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Loss of the cytoprotective protein Peroxiredoxin 6 (Prdx6) in cells that are aging or under
oxidative stress is known to be linked to pathobiology of many age-related diseases. However, the
mechanism by which Prdx6 activity goes awry is largely unknown. Using Prdx6-deficient
(Prdx6−/−) cells as a model for aging or redox active cells, human/mouse LECs facing oxidative
stress, and aging lenses, we found a significant increase in the levels of Sumo1 conjugates. These
cells displayed increased levels of Sumo1 and reduced expression of Prdx6. Specifically we
observed that Prdx6 is a target for aberrant Sumoylation signaling, and that Sumo1 modification
reduces its cellular abundance. LECs overexpressing Sumo1 showed reduced expression and
activity of Prdx6 and its transactivator Sp1, mRNA and protein with increased levels of ROS;
those cells were vulnerable to oxidative stress-induced cell death. A significant reduction in Prdx6,
Sp1 protein and mRNA expression was observed in redox-active Prdx6−/− cells and in aging
lenses/LECs. The reduction was correlated with increased expression of Sumo1 and enrichment of
the inactive form (dimeric) of Sumo1 specific protease Senp1. Experiments with Sumo1-fused
Prdx6 and Prdx6 promoter-linked to CAT reporter gene constructs pointed that Sumo1
dysregulated Prdx6 activity by reducing its abundance and attenuating its transcription, in contrast
delivery of Senp1 or Prdx6 reversed the process. Data underpins that ROS-evoked aberrant
Sumoylation signaling affects Prdx6 activity by reducing Prdx6 abundance as well as
transcription. Our finding may provide a foundation for a strategy to repair deleterious oxidative
signaling generated by reduced activity of Prdx6.
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Introduction
The biological activity of protein is altered by its posttranslational modification at
physiological levels to perform their genetically allotted function. This occurs by
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conjugation of small chemical groups or polypeptides like phosphate or Small Ubiquitin-like
Modifier (Sumo) to their predefined amino acid residues or motif(s) in protein [1, 2].
Recently, Sumoylation has emerged as a complex dynamical posttranslational process with
an increasingly large variety of targets and larger influence on its substrate activity. Four
isoforms, Sumo 1, Sumo2, Sumo3 and Sumo4 [3], are Ubiquitin-like proteins, and are
bound to target proteins bearing Sumo binding motif by an enzymatic pathway similar to the
ubiquitylation pathway [1, 4-6]. Sumoylation was first identified as a posttranslational
modification that alters the activity of Ran GTPase activating protein (RanGAP) [7, 8].
Since discovery of Sumo modification, many proteins have been identified as its targets.
Sumo modification has been shown to significantly alter protein activity, which can
modulate protein stability[3, 4, 9], affect protein-protein interaction and modify protein
localization and trafficking [10-14]. Moreover, most of the transcription proteins are targets
for Sumo modification, and in general, Sumoylation of these proteins leads to repression of
their transcriptional activity [15-21]. However, activation of transcriptional activity has also
been observed [22-26].
The Sumoylation process is reversible, and deconjugation involves Sumo-specific proteases,
predominately at a core consensus motif in proteins (ψ-K-X-[D/E], where ψ is hydrophobic
amino acids (I,V, L), K is a target lysine, X can be any amino acid and D/E asparate or
glutamate) [27, 28]. Sumos are synthesized as inactive forms that must be matured by
Sumo-specific peptidases (Senps). Activation of Sumoylation occurs by an ATP-dependent
heterodimerization of Sumo1 activating enzyme 1 (SAE1) and SAE2, followed by activated
Sumo protein transfer onto ubiquitin conjugating enzyme 9 (UBC9), which in conjunction
with Sumo E3 (ligating enzymes) facilitates Sumo conjugation to the substrate. However,
the Sumoylation reaction is mechanistically similar to ubiquitination.
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Protein Sumoylation can be reversed by a family of sentrin/Sumo-specific proteases (Senps)
[29-31]. Sumo proteases or specific isopeptidases, members of the Senp family, ensure the
reversibility of this modification [15, 32]. Seven Senps are known at present, all with
preferences for particular Sumo paralogs [33] and all showing distinct patterns of cellular
localization [34]. However, many Sumo activities take place in the nuclear compartment,
such as controlling DNA replication/stability and gene transcription. Recently, several
extranuclear proteins have been shown to be targets for Sumo, and Sumo modification leads
to gain or loss of their functions [35, 36].
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Mounting evidence indicates that higher levels of oxidative stress lead to aberrant
Sumoylation that ultimately alters nuclear or extra nuclear protein functions. Recently,
extranuclear roles of Sumoylation have been documented [4-6]. Sumoylation regulates
signal transduction by modifying growth factor mediated signaling, protein trafficking, and
protein-protein interaction [32, 37]. In above scenario Sumoylation also controls cell fate by
enhancing protein stability or reducing protein degradation [9]. Sumoylation has been shown
to play a role in antioxidant protein modification, which affects abundance and function of
the antioxidants [38, 39], leading to redox status of cells.
The multifunctional protective protein Peroxiredoxin 6 (Prdx6) is a member of a newly
derived family of antioxidants which provide cytoprotection by detoxifying ROS in
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situations of internal/external environmental stress [40-48]. Six members of the
Peroxiredoxin family have been identified, ranging in molecular size from 20-30 kDa and
residing in the cells/tissues of eukaryotes and prokaryotes as well as plants [40, 42-44, 49].
Their expression and localization patterns are varied, as are their reaction intermediates, but
the peroxiredoxins are uniquely involved in cytoprotection against stressors, and participate
in signaling pathways mainly by optimizing ROS expression. All Prdxs consist of conserved
cysteine (Cys) residues at the amino terminal, corresponding to Cys47 and known as an
active redox Cys. Based on Cys residues, the Prdx family is classified into three groups; 2Cys, atypical 2-Cys and 1-Cys [40-44, 50-53]. Prdx1, 2, 3 and 4 contain 2 conserved Cys;
Prdx5 is atypical 2-Cys, while Prdx6 has only 1-Cys residue. Prdx6 is thus unique in the
Peroxiredoxin family and is bifunctional, having both GSH peroxidase and Ca2+independent phospholipase A2 (aiPLA2) activities [42, 45, 51, 52]. This is the only member
of Prdx family that utilizes GSH as an electron donor to catalyze the reduction of peroxides
[42, 51, 54]. Prdx6 has the ability to reduce phospholipid hydroperoxides, and is thereby
capable of maintaining phospholipid turnover and repairing membrane damage caused by
oxidative stress [46-48, 51, 52, 54]. We have shown that a deficiency of Prdx6 leads to
failure of cellular homeostasis due to enhanced oxidative load and aberrant signaling
[40-44]. Similarly, decline in expression and activity of Prdx6 causes increased oxidative
stress-evoked abnormal signaling and cellular injuries, which in turn initiate a pathogenic
state [40, 42, 43, 51, 55, 56]. Furthermore, oxidative stress has been identified as a major
cause of age-related diseases, including neurodegenerative disorders and cataractogenesis
[28, 40-44, 46-48, 51, 57, 58]. Oxidative stress-induced etiology and progression of diseases
may result either from diminished expression and activity of natural antioxidants due to
aging or from increased generation of reactive oxygen species (ROS) [40, 44]. Based upon
recent emerging evidence showing that adverse Sumoylation signaling initiates pathogenic
process and current work, we think that ROS-driven oxidative stress-induced aberrant
Sumoylation signaling causes dysregulation of Prdx6, at least in lens epithelial cells (LECs).
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Posttranslational modifications regulate protein function through various mechanisms.
Regulation can occur at the level of individual targets, through interplay between stressinduced Sumoylation and target proteins via modulation of the conjugation/deconjugation
machinery [59, 60]. Furthermore, Sumoylation can be regulated by ROS at the level of
Sumo1 expression conjugation or deconjugation [61], possibly leading to aberrant
expression of Sumo. Since Sumo itself is a limiting factor for conjugation [62], its
overexpression or underexpression influences the status of target substrate Sumoylation
globally. As the level of ROS can affect its function (pathologic or survival signaling), tight
regulation of ROS is critical. To this, the physiological expression and function of an
antioxidant defense protein such as Prdx6 should be essential.
In the present work, we analyzed the functional effect of the dynamical process of
Sumoylation/deSumoylation on regulation of Prdx6 and the cellular response to oxidative
stress. We also examined whether ROS-evoked oxidative stress-induced overstimulated
Sumoylation signaling modulates Prdx6 activity in relation to its protective activity and
cellular responses. Our work revealed that indeed, ROS-evoked aberrant Sumoylation
signaling in eye lens/LECs, jeopardized Prdx6 protective activity in two ways; by increasing
Prdx6 Sumoylation and thereby reducing its abundance, and by attenuating its transcription.
FEBS J. Author manuscript; available in PMC 2015 August 01.
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The findings offer a new dimension for devising means to protect cells from ROS-evoked
aberrant Sumoylation signaling.

