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ABSTRACT
Progressive deterioration of antioxidant response in aging is a major culprit in the initiation of age‐related
pathobiology induced by oxidative stress. We previously reported that oxidative stress leads to a marked
reduction in transcription factor Sp1 and its mediated Prdx6 expression in lens epithelial cells (LECs) leading to
cell death. Herein, we examined how Sp1 activity goes awry during oxidative stress/aging, and whether it is
remediable. We found that Sp1 is hyper‐Sumoylated at lysine (K) 16 residue in aging LECs. DNA binding and
promoter assays revealed, in aging and oxidative stress, a significant reduction in Sp1 overall binding, and
specifically to Prdx6 promoter. Expression/overexpression assay revealed that the observed reduction in Sp1‐
DNA binding activity was connected to its hyper‐Sumoylation due to increased reactive oxygen species (ROS)
and Sumo1 levels, and reduced levels of Senp1, Prdx6 and Sp1. Mutagenesis of Sp1 at K16R (arginine) residue
restored steady‐state, and improved Sp1‐DNA binding activity and transactivation potential. Extrinsic
expression of Sp1K16R increased cell survival and reduced ROS levels by upregulating Prdx6 expression in LECs
under aging/oxidative stress, demonstrating that Sp1K16R escapes the aberrant Sumoylation processes.
Intriguingly, the deleterious processes are reversible by the delivery of Sumoylation‐deficient Prdx6, an
antioxidant, which would be a candidate molecule to restrict aging pathobiology.

INTRODUCTION
All cells or organisms encounter many types of
environmental stresses and apoptotic stimuli. In young
cells, the defense responses are efficient, but with age
the responses are weakened by dysregulation of antioxidant response, which leads to impaired cellular
function and increased vulnerability [1, 2]. Protein
homeostasis is essential to maintain cellular systems
during the progressive rise of oxidative stress in aging
[3-5]. Many biologically relevant factors in the cellular
and external environments, such as chemical, ultraviolet
B (UVB) radiation, H2O2 and growth factors, have been
shown to initiate reactive oxygen species (ROS)-evoked
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adverse signaling in cells due to malfunction of
antioxidant defense system. The antioxidant defense
system is equipped with antioxidant proteins, like CAT,
SODs, GPX1, Prdxs. The stress factors significantly
negatively alter their activity that results in age-related
pathobiology [6]. We and other investigators have
reported that Prdx6 maintains cellular homeostasis by
maintaining calcium homeostasis and cell membrane
and DNA integrity by optimizing ROS levels against
the stressors such as H2O2, UVB, paraquat, endoplasmic
reticulum (ER) stress and overstimulated growth factors
[7-9]. Our published report has also shown that
expression of the antioxidant defense gene Prdx6 and its
regulator Sp1 decline significantly in an age-dependent

AGING

manner, which is directly associated with increased
production of ROS and cell death in human lens
epithelial cells (hLECs) [10, 11].
The protective protein Prdx6 is a member of the Prdx
family, which consists of conserved single cysteine
(Cys) residue (known as 1-Cysteine). This has both
GSH-Peroxidase and acidic Ca2+-independent phospholipase A2 (PLA2) activities, and is widely expressed at
significant levels in eye lens, lung, liver, testis and
brain. Prdx6 is predominantly localized in cytoplasm,
including endoplasmic reticulum, mitochondria,
lysosomes and plasma membrane [5, 7, 12-15]. This
localization pattern of Prdx6 in ROS-producing
organelles emphasizes its biologically important
function in maintaining redox homeostasis. We have
shown that Prdx6 expression is significantly reduced in
aging lenses and LECs [8, 16], and these LECs/lenses
are highly susceptible to cell death and lens opacity
induced by stressors [5, 17-19]. In the current study, we
found that TATA-less human Prdx6 promoters bore
four active binding sites for Sp1, which are
evolutionarily well conserved (This study, Table 1).
Transcription factor Sp1 belongs to the family of
Sp/KLF (Kruppel-Like Factor) nuclear proteins [20,
21]. Sp1 is responsible for basal transcription of genes,
and can also modulate its target gene transcription in
response to physiological and pathological stimuli [22].
It binds with high affinity to GC-rich motifs (such as 5’GGGGCGGGG-3’ or 5’-G/T-GGGCGG-G/A-C/T-3’ or
5’-G/T-G/A-GGCG-G/T-G/A-G/A-C/T-3’) and regulates the expression of TATA- containing or TATA-less
genes via protein-protein, protein-DNA interaction or
interplay with other transcription factors, and also
through a large number of genes involved in a variety of
cellular physiological processes such as growth, apoptosis, differentiation and senescence [23]. Nonetheless,
posttranslational modifications of proteins are an
important mechanism that regulates protein function,
activity and localization [24]. Posttranslational
modifications of Sp1, such as glycosylation, phosphorylation, methylation, acetylation, ubiquitination, and
Sumoylation modulate the Sp1 and its target gene
expression by affecting its protein level, transcription
and DNA-binding activities [20, 25-27]. Oxidative
stress-induced aberrant protein modification has been
implicated in the etiology and progression of many
human diseases [2, 28-31]. Sp1 expression has been
shown to be significantly reduced in aging cells [11]
and cells facing oxidative stress [5, 9, 11, 32]. Cells
overexpressing Sumo display repressed expression of
Sp1 and its target gene Prdx6, whereas Sumo-protease
(Senp1) overexpression enhances Prdx6 expression and
transcription activity by increasing the levels of Sp1 [5].
In this scenario, we postulated that aberrant Sumoylation of Sp1 during aging and oxidative stress appears
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to be a plausible cause for Sp1 dysregulation and
modulation of its target genes.
Sumos play important roles in the regulation of diverse
cellular processes, including gene transcription, protein
stabilization, and subcellular localization [12, 33-35].
Most, if not all, Sumo modification of transcription
factors results in repression of their activity. Three
major Sumo isoforms, Sumo1, Sumo2 and Sumo3 have
been identified in mammals [24, 26]. Sumo1 exhibits
~50% amino acid sequence identity with Sumo2 and
Sumo3, whereas Sumo2 and Sumo3 share about 97%
amino acid sequence identity and are referred to as
Sumo2/3 in most cases [24, 33, 36-40]. Sumo binds
covalently to €-lysine embedded in the ɸKXE motif (ɸ
represents hydrophobic amino acid, and X stands for
any amino acids) within the target protein in an
enzymatic cascade reaction leads to protein Sumoylation [24, 40]. Sumoylation can be reversed by a
family of sentrin/Sumo-specific proteases (Senps) [41,
42]. Senp1 is largely responsible for the deconjugation
of both Sumo1 and Sumo2/3 modifications, and
regulates the activity of many transcription factors
including Sp1 in vivo and in vitro [5, 11, 12, 41, 43].
This process can be aberrantly affected during oxidative
stress and aging, leading to aberrant Sumoylation
processes of proteins like Sp1, and thereby altering
protein functions (dysregulation of Sp1 activity in the
current study).
In the study reported here, we observed that during
aging and oxidative stress, a progressive decline of
Prdx6 expression was linked to an increase of Sp1
Sumoylation with decrease in Sp1 expression wherein
Sp1-DNA binding activity to Prdx6 promoter was
greatly reduced. We also noted that reduction in Sp1DNA binding activity was connected to increased
Sumo1 and ROS levels, and decreased Senp1 and Prdx6
as well as reduction in Sp1-DNA activity and expression in aging LECs and cells facing oxidative stress. We
found that Sp1 was Sumoylated in vivo at K16 residue
in LECs, a major site for the Sumoylation of Sp1.
Additionally, data revealed that overexpression of
Sumoylation–deficient Sp1K16 improved DNA-binding
activity by escaping the erratic Sumoylation that occurs
in aging or oxidative stress. An important observation
was that delivery to cells of Prdx6 mutant at Sumo1
motif(s) linked to TAT-transduction domain provided
cytoprotection by restoring Sp1 stability and DNAbinding activity and protecting against oxidative cell
injury by halting ROS-driven aberrant Sumoylation
processes. The findings offer a new perspective for
developing antioxidant Prdx6-based therapy to rescue
cells and organisms from ROS-evoked aberrant Sumoylation signaling.
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RESULTS
Age-related increases of ROS levels in LECs were
connected to progressive decline in Sp1 and Prdx6
expression and Sp1-DNA binding activity to its GC
rich elements
During aging, gene expression levels change, a situation
which may be associated with the accumulation of high
levels of ROS [44]. To determine a connection between
levels of ROS, Prdx6 and Sp1, and binding efficiency of
Sp1 to its response elements (GC-box), we first monitored the intracellular redox-state of primary hLECs of
different ages. Quantification by staining with
H2DCFDA dye showed an age-dependent progressive
increase in ROS levels (Fig. 1A), which reached
significantly higher levels in aged hLECs (Fig. 1A, 56y
onward). Next, we isolated RNA from the same groups
of aging cells and quantified mRNA by real-time PCR.
We observed that the levels of both Sp1 and Prdx6
mRNA in hLECs declined with aging, and this loss was
more significant in aged cells (Fig. 1B, 56y onward).
Collectively the results revealed a significant inverse
correlation between expression of Sp1/Prdx6 and ROS
levels during aging. Because we found a direct correlation between expression levels of Prdx6 mRNA and
its regulator Sp1 mRNA and protein (Fig. 1), we
surmised that this could be related to a loss of Sp1
cellular abundance or reduction in its binding efficiency

to Prdx6 promoter due to increased levels of ROS in
aging cells. To explore that possibility, nuclear protein
isolated from hLECs of different ages was used to
quantify the presence of active Sp1 by using TransAM
Sp1 transcription factor assay (Active Motif) as well as
Sp1 protein level. Data revealed that, indeed, Sp1-DNA
activity declined (Fig.1C), and that reduction in Sp1DNA activity was connected to decline of Sp1 cellular
levels with increase in age (Fig. 1E), suggesting that an
increase in ROS-induced oxidative stress could
jeopardize Sp1 activity and lead to repression of Prdx6
mRNA. Figure 1E reveals that Sp1 protein declined
with advancing age as evidenced by Western analysis.
However, due to the limited supply of primary hLECs,
we were able to perform Sp1 protein expression
analysis on only cells of certain age points (as Western
analysis requires larger amounts of protein extracts).
Next we asked whether dysregulation of Sp1 was due
solely to reduced cellular abundance or if a reduction in
Sp1 binding efficiency in nuclear extracts of aging cells
might have made a contribution. We equalized Sp1
contents in nuclear extracts of hLECs isolated from
different age groups using Sp1 specific sandwichELISA as described in Materials and Methods, and
measured the Sp1/ DNA binding activity with TransAM
Sp1 transcription factor assay (Active Motif). We found
that both reduced abundance and a decrease of Sp1
binding efficiency were responsible for dysregulation of
Sp1-DNA binding activity during aging (Fig. 1D).

Table 1. Conserved Sp1 response elements in TATA‐less Prdx6 promoter of mouse, rat and human.
Species
GC-Box-1
Mouse
Rat
Human
GC-Box-2
Mouse
Rat
Human
GC-Box-3
Mouse
Rat
Human
GC-Box-4
Human

Sp1 binding sequences

Position

Strand(s)

References

ngCCCGCCCGn
ngCCCGCCCGn
nCCCCGCCCCn

-19/27
-33/41
-53/60

(+)
(+)
(+)

Chhunchha et al., 2011
--This study

ngCCCCGCCCan/
ngCCCCGCCCcn
ngCCCCGCCCcn
ngCCCCGCCCcn

-61/69
-71/80

(+)
(+)

Chhunchha et al., 2011
---

-86/93

(+)

This study

naCCCCGCCCcn
ngCCCCGCCCcn
ngCCCCGCCCcn/
ngCCCCGCCCcn

-82/89
-112/119
-134/141
-139/146

(+)
(+)
(+)
(+)

Chhunchha et al., 2011
--This study
This study

ngCCCCGCCCcn

-156/163

(+)

This study

Multiple sequence alignment (by CLUSTALW) of mouse, rats and human Prdx6 gene promoter showing that Sp1
response element (GC‐box) is well‐conserved. Sp1 response elements in Prdx6 promoter are predicted by
MatInspector (Genomatix‐software suit), TFsearch and TEESS websites, and aligned using CLUSTALW, Clustal Omaga
(www.ebi.ac.uk/TOOLs/services) and PRRN (www.genome.jp/tmp/prrn).
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Figure 1. Aging human LECs/lenses showing elevated levels of ROS and progressive decline in Sp1 and Prdx6 expression
connected to reduction in Sp1 activity. (A) ROS levels increased progressively in aging hLECs. Cells were cultured in 96 well plate
(5000/well), and ROS were quantified using H2‐DCF‐DA dye assay as shown. Data represent the mean ± S.D. of two independent
experiments. Younger (18y) vs aging samples; *p < 0.001. (B) Aging hLECs displayed progressive decline in levels of Sp1 and its target
gene, Prdx6 mRNA. Total RNA was isolated from human LECs/ lenses of different ages as indicated and was processed for real‐time PCR
analysis with specific primers. The data represent the mean ± S.D. from three independent experiments. p values were determined for
younger vs aging samples. *p < 0.001. (C) Aging/aged human lenses/LECs displayed significant loss of Sp1 activity. Nuclear extracts
prepared from aging/aged hLECs/lenses were used for assay. LECs/lenses were divided into five age groups: 16‐18y (n=6); 21‐26y (n=6);
52‐58y (n=8); 62‐66y (n=8); 74‐76y (n=8). Nuclear extracts containing equal amounts of protein were processed and assayed for Sp1
activity using a commercially available kit (Active motif) as described in Materials and Methods. The data represent the mean ± S.D. from
three independent experiments. p values were determined for younger vs aging samples. *p < 0.001. (D) Nuclear extracts containing equal
amounts of proteins were processed for Sandwich ELISA to measure the total Sp1 protein. Total Sp1 proteins were equalized with the O.D. of
Sandwich ELISA and processed for Sp1 transactivation assay using a commercially available kit (Active motif) as ascribed in Materials and
Methods. P value were determined for younger vs aging samples. *p < 0.001. (E) Aging hLECs showing significant loss of Sp1 protein. Cellular
proteins were isolated from hLECs and human lenses of different ages as described in Materials and Methods section, and as indicated. An
equal amount of protein was loaded onto SDS‐PAGE, and immunoblotted using Sp1 antibody. Upper panel; expression levels of Sp1, Lower
panel; membrane probed with β‐actin antibody as loading/internal control. Each band of blot was quantified using densitometer shown
below. Images are representatives from three independent experiments. P value were determined for younger vs aging samples. *p < 0.001.
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Figure 2. ChIP analysis of genomic DNA from LECs facing oxidative stress disclosed a significant loss in Sp1‐DNA
binding to Prdx6 gene promoter. (A) Schematic illustration of 5’‐proximal promoter region of Prdx6 containing Sp1 binding
sites showing primer location and sequences used in ChIP assay. (B and C) ChIP assay showing Sp1 binding to Prdx6 promoter in
+/+
vivo. Chromatin samples were prepared from Prdx6 LECs (mLECs) exposed to different doses of H2O2 (0, 25, 50 and 75µM)
2
and/or UVB (0, 30, 60 and 90J/m ) as indicated. 72h later samples were subjected to ChIP assay with ChIP grade antibodies, anti‐
Sp1 or IgG control. The DNA fragments were amplified by using primers designed to amplify −208 to +27 region of the Prdx6
promoter bearing Sp1 sites (**) and contiguous sequence (−2229 to −2356) to which Sp1 does not bind (*) as indicated. PCR
products were resolved onto agarose gel and visualized with ethidium bromide staining. Photographs are representative of three
experiments. (D and E) Expression assays showing H2O2‐ and UVB‐ induced declined expression of Sp1 in mLECs. mLECs cells were
treated with different concentrations of H2O2 (D) and/or UVB (E) multiple time for 3 days as indicated. Total RNA and protein
were isolated and subjected to real‐time PCR and Western analysis with Sp1 specific probes, respectively. Data revealed a
concentration –dependent reduced expression of Sp1 mRNA (Da and Ea; Gray vs black bars; *p<0.001) and protein (Db and Eb).
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In vivo DNA binding assay revealed reduction in
Sp1-DNA binding to Prdx6 promoter during H2O2 or
UVB-induced oxidative stress in LECs
Major causes of age-related pathobiology include an
increased burden of oxidative stress and its associated
damage to cells/tissues due to accumulation of ROS, a
progressive decline of antioxidant expression, and a
deterioration of transcription factor activity in aging
[10, 45-47]. Our previous report [5] and an analysis of
data presented in Figure 1 demonstrate that a progressive increase of ROS levels in aging cells was
linked to progressive reduction in expression and
activity of Sp1 and its target gene Prdx6 mRNA. We
surmised that there might be a decrease in Sp1 interaction with its elements present in Prdx6 promoter due

to increase of oxidative load in vivo. To examine this
possibility, we performed ChIP assay using antibody
specific to Sp1, as described in Materials and Methods,
using hLECs facing different concentrations of
oxidative stress. Reports by others using other cell types
have shown that H2O2-induced oxidative stress lowers
Sp1-DNA binding [48, 49]. We initially per-formed
bioinformatics analysis and spotted out Sp1 binding
sites in mouse, rat and human gene promoters. As
shown in Table 1, Sp1 binding sites present in mouse,
rat and human Prdx6 promoter are well con-served.
Next, chromatin samples were prepared from mouse
and human LECs exposed to H2O2 or UVB multiple
times as indicated in Figs. 2 and 3. Protein-DNA
complex was pulled down with anti-Sp1 antibody or
with control IgG. Immunoprecipitated complex was

