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ABSTRACT

The DUSP3 phosphatase regulates cell cycle, proliferation, apoptosis and senescence of different cell
types, lately shown as a mediator of DNA repair processes. This work evaluated the impact of DUSP3
loss of function (lof) on DNA repair-proficient fibroblasts (MRC-5), NER-deficient cell lines (XPA and
XPC) and translesion DNA synthesis (TLS)-deficient cells (XPV), after UV-radiation stress. The levels of
DNA strand breaks, CPDs and 6-4-PPs have accumulated over time in all cells under DUSP3 lof, with
a significant increase in NER-deficient lines. The inefficient repair of these lesions increased sub-G1
population of XPA and XPC cells 24 hours after UV treatment, notably marked by DUSP3 lof, which is
associated with a reduced cell population in G1, S and G2/M phases. It was also detected an increase in
S and G2/M populations of XPV and MRC-5 cells after UV-radiation exposure, which was slightly
attenuated by DUSP3 /of due to a discrete increase in sub-G1 cells. The cell cycle progression was
accompanied by changes in the levels of the main Cyclins (A1,B1, D1 or E1), CDKs (1, 2, 4 or 6), and the
p21 SP" inhibitor, in a DUSP3-dependent manner. DUSP3 lof affected the proliferation of MRC-5 and
XPA cells, with marked worsening of the XP phenotype after UV radiation. This work highlights the
roles of DUSP3 in DNA repair fitness and in the fine control of regulatory proteins of cell cycle, essential
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mechanisms to maintenance of genomic stability.

1. Introduction

Xeroderma Pigmentosum (XP) is a rare genetic dis-
order that manifests in early childhood and causes
hypersensitivity to sunlight. The most affected areas,
with a high propensity for developing cancers fol-
lowing exposure to ultraviolet (UV) radiation, are
the eyes [1] and skin (non-melanoma and mela-
noma) [2,3]. XP patients can also develop internal
cancers (leukemia and brain cancer of the astrocy-
toma, medulloblastoma and sarcoma types) as well
as severe neurological abnormalities [3]. XP is
caused by mutations in the genetic group XPA-
XPG, which is involved in the repair of DNA
lesioned by UV radiation. XPA-XPG proteins are
key components of the nucleotide excision repair
(NER) pathway, the major mechanism for repairing
lesions caused by UV [2]. Another important XP
phenotype is related to mutation in the polh gene
that transcribes a polymerase (Pol n) involved in
Translesion DNA Synthesis (TLS). Pol n is specia-
lized in the replication of DNA containing UV

lesions [4] and incorporates nucleotides opposite
the damaged templates, thereby allowing DNA
synthesis via classical replicative polymerases with
low error rates [5]. The lack of this “tolerance to
damage” mechanism causes a deficiency called XP
Variant (XPV) [6,7].

The foremost lesions caused by UV are cyclobu-
tane pyrimidine dimers (CPD) and 6-4 pyrimidine-
pyrimidinone (6-4-PP) that promote substantial dis-
tortions in the DNA helix, both recognized and
repaired by the NER pathway. UV radiation activates
the DNA damage response (DDR) pathway, which
functionality depends on a fine balance between the
phosphorylation/dephosphorylation of key proteins
involved in recognition of the damage site, and
which is necessary for the cell fate [8]. Some phos-
phatases may directly or indirectly influence this
balance and affect DNA repair, such as the protein
tyrosine phosphatase (PTP) SHP-1 [9], the serine/
threonine phosphatases PP5 [10] and WIP1 [11],
and more recently, DUSP3 [12]. DUSP3 or VHR
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(Vaccinia H1-Related Phosphatase) is a PTP belong-
ing to the dual-specificity phosphatase (DUSP)
group that exhibits dual-activity toward Tyr and
Thr residues [13]. DUSP3 acts in cellular processes
such as cell cycle arrest and senescence, apoptosis,
cell adhesion and migration, respectively related to
its substrates MAPKs (ERK, JNK, p38), STATS5,
ERBB2 and FAK [14-17]. Interestingly, and more
recently, DUSP3 was shown to physically interact
with the nucleophosmin (NPM), nucleolin (NCL)
and heterogeneous nuclear ribonucleoprotein
(hnRNP C1/C2) [18] proteins, which play roles
related to DNA repair through different pathways.
NPM acts in BER, NCL in NHE], and hnRNP C1/C2
in HR and NHE]J; however, the three proteins act in
NER pathway. Also, another link between these pro-
teins and DNA repair is the p53 protein, a suggestive
common pathway for DUSP3 action [19,20], as pre-
viously supported by findings of straight DUSP3 co-
localization with p-p53 (S15) before and after IR
exposure [21].

Considering these non-canonical influences in
the maintenance of genome stability, in this work
we permanently silenced DUSP3 in normal fibro-
blasts proficient in DNA repair (MRC-5) and
compared them to NER-deficient cells (lacking
XPA or XPC proteins, known as XPA or XPC
cell lines, respectively), and also to TLS-deficient
(but NER-proficient) cells (the XPV cell line).
DUSP3-proficient cells were able to handle DNA
damage caused by UVC or UVB radiation treat-
ments, escape cell death and proliferate/survive,
with clearly different abilities depending on the
cell phenotype. However, DUSP3 loss of function
(lof) caused inefficient repair of UV-induced
lesions, which culminate in cell cycle deregulation
and reduced proliferation, and collectively elicited
significant negative impacts on the genomic stabi-
lity of normal cells, as well as for XP lines that
already carry a compromised phenotype for the
repair of these lesions.