Results
Aging human lenses and Prdx6-deficient mouse LECs (redox active cells), a model for
aging, show significantly increased Sumo1 conjugates with enhanced ROS level
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During advancing of age, a decline in antioxidant defenses causes increased oxidative stress
[42-44, 63, 64]. One feature of such stress is overstimulation of posttranslational
modification of proteins. Recently aberrant Sumoylation protein has been shown to
adversely affect protein biological activity by altering proteome regulation [15, 65-67].
Therefore, we first analyzed whether aging human (h) lenses and Prdx6-deficient (Prdx6−/−)
LECs contained increased Sumo1 protein conjugates. We obtained eye lenses of variable
ages from the Lions Eye Bank, Nebraska Medical Center and NDRI, PA., and mouse (m)
lens epithelial cells derived from Prdx6−/− and Prdx6+/+ mice. Total Sumo1 conjugates
were visualized by immunoblotting using anti-Sumo1 antibody (Fig. 1A and B, a). We
observed significantly increased Sumo conjugation with advancing of age. Apparently the
level of free Sumo is also decreased, demonstrating that most of the protein Sumoylation is
increased with aging. We surmised that increased Sumo conjugates should be related to
oxidative stress-evoked aberrant Sumoylation signaling. Because faithfully measuring the
levels of ROS was cumbersome, we utilized Prdx6-deficient cells to establish causal
correlation between aging or oxidative stress and aberrant Sumoylation [42, 43]. We
quantified the levels of ROS wild-type in Prdx6+/+ and Prdx6−/− LECs, and immunoblotted
the extracted proteins with Sumo1 antibody. As expected, we found that an increase of
Sumo1 conjugates (and a decrease of free Sumo1) (Fig. 1B, a) was related to increased ROS
levels (Prdx6−/− vs Prdx6+/+, Fig. 1B, b). The study also indicated that deficiency of
antioxidant and thereby enhanced endogenous production of ROS regulated Sumoylation
signaling, and increased levels of ROS dysregulated Sumoylation signaling.
Human LECs and Prdx6-deficient mLECs displayed increased Sumoylation of most of the
proteins with enhanced expression of ROS and cell death in response to oxidative stress
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In light of the aberrant modulation of Sumo conjugation by stresses, Saitoh and Hinchey
(2000) [65] suggested that stressors increase global Sumoylation. We posited that selective
Sumoylation can be associated affinity of Sumo1 conjugation motif in protein as well as
Sumo abundance in cell-types. Thus we assessed specifically protein Sumoylation pattern in
hLECs and redox-active Prdx6−/− LECs (a model for aging), in response to oxidative stress.
Cultured hLECs exposed to different concentrations of H2O2 for 30 min were analyzed by
immunoblotting with Sumo1 antibody. Data indicated differential Sumo1 conjugation of
proteome in response to oxidative stress. A significant increase in Sumo1 conjugates was
observed in cells treated with 0.2 to 1 mM H2O2, and the increase was correlated with
higher expression of ROS as quantified by H2DCF dye (Fig. 2A, b) and decreased cell
viability (Fig. 2A, c). This suggests that ROS modulated Sumoylation signaling. ROS
modulation of Sumo conjugation to its substrate was also observed previously [15].
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We next tested whether Prdx6−/− cells showed enhanced Sumo1 conjugates and were more
susceptible to ROS-induced cell death caused by acute oxidative stress. Prdx6−/− cells
exposed to variable concentrations of H2O2 for 15 and 30 minute were examined for
Sumoylation pattern by immunoblotting. Sumo1 conjugation of most of proteins was
significantly increased with 15 min of exposure at concentrations of 0.3 and 0.9 mM H2O2
(acute stress) (Fig. 2B, a). Importantly, an increase in Sumo1 conjugates was directly related
to enhanced oxidative load (Fig. 2B, b) and reduced cell survival (Fig. 2B, c). These data
imply the involvement of oxidative stress-induced aberrant Sumoylation signaling in
reduced viability of Prdx6−/− cells or cells during oxidative stress. Additionally,
immunoblot analyses (Figs. 1, A and B and 2 A,a and B,a) revealed an abundance of Sumo1
conjugates ranging from 25kDa to >250 kDa protein SDS-PAGE. On SDS-Page, Prdx6 is
detected at ~24 to 28kDa [40-44] and Sumo1 ~ 15kDa [25]. If Prdx6 is mono Sumoylated at
least, at a site, this should be positioned at ~40 kDa protein bands on membrane. Therefore,
our next study examined whether Prdx6 is Sumoylated and whether its aberrant Sumoylation
in response to oxidative stress modulates its biological activity, possibly causing loss of
Prdx6 expression and activity.
Prdx6 is modified by Sumo1 both in vitro and in vivo
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Strikingly, from the previous experiments with wild-type Prdx6+/+ and Prdx6−/− LECs, it
was evident that Prdx6 played a key role in maintaining Sumoylation signaling at
physiological condition, while its deficiency caused increased Sumo conjugates leading to
ROS-evoked LEC death (Fig. 2B, c). Recently Sumoylation of extranuclear proteins
including antioxidants has been reported. Sumoylation of these proteins dramatically alters
their biological functions [35, 36]. To determine whether Prdx6 is Sumoylated in LECs and
to test whether Prdx6 is a substrate for covalent Sumo1 conjugation, we first constituted
Sumoylation reactions in vitro using recombinant Prdx6 fused TAT-HA tag as described
earlier [50, 68, 69], according to the manufacturer’s protocol (Active Motif Cat No. 40120).
Briefly, different concentrations of recombinant Prdx6 protein (TAT-HA-Prdx6) with
Sumo1 WT protein or Sumo1 mutant protein were incubated at 30°C for 3h with activating
enzyme E1 and conjugation enzyme E2 (UBC9). Reaction product immunoblotted with antiSumo1 and anti-Prdx6 polyclonal antibodies revealed a slower migrating band in the
presence of Sumo1 WT protein, (Fig. 3; upper panel, lanes 1 and 2) and anti-Prdx6 antibody
(Fig. 3; lower panel, lanes 1 and 2). Conversely, these protein bands were absent from
control reactions performed in the presence of a Sumo1 mutant that could not form covalent
conjugation (Fig. 3; right panel; upper and lower panel, lanes 3 and 4). Also, data revealed
that Prdx6 is not Sumoylated in absence of ATP (data not shown), suggesting that Sumo1
and Prdx6 interaction was ATP-mediated. Furthermor, we also found that Prdx6 was
Sumoylated by Sumo1 as shown by in vitro Sumoylation assay and that UBC9 as essential
as an interacting partner for the Sumo1/Prdx6-Sumoylation process. Considering the broad
range of substrates including emerging extranuclear proteins in which the Sumoylation
pathway is involved, it would not be surprising if Prdx6 is a target for Sumo modification.
Furthermore, it has recently been reported that Sumoylation can occur by both covalent or
noncovalent interaction of Sumo to Sumo-interacting motif(s) (SIMs) present in the
substrate [70, 71], emphasizing that Sumoylation/deSumoylation is more complex process,
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and requires further exploration to understand its complexity in maintaining cellular
physiology by regulating gene function.
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We next aimed to examine if Prdx6 is Sumoylated in vivo, we overexpressed hLECs and
mLECs with Prdx6 and Sumo1, since most of Sumo target proteins are modified at very low
steady state levels (a dynamic process). We first cotransfected hLECs with either pEGFPSumo1 plus pEGFP-Vector or pEGFP-Sumo1 plus pGFP-Prdx6 and processed the cells for
immunoprecipitation (IP) using anti-Prdx6 monoclonal antibody. Probing
immunoprecipitates with anti-Sumo1, anti-Prdx6 and anti-GFP polyclonal antibodies
revealed a discrete slower migrating band in monoclonal Prdx6-IPs from extracts
coexpressing GFP-Prdx6 and EGFP-Sumo1 (Fig. 4A, a; upper panel, lane 2; EGFPSumo1+GFP-Prdx6, ~100kDa) recognized with Sumo1 polyclonal, Prdx6 polyclonal (Fig.
4A, b; upper panel lane 2), and GFP polyclonal (Fig. 4A, c; upper panel lane 2) antibodies.
10% inputs were visualized as shown in Fig. 4A (lower panel). Importantly, this protein
band did not appear in Prdx6-IPs performed with extracts transfected with pEGFP-Sumo1
plus pEGFP empty vector (lane 1) or IPs done with control IgG (Fig. 4A; lane 3).
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Next we also run parallel experiments in WT Prdx6+/+ and Prdx6−/− LECs if the Prdx6 is
Sumoylated in these cells as observed in human LECs. We transfected Prdx6+/+ and
Prdx6−/− cells with pEGFP-Sumo1 plus pEGFP-vector or pEGFP-Sumo1 plus pEGFPPrdx6 followed by immunoprecipitation using anti-GFP monoclonal antibody as described
in materials and methods. Immunoblotting of immunoprecipitates from Prdx6+/+ LECs
extract using anti-GFP rabbit polyclonal antibody resulted in the two protein bands in GFPIPs on membrane; an endogenous Sumoylated band at ~70kDa (Prdx6 plus EGFP-Sumo1:
Fig. 4B; lanes 1 and 2, single *) and ectopically expressed GFP-Prdx6 and EGFP-Sumo1
conjugate at ~100kDa (Fig. 4B; lane 2, double **). Importantly, GFP-IPs from Prdx6−/−
LECs extract revealed only one band, a conjugate of GFP-Prdx6 and EGFP-Sumo1 (Fig. 4B,
lane 4). Taken together, data from these experiments indicated that both endogenous and
exogenous Prdx6 were Sumoylated. It was surprising to notice that inputs as well as
conjugates bands were faint in experiments with Prdx6-/-, although we used similar
concentrations of DNA to transfect both Prdx6−/− and Prdx6+/+. We are currently unable to
explain this discrepancy; it may be caused by the Redox-status of cells, wherein adverse
ROS-induced aberrant Sumoylation signaling is prevalent and adversely affects cell
physiology. Another possible explanation is that Sumoylated Prdx6 may be degraded
quickly in Prdx6−/− LECs microenvironment, as Sumo-directed ubiquitination has recently
emerged as a potential mechanism of protein degradation [66, 72]. We also consider
possibility of low transfection efficiency, but microscopic examination ruled out this
possibility.
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Sumo1-ELISA assay revealed that endogenous Prdx6 is Sumoylated
Next we analyzed levels of Sumoylated and deSumoylated forms of Prdx6 in hLECs and
mLECs, to test the idea that a constant ratio between Sumoylated and deSumoylated forms
of Prdx6 is genetically determined and possibly essential for normal physiology of LECs.
The data may also provide a base value to assess normal functioning of LECs in relation to
the Prdx6 Sumoylation/deSumoylation ratio. To measure total Prdx6 and Sumoylated Prdx6
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protein, we utilized Sandwich-ELISA/Sumo-Specific ELISA assay. LECs were transiently
transfected with pEGFP empty vector alone or pEGFP-Sumo1 plus pEGFP vector or
pEGFP-Sumo1 plus pEGFP-Prdx6. Equal amounts of cell lysate prepared as well as
normalized with GFP from these transfectants were used for assay as described in Materials
and Methods. Data revealed that naturally occurring Sumoylated and deSumoylated forms
of Prdx6 were present in a ratio of 1:4, respectively. Next we measured the levels of
Sumoylated and deSumoylated Prdx6 in cells overexpressing Sumo1, as oxidative stress has
been reported to affect Sumo conjugation aberrantly, depending on the abundance of Sumo.
This experiment revealed increased Sumoylation of Prdx6 and an altered ratio between
Sumoylated and deSumoylated forms of Prdx6 of approximately 1:3, (Fig. 5A). We were
unable to estimate how much Sumo should be available to cells facing acute or chronic
oxidative stress, but we did find that abundance of Sumo1 in cells can alter the Sumoylation
status of Prdx6. Further work is required to reveal the abundance of Sumo in aging or redox
cells. However, Western analysis of aging lenses, cells facing oxidative stress and Prdx6deficient cells, (Figs. 1 and 2) showed increased Sumo conjugates, and these cells were
susceptible to oxidative stress-induced cell death. Because expression and abundance of
biomolecules, including Prdx6 and Sumo, are modulated during aging or stress [15, 42, 43,
73], we studied the effect of overexpression of these molecules on Sumoylation status of
Prdx6. As described above, we overexpressed LECs with Prdx6 and Sumo1 and performed
Sandwich ELISA assay. We found a significant increase in Sumoylated Prdx6 in pEGFPSumo1 plus pGFP-Prdx6 transfectants compared to pEGFP-Sumo and pEGFP-Vector ones.
These experiments also indicated that abundance of Sumo and its target influenced Sumo1specific conjugates, which in turn can affect cellular fate in cellular microenvironment.

