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response to a variety of stressors, SUMO-2/3 conjugation is dramatically increased while
SUMO-1 conjugation is relatively unchanged [6–13]. The functional consequences of SUMO
attachment are in many cases poorly understood and can vary greatly depending on the
substrate.

The SUMOylation state of substrate proteins is a dynamic balance between conjugation
and deconjugation. Briefly, inactive precursor SUMO is matured by SUMO-specific proteases
(SENPs) to expose a C-terminal diglycine motif, which is activated by an ATP-dependent E1
enzyme, formed by a heterodimer of SAE1 and SAE2 [14]. E1 passes the activated SUMO onto
the specific and unique SUMO conjugating E2 enzyme Ubc9 via a transesterification reaction
[15, 16]. Ubc9, often in conjunction with a growing number of identified E3 ligase enzymes,
then catalyses SUMOylation of the substrate.

SUMO is removed from substrates by the isopeptidase activity of the SENPs, the same
enzymes required for pro-SUMO maturation. There are six mammalian SENPs (SENP1-3 and
SENP5-7; for reviews, see [17–19]). SENP1 and SENP2 have a broad specificity for SUMO-1
and SUMO-2/3 and are involved in both maturation and deconjugation while SENP3 and
SENP5 favour SUMO-2/3 over SUMO-1. They selectively remove SUMO-2/3 from substrate
proteins and do not play a role in SUMO maturation. SENP6 and 7 are primarily involved in
the editing of poly-SUMO chains. Furthermore, three proteins distinct from the SENP family
have also been reported to function as deSUMOylating enzymes [19].

SUMOylation is involved in multiple signalling cascades in neurons and is strongly impli-
cated in many neurological and neurodegenerative diseases including Huntington’s disease,
Alzheimer’s disease, Parkinson’s disease and stroke (for reviews see [20–23]). Importantly,
protein modification by SUMO2/3 is neuroprotective against metabolic cell stress [24, 25, 26].
Furthermore, we have shown that SUMOylation is a key modulator of synaptic transmission
and plasticity via direct modulation of kainate receptors [27–29] and presynaptic proteins
such as Syntaxin 1A [30] and Synapsin Ia [31] and indirect regulation of AMPAR trafficking
in synaptic scaling [32] and LTP [29]. Recently, it has been shown that SUMOylation might be
important in neuronal development through modification of the transcription factors FOXP1
and MEF2A [33, 34].

Here we set out to define the developmental profiles of SUMO machinery proteins and the
extent of total protein SUMOylation in fractions of rat cerebrum and cerebellum. The aim of
this work was to provide a framework for defining how protein conjugation by SUMO-1 and
SUMO-2/3 changes during brain development.

Materials and methods

Brain lysates
Lysates were prepared from crude cerebrum and cerebellum from Wistar rats at the indicated
ages. Animals were bred by an in-house animal unit and sacrificed by cervical dislocation in
accordance with UK Home Office Schedule 1 guidelines. All procedures were approved by the
Animal Welfare and Ethics Review Body (AWERB) at the University of Bristol (approval refer-
ence number UIN UB/18/004). In all cases brains from at least 3 separate rats were used. Seven
developmental stages were investigated: embryonic day 18 (E18) and postnatal ages (in days)
P1, P3, P7, P14, P21 and adult (pregnant rat from 12 weeks onwards). Female rats were used
for all samples except E18, which were not sexed. For E18 more embryos were sacrificed to get
sufficient tissue and samples were taken from different litters. Following sacrifice, brains were
immediately taken and the cerebellum and cerebrum separated. These were then homogenised
in 25mM HEPES, 150 mM NaCl, 1x protease inhibitor cocktail (Complete tablets, Roche), pH
7.5 supplemented with 20 mM NEM (to avoid deSUMOylation after cell lysis).
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cerebrum PIAS3 levels at P1 were 21.4% � 2.9% and 43.4% � 6.5%, respectively, of those at
E18. PIAS3 levels in the cerebrum continue to decrease with age and are almost undetectable
in adult (0.03% � 0.016%). Similarly, in adult cerebellum PIAS3 levels decrease to 2.9% � 1.1%
of those at E18 (Fig 2B).

