AA, Wagner KU. Targeted deletion 
of the Tsg101 gene results in cell cycle arrest at G1/S and p53-
independent cell death. J Biol Chem. 2002; 277(45): 43216-4323.

17. Wagner KU, Krempler A, Qi Y, Park K, Henry MD, Triplett AA, et al. 
Tsg101 is essential for cell growth, proliferation, and cell survival of 
embryonic and adult tissues. Mol Cell Biol. 2003; 23(1): 150-162.

18. Ruland J, Sirard C, Elia A, MacPherson D, Wakeham A, Li L, et al. 
p53 accumulation, defective cell proliferation, and early embryonic 
lethality in mice lacking tsg101. Proc Natl Acad Sci USA. 2001; 
98(4): 1859-1864.

19. Zhong Q, Chen Y, Jones D, Lee WH. Perturbation of TSG101 
protein affects cell cycle progression. Cancer Res. 1998; 58(13): 
2699-2702.

20. Bassermann F, Eichner R, Pagano M. The ubiquitin proteasome 
system - implications for cell cycle control and the targeted treat-
ment of cancer. Biochim Biophys Acta. 2014; 1843(1): 150-162.

21. Ylikallio E, Pöyhönen R, Zimon M, De Vriendt E, Hilander T, Paetau 
A, et al. Deficiency of the E3 ubiquitin ligase TRIM2 in early-onset 
axonal neuropathy. Hum Mol Genet. 2013; 22(15): 2975-2983.

22. Balastik M, Ferraguti F, Pires-da Silva A, Lee TH, Alvarez-Bolado 
G, Lu KP, et al. Deficiency in ubiquitin ligase TRIM2 causes accu-
mulation of neurofilament light chain and neurodegeneration. Proc 
Natl Acad Sci USA. 2008; 105(33): 12016-12021.

23. Ardley HC, Robinson PA. The role of ubiquitin-protein ligases in neu-
rodegenerative disease. Neurodegener Dis. 2004; 1(2-3): 71-87.

24. Atkin G, Paulson H. Ubiquitin pathways in neurodegenerative dis-
ease. Front Mol Neurosci. 2014; 7: 63.

25. Estela A, Pla-Martin D, Sanchez-Piris M, Sesaki H, Palau F. Char-
cot-Marie-Tooth-related gene GDAP1 complements cell cycle de-
lay at G2/M phase in Saccharomyces cerevisiae fis1 gene-defec-
tive cells. J Biol Chem. 2011; 286(42): 36777-36786.

26. Pei W, Xu L, Varshney GK, Carrington B, Bishop K, Jones M, et 
al. Additive reductions in zebrafish PRPS1 activity result in a spec-
trum of deficiencies modeling several human PRPS1-associated 
diseases. Sci Rep. 2016; 6: 29946.

27. Hakonen JE, Sorrentino V, Avagliano Trezza R, de Wissel MB, van 
den Berg M, Bleijlevens B, et al. LRSAM1-mediated ubiquitylation 
is disrupted in axonal Charcot-Marie-Tooth disease 2P. Hum Mol 
Genet. 2017; 26(11): 2034-2041. 

Arc
hive

 of
 S

ID

www.SID.ir