Figure 3. Oxidative stress attenuated Sp1 binding to its GC‐Box elements present in hPrdx6 gene promoter. Table 1.
Evolutionary conserved Sp1 binding sequences in TATA‐less Prdx6 promoters of mouse, rat and human cells. (A) Schematic illustration of
5’‐proximal promoter region of Prdx6 containing Sp1 (GC‐Box) binding sites showing primer location and sequences used in ChIP assay.
(B and C) Oxidative stress (H2O2 or UVB)‐induced reduction in DNA binding activity of Sp1 to hPrdx6 gene promoter containing GC‐Box
(Sp1 sites) in SRA‐hLECs. ChIP assay was carried out by using ChIP‐IT® Express and ChIP‐IT® qPCR analysis kits (Active motif). Chromatin
2
samples prepared from SRA‐hLECs were exposed to varying concentrations of H2O2 (0, 50, 75 and 100µM) or UVB (0, 40, 80 and 120J/m ),
and were subjected to ChIP assay with ChIP grade antibodies, anti‐Sp1 (black bars) and control IgG (gray bars). The DNA fragments were
used as templates for qPCR by using primer designed to amplify ‐342 to +30 region of the human Prdx6 gene promoter bearing GC‐box
(Sp1 sites). Histogram showed the amplified DNA by qPCR analysis: (B) Control (0) vs 50µM vs 75µM vs 100µM H2O2 treatment. (C)
Control (0) vs 40J/m2 vs 80J/m2 vs 120J/m2 UVB exposure. The data represent mean ± SD from three independent experiments
(**p<0.05; *p<0.001). (D) Human Prdx6 promoter activity inhibited by mithramycin A (Mithra A), an inhibitor of Sp1, validated Sp1
regulation of hPrdx6 gene. Cells were transfected with CAT‐hPrdx6 (‐918/+30) or empty CAT vector construct and treated with Mithra‐A
at different concentrations for 24h. Data represent mean ± SD from three independent experiments (**p<0.05; *p<0.001).
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processed for RT-PCR (mLECs) and qPCR (hLECs)
using the primer that encompassed mouse and human
Prdx6 promoters containing Sp1-responsive elements
(Figs. 2A and 3A). We observed a significant decrease
in the enrichment of Sp1 with its target elements at
Prdx6 promoters in samples exposed to both H2O2
(Figs. 2B and 3B) and UVB (Figs. 2C and 3C). Interestingly, that decrease of Sp1 binding was directly related
to decline of Sp1 mRNA and protein as revealed by
expression analysis, suggesting that oxidative stressinduced reduced cellular abundance of Sp1 was one
cause of decrease in Sp1-DNA activity (Fig. 2D). No
effect was observed on internal control as shown in Fig.
2D and E, as observed in aging hLECs (Fig. 1E).
Furthermore, in the same experiment, qPCR analysis of
Sp1 targeted gene, Prdx6 transcription also showed a
decline in Prdx6 mRNA, which was directly related to a
decrease of Sp1-DNA binding (as observed in the ChIP

experiment), corroborating that aging or oxidative stress
did not affect gene regulation globally and transcriptional machinery was in active state, at least in hLECs
facing oxidative stress in the model system observed.
Sp1 is a transregulator of mouse Prdx6 transcription [5,
9]. To examine whether Sp1 binding to human Prdx6
promoter activated the promoter through its responsive
elements (GC-boxes), we performed transactivation
assay by using mithramycin A (Mithra A), an inhibitor
of Sp1 (Fig. 3D). SRA-hLECs were transiently transfected with pCAT-hPrdx6 (-918/+30) promoter or
empty CAT vector, and treated with increasing amounts
of Mithra-A as indicated in Fig. 3D. We observed that
Mithra-A inhibited Prdx6 promoter activity in dosedependent fashion, suggesting that Sp1 bound and
activated human Prdx6 promoter. Taken together, our
results revealed that oxidative stress attenuated Prdx6
transcription through Sp1.

Figure 4. Prdx6‐/‐ LECs, a model for aging, bore an enhanced Sumoylated form of Sp1, and levels were further increased
with exposure to oxidative stress. (A) Nuclear extracts were prepared from Prdx6+/+ and Prdx6−/− mLECs and submitted to Sp1
Sandwich/Sumo1‐ELISA assays to examine the total and Sumoylated forms of Sp1 protein. Sumoylated Sp1 protein was subtracted from
total Sp1 protein, and results are presented as deSumoylated (gray bars) and Sumoylated (black bars) forms of Sp1. The data represent
+/+
−/−
‐/‐
mean ± SD from three independent experiments. Prdx6 vs Prdx6 ; *p<0.001. (B‐E) Prdx6 LECs displayed increased levels of
‐/‐
Sumoylated Sp1 in response to increased oxidative loads. Prdx6 LECs were exposed to H2O2 (B and C) or UVB (D and E) in different
concentrations and for different time intervals as indicated. Nuclear extracts were prepared and used to perform Sp1 sandwich/Sumo1‐
ELISA specific to Sp1. Sumoylated Sp1 protein was subtracted from total Sp1 protein, presented as deSumoylated Sp1 (gray bars) and
Sumoylated Sp1 (black bars). B‐E: Data represent mean ± SD from three independent experiments. 0µM vs 25, 50 and 75µM (H2O2), 0 min
2
2
vs 15 , 30 and 90 min of H2O2 exposure and 0 J/m vs 30, 60 and 90 J/m (UVB) and 0h vs 3, 6 and 12h UVB exposure; **p<0.05; *p<0.001.
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Prdx6-deficient LECs, a model for aging, displayed
aberrant Sumoylation of Sp1 during oxidative stress
From the previous experiments, it was clear that DNA
binding activity of Sp1 declined, but it was not clear
how and by what mechanism the dysregulation
occurred. Our previous findings had shown a significantly global aberrant increase in Sumo1 conjugation of
proteins in Prdx6-/- LECs (a model for aging) as well as
in aging hLECs, and that increase was linked to a
progressive increase of ROS-induced oxidative stress
[5]. These LECs also showed reduced Sp1, Prdx6 and
Senp1 expression (as well as the presence of an inactive
dimeric form of Senp1) with increased Sumo1 levels,
suggesting oxidative-induced aberrant Sumoylation
signaling as a possible cause of reduction in Prdx6 and
Sp1 levels. To uncover the role of Sumo1 in dysregulation of Sp1 during oxidative stress, we analyzed
deSumoylation and Sumoylation status of Sp1 in
Prdx6+/+ and Prdx6-/- LECs with or without oxidative
stress by using Sp1 sandwich/Sumo1-ELISA as shown
in Fig. 4A. We observed a significantly higher level of
the Sumoylated form of Sp1 in Prdx6-/- compared to
Prdx6+/+ LECs, suggesting that Prdx6 deficiency
(increased ROS levels) may cause an increase in
Sumoylation status of Sp1, at least in LECs. In an
earlier report [5], we showed that Prdx6-/- LECs facing
oxidative stress displayed increased Sumo1 conjugation
and reduced Sp1 expression. Furthermore, Prdx6-/- LECs

exposed to different concentrations of H2O2 for 48h
(Fig. 4B) or 0.3mM H2O2 for different time intervals
(Fig. 4C) displayed dramatic increases in Sp1
Sumoylation in dose- and time-dependent manner.
Similarly, we exposed Prdx6-/- LECs to UVB (to see
indirect effect) as eyes are maximally exposed to UVB
as indicated (Fig. 4D and 4E). At 60 and 90J/m2 UVB
exposure, Sp1 Sumoylation significantly increased, but
at 30J/m2 no significant change was detected (Fig. 4D).
At the higher dose of 180J/m2 UVB, we observed a
further significant increase in Sp1 Sumoylation in timedependent fashion (Fig. 4E). Data revealed that as
Prdx6-deficient mLECs came under redox stress, they
showed increased Sumo1 and increased Sp1 Sumoylation. Oxidative stress induced by UVB or H2O2
increased production of ROS in Prdx6-/- LECs, which
may have further increased Sumo1 conjugation and
thereby reduced Sp1 expression by increasing the
Sumoylation status of Sp1.
Increases in Sumo1 levels were directly connected to
increased Sumoylation of Sp1, and inversely related
to Senp1 levels in aging/aged lenses/LECs
We next examined whether Sumoylation status of Sp1
has any link to level of Sumo1 or Senp1 during aging of
hLECs, similar to the relationship observed in Prdx6deficient mLECs which showed increased levels of
ROS. Because of the increased ROS levels (Fig.1A), we

Figure 5. Aging human LECs/lenses showed age‐dependent decline in Senp1 expression and increased Sumo1
expression, which were directly related to increase Sp1 Sumoylation. (A) Aging hLECs/lenses displayed a progressive
decline in the deSumoylating agent Senp1 and an increase in Sumo1 levels. Total RNA was isolated from human lenses/LECs of
different ages as indicated, and was processed for real‐time qPCR analysis as stated in Materials and Methods. The data represent
the mean ± S.D. values from three independent experiments. P values were determined for younger (18y) vs aging samples.
**p<0.05, *p < 0.001. (B) Nuclear lysates were prepared from hLECs/lenses of various ages and were submitted to Sp1
sandwich/Sumo1‐ELISA to examine the total and Sumoylated Sp1 protein. Primary hLECs isolated from lenses of different ages
were divided into four groups: 16‐18y (n=6); 52‐58y (n=8); 62‐66 (n=8); and 74‐76y (n=8). Sumoylated Sp1 protein was subtracted
from total Sp1 protein, and presented as deSumoylated (B, gray bars) and Sumoylated (B, black bars) forms of Sp1. Data represent
mean ± SD from two independent experiments. p values were determined for younger (16‐18y) vs aging samples. *p < 0.001.
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posited that aging/aged hLECs should have increased
amounts of Sumoylated Sp1. (Fig. 4). To examine this,
total RNA isolated from human lenses/LECs of
different ages was processed for mRNA analysis using
qPCR. Data showed a significant increase in Sumo1 and
reduction in Senp1 mRNA with increases in age (Fig.
5A, 56y onward). To determine whether modulation of
Sumo1 or Senp1 expression in aging LECs had any
influence on Sumoylation or deSumoylation status of
endogenous Sp1, we quantified levels of Sumoylated
and deSumoylated forms of Sp1 in the same group of
aging/aged hLECs by utilizing a sensitive Sp1
sandwich/Sumo1-ELISA as described in Materials and
Methods. Equal amounts of nuclear extracts isolated
from hLECs were processed. Data revealed that the
ratio of deSumoylated and Sumoylated forms of Sp1
was 4:1 in the youngest age group (16-18y). The ratio
gradually changed with aging: Age group 52-58y, 1:1.5;
Age group 62-66y, 1:3; and Age group 74-76y, 1.4.
Taken together, data disclosed that Sumoylation of Sp1
was increased with aging/aged hLECs and suggested
that oxidative load might be a prime cause for aberrant
Sumoylation of Sp1.
Sumoylation negatively affected the DNA binding
activity of Sp1 while the deSumoylating agent Senp1
enhanced Sp1-DNA binding
Studies showed that Sumo1 conjugation might alter the
DNA binding of proteins [11, 27, 50-52]. Our current
study (Figs.1 to 5) and previous report [5] revealed that
Sumo1 overexpression reduced Sp1 mRNA and protein
expression, in contrast to Senp1. Next, to determine
whether Sumoylation directly affects Sp1-DNA binding
activity in Prdx6 promoter, we carried out a gel-shift
mobility assay. Nuclear extracts with equal amount of
protein from LECs transfected with pEGFP-Sumo1 or
pEGFP-Vector were incubated with radiolabeled WT or
mutant probes and processed for gel-shift assay (Fig.
6B). The binding of Sp1 in nuclear extract from Sumotransfected cells to the WT probe was reduced significantly (Fig. 6B, lane 3; 6C, right panel, densitometry
of bands) compared to vector-transfected cells (Fig. 6B,
lane 1). To determine if Sumoylation/deSumoylation
affects the DNA-binding of Sp1 in vivo, we carried out
a ChIP assay. mLECs were extrinsically transfected
with different concentrations of pEGFP-Sumo1 or
pFlag-Senp1. Chromatin samples were prepared as
described in Materials and Methods. The Sp1 antibody
or control rabbit IgG immunoprecipitated complex was
processed and analyzed by qPCR using primers specific
to promoter region as shown in Fig. 2A. Fig. 6D shows
that Sumo1 overexpression significantly reduced the
Sp1-DNA binding in dose-dependent manner with the
endogenous Prdx6 gene, and this binding was increased
in cells overexpressing Senp1 (Fig. 6E) in concen-
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tration-dependent fashion. There was no detectable
Sp1-DNA binding with IgG control immunoprecipitated
samples. Sumo1 over-expression significantly reduced
the level of Sp1 (Fig. 6B and 6D). In contrast, increased
abundance of Sp1 protein was detected in cells
overexpressed with Senp1 (Fig. 6E). Taken together,
data indicate that increased abundance of Sumo1 dysregulated Sp1 activity.
K16 residue of Sp1 was a target for Sumo1
conjugation in LECs, and an increased level of
Sumo1 affected Sumoylation status of Sp1
Genes/proteins and their functions can differ in different
cell types and cell backgrounds. Our initial aim was to
confirm the findings of others that Sp1 is a substrate for
Sumo1, and it is Sumoylated at K16 residue [23, 32,
34]. To determine whether Sp1 is indeed Sumoylated at
K16 in hLECs in vivo as reported by others, we
performed an immunoprecipitation assay using antibody
specific to Sp1 with nuclear extract of hLECs overexpressing EGFP-Sumo1 plasmid. We observed that
protein precipitated with anti-Sp1 monoclonal antibody,
when immunoblotted with anti-Sp1 or anti-Sumo1
polyclonal antibodies as shown in Fig. S1A, revealed
the presence of two bands with Sp1 polyclonal antibody
(Fig. S1Aa, lanes 1 and 2, endogenous Sp1, ~90kDa;
Fig. S1Aa, lane 2, endogenous Sp1 Sumoylated with
exogenous pEGFP-Sumo1, ~135kDa). Only one band
could be detected when membrane was probed with
anti-Sumo1 antibody (Fig. S1Ab, lane 2, endogenous
Sp1 Sumoylated with exogenous EGFP-Sumo1,
~135kDa). However, the samples loaded on SDS-Gel
did not contain equal amounts of protein (Supplementary figures, (S1A and C), but, qualitatively, data
showed that exogenous Sp1 was Sumoylated in LECs as
reported previously by other investigators. To further
assess the Sumoylated/deSumoylated status of Sp1,
nuclear extract was used to perform Sp1 sandwich/
Sumo1-ELISA (with anti-Sp1 monoclonal and polyclonal antibodies). Sumoylated Sp1 was subtracted from
the total Sp1 amount, and is presented as deSumoylated
Sp1 (gray bars). This experiment revealed that the level
of the Sumoylated form of Sp1 in pEGFP-Sumo1
transfected LECs was four times higher than in pEGFPVector transfected LECs (Fig. S1B).
Because identifying which specific lysine (K) residue of
Sp1 is Sumoylated requires mutagenesis, it was
necessary to determine whether exogenous Sp1 is
Sumoylated in LECs. We co-transfected SRA-hLECs
with either pEGFP-Vector plus pCl-neo-HA-Sp1 or
pEGFP-Sumo1 plus pCl-neo-HA-Sp1. Cells were processed for immunoprecipitation (IP) using anti-HA
monoclonal antibody. Probing immunoprecipitates with
anti-HA or anti-Sumo1 polyclonal antibodies revealed a
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Figure 6. Cells overexpressing Sumo1 showed reduced Sp1 binding to its responsive elements in Prdx6 promoter. (A)
Schematic illustration of Prdx6 gene promoter. (B) Gel‐shift mobility assay showing that Sumo1 reduced the Sp1 DNA–binding
activity of Prdx6 gene promoter. Gel‐shift mobility assay was carried out using nuclear extracts isolated from mLECs transfected
with pEGFP‐Vector (Lanes 1 and 2) or pEGFP‐Sumo1 (Lanes 3 and 4) incubated with 32p‐labeled wild type probe (Lanes 1 and 3) or
its mutant (Lanes 2 and 4). A diminished Cm1 band was observed in cells overexpressing Sumo1 (Lane 3) in comparison to vector
control (Lane 1). No binding occurred in mutant probes (Lanes 2 and 4). (C) Histogram represents densitometry analysis of DNA‐
protein complex formed in gel‐shift assay. Lane 1 vs lane 3, *p < 0.001. (D) ChIP assay showing Sumo1 overexpression significantly
suppressed Sp1‐DNA binding in Prdx6 gene promoter in dose‐dependent manner. mLECs were transiently transfected with
different concentrations of pEGFP‐Sumo1 (0, 1, 2 and 4 μg). 72h later ChIP assay was carried out with anti‐Sp1 and control IgG
antibodies. Pulled DNA fragments were subjected to PCR analysis for Sp1 binding cis‐elements of Prdx6 promoter. The product was
analyzed through agarose‐gel. Data represent three experiments. (E) Senp1 overexpression dramatically enhanced Sp1‐DNA
binding in concentration‐dependent ‐manner. mLECs were transfected with increasing concentrations of pFlag‐Senp1 (0, 0.5, 1 and
2μg) for 72h. ChIP analysis was carried out using chromatin samples prepared from transfected LECs with a ChIP grade antibody,
anti‐Sp1 and control IgG. The DNA fragments were used as templates for PCR by using primers designed to amplify −208 to +27
region of the Prdx6 promoter bearing Sp1 binding sites as shown. PCR product was analyzed through agarose gel as shown.