We also monitored levels of SENP3 as a representative of the SENP family of deSUMOylat-
ing proteins. The age-dependent profile was similar to those of the E3 ligases with a steady
reduction in SENP3 levels from E18 to adult. At P21 SENP3 levels were 18.9% � 2.6% and
24.3% � 7.8% and in adult 1.4% � 0.4% and 1.0% � 0.2% of the E18 level in cerebrum and cere-
bellum, respectively. Interestingly, the decrease in cerebellum starts after P7 while in cerebrum
is continuous from E18 (Fig 2C).

Overall, we can see that, in general, SUMO machinery proteins hold their levels higher in
cerebellum than cerebrum, at least between P7 and P21, to decrease and be closer to each
other by adult

Age-dependent changes SUMO-1 and SUMO-2/3 conjugation
We assessed levels of SUMO conjugation using anti-SUMO-1 and anti-SUMO-2/3 antibodies.
In both cases, we subjected the entire lane of the Western blot to densitometry to define the
total amount of protein SUMOylation. In addition, two very prominent bands at 100 and 35

Fig 1. Developmental profiles of SUMO E1 and E2 enzymes. Upper panels, Representative immunoblots and
quantification of the age-dependent profiles of E1 enzymes Uba2 and Aos1. Lower panels, SUMOylated and non-
SUMOylated Ubc9 show inverse developmental profiles. Graphs show the levels of immunoreactivity at different ages
expressed as a percentage of the levels present in E18 brain. (n = 3, � = p�0.05, �� = p�0.01, ��� = p�0.001).

https://doi.org/10.1371/journal.pone.0212857.g001
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kDa in SUMO-1 blots, and 90 and 25 kDa in SUMO-2/3 blots were analysed separately and,
because these bands make up a large proportion of the entire SUMO signal, they were sub-
tracted from the ‘total’ SUMO values.

Levels of total SUMO-1 conjugation in cerebrum remain relatively stable during develop-
ment Levels of total SUMO-1 conjugation in cerebellum appear to increase slightly with age
but the differences were not significantly different from E18 (Fig 3A). As noted, however,
these values are very strongly influenced by the two major immunoreactive bands. SUMO-1
conjugation to the 100 kDa band in both cerebrum and cerebellum decreases rapidly around
birth and then remains relatively constant at a much lower level (Fig 3B). In contrast, SUMOy-
lation of the 35 kDa band remains stable and appears to increase with time (Fig 3C). Levels of
SUMO-1 conjugation to all other proteins (i.e the entire lane minus the 100 and 35 kDa
bands) appear variable. There is an initial decrease with age in the cerebrum (P1; 53.3% �
5.3%) and remain relatively stable thereafter. Levels of total SUMO-1 conjugation in cerebel-
lum decrease and remain significantly lower at all subsequent age points tested (Fig 3D).

Using the 8A2 antibody the profile for total SUMO-2/3 conjugation decreases with age in
both cerebrum and cerebellum. There is an initial decrease around birth to 53.1% � 17.7% and
54.7% � 9.2%, respectively, at P1 and 21.4% � 8.0% and 33.5% � 6.7% in adult (Fig 4A).
SUMO-2/3 conjugation to the 90 kDa band displays a strong age-dependent decrease with

Fig 2. Developmental profiles of SUMO E3 ligases and the deSUMOylating enzyme SENP3. Representative blots
for PIAS1, PIAS3 and SENP3 and graphs showing the quantified levels of immunoreactivity from cerebrum and
cerebellum homogenates at the designated age points. Graphs show the levels of immunoreactivity at different ages
expressed as a percentage of the levels present in E18 brain. (n = 3, � = p�0.05, �� = p�0.01, ��� = p�0.001).

