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Different fusion tags affect the activity of ubiquitin overexpression on spastin 
protein stability
Jianyu Zou,1* Zhenbin Cai,1* Zhi Liang,2* Yaozhong Liang,1 Guowei Zhang,1 Jie Yang,1 Yunlong Zhang,1
Hongsheng Lin,1 Minghui Tan1

1Department of Orthopaedics, The First Affiliated Hospital of Jinan University, Guangzhou 
2Department of Orthopaedics, The Eighth Affiliated Hospital of Sun Yat-sen University, Shenzhen, China
*These authors contributed equally to this work.

Spastin is one of the proteins which lead to hereditary spastic paraplegia (HSP), whose dysfunction towards
microtubule severing and membrane transporting is critically important. The present study is to elucidate the
mechanisms of the protein stability regulation of spastin. The ubiquitin encoding plasmids were transfected into
COS-7 cells with different fusion tags including Green Fluorescent Protein (GFP), mCherry and Flag. The
expression level of spastin was detected, microtubule severing activity and neurite outgrowth were quantified.
The data showed that ubiquitin overexpression significantly induced the decreased expression of spastin, sup-
pressed the activity of microtubule severing in COS-7 cells and inhibited the promoting effect on neurite out-
growth in cultured hippocampal neurons. Furthermore, when modulating the overexpression experiments of
ubiquitin, it was found that relatively small tag like Flag, but not large tags such as GFP or mCherry fused with
ubiquitin, retained the activity on spastin stability. The present study investigated the effects of small/large tags
addition to ubiquitin and the novel mechanisms of post-transcriptional modifications of spastin on regulating
neurite outgrowth, in the attempt to experimentally elucidate the mechanisms that control the level or stability
of spastin in hereditary spastic paraplegia.
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Introduction
Hereditary spastic paraplegia (HSP) is a genetically heteroge-

neous neurodegenerative disorder, characterized by progressive
spasticity and weakness of the bilateral lower extremities due to
degeneration of the bilateral corticospinal tract axons.1 Mutations
in the gene encoding for SPAST (SPG4) are the most common
cause of autosomal dominant HSP.2 Spastin belongs to the ATPase
associated with various cellular activities (AAA) protein family
and its activity is associated with diverse cellular processes. SPG4
gene translates to two spastin isoforms, M1 (68 kDa) and M87 (60
kDa).3 These two isoforms can produce another two isoforms (M1
Δexon4 and M87 Δexon4) through alternative mRNA splicing of
exon4.4 Mutations of spastin in HSP include nonsense, frameshift,
splicing and exon deletion, which change the activity of spastin by
affecting its ATP binding, ATP hydrolysis or oligomerization.3 This
haploinsufficiency of mutations likely induced the loss of function
of spastin.5 Considering the essential function of spastin during
many processes including microtubule severing,6,7 endosome traf-
ficking,8-11 and neurite extension.12,13 The loss of spastin could
cause axonal transport dysfunction and axonal swellings.14-17

Lopes et al. found that spastin-involved axonal transport disorder
might be related to kinesin, and eventually cause the cognitive
function of mice to decline.11 In zebrafish embryos, reduced
spastin can cause dramatic defects in motor axon outgrowth.14 In
addition, we also found that the long non-coding RNA (LncRNA)
MALAT1 regulates the expression of spastin by targeting miR-30,
thereby regulating its functions in microtubule severing and neu-
rite outgrowth.13 Surprisingly, there are few studies on the degra-
dation mechanism of spastin. Sardina et al. found that HIPK2
(Homeodomain interacting protein kinase 2) can phosphorylate
spastin at S268.15 This phosphorylation may inhibit the polyubiq-
uitination and degradation of spastin.16 However, the mechanisms
of how to control the protein level or stability of spastin and its
effect on microtubule severing and axon outgrowth remain to be
elucidated. 