Author Manuscript

Next we examined if the same phenomenon occurs in mLECs overexpressed with Prdx6 and
Sumo1. Total cell lysate isolated from Prdx6+/+ cells transfected with pEGFP-Sumo1 plus
pEGFP-vector or pEGFP-Sumo1 plus pGFP-Prdx6 were submitted for Sumo1/Prdx6specific ELISA assay. Results in Prdx6+/+ (Fig. 5B) LECs were similar to those in hLECs,
suggesting Sumoylation of Prdx6 was neither selective nor species-specific, at least in
LECs. Collectively our results were consistent with in vitro observations, and revealed that
Prdx6 was Sumoylated both endogenously and exogenously by Sumo1.
Sumo1 overexpression in response to oxidative stress reduced cell viability and increased
ROS level in hLECs
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Recent reports have described internal or external environmental stress-induced aberrant
Sumoylation signaling that adversely affects cellular physiology, leading to pathobiology
and finally to disease [39, 74]. Because we found that an increased oxidative load directly
influenced an increase in Sumo1 conjugates, we examined whether Sumo1 overexpression
affects viability of cells in response to oxidative stress. After exposure of cells
overexpressing Sumo1 to oxidative stress, viability assay revealed that Sumo1
overexpression did indeed negatively regulate cell viability compared to cells
overexpressing pEGFP-empty vector. We also used different concentrations of pEGFPSumo1 to transfect cells following oxidative stress evoked by 100μM H2O2. We found that
an increase in cell death (Fig. 6A, black bars vs. dark gray bars) and oxidative load (Fig. 6B,
black bars vs dark gray bars) was dependent on Sumo1 concentration. Intriguingly,
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transfectants with empty vector (control) appeared to gain resistance (Fig. 6A, dotted bars vs
light gray bars) and showed reduced oxidative load (Fig. 6A, dotted bars vs light gray bars)
in response oxidative stress. These experiments indicated that aberrant Sumoylation
signaling adversely affected cellular physiology. More importantly, as the levels of oxidative
load were higher in cells overexpressing Sumo1 than cells containing only vector, we
suggest that Sumoylation of the antioxidant protein Prdx6 may have reduced cells’
protective capacity either by reducing abundance of Prdx6 or by attenuating its transcription.
Furthermore, we noticed that transfectants containing lower concentrations of pEGFPSumo1 (0.5μg DNA) bore reduced oxidative load and showed a tendency to increased
resistance against oxidative stress (Fig. 6A and B). Fig. 6C is representative of the
experiments showing photomicrographs taken after 48h of H2O2 exposure to pEGFP-Vector
or pEGFP-Sumo1 transfected cells. As a whole, we concluded that cellular levels of Sumo1
were vital for normal physiological signaling and hLECs survival, while aberrant levels of
Sumo1 attenuated normal physiology of cells.
Overexpression of Sumo1 affected the expression of Prdx6 protein and mRNA and of its
transregulator Sp1
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Because ROS levels were elevated in cells overexpressing Sumo1 (Fig. 6B) and these cells
were highly vulnerable to oxidative stress-induced cell death, the data argued that Sumo1
may have been destabilizing/dysregulating Prdx6 activity. To address this possibility, we
investigated the fate of Prdx6 and its transregulator Sp1 in cells overexpressed with variable
concentrations of pEGFP-Sumo1 by assaying their protein and mRNA (Fig. 7). Expression
assays, Western blot and real-time PCR by specific probes revealed that cells overexpressing
Sumo1 displayed reduced expression of Prdx6 as well as its transregulator Sp1, and decline
of both were linked to Sumo1 concentrations in cells (Fig. 7A, a and b vs c panel). Real-time
PCR showed that expression of Prdx6 and Sp1 was not only affected at protein levels, but
also that Sumo1 overexpression significantly downregulated transcripts of both, suggesting
the possibility that Sumo1 dysregulated the level of Prdx6 at protein as well as transcription
level.
Overexpression of Sumo1-specific proteases Senp1 upregulated Prdx6 and Sp1
expression
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Next we examined whether cells ectopically expressed with Senp1, a Sumo1 proteases,
displayed elevated expression of Prdx6 and Sp1. Protein and RNA isolated from hLECs
transfected with different concentrations of pFlag-Senp1 were processed for immunoblotting
and real-time-PCR. After probing to specific probe(s) of Prdx6 or Sp1, we found that Senp1
upregulated the expression of protein (Fig. 8A) and mRNA (Fig. 8B) of both molecules.
Thus Prdx6 appeared to be under the control of Sumoylation and deSumoylation machinery,
with effects on its protein and transcription.
Sumoylation destabilized Prdx6 protein and its activity
Because Sumoylation is dynamical process, only a small portion of a given Sumo substrate
can be detected following enrichment making it difficult to determine whether Prdx6 is
degraded by Sumo1 conjugation. To resolve this issue, we used Sumo1 gene fusion
technology that has been applied to other Sumoylated proteins [75-77]. Human LECs
FEBS J. Author manuscript; available in PMC 2015 August 01.
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transfected with pM-Sumo-Star-Prdx6 were processed for Western analysis using anti-Prdx6
antibody. Data analysis revealed that, indeed, Sumoylation of Prdx6 enhanced its
degradation (affecting its cellular stability) as seen Fig. 9A. These results suggested that
Sumo1 conjugation destabilized Prdx6 activity. Next we tested the relative functionality of
Sumo-Star-Prdx6 and GFP-Prdx6 in protective LECs facing H2O2-induced oxidative stress.
LECs transfected with pGFP-Prdx6 showed significant resistance to oxidative stress, while
LECs transfected with pMSumo-Star-Prdx6 did not show similar resistance as evidenced by
viability assay. These results suggested that Sumoylation of Prdx6 destabilized Prdx6
protein and its activity.
Sumo1 overexpression repressed Prdx6 transcription, while the Sumo1-proteases 1,
Senp1 released the repression
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Sumo modification has recently emerged as an important mechanism for transcription
regulation. A number of transcription factors and coregulators are Sumoylated, which
generally represses their transcription capacity, resulting in the repression of target gene
transcription [21, 78, 79]. Sp1 Sumoylation leads to reduction in its transactivation capacity,
is known [17, 80]. Earlier we showed that Sp1 is a regulator of Prdx6 [40]. As our data
revealed Sumo1 repression of Prdx6 transcript (Fig. 7B), we studied whether suppression of
Prdx6 mRNA was due to repression of its transcription. Prdx6 promoter construct-linked
CAT reporter gene (-839/+109) containing all three Sp1 element sites (-839/+109) was
transfected alone or with different concentrations of pEGFP-Sumo1 (Fig. 10B) or pFlagSenp1 (Fig. 10C) in hLECs. In the presence of Sumo1, Prdx6 promoter activity significantly
decreased in dose-dependent manner (Fig. 10B, gray bars vs black bars). In contrast, Senp1
overexpressing cells showed significantly increased promoter activity in a concentrationdependent manner (Fig. 10C). These data demonstrated that the reduction of Prdx6 mRNA
in LECs overexpressing Sumo1 was due to repression of Prdx6 transcription.
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Spengler (2006) [17] reported that Sp1 is Sumoylated by Sumo1, and that Sumoylation
attenuates Sp1-dependent transcription. Senp1 was found to stabilize Sp1 activity, so we
predicted modulation in the transcription of Prdx6 by Sp1 Sumoylation by Sumo1 and
deSumoylation by Senp1 mechanisms. To address whether repressing transcription of Prdx6
was linked to Sp1 responsive elements present in the Prdx6 promoter [40], we utilized
mutant promoter disrupted at Sp1 responsive elements positioned at 27/-19, -69/-62 and
-89/-82 (Fig. 11A, upper panel; diagram). In these experiments, hLECs were transfected
with pCAT-Prdx6 wild-type or pCAT-Prdx6-Mutant (at all three Sp1 sites) along with either
pEGFP-Sumo1 (Fig. 11B; dark gray bar) or pFlag-Senp1 (Fig. 11B; black bar), and Prdx6
promoter activity was measured. As expected, we found significantly reduced promoter
activity (dark gray bar) in the presence of Sumo1 and significantly increased activity the in
presence of Senp1 (black bar) in pCAT-Prdx6 wild-type construct (light gray bar). Mutant
construct did not respond significantly to either Senp1 or Sumo1 (Fig. 11B). The mutant
promoter showed some activity, although this was significantly lower than that of wild-type
promoter and Sumo1 did not show any activity in mutant promoter. These results indicated
that repression of Prdx6 promoter activity was regulated by Sumoylation/deSumoylation
mechanism, and repression of Prdx6 transcription may be due to Sp1 Sumoylation, as
Sumoylation of Sp1 reduces its transactivation activity [17, 80]. For further confirmation we
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performed Sp1 knockdown experiments; hLECs transfected with pCAT-Prdx6 along with
Sp1-siRNA and Senp1 were processed to examine Prdx6 transcription activity. CAT-ELISA
revealed lack of response in Prdx6 CAT promoter to Senp1, further suggesting that
Sumoylation of Sp1 was a reason for repression of Prdx6 transcription (Fig. 11C).
Prdx6-deficient LECs showed aberrant Sumoylation signaling resulting in increased
Sumo1 and dimeric form of Senp1 (inactive form) in response to oxidative stress
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A number of reports have established that Sumoylation is a critical regulator of proteins
involved in cellular functions by influencing their expression and functions [2, 25, 81]. Also,
recent studies have demonstrated that oxidative stress-evoked abnormal Sumoylation
signaling is a cause of cell/tissue pathobiology that leads to disease [2, 15, 55, 56, 73, 74,
82-85]. Our fore mentioned current studies showed that overexpression of Sumo1 negatively
regulated cellular survival by Sumoylating Prdx6 as well as its regulator Sp1 in response to
oxidative stress, but the status of Sumo1 and Senp1 in redox-active cells or cells lacking
antioxidant- was not clear. To address this question, we utilized Prdx6−/− LECs and
measured expression levels of Senp1, Sumo1, Sp1 and Prdx6 protein and mRNA. Prdx6−/−
and Prdx6+/+ LECs cultured in 0.2% BSA were examined for levels of those molecules
using their corresponding probes. The level of Senp1 protein in Prdx6−/− LECs was
decreased, and its dimeric form (inactive form) [29, 86, 87] was increased (Fig. 12A, panel
c). Notably, the level of Sumo1 protein in these cells was dramatically increased (Fig. 12A,
panel d), while level of the Sp1 was decreased (Fig. 12A, panel b), suggesting the existence
of aberrant Sumoylation signaling in redox-active cells. Examining whether aberrant levels
of Sumo1 and Senp1 were at protein levels only or linked to mRNA level, we found
increased expression of Sumo1 mRNA and a decreased expression of Senp1 in Prdx6−/−
LECs cultured in 0.2% BSA. Taken together, results showed that Senp1 and Sumo1 were
abnormally regulated in redox cells, cells facing oxidative stress, and possibly aging cells,
and that in turn led to oxidative stress-induced aberrant pathogenic signaling. Importantly,
Prdx6+/+ and Prdx6−/− LECs cultured in 10% serum did not show any significant change in
Sumo1 mRNA (although a tendency to reduced expression could be seen), while Prdx6−/−
cells had significantly increased expression of Senp1 compared to Prdx6+/+ cells (Fig. 12B,
a). However, we were unable to explain how Senp1 was upregulated in Prdx6−/− cells; that
may require a separate line of investigation and beyond the scope of current study.
Stress-evoked aberrant Sumoylation-induced cellular injuries can be blocked by Prdx6
and Senp1