https://doi.org/10.1371/journal.pone.0212857.g002
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little conjugation evident in cerebrum at P14 or thereafter and similar, but less pronounced,
reductions in cerebellum (Fig 4B). SUMO-2/3-ylation of the 25 kDa band decreases steadily in
cerebrum with age but in cerebellum the levels are not reduced by P14. However, in both
brain regions SUMO-2/3 conjugation to this substrate is significantly decreased in P21 and

Fig 3. Levels of SUMO-1 conjugation to substrate proteins. Representative blots and quantification of the intensity
of the whole SUMO-1 lane, the indicated bands and the whole lane minus the indicated bands. Total SUMO-1
immunoreactivity was quantified by taking the whole lanes (vertical black rectangle). Since the 100 kDa and 35 kDa
bands are very intense and exhibit different profiles, they were subtracted from the total and the remaining signal
plotted (Total (-) bands). This represents the level of SUMOylation of the other proteins in the sample. Graphs show
the levels of immunoreactivity at different ages expressed as a percentage of the levels present in E18 brain. (n = 3, � =
p�0.05, �� = p�0.01, ��� = p�0.001).

https://doi.org/10.1371/journal.pone.0212857.g003
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adult. (Fig 4C). The profile of SUMO-2/3 conjugation to all other proteins (i.e. the entire lane
minus the 90 and 25 kDa bands) almost exactly mirrors the total SUMO-2/3 (Fig 4D).

Interestingly, the differential trend between cerebrum and cerebellum of SUMO-2/3 conju-
gation resembles that of the SUMOylation machinery proteins, which was not the case for
SUMO-1.

Fig 4. Levels of SUMO-2/3 conjugation to substrate proteins. Representative blots and quantification of the intensity
of the whole SUMO-2/3 lane, the indicated bands and the whole lane minus the indicated bands. Total SUMO-2/3
immunoreactivity was quantified by taking the whole lanes (vertical black rectangle). Since the 90 kDa and 25 kDa
bands are very intense and exhibit different profiles, they were subtracted from the total and the remaining signal
plotted (Total (-) bands). This represents the level of SUMOylation of the other proteins in the sample. Graphs show
the levels of immunoreactivity at different ages expressed as a percentage of the levels present in E18 brain. (n = 3, � =
p�0.05, �� = p�0.01, ��� = p�0.001).

https://doi.org/10.1371/journal.pone.0212857.g004
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Intracellular localisation of the SUMOylation machinery and SUMO
substrates
To investigate the compartmentalisation of SUMO pathway proteins we prepared nuclear (N),
synaptosomal (Sy) and cytosolic (Cy) fractions from adult cerebrum and cerebellum (Fig 5).
The integrity of the fractions was determined by Western blotting for marker proteins. Lamin
B and PSD95 were selected as markers for nucleus and synaptosomes, respectively. Each of
these markers was enriched in their appropriate fraction (Fig 5A).

The E1 components Uba2 and Aos1 were present in all fractions but more abundant in
cytosol in both cerebrum and cerebellum (Fig 5B). Ubc9 showed marked differences in the rel-
ative abundance of its unmodified and higher molecular weight SUMOylated form (Fig 5B).
Interestingly, in cerebellum there was a reciprocal relationship between the bands with Ubc9
predominantly present in its modified form in the nucleus and synaptosomes but the unmodi-
fied form most prevalent in the cytosol. In cerebrum, the most abundant band was the modi-
fied form in synaptosmes. However, the differences in both forms of Ubc9 between nucleus
and cytosol, was not as marked as in cerebellum. PIAS1 and PIAS3 were abundant in the
nucleus but were not detected in the synaptosomal fraction. Both PIAS proteins showed higher
expression levels in cerebellum than in cerebrum (Fig 5B). Finally, SENP3 was present in the
nuclear and cytosolic fractions but not in the synaptosomes and its levels of expression was
highest in the cerebrum nuclear fraction (Fig 5B). Strikingly, in cerebellum, it was almost

Fig 5. SUMO machinery and substrate proteins profiles in subcellular fractions. Representative blots of nuclear
(N), synaptosomal (Sy) and cytosolic (Cy) fractions from adult rat cerebrum and cerebellum. 15�g of protein was
loaded in each lane. A) fraction markers, B) SUMO machinery proteins, C) Proteins SUMOylated by SUMO-1, D)
Proteins SUMOylated by SUMO-2/3.

https://doi.org/10.1371/journal.pone.0212857.g005
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equally portioned between nucleus and cytosol (Fig 5B). However, it is consistent with a role
for SENP3 in the cytosol and at mitochondria [26, 45].