discrete slower migrating band in monoclonal HA-IPs
from extracts co-expressing pEGFP-Sumo1 plus pClneo-HA-Sp1 (Fig. S1Ca, upper panel, lane 2; pEGFPSumo1 + pCl-neo-HA-Sp1, approximately ~145kDa)
recognized with anti-HA polyclonal and anti-Sumo1
polyclonal antibodies (Fig. S1Cb, upper panel, lane 2;
pEGFP-Sumo1 + pCl-neo-HA-Sp1, approximately
~145kDa). For further validation of exogenous Sp1
Sumoylation, Sp1 sandwich/Sumo1-ELISA (with LECs
transfected with pEGFP-Sumo1 + pCl-neo-HA-Sp1)
showed ~50% reduction in deSumoylated Sp1 form
(gray bars). Collectively, data indicated that Sp1 is
exogenously Sumoylated.
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To ascertain if K16 is indeed the Sumoylation motif of
Sp1 in LECs as reported for other cell types [23, 32,
34],
we
mutated
K
to
arginine
(R)
(DEMTAVVRIEKGVGG) in full Sp1 cDNA (1-788aa)
construct, (pCl-neo-HA-Sp1 WT) and generated Sp1
mutant
K16R
(pCl-neo-HA-Sp1-K16R).
These
plasmids were used to transfect LECs along with
pEGFP-Sumo1 as indicated in Fig. 7. In vivo
Sumoylation was conducted as described in Materials
and Methods. As shown in Fig. 7B, a Sumoylated band
of pCl-neo-HA-Sp1 WT plus EGFP-Sumo1 (Fig. 7B, a
and b, ~145kDa, lane 2) was observed with both antiHA and anti-Sumo1 polyclonal antibodies, while no
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Sumoylated protein band of pCl-neo-HA-Sp1-K16R
plus pEGFP-Sumo1 was visible (Fig. 7B a and b, lane
3), confirming that Sp1-K16 is the major Sumoylation
site in Sp1. Nonetheless, immunoblot analysis with
Sumo1 antibody revealed non-specific proteins bands
(75 and 100kDa), suggesting Sumo1 antibody crossreacted to these protein bands. However, the bands were
present in equal intensity in all three lanes, demonstrating equal loading. Next we performed Sp1-specific
sandwich/Sumo1-ELISA assay using anti-HA or antiSumo1 antibody to validate our finding and to quantify
the levels of Sumoylated and deSumoylated forms of
exogenous Sp1. Data analyses revealed that EGFPVector plus pCl-neo-HA-Sp1 WT transfected LECs

showed ~18% of Sp1 Sumoylation, which increased to
70% in pEGFP-Sumo1 plus pCl-neo-HA-Sp1 WT
transfected LECs. However, no Sp1 Sumoylated form
was detected in pEGFP-Sumo1 plus pCl-neo-HASp1K16R transfected cells, suggesting that K16 residue
is a major site of Sp1 Sumoylation. To avoid any artefactual effects, we performed similar in vivo experiments,
using Sp1 deleted construct of Sp1 (pCl-neo-HA-Sp1 [1293] WT or its mutant), as shown in Fig. S2. Data
authenticated that indeed K16 residue is a Sumo1
conjugation site in Sp1 and overexpression of Sumo1
(free Sumo1 in cells) dramatically enhanced Sp1 Sumoylation. However, we could not detect any other Sp1
Sumoylation band as reported by Gong et al, 2014 [53].

Figure 7. Sumo1 modified Sp1 at K16 residue in vivo. (A) SRA‐hLECs (1.2X106) were transfected with pEGFP‐Sumo1 (3µg)
along with Sp1 WT (3µg) or its mutant Sp1K16R (mutated at Sumoylation sites) using (3µg) plasmid as indicated. Exogenous Sp1
was immunoprecipitated (IP) from cell lysates containing equal amounts of proteins, and its Sumoylated form was detected with
anti‐HA (Ba) and anti‐Sumo1 (Bb) rabbit polyclonal antibodies as indicated. Cell lysates were prepared and subjected to IP using
anti‐HA monoclonal antibody. IP with anti‐HA monoclonal antibody shows a single‐exogenous Sumoylated band at ~145 kDa (lane
2, pEGFP‐Sumo1+pCl‐neo‐HA‐Sp1WT). No Sumoylation band could be detected in cell extracts of pEGFP‐Vector+pCl‐neo‐HA‐
Sp1WT or pEGFP‐Sumo1+pCl‐neo‐HA‐Sp1‐K16R transfected cells (B, a and b; lanes 1 and 3). (B) SRA‐hLECs were transfected with
pCl‐neo‐HA‐Sp1WT plus pEGFP‐Vector, or pCl‐neo‐HA‐Sp1WT plus pEGFP‐Sumo1, or pCl‐neo‐HA‐Sp1‐K16R plus pEGFP‐Sumo1.
48h later, total cell lysates were prepared and processed for Sumo1‐ELISA assay according to the manufacturer’s protocol
(EpiQuikTM) to measure the Sumoylated form of Sp1. Data represent mean ± SD from three independent experiments: pCl‐neo‐
HA‐Sp1WT plus pEGFP‐Vector, vs pCl‐neo‐HA‐Sp1WT plus pEGFP‐Sumo1, vs pCl‐neo‐HA‐Sp1 K16R plus pEGFP‐Sumo1 (*p<0.001).
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Figure 8. Mutagenesis and in vivo DNA binding assay revealed increased binding of Sumoylation‐deficient Sp1K16R to
Sp1 site in Prdx6 promoter by skipping aberrant Sumoylation effect. (A) Schematic representation of the regulatory region of
proximal promoter of Prdx6 gene containing GC‐box (Sp1 binding sites) showing primer location used in ChIP assay. (B) Sumo1 failed to
affect Sp1‐DNA binding activity in Sumoylation‐deficient Sp1K16R transfected LECs. SRA‐hLECs were transfected with either pCl‐neo‐
HA‐Sp1 or its mutant pCl‐neo‐HA‐Sp1K16R alone or cotransfected with different concentrations of pEGFP‐Sumo1. ChIP experiment was
carried out as described in Materials and Methods. Chromatin samples prepared from LECs cotransfected with pEGFP‐Sumo1 with
either pCl‐neo‐HA‐Sp1 or its mutant pCl‐neo‐HA‐Sp1K16R were subjected to ChIP assay with a ChIP grade antibody, anti‐HA (gray and
black bars) and control IgG (open bars). The DNA fragments were used as templates for RT‐qPCR by using primers designed to amplify
−342 to +30 region of the Prdx6 gene promoter bearing Sp1 binding sites as shown. Histogram shows the amplified DNA through real‐time
qPCR analysis. 0 µg vs 2 µg and 4µg pEGFP‐Sumo1, pCl‐neo‐HA‐Sp1 WT vs pCl‐neo‐HA‐Sp1K16R (*p < 0.001). (C) Senp1 overexpression
showed increased Sp1 DNA binding of Sp1WT and comparable to Sumoylation deficient Sp1K16R. SRA‐hLECs were cotransfected with
pFlag‐Senp1 with either pCl‐neo‐HA‐Sp1 or mutant pCl‐neo‐HA‐Sp1K16R as indicated. ChIP assay was conducted as described above
using anti‐HA antibody. Histograms represent the concentration dependence of Senp1‐induced enrichment of Sp1 at its binding sites in
Prdx6 gene promoter. 0 µg vs 0.5 µg and 1µg pFlag‐Senp1, pCl‐neo‐HA‐Sp1 WT vs pCl‐neo‐HA‐Sp1K16R (**p<0.05; *p < 0.001).

Sp1K16R mutated at Sumo1 site or Senp1 promoted
Sp1-DNA binding, and overexpression of Sumo1 did
not affect Sp1’s DNA binding potential
(Figs 1-6) suggest a possible role for oxidative stress
and aberrant Sumoylation in dysfunction of Sp1-DNA
binding activity. We posited that Sumo1-deficient
Sp1K16R should have increased DNA binding activity,
by escaping oxidative stress-induced aberrant Sumoylation. To confirm this, chromatin extracted from LECs
co-expressing Sumo1 along with Sp1WT or its mutant
(Sp1K16R) at Sumo1-motif (Fig. 8B) immunoprecipitated with IgG control or anti-HA monoclonal
antibody was subjected to qPCR analysis using Prdx6
gene region specific primers denoted in Fig.3. Sumoylation-deficient Sp1 (Sp1K16R) showed significantly
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increased binding to its site present in Prdx6 gene in
comparison to WT Sp1 (Fig. 8B). Sumo1 overexpression did not attenuate its DNA binding activity.
(Fig. 8B, black bars). Similarly, we performed ChIP
assay with deSumoylating agent Senp1 along with
either Sp1WT or its mutant (Sp1K16R). As expected,
LECs overexpressing Senp1 with WT Sp1 showed
significantly higher Sp1-DNA binding activity, whereas
Sp1K16R co-expression with Senp1 showed further
increase in Sp1-DNA binding in comparison to Sp1
(Fig. 8C), indicating the presence of some minor
Sumoylation sites in Sp1. However, data indicated that
Sumoylation-deficient Sp1 or deSumoylation agent
Senp1 enhanced the Sp1-DNA binding activity in Prdx6
gene promoter, and suggested the involvement of
Sumoylation in the loss of Sp1 activity.
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Figure 9. Sp1 (K16R) mutated at Sumoylation site enhanced its transcription potential by increasing steady state of Sp1 in
cells. (A) SRA‐hLECs were cotransfected with wild type Prdx6 promoter linked to CAT along with either pCl‐neo‐HA‐Sp1 or pCl‐neo‐HA‐
Sp1K16R as shown. After 72h cell lysates were analyzed for CAT activity. Histograms represent values derived from three independent
experiments. *p < 0.001. (B) Relative protein stability of Sp1WT vs Sumoylation‐deficient mutant Sp1K16R. SRA‐hLECs were transiently
transfected with pCl‐neo‐HA‐Sp1WT or its mutant, pCl‐neo‐HA‐Sp1K16R. After 36h, the transfectants were treated with different
concentrations of CHX (10 and 20µg/ml) for 24h (Ba) or CHX (10 and 20µg/ml) for 36h (Bb) or CHX (10 and 20µg/ml) for 48h (Bc) or CHX
(40µg/ml) for 8h (Bd) or as indicated. Total lysates with equal amounts of proteins were western blotted (WB) with anti‐HA antibody.
Anti‐β‐actin or anti‐Tubulin antibodies were used as loading control. The percentage of remaining Sp1 (Sp1WT and its mutant Sp1 K16R)
protein after the CHX translational inhibitor treatment is presented as histogram in right side of Western blot based upon densitometry
quantitation. Control vehicle (DMSO) vs CHX treated, **p<0.05; *p<0.001.

Mutation of Sp1K16R at Sumoylation site enhanced
its transactivation potential by stabilizing its cellular
availability
Transactivation assay was performed to determine if the
increased binding of Sumo1-deficient Sp1 (Fig. 8B) was
functional and provided more transactional activity in
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activating transcription of its target gene, Prdx6. As
shown in Fig. 9A, hLECs co-transfected with Sumo1deficient pClneo-HA-Sp1K16R (Fig. 9A, Black bars)
along with Prdx6 promoter displayed significantly
higher Prdx6 transcription compared to pClneo-HA-Sp1
WT (Fig. 9A, Dark gray bar). Next, we tested whether
this enhanced transactivation potential was related to its
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abundant availability to its GC-box response element(s)
in Prdx6 promoter due to Sp1’s increased stability. We
analyzed the cellular stability of Sp1WT and its mutant,
Sp1K16R at different time points as shown in Fig. 9B, by
eliminating de novo protein synthesis with cycloheximide (CHX) treatment, a translational inhibitor.
SRA-hLECs transiently transfected with pCl-neo-HASp1WT or its mutant (pCl-neo-HA-Sp1K16R) were
treated with CHX as indicated in Fig. 9B. We observed
that Sumo1 deficient Sp1K16R was more stable than the
Sp1WT; the remaining protein of Sp1WT and its mutant
forms after treatment with CHX is also shown in the
histogram (percentages) right side of the protein bands

based on densitometry quantitation analysis. An analysis
of data revealed that cellular abundance of mutant K16R
proteins was significantly higher than that of Sp1WT
protein with 10 μg/ml and 20 μg/ml treatment of CHX for
24h, 36h and 48h (Fig. 9Ba, Bb and Bc), suggesting that
Sumoylation destabilized Sp1 by mediating its
degradation [23, 34, 53]. We also observed that at a
higher concentration of CHX (40μg/ml) for 8h, Sp1K16R
mutated at Sumo1 site (Fig. 9Bd), showing greater
stability compared to Sp1 WT. Similar results were
obtained with mLECs (data not shown). We conclude
that the decline in Sp1 abundance in cells might be due to
changes in Sumoylated Sp1 stability (Fig. 9).

Figure 10. Sp1K16R mutated at Sumo1 binding site provided enhanced cytoprotection against oxidative stress. (A and B)
SRA‐hLECs were transfected with either pEGFP‐Vector, pCl‐neo‐HA‐Sp1, or pCl‐neo‐HA‐Sp1K16R and then exposed to different
concentrations of H2O2 as indicated. After 8h of H2O2 exposure, ROS intensity was quantified with CellROX deep red reagent (A). 24h later
viability of cells was analyzed by MTS assay (B) as shown. Histogram values represent mean ± SD of three independent experiments. 0 vs
100 vs 150µM H2O2 and pEGFP‐Vector vs pCl‐neo‐HA‐Sp1 WT vs pCl‐neo‐HA‐Sp1K16R (**p<0.05; *p<0.001). (C and D) SRA‐hLECs were
transfected with pEGFP‐Sumo1 along with either pCMV‐Vector (open bars), pCl‐neo‐HA‐Sp1 (gray bars), or pCl‐neo‐HA‐Sp1K16R (black
bars), and then exposed to oxidative stress. ROS intensity (C) and cell viability (D) are presented as histograms. Values represent mean ±
SD of three independent experiments. 0 vs 100µM H2O2 and pEGFP‐Sumo1 vs pEGFP‐Sumo1 plus pCl‐neo‐HA‐Sp1 WT vs pEGFP‐Sumo1 plus
pCl‐neo‐HA‐Sp1K16R (**p<0.05; *p<0.001). Sumoylation‐deficient Sp1K16R (black bars) showed significantly higher protection and reduced
ROS production, indicating that mutant Sp1K16R was more effective in protecting cells from oxidative stress Sumoylation‐mediated insults.
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Sp1K16 R gained potential for protecting cells from
oxidative and aberrant Sumoylation stresses
Next, we asked whether Sumoylation-deficient
Sp1K16R had increased capacity to protect cells against
oxidative or aberrant Sumoylation-mediated stresses.
SRA-hLECs overexpressing pCl-neo-HA-Sp1WT or
pCl-neo-HA-Sp1K16R were exposed to different
concentrations of H2O2 as indicated in Fig. 10A and
10B. Quantitation of ROS by CellROX Deep Red dye
and cell viability by MTS assay revealed that pCl-neoHA-Sp1K16R transfected cells showed significantly
reduced ROS (Fig. 10A) and increased viability (Fig.
10B) compared to pCl-neo-HA-Sp1WT. We measured
the synergistic effect of Sumo1 and oxidative stress on
protective efficacy of Sp1K16R, as we assumed that
this condition might occur in vivo in aging or aged cells.