Author Manuscript

Based on results of earlier experiments (Figs. 6-12), it became evident that cells lacking
Prdx6 or cells under oxidative stress displayed increased levels of Sumo1, and aberrant
Sumoylation signaling dysregulates Prdx6-mediated cytoprotection by attenuating its
abundance both at mRNA and protein levels. Our goals were to gain more direct evidence
and measure the synergistic effects of Sumo1 overexpression and oxidative stress on cellular
survival, and to determine whether an extrinsic supply of Prdx6 would attenuate the adverse
process. Using Prdx6-deficient lens epithelial cells (LECs) overexpressing Sumo1 and/or
Prdx6, or Prdx6 along with empty vector, with or without exposure to oxidative stress as
indicated (Fig. 13A), we observed that cells cotransfected with pGFP-Prdx6 and pEGFPSumo1 had significantly higher survival rates (Fig. 13A; b, histograms) than cells lacking
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Prdx6 (Fig 13A; c, histogram) when faced with oxidative stress. Also, enhanced survival
was observed in cells transfected with pGFP-Prdx6 and pEGFP-empty vector (Fig. 13A; a,
histograms) which was expected, as these cells were not overwhelmed with Sumoylation
signaling as were the Sumo1-transfected cells. These data argued that Prdx6 delivery can
abate oxidative stress-evoked aberrant Sumoylation-mediated adverse signaling. To examine
whether Senp1 overexpression protected LECs through Prdx6, we transfected Prdx6+/+ and
Prdx6−/− LECs with pFlag-Senp1 or its mutant plasmid, and exposed them to oxidative
stress (Fig. 13 B). Cells lacking Prdx6 had relatively little protection compared to Prdx6+/+
cells (Fig.13B, a vs b histograms), suggesting that Senp1 protected cells against oxidative
stress through Prdx6. As protection was not absolute, we surmised that another type of
signaling negatively regulated death pathways. Taken together, the data revealed that the
aberrant Sumoylation signaling causing increased cell death due to loss or reduced
expression of Prdx6 was blocked by an extrinsic supply of Prdx6, paving the way for
development of Prdx6 expression-based therapeutics for blocking or preventing the
progression of oxidative stress and age-associated pathobiology of cells/tissues.