Proteins conjugated to SUMO-1 were present in all fractions, albeit at lower levels in the
synaptosomes than in the other two fractions. The pattern of SUMO-1 substrates was similar
between cerebrum and cerebellum although less signal was detected in synaptosomes prepared
from cerebellum. Some differences were apparent between the cerebral and cerebellar nuclear
and cytosolic fractions between those two regions (Fig 5C). Interestingly, SUMO-2/3 was pres-
ent in all of the fractions and, in both regions, the synaptosomal fraction was labelled with
approximately the same intensity as the nuclear and cytosolic fractions indicating a particular
enrichment of SUMO-2/3 conjugation at synapses compared to SUMO-1. The most notable
feature for SUMO-2/3 is the very intense immunoreactive bands between 10 and 35 kDa in the
nuclear fraction. The lowest band likely corresponds to free SUMO2/3, which is much more
abundant in the nucleus than in any other fraction (Fig 5D).

Discussion
Taken together our results provide further evidence that SUMOylation machinery and SUMO
conjugation in general is most active prior to and around birth in brain. Thereafter levels
decrease with age. Our data broadly supports previous research by Loriol et al., 2012 [43] and
later by Hasegawa et al. 2014 [46], which also observed a decrease in SUMOylation and SUMO
pathway proteins throughout development. Moreover, we have extended these findings by
analysing additional proteins from the SUMOylation machinery, such as the E1 enzyme Uba2,
the deSUMOylating enzyme SENP3 and the E3 ligases PIAS 1 and PIAS3.

To validate our homogenates prior to investigating the SUMOylation machinery, we mea-
sured the developmental profiles of several key brain proteins. Importantly, our developmental
profiles match previous studies for GluA1 [38, 47] NR1 [39–41] and PSD95 [36, 37], thus vali-
dating our experimental methodology and analysis (S2 Fig).

In contrast to PSD95 and syntaxin1A, which increase with age, all of the SUMO machinery
proteins we investigated show a similar general pattern of decline during development in both
cerebrum and cerebellum. Furthermore, the developmental pattern for SUMO conjugation is
similar between cerebrum and cerebellum. However, it is important to take into account the
fact that we are measuring the net signal from a complex mix of substrates. For individual pro-
teins SUMOylation may increase, remain unchanged or decrease during development. This is
exemplified by analysis of two prominent SUMO1 substrate bands at 100 kDa and 35 kDa,
which display different conjugation profiles. It should also be noted that we are measuring lev-
els under basal conditions, and the animals were not subjected to, for example, metabolic
stress, which can radically alter protein SUMOylation.

While we were primarily interested in how the levels of SUMOylation and SUMO machin-
ery proteins change within either cerebrum or cerebellum during development, the design of
our experimental approach also allows us to make direct comparisons of the levels of proteins
of interest between these two regions. Since, for each time point tested, each set of cerebrum
and cerebellum samples were run against the same whole brain E18 homogenate, these E18
samples essentially act as an internal control allowing direct comparison of protein levels
between cerebrum and cerebellum. Therefore, we have plotted the expression levels of the pro-
teins of interest examined in cerebrum versus cerebellum in S3 and S4 Figs.

This analysis demonstrates that total SUMO1 conjugation levels in cerebrum and cerebel-
lum do not differ significantly over development; however, the 100kDa band is slightly but sig-
nificantly higher in cerebellum from P7 onwards. In contrast, total SUMO2/3 conjugation
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