The experiments were similar to those described above,
but used cells overexpressing Sumo1. When assayed for
ROS and cell viability, the transfectants bearing
Sp1K16R were found to be highly efficient in reducing
ROS (Fig. 10C), and engendered more resistance
against oxidative and Sumo1-induced insults (Fig.
10D). Collectively, data suggest that Sp1K16R rescued
the cells by blunting oxidative and increased Sumoylation mediated stresses.
Sumoylation-deficient Prdx6K122/142R fused to
transduction domain (TAT) internalized in cells and
lessened oxidative stress and its induced aberrant
Sp1 Sumoylation
Results from the current study as well as mounting
evidence from other reports including our own indicate

Figure 11. Sumoylation‐deficient Prdx6K122/142R fused to transduction protein domain (TAT) internalized in cells and
blunted oxidative stress‐induced aberrant Sumoylation. (A and B) Prdx6‐/‐ mLECs were transduced with Sumoylation‐deficient

protein, TAT‐HA‐Prdx6K122/142R conferred higher resistance to oxidative stress‐induced Sumoylation than did Prdx6WT. Prdx6‐/‐ LECs
were pretreated with TAT‐HA‐Prdx6 WT or TAT‐HA‐Prdx6K122/142R and then exposed to different concentrations of H2O2 (0, 25, 50
2
and 75µM) and/or UVB (0, 30, 60 and 90J/m ). 48h later, nuclear extracts containing equal amounts of proteins were processed for
Sumo1‐ELISA assay to assess the relative levels of Sp1 Sumoylation in Prdx6 WT (gray bars) and its mutant Prdx6K122/142R (black bars)
transduced in cells as shown. Data represent the mean ± SD from three independent experiments (**p<0.05, *p<0.001). (C)
Transduction of TAT‐HA‐Prdx6 and TAT‐HA‐Prdx6K122/142R into cells. An aliquot of 10 μg/ml recombinant protein was added to
culture media and transduction of TAT‐HA‐Prdx6 (Lane 3) and TAT‐HA‐Prdx6K122/142 R (Lane 4) was assessed using WB by anti‐Prdx6 anti‐
body. (D) Represents the TAT‐HA‐Prdx6 and TAT‐HA‐Prdx6K122/142R following H2O2 and/or UVB oxidative exposure treatment schedule.
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that oxidative stress is a primary culprit in malfunction
or pathobiology of cells and tissues. Conceivably, a
logical strategy for overcoming the adverse processes
might be reducing intracellular ROS-driven oxidative
stress and Sumoylation signaling by means of naturally occurring antioxidants such as Prdx6 K122/142R
mutated at Sumo1 site [12]. We previously demonstrated that Prdx6 is Sumoylated at K122 and K142,
and Sumoylation of Prdx6 reduces its protective
potential, while mutant Prdx6 at K122/142R gains
significant protective potential and escapes oxidative
stress-induced aberrant Sumoylation signaling. To test
whether Prdx6K122/142R protects cells against oxidative stress-induced deleterious signaling, we delivered Sumoylation-deficient Prdx6 linked with TAT trans-

duction domain (TAT-HA-Prdx6K122/142R) [5, 12]
to Prdx6-deficient LECs subjected to oxidative
stresses. As shown in Fig. 11, oxidative stress induced
by H2O2 (Fig.11A) or UVB (Fig.11B) significantly
enhanced the Sp1 Sumoylation. Intriguingly, that
increase in Sumoylation was significantly blunted in
Prdx6-/- LECs treated with mutant Prdx6 at
K122/142R (Fig. 11A, open bars vs gray bars vs black
bars) or UVB (Fig. 11B, open bars vs gray bars vs
black bars) compared to TAT-HA-Prdx6WT as evidenced through Sp1/Sumo1-ELISA assay. These
findings suggest that Sumoylation-deficient Prdx6 may
efficiently protect cells by rescuing Sp1 from deleterious signaling evoked by oxidative stress and
aberrant Sumoylation.

Figure 12. Enhanced Sp1 binding to Prdx6 promoter in cells transduced with Sumoylation–deficient Prdx6 against
oxidative stress. (A and B) SRA‐hLECs were transduced with TAT‐HA‐Prdx6WT and its mutant TAT‐HA‐Prdx6K122/142R mutated at
Sumoylation sites recombinant protein followed by different concentrations of H2O2 (A) or UVB (B) exposure as indicated. ChIP assay was
carried out using ChIP grade anti‐Sp1 antibody. The DNA fragments were used as templates for qPCR by using primer designed to amplify
‐342 to +30 region of the human Prdx6 promoter bearing GC‐box (Sp1 sites). Histogram shows the amplified DNA with real‐time PCR
analysis; open bars vs gray bars vs black bars. The data represent mean ± SD from two independent experiments (**p<0.05; *p<0.001).
(C) The H2O2 and/or UVB treatment schedule. (D) In vivo DNA binding assay revealed that transduction of Prdx6 and its mutant at
K122/142R linked to TAT reactivated binding activity of Sp1 in aging primary hLECs. Primary hLECs of variable ages were transduced with
TAT‐HA‐Prdx6 WT or its mutant TAT‐HA‐Prdx6K122/142R. ChIP experimentation was conducted using anti‐Sp1 antibody.
Immunoprecipitated DNA fragments were purified and processed for qPCR analysis using specific primers. Histograms represent the TAT‐
HA‐Prdx6 WT and its mutant‐induced enrichment of Sp1 at GC‐box (Sp1 binding sites) in Prdx6 gene promoter. Open vs gray and black
bars, and gray vs black bar; **p<0.05, *p < 0.001. Data revealed a significant augmentation of Sp1 binding by TAT‐HA‐Prdx6K122/142R in
all ages of LECs, but younger cells were more responsive.
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Delivery of TAT-HA-Prdx6K122/142R increased
Sp1-DNA binding to Prdx6 promoter in LECs under
oxidative stress and aging hLECs
Previous experiments in this study showed that
expression of Prdx6 in LECs reduced the Sp1
Sumoylation caused by oxidative stress and protected
those cells. We next asked whether delivery of Prdx6
linked to TAT transduction domain protected cells by
augmenting the Sp1-DNA binding mechanism. Oxidative stress and its induced adverse signaling has been
shown to dysregu-late transcriptional activity by
damaging DNA binding activity and reducing
expression of antioxidants, and antioxidant application
is known to reverse the process [3, 10, 54-56]. We
performed ChIP assay using anti-Sp1 antibody. SRAhLECs or aging LECs transduced with TAT-HA-Prdx6
WT and its mutant at K122/142R were subjected to
oxidative stressors as described in Materials and
Methods (Fig. 12). Chromatin samples prepared from
cells were immunoprecipitated with anti-Sp1 antibody,
and IP samples were analyzed with qPCR by using
specific primers (Fig. 3A) designed for ChIP assay. As
shown in Figure 12, cells pretreated with TAT-HAPrdx6 WT (Fig. 12, gray bars) had significantly higher
Sp1-DNA binding both with and without H2O2 or UVB
in comparison to untreated LECs (Open bars). On the
other hand, we found significantly higher enrichment of
Sp1 in LECs transduced with Sumoylation-deficient
(Prdx6K122/142R, Black bars) in comparison to
untreated (Open bars) and even WT Prxd6 (gray bars).
Younger cells were more responsive than aged cells. As
a whole, data demonstrated that, during aging and
oxidative stress, application of Prdx6 in the form of
Sumoylation-deficient TAT-Prdx6K122/142R is deliverable, internalizes in cells (Fig. 11C), and can protect
cells by restoring DNA binding of Sp1.

DISCUSSION
Sumo modification is a critical regulator of many types
of proteins, including transcription factors. Aberrant
Sumoylation caused by oxidative stress disrupts
genetically allotted functions of proteins, and lead to
etiopathology and progression of many human diseases,
including age-associated disorders [28-31, 57]. Most
Sumoylated transcription factors, including Sp1, have
been shown to repress gene transcription, and augmentation of this process during aging or oxidative
stress results in death signaling [11, 39, 43, 58-62]. Sp1,
a ubiquitous transcription factor, activates many genes
by binding to GC-rich sequences present mostly in
TATA-less promoter, which is crucial for the basal
transcription of these genes [9, 11, 21, 49, 63]. However, mounting evidence indicates that Sp1 can act as a
regulator of transcription of various genes [9, 11, 64,
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65] including both prosurvival and proapoptotic genes
[9, 11, 64-67].
Sp1 expression can be affected by various stimuli
including oxidative stress and aging as well as via its
interaction with other proteins [9, 49, 66]. Its activity
can be highly modulated by various posttranslational
modifications, such as Sumoylation, phosphorylation,
glycosylation, acetylation and oxidation [27, 34, 68]. In
the present study, we found that levels of Sp1 mRNA
and protein as well as expression of its target gene,
antioxidant protein Prdx6, declined with increases in
ROS-driven oxidative load in aging LECs. The decline
was linked to reduction of Sp1's DNA binding
efficiency as well as reduced cellular abundance (Fig.1),
indicating that repression of Prdx6 is at transcriptional
levels. It is justifiable to mention that there was no
disruption of transcriptional machinery during aging as
there was no change in internal control (internal control
gene or protein expression). We previously showed that
aging hLECs, Prdx6-/- (a model for aging) and aged
trabecular meshwork (TM) cells bear significantly
higher ROS expression levels than cells of younger age
[10, 16, 69]. Ammendola reported that Sp1 binding is
dysregulated in aging due to changes in redox
environment with no altered expression of other
molecules examined [54]. Moreover, this age-related
adverse phenomenon is not limited to Sp1; several
reports show that activity of transcription factors, such
as Nrf2, declines with age and the decline is correctable
[10, 56]. Furthermore, aging and oxidative stress can
directly modulate the induction of several genes
encoding transcription factors, including Fos, Jun, Myc,
Erg1, NF-кB, HSF1 [56, 70-73] . In the current study
we also extended our previous finding(s) [5, 12] to
explore causes of the observed dysregulation of Sp1 and
repression of Prdx6 gene during oxidative stress. We
observed that Sp1-DNA binding was reduced to its
response element(s) present in both mouse and human
Prdx6 gene promoter in cells exposed to oxidative
stress, and that the binding capacity was directly
connected to intracellular oxidative load and reduction
in Prdx6 expression (Fig. 2). ROS-evoked oxidative
stress can modulate expression levels and DNA binding
efficiency of many transcription factors that may lead to
reduced or increased expression of their target genes
[27, 74-76]. We observed that reduced Sp1 binding to
Prdx6 promoter was connected to reduced expression of
Prdx6 mRNA (without affecting internal control gene),
implicating that transcriptional machinery is not
influenced during oxidative stress. Nonetheless, we
recognize that it is difficult to give a general statement
about oxidative and aging stress-evoked deleterious
signaling-mediated cell damage as they initiate multiple
signaling. We believe that this requires further study to
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discern the effects of aging or oxidative stress on
epigenetic/genetic levels.
Oxidative-induced injurious signaling is known to be a
prime cause of cellular insult during aging [77]. In
humans, oxidative stress-induced increased ROS along
with reduced antioxidant defense capacity is now
believed to cause many age-related degenerative
disorders, including cataractogenesis, neurodegenerative disorders, glaucoma, macular degeneration, cancer,
diabetes and cardiovascular disease [2, 5, 12, 31, 69,
78]. Intracellular ROS is tightly regulated by antioxidant defense proteins, to maintain correct physiological levels of ROS. Dysregulation of transactivators
of antioxidant defense genes can lead to reduced
expression of antioxidant protein, which may adversely
affect physiological levels of ROS. Thus genetically
allotted physiological control of the transcriptional
machinery of defense genes, including Prdx6, is of
utmost importance.
Oxidative stress has been reported to accelerate/decelerate Sumo1 conjugation to proteins via direct or
indirect mechanisms, thereby modifying their functions
[5, 40, 43, 63, 79-81]. In the current study we found that
Sp1 was endogenously Sumoylated and its Sumoylation
status was dramatically increased with an increase of
oxidative stress, as shown in Sumoylation experiments
with Sp1 (Fig. 4). The aberrant Sp1 Sumoylation was
linked to increased Sumo1 expression and reduced
expression of Senp1. An excess of oxidative stress has
been shown to aberrantly modulate Sumoylation
process by increasing or decreasing proteins
Sumoylation and their function(s) [5, 12, 82-84]. This
can happen due to inactivation of Sumo isopeptidases
either by dimerization or overoxidation of their catalytic
cysteine [5, 23]. Our results revealed increased
Sumoylation of Sp1 with increased oxidative stress and
Sumo1 expression, which possibly occurred due to
reduced expression and inactivation of Senp1, a
deSumoylating enzyme for Sumo1 conjugation (Fig. 4),
during aging, arguing that gene regulatory transcriptional state is active in aging and the condition can
be remedied (as observed in Figs. 11 and 12). Other
possibilities may exist: (i) increased expression of
Sumo1 during oxidative stress that can result in
increased abundance of free Sumo1 in cells ([5] and
current study, Fig. 5), and (ii) ROS directly or indirectly
affecting Sumo E3 ligase activity leading to increased
conjugation [79, 85]. Alternatively, because oxidative
stress modifies the phosphorylation status of proteins
including Sp1, it may in turn modify Sumoylation of
Sp1. Among several specific substrates for Sumos that
have been found to be affected in response to oxidative
stress are Sp1, NF-кB, LEDGF, HIPK2, TP53INP1 and
Prdx6 [5, 12, 23, 34, 60, 83, 86-88]. Moreover, in
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studying the molecular effect of oxidative-induced
aberrant Sumoylation of Sp1 on Sp1-DNA binding
activity, both in vitro and in vivo DNA-binding
experiments with Sp1 to its GC-response element in
Prdx6 promoter revealed significant dysregulation of
Sp1-binding in cells overexpressing Sumo1. In contrast,
cells overexpressed with Senp1 displayed increased
Sp1-binding. This reduction in Sp1 binding indicates an
involvement of Sumo1 that plays negatively in Sp1DNA binding activity as shown in Fig. 6. The data
argue that the repression of Prdx6 in cells may be a
cause of reduced Sp1 DNA binding to its response
element in Prdx6 promoter in response to oxidativeinduced increased Sumoylation signaling that influences
Sp1 cellular abundance and thereby reduces enrichment
to its binding sites. The reduction in Sp1-DNA
interaction appears to have two possible causes: (i) Sp1
became a target for quick degradation due to aberrant
Sumoylation [32, 79, 83] and Fig. 9B, or (ii) Sp1
binding was inactivated by oxidative stress (Figs. 1, 2, 3
and [3, 54]). However, real time expression analysis and
DNA-binding assay using nuclear extracts containing
equal amounts of Sp1 protein (Figs. 1) revealed that
both the reduced expression and reduced DNA binding
efficiency of Sp1 was involved in dysregulation of Sp1
activity in response to aging or oxidative stress and
oxidative stress-induced aberrant Sumoylation signaling
(Figs. 5 and 6).
Furthermore, if oxidative stress-induced aberrant
Sumoylation of Sp1 plays a role in dysregulation of
Sp1, it is conceivable that Sumo1-deficient Sp1 would
bear transactivation activity in activation of its target
gene Prdx6 during oxidative stress. We recognize that a
Sumo1 binding site in Sp1 has been reported.
Nevertheless, as posttranslational modification of
protein can vary with the cell type and cellular
microenvironment, we examined whether Sp1 is
Sumoylated in LECs in vivo. Mutagenesis along with in
vivo Sumoylation experimentation revealed Sumo1
mediated-Sumoylation of Sp1 at K16 residue (Fig. 7
and Supplementary Figs. S1 and S2), a finding
consistent with reports by others [23, 32, 34]. We called
this construct Sumo1-deficient Sp1K16R and tested its
transactivation potential. Fig. 8 shows that DNA
binding activity of Sumo1-deficient Sp1 significantly
increased in Prdx6 promoter even in cells overexpressing Sumo1. In contrast, Sp1WT activity was
dramatically attenuated, indicating the role of
Sumoylation in reduction of Sp1 activity. The data were
further supported when cells overexpressing Senp1
showed restoration of the DNA-binding activity of Sp1
(Fig. 8B). While testing the functionality of their DNAbinding activity in transactivation experiments, we
found that Sumoylation-deficient Sp1 had greater
transactivation activity than its counterpart, Sp1WT
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(Fig. 9A). This elevated activation potential of Sumo1deficient Sp1 was connected with its enhanced cellular
abundance due to increased stability as evidenced by
cellular stability assay (Fig. 9B). One of the most salient
observations of the present study was that LECs
overexpressing Sumoylation-deficient Sp1 gained
resistance against oxidative stress and aberrant
Sumoylation-mediated injurious signaling, and those
cells survived better (Fig. 10). The improved condition
of the Sumoylation-deficient Sp1 was due to its escaping the aberrant Sumoylation processes and thereby
activating Prdx6 ([5, 9] and Fig. 9). Posttranslational
modification of Sp1 has been shown to influence its
transcription activity and stability [12, 25, 26, 34, 35].
Glycosylation of Sp1 can stimulate or repress DNA
binding and transcription [89]. In basal condition Sp1 is
Sumoylated at N-terminal, which negatively regulates
Sp1 transcription activity [32]. However, Sumo1
conjugation of Sp1 has been reported to enhance its
activity [53]. This discrepancy may be related to
experimental conditions. Our results and other reports
clearly show that Sumoylation of Sp1 leads to its
dysregulation [11, 32, 35, 90]. Furthermore, H2O2 has
been shown to decrease NOS-3 promoter activity by
reducing the binding capacity of Sp1 [91].
It was intriguing to observe that the level of Sp1
Sumoylation was significantly higher in redox active
Prdx6-/- cells and in aging/aged cells, and that these
were much more susceptible to oxidative stress than
were Prdx6+/+ cells (Fig. 4) and younger hLECs (data
not shown). This suggests a pivotal role for Prdx6 in
abating oxidative stress-mediated aberrant Sumoylation
signaling, at least in eye lens. Previous studies [5, 12,
43], as well as the current research show that oxidative
stress and oxidative stress-induced overstimulation of
Sumoylation pathways are a major culprit in initiating
etiopathobiology of cells or cell injuries. We think that
damaging oxidative load in aging cells or cells in redoxactive stage can be remedied by enhancing the natural
defense via providing an extrinsic supply of antioxidant,
like Prdx6, capable of optimizing oxidative load [5, 9,
12]. Indeed, we found that delivery of Prdx6 reduced
the UVB and H2O2-induced Sp1 Sumoylation in Prdx6/LECs (Fig. 11), restored Sp1-DNA binding activity
(Fig. 12), and reactivated Sp1-DNA binding to Prdx6
promoter in aging hLECs (Fig. 12C). These data
indicate the potential for Sumoylation-deficient Prdx6
[12] to be used as a therapeutic molecule to block
oxidative-induced aberrant Sumoylation-driven pathogenic signaling.
In conclusion, we have described a novel mechanism—
oxidative-evoked aberrant Sumoylation signaling—
which dysregulates Sp1 and its target survival genes
such as Prdx6 in eye lens cells affected by aging or
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oxidative stress. Taken together, findings of this study
show that oxidative stress-evoked aberrant Sumoylation
signaling attenuates Sp1 transactivation ability by
aberrant Sumoylation of Sp1; lessening cellular stability
and availability of Sp1 to GC-response elements in the
target genes. Additionally, we found that Sumoylationdeficient Sp1 resisted aberrant Sumoylation processes
induced by oxidative stress, further demonstrating the
prime role of oxidative stress and its associated aberrant
Sumoylation-mediated Sp1 dysregulation. Because
adverse signaling is driven by oxidative stress and
reduction in antioxidants, application of Sumoylationdeficient Prdx6 [12] may be considered to block or
delay the oxidative and aberrant Sumoylation-mediated
injurious signaling by reactivating survival transcription
factors like Sp1.