Discussion
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Increased expression of ROS in cells in response to reduced expression and activity of
antioxidant proteins or environmental/cellular stress can result in pathogenic signaling and
cellular insult. Such insults are linked to the etiology and progression of many diseases,
including age-related degenerative disorders, cataractogenesis, macular degeneration,
neurodegenerative disorders, diabetes, cancer and so forth [41-43, 55, 56]. However, a
physiological level of ROS has been shown to be involved in various cellular processes [40,
42, 61, 88, 89]. Thus ROS can either promote survival or initiate death signaling, depending
upon its cellular concentration and cell background. The eye is continuously exposed to
environmental stresses. These stressors induce ROS, which damages macromolecules and
can alter protein integrity (by altering posttranslational modification) and function, in turn
leading to etiopathology and disease states [88, 90].
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Sumoylation is emerging as a critical posttranslational modification of nuclear and
extranuclear proteins. It affects cellular functions by regulating protein activity [15, 55, 56,
62, 91-94]. Recently, several reports have documented that the Sumoylation process is
altered by stressors such as UV radiation, heat stress and oxidative stress. Global changes in
Someones have been shown under different stresses in the cellular microenvironment and in
model organisms [59]. As eukaryotic gene expression is driven by a complex series of
events, we believe that stress-induced Sumoylation may globally affect the LEC/lens
Someones, as aging eyes are under oxidative pressure due to a decline in antioxidant defense
molecules like Prdx6 [40, 42-44]. By using aging LECs/lenses to study the effects of aging
and oxidative stress, and Prdx6-deficient LECs as a model for aging cells, we found that
Sumoylation of most proteins was increased and the increases were linked to increased
levels of ROS (Figs. 1 and 2). The key novel observation was that Prdx6 is target for Sumo1
modification. The global changes in Sumoeome were associated with Prdx6 deficiency and
an increase in ROS levels and aberrant Sumoylation that results in cell damage. Using
Prdx6-deficient cells, we showed that aging cells became prone to cell death due to
overwhelming abnormal Sumoylation signaling (Figs. 1 and 2). It was intriguing to observe
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that the level of Sumo1 conjugates was significantly higher in Prdx6−/− cells, and these were
much more susceptible to oxidative stress than were Prdx6+/+ cells (Fig. 2), suggesting a
pivotal role for Prdx6 in abating oxidative stress-evoked aberrant Sumoylation signaling, at
least in eye lens.
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Recently, extranuclear roles of Sumoylation have been documented (Stephane martin
(2007). Sumoylation regulates cellular transduction by modifying growth factor-mediated
signaling and altering protein trafficking and protein-protein interaction [37]. Sumoylation
also controls cell fate by enhancing protein stability or reducing protein degradation [3, 9].
Sumoylation has been shown to have a role in antioxidant protein modification [38, 39],
leading to redox status of cells. The redox effect on the conjugation of a Sumo to its target
substrate can lead to aberrant expression of Sumo. Since Sumo itself is a limiting factor for
conjugation [62], its overexpression or underexpression influences the status of target
substrate Sumoylation globally. Global changes in the Sumo proteome have been observed
under diverse stimuli [59]. Modulation of Sumoylation status by stressors was initially
observed by Saitoh and Hinchey [65], who reported that environmental stress, oxidative
stress, heat shock, or osmotic stress increases Sumoylation. We found that Prdx6 is a
substrate for Sumo1 conjugation (Figs. 3, 4 and 5), and importantly, a fraction of
Sumoylated form of Prdx6 is present in LECs (Figs. 3 and 4). Moreover, a protein can be a
target for mono- or multi-Sumoylation, depending upon the presence of a Sumo1
recognition site within the target protein. Sites are often part of a ΨKxD/E consensus motif
which is recognized by the UBC9, a Sumo conjugation enzyme [95, 96]. Like ubiquitin,
Sumo can attach its own lysine (K) residue(s) and can form polySumoylation. Our finding
that Prdx6 is monoSumoylated was revealed by in vitro and in vivo Sumoylation assays. The
molecular weight of endogenous Prdx6 on SDS-gel is ~24kDa to ~28kDa [40-44, 68]. We
identified the two protein bands of high molecular weight. Analysis showed that these bands
were the Sumoylated form of Prdx6 approximately ~70kDa [(endogenous Prdx6 plus EGFPSumo1 (~45kDa)], and 100 kDa [ectopically expressed GFP-Prdx6 (~55kDa) plus EGFPSumo1 (~45kDa)]. Our data showed that Prdx6 was modified by Sumo1, and Sumo1 lacks a
lysine residue in consensus motif; thus, Sumo1 will not form poly chains [97], and Prdx6
cannot be polySumoylated. We propose that Sumoylation of Prdx6 is a constitutive event in
regulating its function, and during stress aberrant Sumoylation signaling alters the
expression and function of Prdx6. Indeed, our data revealed that overexpression of Sumo1
negatively regulates LEC survival in dose-dependent fashion by downregulating Prdx6 and
its transactivator, Sp1 (Figs. 6, 7 and 8). We also found that overexpression of Sumo1
negatively regulated cell fate and downregulated the expression of both Prdx6 and Sp1
protein and mRNA. Notably, the down regulation was dependent on the concentration of
Sumo1 in cells (Fig. 7). In contrast, Senp1 expression reversed the process (Fig. 8). We
believe the loss of Prdx6 in cells overexpressing Sumo1 may be associated with Sumo1mediated modulation of Prdx6 at posttranslational or transcription levels or both.
Moreover, the repression of mRNA levels argues the involvement of transcription repression
as supported by downregulation of Sp1 in these cells. However, whether reduce abundance
of Prdx6 was also associated with its degradation due to Sumoylation was not clear. Our
experiments revealed Prdx6 Sumoylation also affects its stability. Until recently, Sumo and
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ubiquitin were known to have opposing effects by occupying the same lysine, thus making
the proteins resistant to degradation through the ubiquitylation pathway [10, 98, 99].
Conversely, recent investigations demonstrated that Sumoylation is a directional signal for
ubiquitylation and ubiquitin-dependent degradation [100-104]. We think the decrease in
level of Prdx6 may also be associated with Sumoylation-mediated ubiquitin-dependent
degradation. Our current study revealed that Sumo1 conjugated Prdx6 was degraded (Fig.
9A) and, importantly, Sumoylation of Prdx6 blunted its protective potential (Fig. 9B).
Because Sumoylation is a dynamical process, and a fraction of protein is Sumoylated,
determining whether Prdx6 Sumoylation leads to degradation would be difficult. To resolve
this issue, we utilized Sumo-fusion strategy and prepared Sumo1-Prdx6 fusion cDNA
eukaryotic construct. Such a strategy has been successfully applied previously [75, 77]. Our
experiment revealed that Prdx6 was degraded, and we posited that the degradation might be
a reason for the lower cellular abundance of Prdx6. However, it was not clear whether
Sumo-1-Prdx6 was able to recruit the enzymes responsible for ubiquitin-mediated
degradation; the question needs further investigation. SumoPlot analysis [25] disclosed that
Prdx6 contained Sumo1 binding site, but it was diversified from consensus motif (nonconsensus motif). We have started pursuing this line of research to define Sumo1 motif(s) in
Prdx6. An extended Sumo consensus motif has been suggested and identified as a functional
motif for Sumos [36, 105, 106]. However, our current study clearly revealed that Prdx6 is a
target for Sumo1, indicating that deficiency of Prdx6 is a cause of its own aberrant
Sumoylation due to increased levels of oxidative load. Therefore we believe that
maintaining cellular levels of Prdx6 can abate ROS-evoked aberrant Sumoylation signaling.
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Apart from the destabilization of Prdx6 by Sumoylation, Fig. 10B shows that the process
also affects the transcription of Prdx6 by affecting the abundance of Prdx6’s activator Sp1.
Our transactivation-based study demonstrated reduced transcription of Prdx6 promoter
containing Sp1 responsive elements, which was directly associated with concentrations of
Sumo1, while transfection of Senp1 restored Prdx6 transcription. The involvement of
Sumo1 in repressing Prdx6 transcription through Sp1 Sumoylation came through our
mutation of Sp1 sites in Prdx6 promoter and Sp1-siRNA/Senp1 experiments in which Senp1
failed to modulate Prdx6 promoter activity. The study revealed that Prdx6 was
transcriptionally repressed by aberrant Sumoylation signaling involving Sp1. Sp1 is a known
target for Sumo1, and Sumoylation decreases its transactivation capacity [17]. Thus the
repression of Prdx6 gene can result from destabilization and degradation of Sp1 by Sumo1
signaling. Previous studies have shown that constitutively Sumo-modified Sp1 is a weak
transactivator [17, 104]. When transactivation assay was followed by overexpression with
Senp1, we noticed a significant increase in Prdx6 promoter activity. Our finding pointed to
ROS-evoked aberrant Sumoylation signaling in LECs as a major culprit, and indicated
potential rescue for the cells by expressing Senp1 or Prdx6. However, at normal
physiological condition Sumo signaling is a regulatory mechanism for Prdx6. Our studies
provide the proof of concept that cells in redox state or facing oxidative stress undergo an
abnormal Sumoylation process due to overexpression of Sumo1 and reduced expression and
inactivation of Senp1 (Fig. 12A and B). In eukaryotic cells environmental factors/oxidative
stresses modify the Sumoylation process by increasing the cellular abundance of Sumo1
mRNA and protein and inactivating expression of Senp1 [15, 59, 107, 108]. Intriguingly, we
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observed that the level of Senp1 expression was dramatically increased in Prdx6−/− cells
cultured in complete DMEM medium (Fig. 12), suggesting the involvement of serum
component(s) in upregulation of Senp1. We posit that both redox-active state of Prdx6−/−
cells and serum factor(s) may be responsible for increased expression of Senp1. It has been
reported that Senp1 gene promoter bears androgen response element (ARE), and androgen
receptor (AR) functionally binds and activates its transcription [109]. We think that AR
activated by serum androgen initiated Senp1 transcription in Prdx6−/− cells, which may be
more sensitive than wild-type Prdx6 cells. Furthermore, hypoxic stress has been implicated
in upregulation of Senp1 transcription [110]. Hypoxia is known to be an inducer of oxidative
stress. We surmise that increased expression of Senp1 can also be associated with increased
oxidative load of Prdx6-deficient LECs. However, how the expression of Senp1 is increased
in Prdx6−/− LECs warrants further investigation.
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One of the salient conclusions of the current study was that Prdx6 is essential for protecting
LECs during oxidative stress-evoked aberrant Sumoylation signaling. This was evidenced
by the observation that Prdx6-deficient cells overexpressing Sumo1 showed a dramatic
decrease in viability during oxidative stress, while LECs overexpressing Prdx6 had
resistance against the same stress (Fig. 13A). Prdx6-deficent LECs overexpressing Senp1
did not have cytoprotection similar to that observed in wild-type Prdx6+/+ LECs (Fig. 13B),
indicating that Prdx6 is vital for attenuating ROS-evoked Sumoylation-mediated adversity.
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In summary, by utilizing Prdx6-deficient LECs derived from Prdx6 knockout eye lenses and
human LECs facing oxidative stress, we demonstrated for the first time that Prdx6 is
Sumoylated. We showed that aberrant Sumoylation signaling in response to oxidative stress
caused repression of Prdx6 transcription as well as reduced abundance of Prdx6. As a whole,
our current investigation demonstrates for the first time that aberrant Prdx6 Sumoylation in
response to oxidative stress attenuates Prdx6 activity and perturbs the growth and survival of
LECs. In contrast, Prdx6 overexpression attenuates ROS-evoked aberrant Sumoylation
pathways by optimizing ROS expression and restoring cellular survival signaling. We
believe that the findings will bring new perspectives for understanding the molecular
mechanisms of age-related disorders, and will open new pathways in the treatment of many
pathological disorders associated with environmental and cellular stresses.