Ubiquitin (Ub) is a highly conserved small molecule protein
widely found in eukaryotes which consists of 76 amino acids.17

The main function of the Ub system is proteasomal degradation
with a range of substrates. Ub is attached to substrates by a com-
plicated three-step enzymatic cascade action, including Ub activa-
tion by E1, Ub conjugation by E2 and Ub ligation by a variety of
E3 enzymes.18-20 In addition to regulating protein degradation,
ubiquitination events are also involved in nuclear transport,21 mito-
chondrial translocation22 and transcriptional activity.23 When
experimentally observing the potential proteasomal degradation of
a protein, overexpression of tag-fused Ub protein is commonly
used, such as Green Fluorescent Protein (GFP), mCherry or Flag
tags. However, whether different types of tags would impact Ub
activity, especially on spastin protein stability, remains to be eluci-
dated.

With the development of transfection technology, recombinant
protein has been widely used in many studies.24,25 Macromolecular
tags such as GFP and mCherry are welcomed because of their visu-
al characteristics. However, some scholars believe that such
macromolecular tags may have an impact on protein function.26,27

Therefore, they prefer to choose small peptide tags. However, there
is still no report on the influence of the selection of recombinant
Ub fusion tag on its protein function, especially on the activity of
spastin.

The present study investigated whether spastin stability could
be regulated by Ub expression with different fusion tags and fur-
ther investigated the function alteration of spastin on microtubule
severing and neurite outgrowth under the treatment of Ub overex-
pression, in order to discover the regulation mechanism of spastin. 

Materials and Methods

Plasmid construction
The Ub gene was synthesized (Invitrogen; Thermo Fisher

Scientific, Inc., Waltham, MA, USA) and subcloned into vectors
including pEGFP-C1, pmCherry-C1, pECMV-3X-Flag and
pCMV-HA (Clontech Laboratories, Inc., Mountain View, CA,
USA). The methods used for constructing cDNA plasmids was
performed according to a previous study.28 All the constructs were
sequenced and verified. The following primer pairs were used for
PCR amplification: GFP-Ub forward, tacaagtccggactcagatctATG
CAGATCTTCGTGAAAACCC and reverse, gtaccgtcgactgcaga
attcACCACCTCTCAGACGCAGGA; mCherry-Ub forward,
gacgagctgtacaagagatctATGCAGATCTTCGTGAAAACCC and
reverse, gtaccgtcgactgcagaattcACCACCTCTCAGACGCAGGA;
Flag-Ub forward, cttggtaccgagctcggatccGCCACCATGCAGA
TCTTCGTGAAAACCC and reverse: aacgggccctctagactcgag
ACCACCTCTCAGACGCAGGA and HA-Spastin forward,
ggaggcccgaattcggtcgacATGGCCGCCAAGAGGAGC and
reverse, catgtctggatccccgcggccgcTTAAACAGTG GTGTCTC-
CAAAGTCC.

Cell culture and transfection
COS-7 (SCSP-508) cells were purchased from the Shanghai

Institute of Biochemistry and Cell Biology, Chinese Academy of
Sciences. COS-7 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM)/F12 (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (FBS) (Gibco; Thermo
Fisher Scientific, Inc.) in a 37°C and 5% CO2 incubator. Half of the
culture media was replaced every 3 days. COS-7 cells were seeded
into six-well plates (Corning). Cells were transiently transfected
with GFP-ubiquitin, mCherry-ubiquitin, or Flag-ubiquitin (4.0 μg
of plasmid per well). Transient transfection of plasmids was per-
formed using Lipofectamine 2000™ (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer’s instructions. After
transfection, cells were grown 36-48 h before harvesting.
Hippocampal neurons of newborn Sprague-Dawley rat pups were
performed as previously described.28,29 Hippocampi were dissected
and obtained by 0.125% trypsin (Thermo Fisher Scientific, Inc.),
and then plated onto poly-D-lysine-coated glass coverslips
(Thermo Fisher Scientific, Inc.), at a density of 1 x 104 cells cm2.
Neuronal cultures were maintained in Neurobasal-A medium
(Gibco; Thermo Fisher Scientific, Inc.) containing 2% B27
(Gibco; Thermo Fisher Scientific, Inc.) in a humidified incubator.
One-half of the culture media was replaced every 3 days. Plasmids
were transfected at 3 days in vitro (DIV3) using the calcium phos-
phate method and cultured with complete media for another 2 days
(DIV5). DIV5 neurons were fixed with 4% paraformaldehyde
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and then
stained by immunocytochemistry. 