MATERIALS AND METHODS
Cell culture
Human LECs used were of two types: (i) a cell line
(SRA01/04) immortalized with SV40, and (ii) primary
human LECs isolated from deceased persons of
different ages. To avoid confusion, the remaining text
will designate the immortalized LECs as SRA-hLECs,
and the primary human (h) LECs as primary hLECs or
hLECs.
The SRA-hLECs were derived from 12 infants who
underwent surgery for retinopathy of prematurity [92]
(a kind gift of Dr. Venkat N. Reddy, Eye Research
Institute, Oakland University, Rochester, MI, U.S.A).
These cells were maintained in DMEM with 15% FBS,
100µg/ml streptomycin, and 100µg/ml penicillin in 5%
CO2 environment at 37°C as described previously [5,
93].
Isolation and generation of hLECs
Primary hLECs were isolated from normal eye lenses of
deceased persons or healthy donors of different ages
(16, 18, 21, 24, 26, 30, 52, 54, 56, 58, 62, 64, 65, 66, 74,
75, 75 and 76y) obtained from the Lions Eye Bank,
Nebraska Medical Center, Omaha, NE, and National
Development & Research Institute (NDRI), Inc., PA.
According to regulation HHS45CFR 46.102(f), studies
involving material from deceased individuals are not
considered human subject research as defined at
45CFR46.102(f) 10(2) and do not require IRB
oversight. For RNA expression and DNA interaction
studies, lenses used from each group for this purpose
were those aged 18, 24, 30, 56, 66 and 76y. The
remaining lenses were used for generation of LECs for
other experiments mentioned in this study. Briefly, the
capsule was trimmed before explanting in 35mm culture
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dishes precoated with collagen IV containing a
minimum amount of DMEM containing 15-20% fetal
bovine serum (FBS), with a brief modification[16, 9496]. Capsules were spread by forceps with cell layers
upward on the surface of plastic petri dishes. Culture
explants were trypsinized and re-cultured. Cell cultures
attaining 90 to 100 percent confluence were trypsinized
and used for experiments [11, 93, 97]. Western analysis
was used to validate the presence of αA-crystallin, a
specific marker for LEC identity (data not shown). For
the experiments, SRA-hLECs and/or hLECs were
cultured in 96, 24, 48, 6 well plates, or 60 and 100 mm
petri dishes according to the specific requirements of
each experiment.
Quantitation of intracellular ROS level by H2-DCFDA and CellROX deep red reagent
Intracellular ROS level was measured by use of
fluorescent
dye
dichlorofluorescin
diacetate
(H2DCFDA), a nonpolar compound that is converted
into a polar derivative (dichlorofluorescein) by cellular
esterase after incorporation into cells [16]. On the day
of the experiment, the medium was replaced with
Hank’s solution containing 10 µM H2DCFDA dye and
cells were incubated. Following 30 min later,
intracellular fluorescence was detected with excitation
at 485 nm and emission at 530 nm by a Spectra Max
Gemini EM (Mol. Devices, Sunnyvale, CA, USA).
ROS level were measure according to the company’s
protocol (CellROX Deep Red Oxidative Stress Reagent,
Catalog No. C10422, Thermo Scientific, Carlsbad, CA,
USA). In brief, LECs (5 × 103) transfected with pEGFPVector or pEGFP-Sumo1 with pCl-neo-HA-Sp1 or pClneo-HA-Sp1K16R cultured in 96-well plate, 48 h later
cells were exposed with different concentration of
H2O2. After 8h, CellROX deep red reagent was added
with final concentration of 5μM and cells were
incubated at 37°C for 30 min. Media containing
CellROX deep red reagent were removed and fixed with
3.7% formaldehyde. After 15 min, fluorescence signal
were measured at Ex640 nm/ Em665 nm [12].

Diagnostic Corporation, Indianapolis, IN) in a Roche®
LC480 Sequence detector system (Roche Diagnostic
Corporation). PCR conditions of 10 min hot start at 95
ºC, followed by 45 cycles of 10sec at 95 ºC, 30 sec at 60
ºC and 10 sec at 72 ºC. The primer Sequence was:
Prdx6 (Human), Forward: 5′-GCATCCGTTTCCACG
ACT -3′ and Reverse: 5′-TGCACACTGGGGTAAAG
TCC-3′; Sp1 (Human), Forward: 5′-CCTGGATGAGG
CACTTCTGT-3′ and Reverse: 5′-GCCTGGGCTTCA
AGGATT-3′; Sumo1 (Human), Forward: 5′-AAGCC
ACCGTCATCATGTCT-3′ and Reverse: 5′-TTATCC
CCCAAGTCCTCAGTT-3′; Senp1 (Human), Forward:
5′-TTCCTCGCTGATGACAACTG-3′ and Reverse: 5′AGTGAGTCCATAAGTAGGATACAAGGT-3′; β-actin (Human),
Forward: 5′-CCAACCGCGAGAAGA
TGA-3′ and Reverse: 5′-CCAGAGGCGTACAGGGAT
AG-3′. The relative quantity of the mRNA was obtained
using the comparative CT method. The expression
levels of target genes were normalized to the levels of
β-actin as an endogenous control in each group.
Transcription factor activation assay
Sp1 activation assay was performed according to
manufacturer’s protocol (TransAM Sp1 Transcription
Factor Assay Kit, Cat No 41296, Active motif,
Carlsland, California, USA). In brief, 10µg of nuclear
extract (up to 10µl diluted with complete lysis buffer)
prepared from aging hLECs added to the strips well,
following the addition of 40µl complete binding buffer
contains 20pmol of the wild-type and/or mutated
consensus oligonucleotide to each sample well. For
blank well, 10µl of complete lysis buffer were used.
The plate was incubated for 1h at room temperature
(RT) with mild agitation. 100µl primary antibody
(1:1000 in 1X antibody binding buffer) added after 3
wash with 1X washing buffer and incubated at RT for
1h without agitation. 100µl of diluted anti-rabbit HRPconjugated antibody (1:1000 dilution in 1X antibody
binding buffer) after three washing was added and
incubated for 1h at RT. 100µl of developing solution
was added to wells after four washing and incubated at
RT in dark for 2 to 10 min. Finally, by addition of
100µl of stop solution, OD was recorded at 450nm.

Real-Time Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Sensitive Sp1 sandwich/Sumo1-ELISA

Total RNA from the primary hLECs directly detached
from lenses (to avoid cell culture effect) was isolated
using the single-step guanidine thiocyanate/phenol/
chloroform extraction method (Trizol Reagent,
Invitrogen). To examine the levels of Sp1, Prdx6, Senp1
and Sumo1, 0.5 to 2 micrograms of total RNA was
converted to cDNA using Superscript II RNAase Hreverse-transcriptase. Quantitative real-time PCR was
performed with SYBR Green Master Mix (Roche