Materials and methods
Cell culture
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Human Lens Epithelial Cells (hLECs) (a kind gift of Dr. Venkat N. Reddy, Eye Research
Institute, Oakland University, Rochester, MI, USA) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, USA) with 15% fetal bovine
serum (FBS; Atlanta Biologicals, Inc., Flowery Branch, GA, USA), 100μg/ml streptomycin,
and 100μg/ml penicillin in 5% CO2 environment at 37°C as described previously [111, 112].
Cells were harvested and cultured in 96, 24, 48 or 6 well plates and 100 mm petri dishes
according to the requirements of the experiment(s).
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Generation and validation of LECs isolated from lenses of Prdx6−/− and Prdx6+/+ mice
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All animal experiments followed the recommendations set forth in the Statement for the Use
of Animals in Ophthalmic Research by the Association for Research in Vision and
Ophthalmology. Animal studies were approved by the University of Nebraska Medical
Center, Omaha, NE, USA. LECs isolated from Prdx6-targeted mutants (Prdx6−/−) and wildtype (Prdx6+/+) mice were generated and maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM; Invitrogen, Carlsbad, CA, USA) with 10% FBS (Atlanta Biologicals,
Inc., Flowery Branch, GA, USA) as described earlier [42]. Prdx6−/− 129/Sv mice were
generated at Harvard Medical School under the supervision of Dr. David R. Beier. For the
present study, we used Prdx6−/− mutant mice of pure 129 background, and, as controls,
wild-type 129/Sv inbred mice of the same sex and age (Prdx6+/+). All animals were
maintained under specific pathogen-free conditions in an animal facility. LECs were isolated
from mice of identical age, and Western analysis was carried out to confirm the presence of
αA-crystallin [42], a specific marker of LECs. Cells from 3-5 passages were used for the
experiments.
Western blot analysis and antibodies
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Total cell lysates were prepared in ice-cold radio immunoprecipitation assay (RIPA) lysis
buffer, as described previously [40]. Equal amounts of protein samples were loaded onto
10%, 12% or 4-20% SDS PAGE gel, blotted onto PVDF membrane (Perkin Elmer,
Waltham, MA, USA), and immunostained with primary antibodies at the appropriate
dilutions. The following antibodies were used: Prdx6 monoclonal (Lab Frontier, Seoul,
Korea), Prdx6 monoclonal (IP grade, Abcam, Cambridge, MA, USA), Prdx6 polyclonal
(sc-134478; Santa Cruz Biotechnologies, Santa Cruz, CA, USA), Sumo1 monoclonal
(sc-5308; Santa Cruz Biotechnologies, Santa Cruz, CA, USA), Sumo1 polyclonal (sc-9060;
Santa Cruz Biotechnologies, Santa Cruz, CA, USA), GFP monoclonal (sc-69779; IP grade,
Santa Cruz Biotechnologies, Santa Cruz, CA, USA), GFP polyclonal (Invitrogen, USA),
Sp1 monoclonal (sc-17824; Santa Cruz Biotechnologies, Santa Cruz, CA, USA) and Senp1
monoclonal (sc-271360; Santa Cruz Biotechnologies, Santa Cruz, CA, USA). Membranes
were incubated with horseradish peroxidase-conjugated secondary antibodies (anti-mouse,
sc-2055 and anti-rabbit, sc-2054; Santa Cruz Biotechnologies, Santa Cruz, CA, USA).
Specific protein bands were visualized by incubating the membrane with luminal reagent
(sc-2048; Santa Cruz Biotechnologies, Santa Cruz, CA, USA) and the images were recorded
with FUJIFILM-LAS-4000 luminescent image analyzer (FUJIFILM Medical Systems Inc.,
USA). To ascertain comparative expression and equal loading of the protein samples, the
membrane stained earlier was stripped and re-probed with β-actin antibody (Sigma-Aldrich,
St. Louis, MO, USA) or Tubulin monoclonal (Abcam, Cambridge, MA, USA).
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Quantitation of intracellular ROS level
Intracellular ROS level was measured by use of fluorescent dye dichlorofluorescin diacetate
(H2-DCF-DA), a nonpolar compound that is converted into a polar derivative
(dichlorofluorescein) by cellular esterase after incorporation into cells [42, 50]. Human or
mouse LECs were cultured in 96 well plates for 24h with DMEM having 15 or 10% FBS,
then exposed to H2O2 at different concentrations for different time intervals determined by
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requirements of the experiment. hLECs were transfected with pEGFP-vector or pEGFPSumo1 and treated or untreated with H2O2. On the final day of the experiment, the medium
was replaced with Hank’s solution containing 10mM H2-DCF-DA dye and cells were
incubated. Following 30 min of incubation at room temperature, intracellular fluorescence
was detected with excitation at 485 nm and emission at 530 nm as measured by a Spectra
Max Gemini EM (Mol. Devices, Sunnyvale, CA).
Cell viability assay
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A colorimetric MTS assay (Promega, Madison, WI, USA) was performed as described
earlier [42, 50]. This assay of cellular proliferation/viability uses 3-(4, 5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-2 to 4-sulphophenyl) 2H-tetrazolium salt. When added to
medium containing viable cells, MTS is reduced to a water-soluble formazan salt. The
A490 nm value was measured after 4h with an ELISA reader. Results were normalized with
absorbance of the untreated control(s).
TAT-HA-Prdx6 recombinant protein Purification
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A full-length cDNA of Prdx6 was isolated from a human LEC cDNA library using Prdx6specific sense (5′-GTCGCCATGGCCGGAGGTCTGCTTC-3′ contained NcoI site) and
antisense primer (5′-AATTGGCAGCTGACATCCTCTGGCTC-3′). The PCR products
were purified by preparative agarose gel electrophoresis. The purified products were ligated
into a TA-cloning vector (Invitrogen, Carlsbad, CA, USA) and then transformed into a
competent cell, and the plasmids of selected colonies were purified. The purified TA vector
containing Prdx6 cDNA was digested with NcoI and EcoRI and then subcloned into a
pTAT-HA expression vector (a kind gift of Dr. S. F. Dowdy) that had been digested with the
same restriction enzymes. Recombinant protein was purified using QIAexpress® Ni-NTA
Fast Start kit column (Qiagen Inc., Valencia, CA, USA). The host Escherichia coli BL21
(DE3) was transformed with pTAT-HA-Prdx6 and the transformants were selected on a
Luria broth (LB) plate with ampicillin. The selected colonies were cultured in 10ml LB
medium containing ampicillin at 37°C with shaking at 200 rpm overnight. After incubation,
10ml of the overnight cultures were combined with 250ml of pre-warmed media (with
ampicillin), and then was grown at 37°C with vigorous shaking until an OD600=0.6-0.8,
isopropylthiogalactoside (IPTG) was added to a concentration of 1mM and the incubation
was continued for 4-5h. Cells were harvested by centrifugation at 4000g for 20min. Pellets
were suspended in 10ml of lysis buffer (50mM NaH2PO4, 50mM NaCl and 10mM
imidazole, pH 8.0) containing lysozyme and Benzonase® Nuclease and incubated for 30min
on ice. The suspension was then centrifuged at 14000g for 30min. Supernatant was added to
the Ni-NTA fast start column and allowed to drain before washing twice with 4ml of wash
buffer (50mM NaH2PO4, 50mM NaCl, and 20mM imidazole, pH 8.0), followed by elution
with 1ml elution buffer (50mM NaH2PO4, 50mM NaCl, and 250mM imidazole, pH 8.0).
This purified protein can be either used directly for protein Sumoylation, or aliquoted and
stored frozen in 10% glycerol at −80°C for further use.
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Construction of DNA Plasmid
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For eukaryotic expression, a full length of Sumo1 cDNA was subcloned into pEGFP-C1
vector [25]. The coding region of Sumo1 was amplified by PCR from human lens cDNA
library using forward (5′-CCGTCGACATGTCTGAC CAGGAG-3′) and reverse primer (5′TCGGATCCGT TTTGAACACCACA-3′) with restriction enzyme sites, SalI and BamHI.
The PCR product was digested and ligated into pEGFP-vector. pFlag-Senp1 was a generous
gift from Dr. E. Yeh (University of Texas M.D. Anderson Cancer Center, Houston, TX,
USA). All the transfection experiments were carried out either with Superfactamine Reagent
(Invitrogen, Carlsbad, CA, USA) or by using the Neon Transfection system (Invitrogen,
Carlsbad, CA, USA).
In vitro Sumoylation Assay
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Purified recombinant TAT-HA-Prdx6 was incubated with E1, E2 and Sumo1 protein for 3h
at 30°C according to the manufacturers’ protocol (SUMOlink™ in vitro SUMO-1 Kit,
Catalog no. 40120, Active Motif, Carlsbad, CA, USA). The reaction was stopped by adding
an equal amount of 2X SDS-PAGE loading buffer, and Western analysis proceeded.
Sumoylation bands were visualized by anti-Prdx6 antibody or anti-Sumo1 antibody.
In vivo Sumoylation assay
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hLECs or Prdx6+/+ or Prdx6−/− were transfected with either pEGFP-vector and pEGFPSumo1 or pEGFP-Sumo1+ pEGFP-vector and pEGFP-Sumo1+pGFP-Prdx6. After 48h, total
cell lysates were prepared in IP Lysis/Wash buffer (0.025M Tris, 0.15M NaCl, 0.001M
EDTA, 1% NP-40, 5% glycerol, pH7.4 plus 5μM MG132 and 30μM NEM (Nethylmaleimide) added) provided in the Pierce® Classic IP Kit (Catalog No. 26146) as per
manufacturer’s instructions. Total cell lysates were incubated with 4μg of monoclonal antiPrdx6/anti-GFP serum/1000 μg of protein in IP lysis buffer provided in the IP kit (Pierce,
Rockford, IL, USA), and were rotated at 4°C overnight. That was followed by the addition
of 20 μl of Protein A/G plus Agarose bead and further rotation for 4h at 4°C. The
immunoprecipitates were collected by centrifugation and washed several times with wash
buffer and 1X conditioning buffer before being boiled in SDS-sample buffer. 10% Input and
IP samples were resolved on 4-20% SDS/PAGE and analyzed by Western blotting using
monoclonal anti-Prdx6, anti-Sumo1 or anti-GFP sera.
Sumo1/Sandwich-ELISA (Enzyme Linked Immunosorbent Assay)
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A total Prdx6 protein and its Sumoylated form was performed by sandwich-ELISA
(Abnova, Taipei City, Taiwan) and EpiQuik in vivo universal protein Sumoylation assay kit
following the companies’ protocols. Briefly, in sandwich-ELISA assay, hLECs or Prdx6+/+
cells were transfected with pEGFP-vector, pEGFP-Sumo1 or pEGFP-Sumo1+pGFP-Prdx6
construct. After 48 h, total cell lysates were prepared and equal amounts of protein were
loaded in ELISA plate well coated with Prdx6 polyclonal antibody followed by incubation
with monoclonal anti-Prdx6 antibody. After incubation with goat anti-mouse-HRP
conjugated secondary Ab, OPD substrate solution was added for color development and
O.D. was recorded at 490nm.
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As mentioned above, cell extracts from transfectants or controls were collected in modified
RIPA buffer, and Sumoylated Prdx6 was detected by ELISA using an EpiQuik in vivo
universal protein Sumoylation assay kit (Epigentek, Farmingdale, NY, USA). Equal
amounts of proteins from the cell extracts were added to the strip wells, which were
percolated overnight with either anti-Prdx6 antibody or control IgG. They were then
incubated in blocking buffer for 45min, washed three times and incubated with Sumo assay
buffer for 1h at room temperature. After three washes, Sumo antibody was added and the
proteins were incubated for 15 min at room temperature. Following color development by a
Sumo detection system, absorbance was measured at 450nm using an ELISA plate reader.
To obtain deSumoylated Prdx6, we calculated total and Sumoylated Prdx6 protein and
subtracted the Sumoylated Prdx6 protein from total Prdx6 protein.
Quantitative real-time PCR
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Quantitative real-time PCR was performed using LightCycler® 480II as described earlier
[50, 113]. Primers shown in table 1 were purchased from Roche Applied Sciences
(Indianapolis, IN, USA). The comparative Cp method was used to calculate relative fold
expression levels using LightCycler ® 480 software, release 1.5.0 SP3. The Cps of target
genes was normalized to the levels of β-actin as an endogenous control in each group.
pM-Sumo-Star-Prdx6 Eukaryotic expression construct

Author Manuscript

Because it was difficult to detect the effect of Prdx6 Sumoylation on its stability and
protective efficacy, we prepared Sumo1-Prdx6 fusion plasmid by cloning a full cDNA of
Prdx6 into pM-Sumo-Star eukaryotic expression vector between BsmB1 and XhoI sites (Life
Sensors) following the company’s instructions. We prepared Prdx6 forward (5′CGTCTCTAGGTATGCCCGGAGGTCTGCTTCTCG-3′) and Reverse (5′CTCGAGTCATCACAGCACCAGCTTCTCCAA-3′) primers containing BsmB1 and XhoI
restriction sites, respectively. Products were digested with appropriate enzymes and cloned
into the pM-Sumo-Star vector [114]. pM-Sumo-Star plasmid was transformed and plasmid
was isolated [42, 43]. Following sequence verification plasmid was used for transfection
assays.
Construction of Prdx6 Promoter-Chloramphenicol Acetyltransferase (CAT) Reporter
Vector