Cycloheximide treatment
The effect of recombinant Ub with different tags on the stabil-

ity of spastin is determined by cycloheximide (CHX) (cat. no. HY-
12320; MedChemExpress, Monmouth Junction, NJ, USA) pro-
cessing. After transfection, the cells will continue to be cultured for
24-36 h before the next step. Cells were treated with CHX (100
μg/ml) for another 12 h, then collected and lysed for Western
Blotting.

Immunofluorescence
Immunofluorescence was performed using a previously

described standard protocol.30 Cells were weed onto poly-D-
lysine-coated coverslips, fixed in the 4% paraformaldehyde at 4°C
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for 45 min, permeabilized in 1% Triton X-100 in Tris Buffered
Saline (TBS) at room temperature for 15 min, and then blocked in
5% bovine serum albumin (BSA) in TBS at room temperature for
1 h before the primary antibodies were applied. The following pri-
mary antibodies were used: Anti-GFP (cat. no. ab290; Abcam,
Cambridge, UK), anti-mCherry (cat. no. ab125096; Abcam), anti-
Tubulin (cat. no. ab6160; Abcam), anti-Flag (cat. no. F1804;
Sigma-Aldrich, Merck KGaA), anti-HA (cat. no. SAB1306169;
Sigma-Aldrich), all at a dilution of 1:1,000. Alexa Fluor 488 (cat.
no. A-21206; Invitrogen; Thermo Fisher Scientific, Inc.), Alexa
Fluor 555 (cat. no. A-31570; Invitrogen; Thermo Fisher Scientific,
Inc.) and Alexa Fluor 647 (cat. nos. ab150115 and ab150167;
Abcam) secondary antibodies were used at a dilution of 1:1,000 for
probing. Subsequently, coverslips were mounted using Fluro-Gell
II with DAPI (cat. no. 17985-50; Electron Microscopy Sciences,
Hatfield, PA, USA) and images were captured using a Carl Zeiss
LSM 780 confocal microscope (Zeiss AG, Oberkochen,
Germany). We used cells incubated with no primary antibody as
negative control. Images were acquired with the same optical slice
thickness for every channel using a 63× oil objective and a resolu-
tion of 1024 ×1024 pixels. Images of COS-7 cells were input into
Image J for processing. After the background was standardized, the
fluorescence intensity of the microtubules was determined. At least
30 neurons from each experimental group were used for the quali-
fication of neurite/dendrites/axons using Image-Pro Plus 6 soft-
ware (Media Cybernetics, Silver Spring, MD, USA). All these pro-
cedures were performed in a blind manner, and examinations were
performed at least three times.

Western blotting
Cells were harvested and lysed in lysis buffer (20 mM Tris , pH

7.5, 150 mM NaCl1% Triton X-100, 2.5 mM sodium pyrophos-
phate, 1 mM Na3VO4, 2 mM EDTA, 1mM PMSF and protease
inhibitors (cat. no. HY-K0010; MedChemExpress)) as previously
described.30 Briefly, samples were loaded and separated by SDS-

PAGE, transferred to PVDF membranes (EMD Millipore) and
blocked with 5% skimmed milk (BD Bioscience) at room temper-
ature for 1 h. Subsequently, membranes were probed overnight at
4°C with the following primary antibodies: mouse anti-spastin
(1:100, cat. no. sc-374068; Santa Cruz Biotechnology, Inc.),
mouse anti-GAPDH (1:5,000, cat. no. ab8245; Abcam), rabbit
anti-GFP (1:1,000, cat. no. ab290; Abcam), rabbit anti-mCherry
(1:1,000, cat. no. ab125096; Abcam), mouse anti-Flag (1:1,000,
cat. no. F1802; Sigma-Aldrich; Merck KGaA). HRP-conjugated
secondary antibodies (cat. nos. AS038 and AS003; ABclonal
Biotech Co, Ltd.) were used for protein signal detection with an
enhanced chemiluminescence kit (Pierce; Thermo Fisher
Scientific, Inc.).