A total Sp1 protein and its Sumoylated form was
measured through sandwich-ELISA (Abnova, Taipei
City, Taiwan) and the EpiQuik in vivo universal protein
Sumoylation assay kit in accordance with the manufacturer's instructions[5, 12]. Briefly, in the sandwichELISA assay, total cell lysates and/or nuclear extracts
were prepared from aging/aged hLECs, Prdx6+/+,
Prdx6-/- (H2O2 and/or UVB exposed) and SRA-hLECs
(transfected with different plasmid constructs as
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indicated in figures). Equal amounts of protein were
loaded in an ELISA plate well coated with antiSp1(PAB6826, PAB18222, Abnova and ab59267,
Abcam) / anti-Prdx6 (sc-101522, Santa Cruz and LFPA0011, Ab Frontier, South Korea) / anti-HA (ab9110,
Abcam) polyclonal antibody followed by incubation
with anti-Sp1(LS-B6148, LS Bio), anti-Prdx6 (LFMA0018, Ab Frontier, South Korea) or anti-HA
(H9658, Sigma-Aldrich) monoclonal serum. After
incubation with goat anti-mouse-HRP(sc-2354, Santa
Cruz) conjugated secondary serum, OPD substrate
solution was added for color development and optical
density (OD)490 was monitored as described in our
published protocol [5, 12].
As noted above, the same cell extracts from
transfectants or controls were used and Sumoylated Sp1
or Prdx6 or HA-Sp1 was detected by ELISA using an
EpiQuik in vivo universal protein Sumoylation assay kit
(Epigentek, Farmingdale, NY, USA). Equal amounts of
proteins from the total or nuclear extracts were added to
the strip wells, which were precoated overnight with
either anti-Sp1 or anti-Prdx6 or anti-HA serum. They
were then incubated in blocking buffer for 45 min,
washed three times and incubated with Sumo assay
buffer for 1h at room temperature. After three washes,
Sumo1 antibody was added and the proteins were
incubated for 15 min at room temperature. Subsequent
to color development by a Sumo detection system,
OD450nm was measured an ELISA plate reader. To
obtain deSumoylated Sp1 or Prdx6 or HA-Sp1, we
calculated total and Sumoylated Sp1 or Prdx6 or HASp1 protein and subtracted the Sumoylated Sp1 or
Prdx6 or HASp1 protein from total Prdx6 protein.
Generation and validation of LECs isolated from
lenses of Prdx6−/− and Prdx6+/+ mice
All animal experiments followed the recommendations
set forth in the “Statement for the Use of Animals in
Ophthalmic and Visual Research” by the Association
for Research in Vision and Ophthalmology (ARVO).
The University of Nebraska Medical Center (UNMC)
approved animal studies. LECs isolated from Prdx6targeted mutants (Prdx6−/−) and wild type (Prdx6+/+)
mice were generated and maintained in Dulbecco's
modified Eagle's medium (DMEM) with 10% fetal
bovine serum (FBS), as described earlier [33]. We
used Prdx6−/− mutant and Prdx6+/+ C57/B6, mice of
the same sex and age. 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, a specific marker of
LECs.
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Chromatin Immunoprecipitation (ChIP) assay
ChIP was performed using the ChIP-IT® Express (Cat.
No. 53008; Active Motif, Carlsbad, CA, USA) and
ChIP-IT® qPCR analysis kit (Cat. No. 53029; Active
Motif, Carlsbad, CA, USA) following the
manufacturer's protocol [11]. The following antibodies
were used: control IgG and antibody specific to Sp1
(ab13370, Abcam) and/or HA (ab9110 and ab18181,
Abcam). Real-time PCR or real-time quantitative PCR
(qPCR) amplification was carried out using 5μl of DNA
sample with primers [mouse promoter bearing Sp1 sites,
forward primer: 5’-CGCAATTCTCGGTCTTGCGCTTC-3’ and reverse primer: 5’-GTGGTGACGCTGAGA
ACAAGGA-3’,positions -208/+27; and contiguous
sequence to which Sp1 does not binds, forward primer:
5’-CCTGGTTCCTTACATATAAGGC-3’ and reverse
primer: 5’-cctggtatagtatatgtccctg-3’, positions -2356/2229 relative to the A in the ATG translation initiation
codon, and human promoter within Sp1 binding sites,
forward primer: 5’-catcacgtgtgcagagacggc-3’ and
reverse primer: 5’-cacgtccccgagaagcagac-3’ ,positions 342/+30 relative to the A in the ATG translation
initiation codon] specific to the Prdx6 promoter. The
program for quantification amplification was 3min
94°C, 20s at 95°C, 30s at 59°C and 30s at 72°C for 36
cycles in 25μl reaction volume (RT-PCR) or 2min at
95°C, 15s at 95°C, 20s at 58°C and 20s at 72°C for 40
cycles in 20μl reaction volume (RT-qPCR). Data
obtained with RT-PCR run on 1% agarose gel and
visualized band under UV and image captured or Data
obtained with qPCR were plotted and presented in the
form of histogram.
Construction
of
human
Prdx6
promoterchloramphenicol acetyltransferase (CAT) reporter
vector
The 5′-flanking region (−918 to +30 bp) was isolated
from human genomic DNA by using an Advantage®
Genomic PCR Kit (Cat. No. 639103 &639104,
Clontech Laboratories, Inc, Mountain View, CA
94043). The product obtained was cleaned and
sequenced as described previously [98, 99]. A construct
of −918 bp was prepared by ligating it to basic pCAT
vector (Promega) using the SacI and XhoI sites. The
plasmid was amplified and sequenced. Primers were as
follows: Sense; 5′-GACAGAGTTGAGCTCCACACAG
-3′; and antisense; 5′-CACGTCCTCGAGAAGCAGAC3′ [10].
Cotransfection and promoter activity assay
The CAT assay was performed using a CAT-ELISA kit
(Roche Diagnostic Corporation, Indianapolis, IN,
USA). Cells were transfected with reporter construct
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(pCAT-Prdx6), and treated with different concentrations
of Sp1 inhibitor, Mithramycin A (Cat. No. M6891,
Sigma Aldrich, St. Louis, MO, USA). After 72 h of
incubation, cells were harvested, extracts were prepared
and 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 cotransfected during transfection
assays.
Induction of ultraviolet (UV) B induced stress
For UVB treatment, mLECs and SRA-hLECs were precultured for 16h in 100mm petri dishes with DMEM10% and 15% FBS. The medium was replaced with
phosphate buffered saline (PBS, pH 7.2) and the plates
containing the monolayers were exposed to UVB using
UV-lamp emitting 270–320 nm peaking at 302 nm
wavelength (UVP, Upland, CA, USA). The energy
actually incident onto the working area was measured
by a UVX Radiometer (UVP Inc., Upland, CA) and
expressed in J/m2. The UV dosage of J/m2 was selected
on the basis of results from our previous work [19].
After irradiation, PBS was withdrawn and fresh medium
was added. At different time points protein was isolated
and processed for Sandwich and Sumo1 specific ELISA
assay to measure total Sp1 and Sumoylated Sp1 levels,
respectively.
SRA-hLECs were cotransfected with pCl-neo-HA Sp1
WT or pCl-neo-HA Sp1 K16R along with either
pEGFP-Vector or pEGFP-Sumo1. 48h later, the
medium was replaced with phosphate buffered saline
(PBS, pH 7.2) and the plates containing the monolayers
were exposed to UVB as indicated. At intervals of 8 and
24 h later, ROS and MTS assays were performed to
monitor the levels of ROS and cell viability, and the
percentage of ROS and cell survival levels were then
calculated for each group.
For another set of experiments, Prdx6-/- mLECs and
SRA-hLECs were pre-cultured for 16h in 100mm petri
dishes with DMEM-10% and 15% FBS. Cells were
washed with PBS and transduced with TAT-HA-Prdx6
WT or its mutant TAT-HA-Prdx6 K122/142R for 3h;
the medium was replaced with phosphate buffered
saline (PBS, pH 7.2), and the plates containing the
monolayers were exposed to UVB as indicated. After
irradiation, PBS was withdrawn and fresh medium was
added. Similar treatment was repeated for 2-3 days as
indicated in the figures.
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Induction of hydrogen peroxide (H2O2) induced
stress
For H2O2 treatment, mLECs and SRA-hLECs were precultured for 16h in 100mm petri dishes with DMEM10% and 15% FBS. Cells were washed twice with PBS,
and the medium (0.2% BSA+ DMEM) was replaced
with predefined concentrations of H2O2. At different
time intervals protein was isolated and processed for
Sandwich and Sumo1 specific ELISA assay to measure
total Sp1 and Sumoylated Sp1 levels, respectively.
SRA-hLECs were cotransfected with pCl-neo-HA Sp1
WT or pCl-neo-HA Sp1 K16R along with either
pEGFP-Vector or pEGFP-Sumo1. 48h later, the
medium (0.2% BSA+ DMEM) was replaced with
predefined concentrations of H2O2. At intervals of 8 and
24h later, ROS and MTS assays were performed to
monitor the levels of ROS and cell viability, and the
percentage of ROS and cell survival levels were
calculated for each group.
For another set of experiments Prdx6-/- mLECs and
SRA-hLECs were pre-cultured for 16h in 100mm petri
dishes with DMEM-10% and 15% FBS. Cells were
washed with PBS and transduced with TAT-HA-Prdx6
WT or its mutant TAT-HA-Prdx6 K122/142R for 3h,
and the medium (0.2% BSA+ DMEM) was replaced
Similar
with predefined concentrations of H2O2.
treatment was repeated for 2-3 days as indicated in
figures.
Extraction of nuclear and cytosolic fraction
Nuclear extract was prepared following the method of
Sambrook et al. (18) with certain modifications. Briefly,
LECs (1 X 106) were cultured in 100-mm plates. The
cells were washed gently with chilled phosphatebuffered saline (pH 7.4). Cells were collected by
centrifugation using a micro-centrifuge and resuspended
in 5 pellet volumes of cytoplasmic extract buffer [(10
mM HEPES (adjusted pH at 7.9), 10mM KCl, 0.1 mM
EDTA, 0.4% (v/v) Nonidet P-40, 0.5mM phenylmethylsulfonyl fluoride (PMSF), 1mM DTT and
Protease inhibitor]. After a short incubation on ice and
centrifugation (4ºC) at 10000 rpm for 10min, the
cytoplasmic extract was transfer in fresh tube from the
pellet. Following careful washing with cytoplasmic
extract without detergent (Nonidet P-40), the fragile
nuclei were resuspended in nuclear extract buffer [(20
mM HEPES (adjusted pH at 7.9), 0.4M NaCl, 1mM
EDTA, 10% (v/v) glycerol, 1mM DTT, 0.5mM PMSF
and Protease Inhibitor] and incubated 2h at 4ºC
continuous vortexing. Finally, the extract was spin at
14,000 rpm for 15 min to pellet the nuclei. After centri-
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fugation, the nuclear extract was transferred and
aliquoted in fresh tubes, and individual aliquots were
stored at −70 °C to avoid repeated freezing and thawing
of the preparation. Protein was estimated according to
the Bradford protein assay and/or PierceTM BCA Protein
assay methods and extract was used for experiment as
required.
Plasmids or constructs detail
Construction of pEGFP-Sumo1: For eukaryotic
expression, the full length of Sumo1 cDNAwas
subcloned into pEGFP-C1 vector. The coding region of
Sumo1 was amplified by PCR from human lens cDNA
library using forward (5’-CCGTCGACATGTCTGACC
AGGAG-3’) and reverse primer (5’-TCGGATCCGTT
TTGAACACCACA-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 MD Anderson Cancer Center,
Houston, TX, USA). All the Transfection experiments
were carried out either with Superfactamine Reagent
(Invitrogen, Carlsbad, CA, USA) or using the Neon
Transfection system (Invitrogen). HA-tagged Sp1 and
deleted construct [pClneo-HA-Sp1 (1-293)] was a gift
from Dr. Hans Rotheneder (University of Vienna,
Austria) [100]. pClneo-HA-Sp1K16R and pClneo-HASp1 (1-293) K16R generated by mutagenesis.
Site-directed mutagenesis (SDM)
PCR-based site-directed mutagenesis was carried out
using the QuikChangeTM lightning site-directed
mutagenesis kit (Agilent Technologies; Catalog No.
210518), following the company's protocol. Briefly,
amino acid exchanges K16R were generated by point
mutations in the pCl-neo-HA-Sp1 constructs. The
following complementary primers, forward primer: 5′GCTGTGGTGAGGATTGAAAAAGGAGTTGGTGGC
-3′ and reverse primer: 5’-GCCACCAACTCCTTTTTA
AATCCTCACCACAGC-3’ were used (changed nucleotides are in boldface type and underlined).
Epicurean Coli XL1-Blue super-competent cells
(Stratagene) were transformed with resultant plasmid.
The plasmid was amplified, and the mutation was
confirmed by sequencing as described previously [101].
In vivo Sumoylation assay
SRA-hLECs was transfected as indicated in figures.
After 48h, nuclear extracts (as mentioned above) or
total cell lysates were prepared in IP lysis/wash buffer
(0.025 m Tris, 0.15 m NaCl, 0.001 m EDTA, 1% NP-
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40, 5% glycerol, pH 7.4 plus 5 μm MG132 and 30 μm
N-ethylmaleimide was added, as provided in the Pierce
Classic IP Kit (catalog number 26146; Pierce,
Rockford, IL, USA), in accordance with the manufacturer's instructions. Nuclear extracts diluted in lysis
buffer or total cell lysates were incubated with 4μg of
anti-Sp1 (sc-17824, Santa Cruz)/anti-HA (ab18181,
Abcam) monoclonal serum/800 μg of protein in IP lysis
buffer provided in the IP kit (Pierce) and were rotated at
4°C overnight. That was followed by the addition of
20 μL of Protein A/G plus Agarose beads 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. Next, 10% input
and IP samples were resolved on 4–20% SDS/PAGE
and analyzed by western blotting using anti-Sp1, antiSumo1 or anti-HA rabbit polyclonal antibodies.
Gel-shift and depletion assays
Gel-shift assay was carried out using nuclear extracts
isolated from pEGFP-Vector or pEGFP-Sumo1
overexpressed SRA-hLECs to determine DNA binding
of Sp1 to their respective elements present in the Prdx6
promoter. Oligonucleotides containing Sp1 binding sites
elements were commercially synthesized (Invitrogen).
Sequences were annealed and labeled with [ɤ-32P] ATP
using T4 polynucleotide kinase (New England Biolabs,
Inc.). The binding reaction was performed in 20µl
buffer containing 20mM Tris-HCl (pH 8.0), 75mM
KCL, 5% glycerol, 50µg/ml bovine serum albumin
(BSA), 0.025% nonidet NP-40, 1mM EDTA, 5mM
DTT, and 1µg of poly (dI/dC). The labeled probe
[5fmol (1000cpm)] was incubated on ice for 30min with
5µg of nuclear extract. Samples were loaded on a 5%
polyacrylamide gel in 0.5X TBE buffer and autoradiographed.
Cell survival assay (MTS assay)
A colorimetric MTS assay (Promega, Madison, WI,
USA) was performed as described earlier [16, 94, 102].
This assay of cellular viability uses 3-(4, 5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2 to
4-sulphophenyl) 2H-tetrazolium salt; MTS and an
electrone coupling reagent (Phenazine ethosulfate;
PES).PES has enhanced chemical stability, which
allows it to be combined with MTS to form stable
solution. Assays are performed by adding MTS reagent
directly to culture cells, incubating for 1-4h and then
recording absorbance at 490nm with a 96-well plate
reader, Spectra Max Gemini EM (Mol. Devices,
Sunnyvale, CA). Results were normalized with absorbance of the untreated control(s).
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Cycloheximide
treatment

(CHX), a

translational blocker

To inhibit translation/ protein synthesis, transfected
cells as indicated were treated with 0–40 μg/ml CHX for
0h-48h. CHX inhibitor (Catalog no. C4859) was purchased from Sigma-Aldrich. On the day of termination
of experiment, total cell lysate prepared and immunoblotted with specific antibodies as indicated in figure
and legends.
Protein expression analysis
Cell lysates of LECs were prepared in ice-cold
radioimmune precipitation buffer and protein blot
analysis was performed as described previously [46,
103, 104]. The membranes were probed with anti-HA
(ab 18181 and ab9110, Abcam®, Cambridge, MA,
USA), Anti-Sp1( Anti-Prdx6 antibody (LF-PA0011 and
LF-MA0018, Ab Frontier, South Korea), or β-actin
(A2066, Sigma-Aldrich, St. Loius, MO, USA)/Tubulin
(ab7291, Abcam®, Cambridge, MA, USA) as internal
control to monitor those protein expressions. After
secondary antibody (sc-2354 and sc-2768, Santa Cruz
Biotechnology, Dallas, TX, USA), protein bands were
visualized by incubating the membrane with luminol
reagent (sc-2048; Santa Cruz Biotechnology, Dallas,
TX, USA) and images were recorded with a FUJIFILMLAS-4000 luminescent image analyzer (FUJIFILM
Medical Systems Inc., Hanover Park, IL, USA).
TAT-HA-Prdx6 recombinant protein purification

Statistical methods
For all quantitative data collected, statistical analysis
was conducted by Student’s t test and /or one-way
ANOVA when appropriate, and was presented as mean
± S.D. of the indicated number of experiments. A
significant difference between control and treatment
group was defined as P value of < 0.05 and 0.001 for
two or more independent experiments.
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A full-length cDNA of Prdx6 was isolated from a
human LEC cDNA library using Prdx6-specific sense
(5′-GTCGCCATGGCCGGAGGTCTGCTTC-3′ containing 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) 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,
Howard Hughes Medical Institute, University of
California, San Diego, CA) that had been digested with
the same restriction enzymes. Wild type (WT) TATHA- Prdx6 was then mutated at K (lysine) 122/142
(arginine) R by using SDM kit. 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 LB plate with ampicillin. The selected

www.aging‐us.com

colonies were cultured in 10 mL of LB medium
containing ampicillin at 37 °C with shaking at
200 r.p.m. overnight. After incubation, 10 mL of the
overnight cultures were combined with 250 mL of prewarmed media (with ampicillin) and then grown at
37 °C with vigorous shaking until D600 of 0.6–0.8 was
reached, and then isopropyl thio-β-d-galactoside was
added to a concentration of 1 mm and the incubation
was continued for 4–5 h. Cells were harvested by
centrifugation at 4000 g for 20 min. Pellets were
suspended in 10 mL of lysis buffer (50 mm NaH2PO4,
50 mm NaCl and 10 mm imidazole, pH 8.0) containing
lysozyme and Benzonase® Nuclease (Qiagen Inc.,
Valencia, CA, USA) and incubated for 30 min on ice.
The suspension was then centrifuged at 14 000 g for
30 min. Supernatant was added to the Ni-NTA fast start
column and allowed to drain before washing twice with
4 mL of wash buffer (50 mm NaH2PO4, 50 mm NaCl
and 20 mm imidazole, pH 8.0), followed by elution with
1 mL of elution buffer (50 mm NaH2PO4, 50 mm NaCl
and 250 mm imidazole, pH 8.0).

2307

DP and BC conceived and designed the experiments.
BC, PS and EK performed the experiments, and DP, BC
and EK did the data analyses. BC and DP wrote the
main manuscript text. DP supervised the study and
provided the fund. All authors read and provided inputs
on the manuscript, and approved the final version.

CONFLICTS OF INTEREST
All authors declare no competing financial interests.

FUNDING
This study was supported by the National Eye Institute,
NIH (EY024589) (to DPS) grant and Research to
Prevent
Blindness
(R.P.B.)
are
gratefully
acknowledged.

REFERENCES
1.

Moskowitz DM, Zhang DW, Hu B, Le Saux S, Yanes RE,
Ye Z, Buenrostro JD, Weyand CM, Greenleaf WJ,

AGING

Goronzy JJ. Epigenomics of human CD8 T cell
differentiation and aging. Sci Immunol. 2017; 2:2.
https://doi.org/10.1126/sciimmunol.aag0192
2.

3.

Vijayakumaran S, Pountney DL. SUMOylation, aging
and autophagy in neurodegeneration. Neuro‐
toxicology. 2018; 66:53–57.
https://doi.org/10.1016/j.neuro.2018.02.015
Lavrovsky Y, Chatterjee B, Clark RA, Roy AK. Role of
redox‐regulated transcription factors in inflammation,
aging and age‐related diseases. Exp Gerontol. 2000;
35:521–32.
https://doi.org/10.1016/S0531‐
5565(00)00118‐2

A, Fatma N. Transcriptional protein Sp1 regulates
LEDGF transcription by directly interacting with its cis‐
elements in GC‐rich region of TATA‐less gene
promoter. PLoS One. 2012; 7:e37012.
https://doi.org/10.1371/journal.pone.0037012
12. Chhunchha B, Kubo E, Fatma N, Singh DP.
Sumoylation‐deficient Prdx6 gains protective function
by amplifying enzymatic activity and stability and
escapes
oxidative
stress‐induced
aberrant
Sumoylation. Cell Death Dis. 2017; 8:e2525.
https://doi.org/10.1038/cddis.2016.424

4.

Ammendola R, Mesuraca M, Russo T, Cimino F. Sp1
DNA binding efficiency is highly reduced in nuclear
extracts from aged rat tissues. J Biol Chem. 1992;
267:17944–48.

13. Ambruso DR, Ellison MA, Thurman GW, Leto TL.
Peroxiredoxin 6 translocates to the plasma
membrane during neutrophil activation and is
required for optimal NADPH oxidase activity. Biochim
Biophys Acta. 2012; 1823:306–15.
https://doi.org/10.1016/j.bbamcr.2011.11.014

5.

Chhunchha B, Fatma N, Kubo E, Singh DP. Aberrant
sumoylation signaling evoked by reactive oxygen
species impairs protective function of Prdx6 by
destabilization and repression of its transcription.
FEBS J. 2014; 281:3357–81.
https://doi.org/10.1111/febs.12866

14. Sorokina EM, Feinstein SI, Zhou S, Fisher AB.
Intracellular targeting of peroxiredoxin 6 to lysosomal
organelles requires MAPK activity and binding to 14‐
3‐3ε. Am J Physiol Cell Physiol. 2011; 300:C1430–41.
https://doi.org/10.1152/ajpcell.00285.2010

6.

Moujaber O, Mahboubi H, Kodiha M, Bouttier M,
Bednarz K, Bakshi R, White J, Larose L, Colmegna I,
Stochaj U. Dissecting the molecular mechanisms that
impair stress granule formation in aging cells. Biochim
Biophys Acta. 2017; 1864:475–86.
https://doi.org/10.1016/j.bbamcr.2016.12.008

7.

Fisher AB, Vasquez‐Medina JP, Dodia C, Sorokina EM,
Tao JQ, Feinstein SI. Peroxiredoxin 6 phospholipid
hydroperoxidase activity in the repair of peroxidized
cell membranes. Redox Biol. 2018; 14:41–46.
https://doi.org/10.1016/j.redox.2017.08.008

8.

Fatma N, Singh P, Chhunchha B, Kubo E, Shinohara T,
Bhargavan B, Singh DP. Deficiency of Prdx6 in lens
epithelial cells induces ER stress response‐mediated
impaired homeostasis and apoptosis. Am J Physiol
Cell Physiol. 2011; 301:C954–67.
https://doi.org/10.1152/ajpcell.00061.2011

9.