Author Manuscript

The 5′-flanking region (-839 to +109 bp) was isolated from mouse genomic DNA and
sequenced. A construct of −839 bp was prepared by ligating it to basic pCAT vector
(Promega Corporation, Madison, WI, USA) using the SacI and XhoI sites. The plasmid was
amplified and used for the CAT assay. Primers were as follows:
5′CTTCCTCTGGAGCTCAGAATTTAC-3′; and 5′CAGGAACTCGAGGAAGCGGAT-3′.
Site-directed mutagenesis (SDM)
PCR-based site-directed mutagenesis was carried out with the QuikChange™ site-directed
mutagenesis kit (Invitrogen, Carlsbad, CA, USA), following the company’s protocol. We
made mutations in Sp1 binding sites (Mutant 1: CC changed to TA; Mutant 2: C changed to
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T; Mutant 3: C changed to T. Briefly, the double-stranded Prdx6 promoter construct
(-839/+109) was used as template DNA with a pair of complementary primers used to
mutate the Prdx6 promoter construct with PCR. The primers used for mutation are as
follows:
Sp1-Mut-1for’5′-GATCTAGGTCTCCGCAGGAGCTAGCCCGCTGCTCACTG-3′;
Sp1-Mut-1rev’5′-CAGTGAGCAGCGGGCTAGCTCCGGCGGAGACCTAGATC-3′;
Sp1-Mut-2for’5′-GCCCTGCCCTAGCCCTGCCCACTCGGCCAGCACTGATC-3′;
Sp1-Mut-2rev’5′-GATCAGTGCTGGCCGAGTGGGCAGGGCTAGGGCAGGGC-3′;
Sp1-Mut-3for’5′-GCCGCCAGACTCGCGGTCGCCTCACCTCGCCCTAGC-3′;
Sp1-Mut-3rev’5′-GCTAGGGCGAGGTGAGGCGACCGCGAGTCTGGCGGC-3′.

Author Manuscript

Cotransfection and promoter activity assay

Author Manuscript

The CAT assay was performed using a CAT-ELISA kit (Roche Diagnostic Corporation,
Indianapolis, IN, USA). Cells were cotransfected with reporter constructs (pCAT-Prdx6
wild-type or pCAT-Prdx6-mutant construct at all Sp1 sites) along with pEGFP-Sumo1 or
pFlag-Senp1, and Prdx6 transcriptional activity was measured. To observe the effect of
Sumo1 and Senp1 on Sp1’s regulation of Prdx6 transcription activity, pCAT-Prdx6-mut
(mutant at all sp1 (1+2+3) sites) and Sp1-siRNA construct were used. Sp1-siRNA construct
was made as described earlier [16]. After 72h of incubation, cells were harvested, extracts
were prepared and the protein was normalized. CAT-ELISA was performed to monitor CAT
activity in accordance with the manufacturer’s instructions. A405 was measured using a
microliter plate ELISA reader. Transactivation activities were adjusted for transfection
efficiencies using GFP values or SEAP values cotransfected during transfection assays.
Statistical analysis
Data are presented as mean ± S.D. of the indicated number of experiments. Data were
analyzed by Student’s t-test when appropriate. A p value of **, p< 0.050 and *, p< 0.001
was defined as indicating a statistically significant difference.
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Fig. 1.
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(A). Human lenses revealed age-dependent increases of Sumo1 conjugates. Total proteins
were isolated from freshly obtained eye lenses and equal amounts of protein were loaded
onto 4-20% SDS PAGE gel. Sumo1 conjugates and free Sumo1 were visualized by antiSumo1 antibody. (B). Prdx6-deficient mLECs bore increased Sumo1 conjugates and
elevated expression of ROS. Total cell lysates were prepared from Prdx6+/+ and Prdx6−/−
cells and immunoblotted with Sumo1 antibody (a), and quantification of ROS levels (b)
Prdx6−/− with H2-DCF-DA showed involvement of oxidative stress (b). Histogram values
are mean ± SD from three independent experiments. O.D., optical density.* Statistically
significant difference (p<0.001 vs control).

Author Manuscript
FEBS J. Author manuscript; available in PMC 2015 August 01.

Chhunchha et al.

Page 27

Author Manuscript
Author Manuscript
Author Manuscript

Fig. 2.
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(A) Oxidative stress induced Sumo1 conjugation in hLECs, and these cells displayed higher
levels of ROS and reduced viability. Cultured hLECs were treated with different
concentrations of H2O2 for 30 min. Complete medium (DMEM supplemented with 15%
FBS) was replaced with DMEM containing 0.2% BSA prior to the H2O2 treatment. (A, a).
Total cell lysates were prepared and immunoblotted with anti-Sumo1 antibody to measure
free Sumo1 and Sumo1 conjugates. (A, b). Cells were cultured and subjected to oxidative
stress. ROS levels were monitored. (A, c). MTS assay was conducted to monitor cell
viability against oxidative stress. Data represent means ± SD of three independent
experiments. * p<0.001; **p <0.05 vs control, statistically significant.
(B) Redox active Prdx6−/− LECs exposed to oxidative stress showed further increases in
Sumo1 conjugates, correlated with increased ROS and reduced viability. Total cell lysates
were prepared from Prdx6−/− cells untreated or treated with different concentrations of
H2O2 for different time intervals and were immunoblotted with anti-Sumo1 antibody (B, a).
ROS production (B, b) and cell viability (B, c) were measured in H2O2 treated Prdx6−/−
cells by using H2-DCF-HA dye and MTS dye assays. Data represent the mean ± SD of three
independent experiments. *, p<0.001 vs control
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Fig. 3.

In vitro Sumoylation assay revealed that Prdx6 was modified by Sumo1. The in vitro
Sumoylation assay was performed according to the manufacturer’s protocol. Briefly, a
combination of E1 enzyme, E2 (Ubc9) enzyme, Sumo1 wild-type (WT) protein and/or
Sumo1 mutant protein and different concentrations of recombinant Prdx6 protein (TAT-HAPrdx6) were mixed with 20μl reaction mixture containing Sumoylation buffer. Following
incubation at 30°C for 3h, reaction product was incubated at 90°C with 2X SDS-gel loading
buffer and was immunoblotted using anti-Sumo1 and anti-Prdx6 polyclonal antibodies.
Concentration-dependent Sumoylation of recombinant wild-type Prdx6 protein was seen, as
shown in figure, lanes 1 and 2 (* denotes the Sumoylation band). Mutant Sumo1 failed to
conjugate to Prdx6, suggesting Prdx6 was Sumoylated in vitro.
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Fig. 4.
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Extrinsic or intrinsic Prdx6 was Sumoylated in LECs in vivo. (A) hLECs (8X105) were
cotransfected with pEGFP-Sumo1 (2μg) along with pGFP-Prdx6 (2μg) or pEGFP-vector
(2μg). After 48h, total cell lysates were prepared and subjected to immunoprecipitation (IP)
using monoclonal anti-Prdx6 or control IgG. 10% Input and IP samples were resolved onto
4-20% SDS-PAGE and immunoblotted with anti-Sumo1 (A, a) and anti-Prdx6 (A, b) and
anti-GFP (A, c) polyclonal antibodies. Sumoylated band was visualized with all three
antibodies at ~100kDa (pEGFP-Sumo1 plus pGFP-Prdx6; lane 2, * denotes Prdx6
Sumoylated band). In input, Prdx6 and GFP-Prdx6 were seen with anti-Prdx6 antibody,
Sumo1 and EGFP-Sumo1 with anti-Sumo1 antibody and EGFP-Sumo1 and GFP Prdx6 with
anti-GFP polyclonal serum.
(B) Sumoylation assays using Prdx6+/+ and Prdx6−/− validated that Prdx6 was Sumoylated
in vivo. Prdx6-deficient and Prdx6 wild-type LECs were overexpressed with pEGFP-Sumo1
(2μg) along with pGFP-Prdx6 (2μg) or pEGFP-vector (2μg) for 48h. Total cell lysates were
subjected to immunoprecipitation (IP) using monoclonal anti-GFP or control IgG. 10%
Input and IP samples were immunoblotted with polyclonal anti-GFP serum. Endogenous
Prdx6 Sumoylated protein band could be detected with polyclonal anti-GFP serum at
~70kDa (Prdx6 plus pEGFP-Sumo1, lanes 1 and 2) in Prdx6+/+ cells only, while exogenous
Prdx6 Sumoylated bands were visualized at ~100kDa (pGFP-Prdx6 plus pEGFP-Sumo1,
lanes 2 and 4) in both Prdx6+/+ and Prdx6−/− cells. Absence of the endogenous Prdx6
Sumoylation band in Prdx6−/− LECs demonstrated that indeed Prdx6 was Sumoylated.
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Fig. 5.
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Sensitive Sumo-ELISA/Sandwich-ELISA assays validated that both extrinsic and intrinsic
Prdx6 were Sumoylated, and showed that a fraction of endogeneous Prdx6 was present in
Sumoylated form. (A) hLECs were transfected with pEGFP-vector or pEGFP-vector plus
pEGFP-Sumo1 or pGFP-Prdx6 plus pEGFP-Sumo1. After 48h total cell lysates were
prepared and submitted to Sandwich/Sumo1-ELISA assays to check the total Prdx6 protein
and Sumoylated Prdx6 protein. Sumoylated Prdx6 protein was subtracted from total Prdx6
protein, presenting as Prdx6 unSumoylated (gray bars) and Sumoylated (black bars) forms.
The data represent mean ± SD from three independent experiments (*p<0.001). (B)
Prdx6+/+ LECs were transfected with pEGFP-vector plus pEGFP-Sumo1 or pGFP-Prdx6
plus pEGFP-Sumo1. Total cell lysates were prepared and used to perform Sandwich/Sumo1ELISA. Sumoylated Prdx6 protein was subtracted from total Prdx6 protein, presenting as
Prdx6 unSumoylated (gray bars) and Sumoylated (black bars) forms. The data represent the
mean ± SD of three independent experiments (*p<0.001 vs control).
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Fig. 6.
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Sumo1 overexpression reduced cell viability and increased the ROS level in concentrationdependent fashion at normal physiological condition, and LECs were more susceptible to
oxidative stress. hLECs were overexpressed with different concentrations of pEGFP-vector
or pEGFP-Sumo1 and pcDNA3 plasmid. A required amount of pcDNA3 plasmid was used
to equalize DNA load during transfection. Complete media were replaced with 0.2% BSA,
and cells were exposed to H2O2 (100μM). After 24h, cell viability (A) and ROS level (B)
were examined. Histogram values represent mean ± SD of three independent experiments
(**p<0.05; *p<0.001 vs control).
(C) Cells overexpressing Sumo1 were more susceptible to cell death in response to oxidative
stress. Photomicrographs of cells showed relative cell death (white rounded cells, indicated
by arrow and empty spaces where cells detached after death) in cells overexpressing Sumo1.
hLECs (8 × 105) were transfected with pEGFP-vector or pEGFP-Sumo1 and exposed to
H2O2 (100μM). 24h later cells were photomicrographed. a, control (no transfection); b,
control+H2O2 (100μM); c, pEGFP-Vector (2μg); d, pEGFP-Vector (2μg)+H2O2 (100μM); e,
pEGFP-Sumo1(2μg); f, pEGFP-Sumo1(2μg)+ H2O2 (100μM).
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Fig. 7.