Statistical analysis
Experiments were performed at least three times. GraphPad

Prism 5 software was used to make graphs and perform statistical
analyses. Statistical significance between two groups was deter-
mined using Student’s t-test, and comparisons between more than
two groups were performed using one-way ANOVA followed by
Newnan-Keuls post-hoc test. The experimental data are expressed
as mean ± standard deviation (SD); p<0.05 was considered to indi-
cate a statistically significant difference.

Results

Protein stability of spastin is downregulated by ubiqui-
tin overexpression

To investigate whether protein stability of spastin could be
affected by ubiquitin, cultured COS-7 cells were transfected with
Ub encoding plasmids with different fusion tags including GFP,
mCherry and Flag. As shown in Figure 1 a-c, Flag-tagged Ub
decreased the level of endogenous spastin in COS-7 cells, while

[page 329]

Figure 1. Protein stability of spastin is regulated by ubiquitin overexpression. a-c) Overexpression of different tagged plasmids in COS-
7 cells at 24 h; cell lysates were subjected to Western blotting with antibodies against spastin, GAPDH, GFP, mCherry, and Flag. d)
Quantification of band intensities of spastin relative to GAPDH. The relative value in the control group was set to 1. Data are presented
as the mean ± standard deviation from at least three independent experiments; *p<0.05 vs vector group.
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GFP- or mCherry-tagged Ub showed no effect. Western blot analy-
sis showed that relatively short tagged Ub had regulation activity
compared with larger ones (Figure 1d). However, direct transfec-
tion of Flag-ubiquitin encoding plasmid did not show a significant
effect on spastin protein degradation, due to extensive translation
(Figure 1c). Therefore, CHX was added to inhibit the transcription-
al translation of spastin following transfection. As shown in Figure
2, after application of CHX, transfection of Flag-tagged (Figure
2c) Ub almost inhibited spastin protein expression, while GFP-
(Figure 2a) or mCherry-tagged (Figure 2b) Ub showed no changes.
The quantified data were shown in Figure 2d. These data suggested
that protein stability can be regulated by Ub and short epitope tags
hardly impacted the activity of Ub in overexpression experiments.

Ubiquitin overexpression reduces the microtubule sev-
ering activity of spastin

The encoding plasmids with Flag-tag maintained Ub activity
and reduced the expression of endogenous spastin in COS-7 cells,
it was determined whether this lowered expression would affect
the severing activity of spastin toward microtubules. Plasmids
were co-transfected in COS-7 cells and microtubule cytoskeletons
were stained with the indicated antibodies by immunocytochem-
istry. As shown in Figure 3a, overexpression of HA-spastin signif-
icantly severed microtubules, induced fragmentation structures
and lowered microtubule numbers. Since GFP is used for indica-
tion of transfection, only mCherry-Ub was tested for the following
experiments. As shown Figure 3b, co-expression of mCherry-Ub
did not affect the expression of HA-spastin and microtubule sever-
ing activity. However, co-expression of Flag-Ub markedly reduced
the immuno-stained signal of HA-spastin and rescued the severed
microtubule (Figure 4 a,b). These data indicated that Ub overex-
pression reduced spastin protein stability and decreased micro-
tubule severing activity.