Chhunchha B, Fatma N, Bhargavan B, Kubo E, Kumar
A, Singh DP. Specificity protein, Sp1‐mediated
increased expression of Prdx6 as a curcumin‐induced
antioxidant defense in lens epithelial cells against
oxidative stress. Cell Death Dis. 2011; 2:e234.
https://doi.org/10.1038/cddis.2011.121

10. Kubo E, Chhunchha B, Singh P, Sasaki H, Singh DP.
Sulforaphane reactivates cellular antioxidant defense
by inducing Nrf2/ARE/Prdx6 activity during aging and
oxidative stress. Sci Rep. 2017; 7:14130.
https://doi.org/10.1038/s41598‐017‐14520‐8
11. Singh DP, Bhargavan B, Chhunchha B, Kubo E, Kumar

www.aging‐us.com

2308

15. Eisenmann KM, VanBrocklin MW, Staffend NA,
Kitchen SM, Koo HM. Mitogen‐activated protein
kinase pathway‐dependent tumor‐specific survival
signaling in melanoma cells through inactivation of
the proapoptotic protein bad. Cancer Res. 2003;
63:8330–37.
16. Fatma N, Kubo E, Sharma P, Beier DR, Singh DP.
Impaired homeostasis and phenotypic abnormalities
in Prdx6‐/‐mice lens epithelial cells by reactive oxygen
species: increased expression and activation of
TGFbeta. Cell Death Differ. 2005; 12:734–50.
https://doi.org/10.1038/sj.cdd.4401597
17. Fatma N, Kubo E, Takamura Y, Ishihara K, Garcia C,
Beebe DC, Singh DP. Loss of NF‐kappaB control and
repression of Prdx6 gene transcription by reactive
oxygen species‐driven SMAD3‐mediated transforming
growth factor beta signaling. J Biol Chem. 2009;
284:22758–72.
https://doi.org/10.1074/jbc.M109.016071
18. Kubo E, Fatma N, Akagi Y, Beier DR, Singh SP, Singh
DP. TAT‐mediated PRDX6 protein transduction
protects against eye lens epithelial cell death and
delays lens opacity. Am J Physiol Cell Physiol. 2008;
294:C842–55.
https://doi.org/10.1152/ajpcell.00540.2007
19. Kubo E, Hasanova N, Tanaka Y, Fatma N, Takamura Y,
Singh DP, Akagi Y. Protein expression profiling of lens
epithelial cells from Prdx6‐depleted mice and their
vulnerability to UV radiation exposure. Am J Physiol
Cell Physiol. 2010; 298:C342–54.

AGING

https://doi.org/10.1152/ajpcell.00336.2009
20. Chang WC, Hung JJ. Functional role of post‐
translational modifications of Sp1 in tumorigenesis. J
Biomed Sci. 2012; 19:94.
https://doi.org/10.1186/1423‐0127‐19‐94
21. Suske G, Bruford E, Philipsen S. Mammalian SP/KLF
transcription factors: bring in the family. Genomics.
2005; 85:551–56.
https://doi.org/10.1016/j.ygeno.2005.01.005
22. Oppenheim A, Lahav G. The puzzling interplay
between p53 and Sp1. Aging (Albany NY). 2017;
9:1355–56. https://doi.org/10.18632/aging.101238
23. Wu J, Xue L, Weng M, Sun Y, Zhang Z, Wang W, Tong
T. Sp1 is essential for p16 expression in human diploid
fibroblasts during senescence. PLoS One. 2007;
2:e164.
https://doi.org/10.1371/journal.pone.0000164
24. Fukuda I, Ito A, Hirai G, Nishimura S, Kawasaki H,
Saitoh H, Kimura K, Sodeoka M, Yoshida M. Ginkgolic
acid inhibits protein SUMOylation by blocking
formation of the E1‐SUMO intermediate. Chem Biol.
2009; 16:133–40.
https://doi.org/10.1016/j.chembiol.2009.01.009
25. Wang YT, Yang WB, Chang WC, Hung JJ. Interplay of
posttranslational modifications in Sp1 mediates Sp1
stability during cell cycle progression. J Mol Biol.
2011; 414:1–14.
https://doi.org/10.1016/j.jmb.2011.09.027
26. Tan NY, Khachigian LM. Sp1 phosphorylation and its
regulation of gene transcription. Mol Cell Biol. 2009;
29:2483–88. https://doi.org/10.1128/MCB.01828‐08
27. Park SC. Survive or thrive: tradeoff strategy for
cellular senescence. Exp Mol Med. 2017; 49:e342.
https://doi.org/10.1038/emm.2017.94
28. Anderson DB, Zanella CA, Henley JM, Cimarosti H.
Sumoylation: Implications for Neurodegenerative
Diseases. Adv Exp Med Biol. 2017; 963:261–81.
https://doi.org/10.1007/978‐3‐319‐50044‐7_16
29. Bischof O, Dejean A. SUMO is growing senescent. Cell
Cycle. 2007; 6:677–81.
https://doi.org/10.4161/cc.6.6.4021
30. Krumova P, Weishaupt JH. Sumoylation in
neurodegenerative diseases. Cell Mol Life Sci. 2013;
70:2123–38.
https://doi.org/10.1007/s00018‐012‐
1158‐3

cleavage of Sp1 N‐terminal negative regulatory
domain and inhibits Sp1‐dependent transcription. J
Biol Chem. 2006; 281:5567–74.
https://doi.org/10.1074/jbc.M600035200
33. Cong L, Pakala SB, Ohshiro K, Li DQ, Kumar R.
SUMOylation and SUMO‐interacting motif (SIM) of
metastasis tumor antigen 1 (MTA1) synergistically
regulate its transcriptional repressor function. J Biol
Chem. 2011; 286:43793–808.
https://doi.org/10.1074/jbc.M111.267237
34. Wang YT, Chuang JY, Shen MR, Yang WB, Chang WC,
Hung JJ. Sumoylation of specificity protein 1
augments its degradation by changing the localization
and increasing the specificity protein 1 proteolytic
process. J Mol Biol. 2008; 380:869–85.
https://doi.org/10.1016/j.jmb.2008.05.043
35. Wang M, Sang J, Ren Y, Liu K, Liu X, Zhang J, Wang H,
Wang J, Orian A, Yang J, Yi J. SENP3 regulates the
global protein turnover and the Sp1 level via
antagonizing SUMO2/3‐targeted ubiquitination and
degradation. Protein Cell. 2016; 7:63–77.
https://doi.org/10.1007/s13238‐015‐0216‐7
36. Okura T, Gong L, Kamitani T, Wada T, Okura I, Wei CF,
Chang HM, Yeh ET. Protection against Fas/APO‐1‐ and
tumor necrosis factor‐mediated cell death by a novel
protein, sentrin. J Immunol. 1996; 157:4277–81.
37. Mahajan R, Delphin C, Guan T, Gerace L, Melchior F. A
small ubiquitin‐related polypeptide involved in
targeting RanGAP1 to nuclear pore complex protein
RanBP2. Cell. 1997; 88:97–107.
https://doi.org/10.1016/S0092‐8674(00)81862‐0
38. Matunis MJ, Coutavas E, Blobel G. A novel ubiquitin‐
like modification modulates the partitioning of the
Ran‐GTPase‐activating protein RanGAP1 between the
cytosol and the nuclear pore complex. J Cell Biol.
1996; 135:1457–70.
https://doi.org/10.1083/jcb.135.6.1457
39. Hay RT. SUMO: a history of modification. Mol Cell.
2005; 18:1–12.
https://doi.org/10.1016/j.molcel.2005.03.012
40. Johnson ES. Protein modification by SUMO. Annu Rev
Biochem. 2004; 73:355–82.
https://doi.org/10.1146/annurev.biochem.73.011303
.074118

31. Seeler JS, Bischof O, Nacerddine K, Dejean A. SUMO,
the three Rs and cancer. Curr Top Microbiol Immunol.
2007; 313:49–71. https://doi.org/10.1007/978‐3‐540‐
34594‐7_4

41. Qiu C, Wang Y, Zhao H, Qin L, Shi Y, Zhu X, Song L,
Zhou X, Chen J, Zhou H, Zhang H, Tellides G, Min W,
Yu L. The critical role of SENP1‐mediated GATA2
deSUMOylation in promoting endothelial activation
in graft arteriosclerosis. Nat Commun. 2017; 8:15426.
https://doi.org/10.1038/ncomms15426

32. Spengler ML, Brattain MG. Sumoylation inhibits

42. Cui CP, Wong CC, Kai AK, Ho DW, Lau EY, Tsui YM,

www.aging‐us.com

2309

AGING

Chan LK, Cheung TT, Chok KS, Chan AC, Lo RC, Lee JM,
Lee TK, Ng IO. SENP1 promotes hypoxia‐induced
cancer stemness by HIF‐1α deSUMOylation and
SENP1/HIF‐1α positive feedback loop. Gut. 2017;
66:2149–59.
https://doi.org/10.1136/gutjnl‐2016‐
313264
43. Ishihara K, Fatma N, Bhargavan B, Chhunchha B, Kubo
E, Dey S, Takamura Y, Kumar A, Singh DP. Lens
epithelium‐derived growth factor deSumoylation by
Sumo‐specific protease‐1 regulates its transcriptional
activation of small heat shock protein and the cellular
response. FEBS J. 2012; 279:3048–70.
https://doi.org/10.1111/j.1742‐4658.2012.08686.x
44. Davalli P, Mitic T, Caporali A, Lauriola A, D’Arca D.
ROS, Cell Senescence, and Novel Molecular
Mechanisms in Aging and Age‐Related Diseases. Oxid
Med Cell Longev. 2016; 2016:3565127.
https://doi.org/10.1155/2016/3565127
45. Finkel T, Holbrook NJ. Oxidants, oxidative stress and
the biology of ageing. Nature. 2000; 408:239–47.
https://doi.org/10.1038/35041687
46. Kubo E, Miyazawa T, Fatma N, Akagi Y, Singh DP.
Development‐ and age‐associated expression pattern
of peroxiredoxin 6, and its regulation in murine ocular
lens. Mech Ageing Dev. 2006; 127:249–56.
https://doi.org/10.1016/j.mad.2005.10.003
47. Poprac P, Jomova K, Simunkova M, Kollar V, Rhodes
CJ, Valko M. Targeting Free Radicals in Oxidative
Stress‐Related Human Diseases. Trends Pharmacol
Sci. 2017; 38:592–607.
https://doi.org/10.1016/j.tips.2017.04.005

52. Wu SY, Chiang CM. Crosstalk between sumoylation
and acetylation regulates p53‐dependent chromatin
transcription and DNA binding. EMBO J. 2009;
28:1246–59. https://doi.org/10.1038/emboj.2009.83
53. Gong L, Ji WK, Hu XH, Hu WF, Tang XC, Huang ZX, Li L,
Liu M, Xiang SH, Wu E, Woodward Z, Liu YZ, Nguyen
QD, Li DW. Sumoylation differentially regulates Sp1 to
control cell differentiation. Proc Natl Acad Sci USA.
2014; 111:5574–79.
https://doi.org/10.1073/pnas.1315034111
54. Ammendola R, Mesuraca M, Russo T, Cimino F. The
DNA‐binding efficiency of Sp1 is affected by redox
changes. Eur J Biochem. 1994; 225:483–89.
https://doi.org/10.1111/j.1432‐1033.1994.t01‐1‐
00483.x
55. Roy AK, Oh T, Rivera O, Mubiru J, Song CS, Chatterjee
B. Impacts of transcriptional regulation on aging and
senescence. Ageing Res Rev. 2002; 1:367–80.
https://doi.org/10.1016/S1568‐1637(02)00006‐5
56. Suh JH, Shenvi SV, Dixon BM, Liu H, Jaiswal AK, Liu
RM, Hagen TM. Decline in transcriptional activity of
Nrf2 causes age‐related loss of glutathione synthesis,
which is reversible with lipoic acid. Proc Natl Acad Sci
USA. 2004; 101:3381–86.
https://doi.org/10.1073/pnas.0400282101
57. Luciani A, Villella VR, Vasaturo A, Giardino I, Raia V,
Pettoello‐Mantovani M, D’Apolito M, Guido S, Leal T,
Quaratino S, Maiuri L. SUMOylation of tissue
transglutaminase as link between oxidative stress and
inflammation. J Immunol. 2009; 183:2775–84.
https://doi.org/10.4049/jimmunol.0900993

48. Yeh SH, Yang WB, Gean PW, Hsu CY, Tseng JT, Su TP,
Chang WC, Hung JJ. Translational and transcriptional
control of Sp1 against ischaemia through a hydrogen
peroxide‐activated internal ribosomal entry site
pathway. Nucleic Acids Res. 2011; 39:5412–23.
https://doi.org/10.1093/nar/gkr161

58. Hay RT. SUMO‐specific proteases: a twist in the tail.
Trends Cell Biol. 2007; 17:370–76.
https://doi.org/10.1016/j.tcb.2007.08.002

49. Ryu H, Lee J, Zaman K, Kubilis J, Ferrante RJ, Ross BD,
Neve R, Ratan RR. Sp1 and Sp3 are oxidative stress‐
inducible, antideath transcription factors in cortical
neurons. J Neurosci. 2003; 23:3597–606.
https://doi.org/10.1523/JNEUROSCI.23‐09‐03597.2003

60. Gill G. SUMO and ubiquitin in the nucleus: different
functions, similar mechanisms? Genes Dev. 2004;
18:2046–59. https://doi.org/10.1101/gad.1214604

50. Tateishi Y, Ariyoshi M, Igarashi R, Hara H, Mizuguchi
K, Seto A, Nakai A, Kokubo T, Tochio H, Shirakawa M.
Molecular basis for SUMOylation‐dependent
regulation of DNA binding activity of heat shock
factor 2. J Biol Chem. 2009; 284:2435–47.
https://doi.org/10.1074/jbc.M806392200
51. Wu SY, Chiang CM. p53 sumoylation: mechanistic
insights from reconstitution studies. Epigenetics.
2009; 4:445–51.
https://doi.org/10.4161/epi.4.7.10030

www.aging‐us.com

2310

59. Freiman RN, Tjian R. Regulating the regulators: lysine
modifications make their mark. Cell. 2003; 112:11–
17. https://doi.org/10.1016/S0092‐8674(02)01278‐3

61. Rosonina E, Duncan SM, Manley JL. SUMO functions
in constitutive transcription and during activation of
inducible genes in yeast. Genes Dev. 2010; 24:1242–
52. https://doi.org/10.1101/gad.1917910
62. Rosonina E, Akhter A, Dou Y, Babu J, Sri
Theivakadadcham VS. Regulation of transcription
factors by sumoylation. Transcription. 2017; 8:220–
31. https://doi.org/10.1080/21541264.2017.1311829
63. Philipsen S, Suske G. A tale of three fingers: the family
of mammalian Sp/XKLF transcription factors. Nucleic
Acids Res. 1999; 27:2991–3000.