Sumo1 suppressed expression of Prdx6 and its transregulator Sp1 protein and mRNA in
dose-dependent fashion. hLECs (8X105) were transfected with different concentrations of
pEGFP-Sumo1 (1, 2 and 4μg). After 48h, cells were processed for Western and real-time
analysis by using specific probes to measure protein (A) and mRNA (B) expression. An
inverse relation was evident between Sumo1 expression levels and Prdx6 and Sp1,
suggesting aberrant expression of Sumo1 adversely affected Prdx6 and Sp1 protein and
mRNA abundance. Tubulin antibody was used as an internal control. Histogram values
represent mean ± SD of three independent experiments (*p<0.001 vs control).
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Fig. 8.

Senp1 upregulated Prdx6 and Sp1 protein and mRNA expression. hLECs (8X105) were
transfected with different concentrations of pFlag-Senp1 (0.5, 1 and 2). After 48h, protein
and mRNA expression were measured by Western (A) and real-time PCR (B) analysis using
specific probes. Senp1 increased the expression levels of both Prdx6 and its transregulator
Sp1. Tubulin antibody was used as an internal control. Histogram values represent mean ±
SD of three independent experiments (*p<0.001 vs control).
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Sumoylation of Prdx6 made it less stable and affected its protective capacity. (A) hLECs
were transfected with empty vector (lane 1) and pSumo-Star-Prdx6 construct (pMSumoStar-vector, Life sensors) (lane, 2). 48h later, cell lysates were prepared from transfectants
and resolved onto SDS-PAGE and immunoblotted with anti-Prdx6 antibody. Prdx6 protein
showed cleaved protein bands (lane 2). (B) hLECs were transfected with pEGFP-vector
(open bar), pMSumo-Star-Prdx6 (gray bar) or pGFP-Prdx6 (black bar) and exposed to H2O2
(100μM) for 24h before being subjected to MTS analysis. Results indicated significantly
reduced viability in pMSumo-Star-Prdx6 (gray bar) transfected cells, while pGFP-Prdx6
(black bar) transfected cells were protected. Histogram values represent mean ± SD of three
experiments (*p<0.001 vs control).
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Prdx6 gene transcription was regulated by Sumoylation and deSumoylation mechanism. (A)
Schematic diagram of wild-type Prdx6 gene promoter construct (−839/+109) containing
three Sp1-binding elements linked to CAT reporter plasmid vector. (B) Sumo1 significantly
repressed Prdx6 promoter activity in dose-dependent manner. hLECs were transiently
cotransfected with pCAT-Prdx6 (−839/+109) with different concentrations of pEGFPSumo1 (gray bars; 1, 2 and 4 μg). After 72h, protein was extracted and CAT-ELISA was
performed to measure the effects of Sumo1 on Prdx6 promoter activity. Sumo1
downregulated (gray bars) the promoter activity. (C) Senp1 dramatically enhanced Prdx6
promoter activity in concentration-dependent fashion. hLECs were cotransfected with
pCAT-Prdx6 plasmid (−839/+109) with increasing concentrations of pFlag-Senp1 (gray
bars; 0.1, 0.5, 1 and 2μg). After 72h, extracted cell lysates from these transfectants were
analyzed for CAT activity (shown as a histogram). The data represent the mean ± SD from
three independent experiments (** p<0.05;* p<0.001). DNA concentration was maintained
by cotransfecting pcDNA3 plasmid, and transfection efficiency was normalized with SEAP
value as described [40, 47].
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Sumoylation and deSumoylation of Sp1 was involved in regulating Prdx6 transcription. (A)
Schematic illustration of wild-type Prdx6 gene promoter construct (−839/+109) containing
three Sp1-binding elements (WT) and its mutant (all three Sp1 sites disrupted using sitedirected mutagenesis) linked to CAT vector. (B) Prdx6 promoter activity was down
regulated in cells overexpressing Sumo1 compared to cells overexpressing Senp1. hLECs
were co-transfected with wild-type Prdx6 promoter linked to CAT vector or mutated
construct (at all three Sp1 sites) along with either pEGFP-Sumo1 or pFlag-Senp1. The
effects of pEGFP-Sumo1 (dark gray bar) or pFlag-Senp1 (black bar) on CAT activity are
shown. Empty CAT-vector served as control (open bar). We did not observe significant
changes in pCAT-Prdx6 mutant coexpressed with either pEGFP-Sumo1 or pFlag-Senp1,
suggesting that Prdx6 transcription was linked to Sumoylation/deSumoylation of Sp1. The
transfection efficiencies were normalized using cotransfected pEGFP-vector. Data represent
the mean ± SD from three independent experiments (*, p<0.001). (C) Sp1-siRNA assay
confirming the involvement of Sumo1 and Senp1 in modulating Prdx6 transcriptional
activity through Sp1. hLECs were transiently cotransfected with pCAT-Prdx6 reporter
plasmid and pFlag-Senp1 with or without siRNA specific to Sp1, as indicated. CAT activity
was monitored. The results are represented as a histogram showing that promoter activity
was significantly reduced in Sp1-siRNA transfected cells compared to untransfected cells
(lined bar vs black bar). Transfection efficiencies were normalized using pEGFP vector.
Data represent the mean ± SD from three independent experiments (*, p<0.001). (D)
Silencing of Sp1 by specific siRNA was validated by Western blotting. The membrane was
striped and stained with β-actin antibody.
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Prdx6-deficient LECs facing oxidative stress showed decreased expression and activity of
Senp1, and reduced expression of Sp1. Prdx6+/+ and Prdx6−/− cells were cultured in either
10% FBS or 0.2% BSA. (A) Cell lysate was prepared and immunoblotted. Reduced Sp1
expression was observed in Prdx6−/− cell cultures in 0.2% BSA (lane 4). Also in these cells,
Senp1 was found to be reduced and dimerized (lane 4) with increased expression of Sumo1.
(B) RNA was isolated from Prdx6+/+ and Prdx6−/− cells cultured in either 10% FBS or
0.2% BSA and subjected to real-time PCR to measure mRNA level using specific probes
corresponding to Prdx6, Sumo1 and Senp1 as indicated. The expression level of Sumo1 was
increased in Prdx6−/− cells (b: Sumo1, −/−; black bar); in contrast, Senp1 expression was
suppressed (b: Senp1, −/−; black bar) in cells under serum depletion stress (0.2% BSA)
compared to LECs cultured at normal physiological conditions (a: Senp1, −/−; black bar and
a: Sumo1, −/−; black bar). **p<0.05 and *p<0.001 showed statistically significant.
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Transfection and viability experiments of Prdx6-deficient LECs with Sumo1 or Senp1 or
Prdx6 showed that Sumoylation of Prdx6 attenuated its protective potential. (A) Prdx6−/−
cells were transfected with pGFP-Prdx6 plus pEGFP-vector (group, a) or pGFP-Prdx6 plus
pEGFP-Sumo1 (group, b) or pEGFP-Vector plus pEGFP-Sumo1 (group, c). 24h later cells
were exposed to H2O2 and subjected to cell viability assay as indicated. A comparison
between the groups (a vs b vs c) revealed that Prdx6 was vital for cell survival and
Sumoylation of Prdx6 attenuated its protective potential significantly (compare black bars in
groups a, b and c). OD values were normalized with GFP OD value. (B) Prdx6-deficient
cells overexpressing Senp1 revealed that Senp1 acted through Prdx6 in protecting LECs by
the deSumoylating mechanism. Prdx6+/+ and Prdx6−/− cells were transfected with Senp1
mutant or pFlag-Senp1 as shown. 24h later serum-depleted LECs were exposed to H2O2
(100μM) and cell viability was measured (Prdx6−/−, black bars vs Prdx6+/+, gray bars).
Data represent the mean ± SD from three independent experiments (*, p<0.001).
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Gene Name

Primer Sequence

Prdx6(Human)

Forward: 5′-GCATCCGTTTCCACGACT -3′
Reverse: 5′-TGCACACTGGGGTAAAGTCC-3′

Sp1(Human)

Forward: 5′-CCTGGATGAGGCACTTCTGT-3′
Reverse: 5′-GCCTGGGCTTCAAGGATT-3′

Sumo1(Human)

Forward: 5′-AAGCCACCGTCATCATGTCT-3′
Reverse: 5′-TTATCCCCCAAGTCCTCAGTT-3′

Senp1(Human)

Forward: 5′-TTCCTCGCTGATGACAACTG-3′
Reverse: 5′-AGTGAGTCCATAAGTAGGATACAAGGT-3′

β-actin(Human)

Forward: 5′-CCAACCGCGAGAAGATGA-3′
Reverse: 5′-CCAGAGGCGTACAGGGATAG-3′

Prdx6(Mouse)

Forward: 5′-TTTCAATAGACAGTGTTGAGGATCA -3′
Reverse: 5′-CGTGGGTGTTTCACCATTG-3′

Sumo1(Mouse)

Forward: 5′-GTGAATCCACGTCACCATGT -3′
Reverse: 5′-TCGCCTAAGTCCTCAGTTGAA -3′

Senp1(Mouse)

Forward: 5′-GCTTCCAGCCCTACGTTCTT -3′
Reverse: 5′-CGAGCTCGAGAGTCATAAACG -3′

β-actin(Mouse)

Forward: 5′-CTAAGGCCAACCGTGAAAAG-3′
Reverse: 5′-ACCAGAGGCATACAGGGACA-3′
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