Ubiquitin overexpression inhibits neurite outgrowth
induced by spastin in cultured hippocampal neurons

Spastin activity is critical for regulating neurite outgrowth in
hippocampus neurons.29 We have previously reported that overex-
pression of spastin promoted neurite outgrowth in hippocampal
neurons cultured in vitro.31 The present study determined whether
overexpression of Ub in the hippocampus in vitro could regulate
neurite outgrowth via modulating the stability of spastin. As shown
in Figure 5, overexpression of spastin promoted the growth of neu-
rite, as previously reported.31 Representative images of neuronal
are shown in Figure 5b and Sholl analysis of dendrite crossings is
shown in Figure 5c. The overexpression of mCherry-Ub did not
impact the effect on spastin-induced neurite outgrowth (Figure 5b).
In the meantime, co-overexpression of Flag-Ub suppressed the
promoting effect of spastin, as Flag-Ub overexpression reduced the
length Figure 6 a,b) and complexity (Figure 6c) of neurons. These
data suggested that spastin-promoted neurite outgrowth could be
inhibited via Ub overexpression.

Discussion
Ubiquitin plays a very important role in the process of protein

degradation in cells. The present study demonstrated that overex-
pression of Ub regulated the protein stability of spastin, decreased
the microtubule severing activity of spastin and restrained its neurite
outgrowth promoting effect in cultured hippocampal neurons.
Furthermore, it was found that Ub with the small peptide tag Flag,
but not GFP- or mCherry-tagged Ub with large molecule weight,
retained the degradation activity towards spastin. These data sug-
gested that spastin may be regulated via the Ub proteasome system
and when modulating Ub function, especially applied in overexpres-
sion experiments, small or short epitope tags should be selected. 

Figure 2. Flag-tagged ubiquitin affects spastin protein stability. a-c) Overexpression of different tagged plasmids in COS-7 cells, which
were subsequently treated with Cycloheximide for 12 h; cell lysates were collected and subjected to western blotting with the indicated
antibodies. d) Quantification of band intensities of spastin relative to GAPDH. The relative value in the control group was set to 1.
Data are presented as the mean ± standard deviation from at least three independent experiments; *p<0.05 vs vector group.

[page 330]                                           [European Journal of Histochemistry 2021; 65:3352]

2021_4 o.qxp_Hrev_master  07/12/21  10:05  Pagina 330



                                                                                                                   Article

Spastin, a microtubule-severing protein, promotes the growth
of hippocampal neurons by cutting long microtubules to short seg-
ments. More research has focused on the role of spastin in trans-
porting and severing, via the interaction of other proteins, includ-

ing endosomal sorting complexes required for transport-III,9,32

vesicle-associated membrane protein 7,33 atlastin34 and CRMP5.31

We have previously discovered that LncRNA MALAT1 regulates
the protein level of spastin via the transcriptional control.13

[page 331][European Journal of Histochemistry 2021; 65:3352]

Figure 4. Flag-tagged ubiquitin suppresses the microtubule severing activity of spastin. a) Different plasmids were co-transfected as
shown in Figure 3, and then stained by immunocytochemistry with HA (green), Flag (red) and tubulin (white) antibodies. b) Relative
fluorescence intensity of tubulin in COS-7 cells. Data are presented as the mean ± standard deviation; n=20 cells from three independ-
ent experiments; *p<0.05. Scale bar: 25 μm.

Figure 3. mCherry-tagged ubiquitin does not affect the microtubule severing activity of spastin. a) Different plasmids were co-trans-
fected in COS-7 cells for 24 h and then stained by immunocytochemistry with HA (green), mCherry (red) and tubulin (white) anti-
bodies. b) Relative fluorescence intensity of tubulin in COS-7 cells. Data are presented as the mean ± standard deviation; n=20 cells
from three independent experiments; **p<0.01.; n.s., no significance. Scale bar: 25 μm.
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However, to the best of our knowledge, the post-transcriptional
modification and regulation activity of spastin has rarely been
reported. Recent research revealed the discovery of phosphoryla-
tion modification at S268 of spastin by HIPK2 during cell abscis-

sion.15 Phosphorylation at this site will inhibit the K48-poly-ubiq-
uitination at spastin K544, thereby preventing its neddylation-
dependent proteasomal degradation.16 The present data further
confirmed that overexpression of Ub induced spastin instability,