AGING

https://doi.org/10.1093/nar/27.15.2991
64. Schäfer G, Cramer T, Suske G, Kemmner W,
Wiedenmann B, Höcker M. Oxidative stress regulates
vascular endothelial growth factor‐A gene
transcription through Sp1‐ and Sp3‐dependent
activation of two proximal GC‐rich promoter
elements. J Biol Chem. 2003; 278:8190–98.
https://doi.org/10.1074/jbc.M211999200
65. Chou WC, Chen HY, Yu SL, Cheng L, Yang PC, Dang CV.
Arsenic suppresses gene expression in promyelocytic
leukemia cells partly through Sp1 oxidation. Blood.
2005; 106:304–10. https://doi.org/10.1182/blood‐
2005‐01‐0241
66. Li F, Altieri DC. Transcriptional analysis of human
survivin gene expression. Biochem J. 1999; 344:305–
11.
67. Bhargavan B, Fatma N, Chhunchha B, Singh V, Kubo E,
Singh DP. LEDGF gene silencing impairs the
tumorigenicity of prostate cancer DU145 cells by
abating the expression of Hsp27 and activation of the
Akt/ERK signaling pathway. Cell Death Dis. 2012;
3:e316. https://doi.org/10.1038/cddis.2012.57
68. Su K, Yang X, Roos MD, Paterson AJ, Kudlow JE.
Human Sug1/p45 is involved in the proteasome‐
dependent degradation of Sp1. Biochem J. 2000;
348:281–89. https://doi.org/10.1042/bj3480281
69. Chhunchha B, Singh P, Stamer WD, Singh DP. Prdx6
retards senescence and restores trabecular
meshwork cell health by regulating reactive oxygen
species. Cell Death Discov. 2017; 3:17060.
https://doi.org/10.1038/cddiscovery.2017.60
70. Pahl HL, Baeuerle PA. Oxygen and the control of gene
16:497–502.
expression.
BioEssays.
1994;
https://doi.org/10.1002/bies.950160709
71. Supakar PC, Song CS, Jung MH, Slomczynska MA, Kim
JM, Vellanoweth RL, Chatterjee B, Roy AK. A novel
regulatory element associated with age‐dependent
expression of the rat androgen receptor gene. J Biol
Chem. 1993; 268:26400–08.
72. Heydari AR, Wu B, Takahashi R, Strong R, Richardson
A. Expression of heat shock protein 70 is altered by
age and diet at the level of transcription. Mol Cell
Biol. 1993; 13:2909–18.
https://doi.org/10.1128/MCB.13.5.2909
73. Cao JN, Gollapudi S, Sharman EH, Jia Z, Gupta S. Age‐
related alterations of gene expression patterns in
human CD8+ T cells. Aging Cell. 2010; 9:19–31.
https://doi.org/10.1111/j.1474‐9726.2009.00534.x
74. Shenvi SV, Smith E, Hagen TM. Identification of age‐
specific Nrf2 binding to a novel antioxidant response
element locus in the Gclc promoter: a compensatory

www.aging‐us.com

2311

means for the loss of glutathione synthetic capacity in
the aging rat liver? Aging Cell. 2012; 11:297–304.
https://doi.org/10.1111/j.1474‐9726.2011.00788.x
75. Kim SY, Kang HT, Han JA, Park SC. The transcription
factor Sp1 is responsible for aging‐dependent altered
nucleocytoplasmic trafficking. Aging Cell. 2012;
11:1102–09. https://doi.org/10.1111/acel.12012
76. Meng G, Zhong X, Mei H. A Systematic Investigation
into Aging Related Genes in Brain and Their
Relationship with Alzheimer’s Disease. PLoS One.
2016; 11:e0150624.
https://doi.org/10.1371/journal.pone.0150624
77. Laurent G, Solari F, Mateescu B, Karaca M, Castel J,
Bourachot B, Magnan C, Billaud M, Mechta‐Grigoriou
F. Oxidative stress contributes to aging by enhancing
pancreatic angiogenesis and insulin signaling. Cell
Metab. 2008; 7:113–24.
https://doi.org/10.1016/j.cmet.2007.12.010
78. Brennan LA, Kantorow M. Mitochondrial function and
redox control in the aging eye: role of MsrA and other
repair systems in cataract and macular
degenerations. Exp Eye Res. 2009; 88:195–203.
https://doi.org/10.1016/j.exer.2008.05.018
79. Mabb AM, Wuerzberger‐Davis SM, Miyamoto S.
PIASy mediates NEMO sumoylation and NF‐kappaB
activation in response to genotoxic stress. Nat Cell
Biol. 2006; 8:986–93.
https://doi.org/10.1038/ncb1458
80. Kruse JP, Gu W. SnapShot: p53 posttranslational
modifications. Cell. 2008; 133:930–30.e1.
https://doi.org/10.1016/j.cell.2008.05.020
81. Ding H, Benotmane AM, Suske G, Collen D, Belayew
A. Functional interactions between Sp1 or Sp3 and
the helicase‐like transcription factor mediate basal
expression from the human plasminogen activator
inhibitor‐1 gene. J Biol Chem. 1999; 274:19573–80.
https://doi.org/10.1074/jbc.274.28.19573
82. Bossis G, Malnou CE, Farras R, Andermarcher E,
Hipskind R, Rodriguez M, Schmidt D, Muller S, Jariel‐
Encontre I, Piechaczyk M. Down‐regulation of c‐Fos/c‐
Jun AP‐1 dimer activity by sumoylation. Mol Cell Biol.
2005; 25:6964–79.
https://doi.org/10.1128/MCB.25.16.6964‐6979.2005
83. Bossis G, Melchior F. Regulation of SUMOylation by
reversible oxidation of SUMO conjugating enzymes.
Mol Cell. 2006; 21:349–57.
https://doi.org/10.1016/j.molcel.2005.12.019
84. Stankovic‐Valentin N, Drzewicka K, König C, Schiebel
E, Melchior F. Redox regulation of SUMO enzymes is
required for ATM activity and survival in oxidative
stress. EMBO J. 2016; 35:1312–29.

AGING

https://doi.org/10.15252/embj.201593404
85. Leitao BB, Jones MC, Brosens JJ. The SUMO E3‐ligase
PIAS1 couples reactive oxygen species‐dependent JNK
activation to oxidative cell death. FASEB J. 2011;
25:3416–25. https://doi.org/10.1096/fj.11‐186346
86. Müller S, Hoege C, Pyrowolakis G, Jentsch S. SUMO,
ubiquitin’s mysterious cousin. Nat Rev Mol Cell Biol.
2001; 2:202–10. https://doi.org/10.1038/35056591
87. Peuget S, Bonacci T, Soubeyran P, Iovanna J, Dusetti
NJ. Oxidative stress‐induced p53 activity is enhanced
by a redox‐sensitive TP53INP1 SUMOylation. Cell
Death Differ. 2014; 21:1107–18.
https://doi.org/10.1038/cdd.2014.28
88. de la Vega L, Grishina I, Moreno R, Krüger M, Braun T,
Schmitz ML. A redox‐regulated SUMO/acetylation
switch of HIPK2 controls the survival threshold to
oxidative stress. Mol Cell. 2012; 46:472–83.
https://doi.org/10.1016/j.molcel.2012.03.003
89. Jackson SP, Tjian R. O‐glycosylation of eukaryotic
transcription factors: implications for mechanisms of
transcriptional regulation. Cell. 1988; 55:125–33.
https://doi.org/10.1016/0092‐8674(88)90015‐3
90. Hsu TI, Wang MC, Chen SY, Huang ST, Yeh YM, Su WC,
Chang WC, Hung JJ. Betulinic acid decreases
specificity protein 1 (Sp1) level via increasing the
sumoylation of sp1 to inhibit lung cancer growth. Mol
Pharmacol. 2012; 82:1115–28.
https://doi.org/10.1124/mol.112.078485
91. González‐Rubio S, López‐Sánchez L, Muñoz‐
Castañeda J, Linares CI, Aguilar‐Melero P, Rodríguez‐
Perálvarez M, Sánchez‐Sánchez R, Fernández‐Álvarez
A, Casado M, Montero‐Álvarez JL, Rodríguez‐Ariza A,
Muntané J, de la Mata M, Ferrín G. GCDCA down‐
regulates gene expression by increasing Sp1 binding
to the NOS‐3 promoter in an oxidative stress
dependent manner. Biochem Pharmacol. 2015;
96:39–51. https://doi.org/10.1016/j.bcp.2015.04.017
92. Ibaraki N, Chen SC, Lin LR, Okamoto H, Pipas JM,
Reddy VN. Human lens epithelial cell line. Exp Eye
Res. 1998; 67:577–85.
https://doi.org/10.1006/exer.1998.0551
93. Singh DP, Kubo E, Takamura Y, Shinohara T, Kumar A,
Chylack LT Jr, Fatma N. DNA binding domains and
nuclear localization signal of LEDGF: contribution of
two helix‐turn‐helix (HTH)‐like domains and a stretch
of 58 amino acids of the N‐terminal to the trans‐
activation potential of LEDGF. J Mol Biol. 2006;
355:379–94.
https://doi.org/10.1016/j.jmb.2005.10.054
94. Kubo E, Fatma N, Akagi Y, Beier DR, Singh SP, Singh
DP. TAT‐mediated PRDX6 protein transduction

www.aging‐us.com

2312

protects against eye lens epithelial cell death and
delays lens opacity. Am J Physiol Cell Physiol. 2008;
294:C842–55.
https://doi.org/10.1152/ajpcell.00540.2007
95. McAvoy JW, Chamberlain CG, de Iongh RU, Hales AM,
Lovicu FJ. Lens development. Eye (Lond). 1999;
13:425–37. https://doi.org/10.1038/eye.1999.117
96. Piatigorsky J, Rothschild SS. Loss during development
of the ability of chick embryonic lens cells to elongate
in culture: inverse relationship between cell division
and elongation. Dev Biol. 1972; 28:382–89.
https://doi.org/10.1016/0012‐1606(72)90021‐8
97. Singh DP, Ohguro N, Kikuchi T, Sueno T, Reddy VN,
Yuge K, Chylack LT Jr, Shinohara T. Lens epithelium‐
derived growth factor: effects on growth and survival
of lens epithelial cells, keratinocytes, and fibroblasts.
Biochem Biophys Res Commun. 2000; 267:373–81.
https://doi.org/10.1006/bbrc.1999.1979
98. Kubo E, Fatma N, Sharma P, Shinohara T, Chylack LT
Jr, Akagi Y, Singh DP. Transactivation of involucrin, a
marker of differentiation in keratinocytes, by lens
epithelium‐derived growth factor (LEDGF). J Mol Biol.
2002; 320:1053–63. https://doi.org/10.1016/S0022‐
2836(02)00551‐X
99. Singh DP, Kubo E, Takamura Y, Shinohara T, Kumar A,
Chylack LT Jr, Fatma N. DNA binding domains and
nuclear localization signal of LEDGF: contribution of
two helix‐turn‐helix (HTH)‐like domains and a stretch
of 58 amino acids of the N‐terminal to the trans‐
activation potential of LEDGF. J Mol Biol. 2006;
355:379–94.
https://doi.org/10.1016/j.jmb.2005.10.054
100. Doetzlhofer A, Rotheneder H, Lagger G, Koranda M,
Kurtev V, Brosch G, Wintersberger E, Seiser C.
Histone deacetylase 1 can repress transcription by
binding to Sp1. Mol Cell Biol. 1999; 19:5504–11.
https://doi.org/10.1128/MCB.19.8.5504
101. Kubo E, Fatma N, Sharma P, Shinohara T, Chylack LT
Jr, Akagi Y, Singh DP. Transactivation of involucrin, a
marker of differentiation in keratinocytes, by lens
epithelium‐derived growth factor (LEDGF). J Mol
Biol. 2002; 320:1053–63.
https://doi.org/10.1016/S0022‐2836(02)00551‐X
102. Cory AH, Owen TC, Barltrop JA, Cory JG. Use of an
aqueous soluble tetrazolium/formazan assay for cell
growth assays in culture. Cancer Commun. 1991;
3:207–12.
https://doi.org/10.3727/095535491820873191
103. Kubo E, Hasanova N, Tanaka Y, Fatma N, Takamura
Y, Singh DP, Akagi Y. Protein expression profiling of
lens epithelial cells from Prdx6‐depleted mice and

AGING

their vulnerability to UV radiation exposure. Am J
Physiol Cell Physiol. 2010; 298:C342–54.
https://doi.org/10.1152/ajpcell.00336.2009
104. Kubo E, Singh DP, Fatma N, Akagi Y. TAT‐mediated
peroxiredoxin 5 and 6 protein transduction protects
against high‐glucose‐induced cytotoxicity in retinal
pericytes. Life Sci. 2009; 84:857–64.
https://doi.org/10.1016/j.lfs.2009.03.019

www.aging‐us.com

2313

AGING

SUPPLEMENTARY FIGURES

Supplementary Figure 1. Intrinsic or extrinsic Sp1 was Sumoylated in LECs in vivo. (A) Intrinsic Sp1 protein is a substrate for
Sumo1 in vivo. SRA‐hLECs (1X106) were overexpressed with pEGFP‐Vector or pEGFP‐Sumo1. Cells transfected with pEGFP‐Vector served
as control (Aa and Ab, Lane 1). 48h after transfection, nuclear extracts were prepared and subjected to immunoprecipitation (IP) using
anti‐Sp1 monoclonal antibody. Input and IP samples were resolved on 4–20% SDS‐PAGE and immunoblotted with anti‐Sp1 (Aa) or anti‐
Sumo1 (Ab) rabbit polyclonal antibodies and visualized as described in Materials and Methods. IP experiments revealed the presence of
two bands with Sp1 antibody: ~90kDa (unSumoylated endogenous Sp1), and ~135kDa (endogenous Sp1 Sumoylated by pEGFP‐Sumo1),
indicating that Sp1 may contain a single site for Sumo1 protein. (B) Sensitive Sp1 Sandwich/Sumo1‐ELISA assays validated that intrinsic
Sp1 was Sumoylated, and showed that a fraction of endogenous Sp1 was present in Sumoylated form. SRA‐hLECs were transfected with
pEGFP‐vector or pEGFP‐Sumo1. 48h later nuclear extracts were prepared and submitted to Sp1 sandwich/Sumo1‐ELISA assays to check
the total Sp1 (IP: Sp1) protein and Sumoylated Sp1 (IP: Sp1) protein. Sumoylated Sp1 protein was subtracted from total Sp1 protein,
presenting as deSumoylated Sp1 (gray bars) and Sumoylated Sp1 (black bars) forms. The data represent mean ± SD from three
independent experiments (*p<0.001). (C) SRA‐hLECs (1.2X106) were cotransfected with pCl‐neo‐HA‐Sp1 (3μg) along with pEGFP‐Sumo1
(3μg) or pEGFP‐vector (3μg). After 48h, total cell lysates were prepared and subjected to immunoprecipitation (IP) using anti‐HA
monoclonal or control IgG antibodies. 10% Input and IP samples were resolved onto 4‐20% SDS‐PAGE and immunoblotted with anti‐HA
(Ca) and anti‐Sumo1 (Cb) rabbit polyclonal antibodies. Sumoylated band was visualized with both antibodies at ~145kDa (pEGFP‐Sumo1
[~45kDa] plus pHA‐Sp1 [~100kDa]; lane 2). In input, HA‐Sp1 was seen with anti‐HA antibody and EGFP‐Sumo1 with anti‐Sumo1
antibody. (D) Sensitive Sp1 sandwich/Sumo1‐ELISA assays validated that extrinsic Sp1 was Sumoylated. SRA‐hLECs were transfected
with pEGFP‐vector plus pHA‐Sp1 or pEGFP‐Sumo1 plus pHA‐Sp1. Total cell lysates were prepared and used to perform Sp1
sandwich/Sumo1‐ELISA. Sumoylated Sp1 protein (IP: HA) was subtracted from total Sp1 (IP: HA) protein, presenting as deSumoylated
Sp1 (gray bars) and Sumoylated (black bars) forms. The data represent the mean ± SD of three independent experiments; *p<0.001.

www.aging‐us.com

2314

AGING

Supplementary Figure 2. Sumo1 was conjugated to lysine K16 of Sp1 in vivo. (A) Top panel, a diagrammatic illustration of Sp1
deletion construct with 293aa, pCl‐neo‐HA‐Sp1(1‐293) WT , Sp1 Full construct pCl‐neo‐HA‐Sp1 and their mutant (at K16 to R16)
plasmids. (B and C) SRA‐hLECs (1.2X106) were cotransfected with pCl‐neo‐HA‐Sp1 (1‐293) WT (3µg) plus pEGFP‐Vector (3µg) or pCl‐neo‐
HA‐Sp1 (1‐293) WT (3µg) plus pEGFP‐Sumo1 (3µg) or pCl‐neo‐HA‐Sp1 (1‐293) K16R (3µg) plus pEGFP‐Sumo1 (3µg). 48h later, cellular
extracts were prepared and subjected to IP using anti‐Sp1 (B) or anti‐HA (C) monoclonal antibodies and immunoblotted as indicated.
Single exogenous Sumoylated band was observed at ~85kDa [~40kDa, pCl‐neo‐HA‐Sp1 (1‐293) WT + pEGFP‐Sumo1 (~45kDa)] in pCl‐
neo‐HA‐Sp1 (1‐293) WT plus pEGFP‐Sumo1 transfected (B and C, lane 2) cells with anti‐HA and anti‐Sumo1 rabbit polyclonal antibodies.
No Sumoylated bands were detected in pCl‐neo‐HA‐Sp1(1‐293)WT plus pEGFP‐Vector (B and C, Lane 1) and pCl‐neo‐HA‐Sp1(1‐293)
K16R (B and C, Lane 3) transfected cells. (D) An in vivo Sumoylation ELISA assay was done according to the manufacturer’s protocol
TM
(EpiQuik ). SRA‐hLECs were transfected with pCl‐neo‐HA‐Sp1(1‐293)WT plus pEGFP‐Vector or pCl‐neo‐HA‐Sp1(1‐293)WT plus pEGFP‐
Sumo1 or pCl‐neo‐HA‐Sp1(1‐293)K16R plus pEGFP‐Sumo1. 48h later, total cell lysates were prepared and processed for Sumo1‐ELISA
assay to measure Sumoylated form of Sp1. Data represent mean ± SD from three independent experiments. pCl‐neo‐HA‐Sp1 (1‐293)WT
plus pEGFP‐Vector vs pCl‐neo‐HA‐Sp1(1‐293) WT plus pEGFP‐Sumo1 vs pCl‐neo‐HA‐Sp1(1‐293) K16R plus pEGFP‐Sumo1 (*p<0.001).
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