[page 332]                                           [European Journal of Histochemistry 2021; 65:3352]

Figure 6. Flag tagged ubiquitin inhibits neurite outgrowth of spastin. a) Different plasmids were co-transfected as shown in Figure 5
and stained by immunocytochemistry to study neuronal morphology; scale bar: 50 μm. b) The length of neuritis, including axons and
dendrites. c) Sholl analysis of neurites. Data are presented as the mean ± standard deviation; n=20 cells from three independent exper-
iments; *p<0.05.

Figure 5. mCherry-tagged ubiquitin does not affect the neurite outgrowth promoting effect of spastin. a) Different plasmids with GFP
vector were co-transfected in DIV3 hippocampal neurons for 48 h and stained by immunocytochemistry with GFP antibody to reveal
the morphology; scale bar: 50 μm. b) The length of neuritis, including axons and dendrites. c) Sholl analysis of neurites. Data are pre-
sented as the mean ± standard deviation; n=20 cells from three independent experiments; *p<0.05; n.s., no significance.
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suggesting the potential ubiquitination mechanism of spastin.
However, the details of ubiquitination modification of spastin
should be further clarified, which is currently under investigation
in our group. 

In general, ubiquitination is the most relevant PTM employed
by the ubiquitin-proteasome system (UPS) and the autophagy-
lysosome (AL) systems to label their substrates. And the strongest
commonality between the two degradative systems is the small
globular protein ubiquitin.35 Hence, functional Ub protein fused
with different labels provides an excellent approach in the study of
the Ub proteasome system. Ub is a small molecule protein, and it
is unclear whether the constructed plasmid will affect the spatial
structure and biological activity. The expression and purification of
recombinant proteins have become increasingly common for char-
acterizing the structure and function of proteins in recent years.
However, in the selection of recombinant protein tags, different
tags have their own advantages and disadvantages. The present
study constructed Ub vectors with relatively large tags, including
GFP and mCherry, and the short tag FLAG to compare the activity
of Ub on spastin stability. Our data found that only small tags such
as Flag, rather than larger protein tags such as GFP and mCherry,
can retain the protein activity of ubiquitin. One of the concerns that
people have about recombinant proteins is that the potential func-
tional perturbance on a protein. Some studies reported the effects
induced by tags, including inhibition of interactions, aberrant
oligomerization and mislocalization of the recombinant protein.36-

38 It is thought that large tags enhanced the soluble expression of
recombinant proteins, they can sometimes cause misfolded and
nonfunctional target proteins.39 Proper protein folding plays an
important role in the expression of cloned genes.40 Furthermore,
contrary to large tags such as GFP and mCherry, the small-size tags
have the benefits of minimizing the effect on the structure, activity,
and characteristics of the recombinant protein.26 Hence, the size of
a tag might be responsible for perturbing the physiological protein
function.27 In order to reduce the influence of tags on the function
and subcellular localization of the target protein, many researchers
prefer to choose small tags (e.g., FLAG, Myc, and HA).26 The
FLAG-tag system utilizes a short, hydrophilic 8-amino-acid pep-
tide (DYKDDDDK) that is fused to the protein of interest, which
is widely used in experiments of various cell types. Although the
exact mechanisms were not determined, we hypothesize that large
and long tags, compared with 76-AA Ub protein, may inhibit Ub
transfer between the E1, E2 or E3 enzymes, or to the targeted sub-
strate, which warrants further studies. 

The present study showed that overexpression of Ub affected
the protein stability of spastin, decreased its microtubule severing
activity and restrained its neurite outgrowth promoting effect of
spastin in cultured hippocampal neurons. GFP- or mCherry-tagged
Ub showed no functional activity, while Flag-tagged Ub main-
tained the degradation activity towards spastin. 
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