2. Results

To expand the biological functions of DUSP3
phosphatase in distinct DNA repair pathways, we
focused on the NER-deficient XPA and XPC lines,
and on the TLS-deficient XPV cell line in order to
compare them with DNA repair proficient cells,

the normal fibroblast MRC-5 line. Therefore, we
first promoted DUSP3 lof by silencing the dusp3
gene in these four cell lines by using lentiviral
shRNA technology. Three different shRNAs were
able to reduce DUSP3 expression between 50%
(shRNAs #1 and #3, named shDUSP3") and
approximately 95% (shRNA#2, named
shDUSP3™") (Figure S1A). The non-silencing
(NS) shRNA carrying a scramble sequence did
not change DUSP3 expression (Figure SIB).
These cellular clones were characterized by asses-
sing the expression level and phosphorylation sta-
tus of the control protein ERK; DUSP3 silencing
caused an increase in ERK phosphorylation, as
expected for this classical DUSP3 substrate
(Figure S1 C). Moreover, DUSP3 silencing caused
changes in the morphology and migration of the
four cell lines (Figure S1D), according to pre-
viously reported in literature [15]. We finished
the clonal characterization by confirming that
DUSP3 expression levels do not change after
UVC or UVB radiation treatments (Figure S2).
From now on, the most silenced DUSP3 clone
(shDUSP3™, hereinafter referred only as
shDUSP3) will be used in all experiments of this
work.

2.1. DUSP3 silencing affects proliferation and
cell cycle progression of NER-proficient and
NER-deficient cells changing levels of cell cycle
regulatory proteins after UV stress

We measure the proliferative capacity of the MRC-5,
XPA, XPC and XPV cells, proficient or deficient in
DUSP3 phosphatase, by evaluating their prolifera-
tion in consecutive days after exposure to UVC
radiation (Figure 1a). The growth curves showed
that all DUSP3-proficient cell lines proliferate simi-
larly for 7 d, except for MRC-5 and XPA cells with
DUSP3 lof which exhibited a slightly reduced prolif-
eration compared to XPC and XPV cells within 1, 3
and 7 consecutive d. However, after exposure to
UVC treatments, the NER-deficient cells (XPA and
XPC) did not show significant proliferation even for
longer times, especially under DUSP3 silencing. On
the other hand, the MRC-5 fibroblast cells and TLS-
deficient XPV cell line (both NER-proficient) were
not strongly affected by UV radiation and continue
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Figure 1. DUSP3 Jof reduces cell proliferation and reorganizes cell cycle distribution after genotoxic stress. (A) Control cells (non-
silenced, NS) or cells silenced for DUSP3 (shDUSP3) were plated at day “0” and exposed to UVC irradiation (4 J/m2) 24 hours after
(day “1"); then cells were collected and counted in the subsequent days. Graphs are average of three independent experiments +
standard deviation. (B) MRC-5, XPA, XPC or XPV shDUSP3 cells, or their control (NS), were submitted to UVC radiation (6 J/m2)
treatments and collected at OX and 24 hours later. Cells were fixed, permeabilized, stained with propidium iodide and analyzed in
a cytometer. Graphs represent average of three independent experiments + standard deviation.

to proliferate, while DUSP3 silencing was only
sensed by the normal MRC-5 cells.

Next, we decided to investigate the influence of
DUSP3 in cell death and cell cycle progression
using flow cytometry analysis within 24 hours
after UV radiation, when all cells demonstrated
proliferative responses at their first division cycle
(Figure 1b). In general, for the four cell lines,
particularly comparing control conditions (C or
the OX after UVC) versus 24 h after UVC

radiation, it is possible to observe an increase in
the sub-Gl1 population, especially in DUSP3-
silenced cells and mainly in the XPA and XPC
cells, as well as in the control MRC-5 cell line,
with only minor effects in XPV cells. This sub-
Gl1 increase was allowed by a proportional reduc-
tion of cells in G1, S and G2/M phases, particularly
for XPA and XPC cells. The more proliferative
cells (MRC-5 and XPV) exhibited a different cell
cycle distribution, showing increase in S phase
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cells and/or the maintenance of G2/M cell popula-
tions, both associated with G1 shortening (Figure
1b). These results highlight a trend observed in
DNA repair proficient (MRC-5 and XPV) cells
compared to NER-deficient cells (XPA and XPC):
the lower the DNA repair capacity (and the greater
the damage), the higher is the sub-G1 population
(and the lower the S and G2/M cell population).
This intriguing trend, which matches cell prolif-
eration with genomic stability, seems to be kept
unaltered in spite ofthe different cell phenotypes,
and moreover, it seems to be dependent on
DUSP3 proficiency.

Next, we carried out an extensive immunoblot-
ting analysis of protein expression to evaluate the
levels of the foremost regulatory proteins of cell
cycle: Cyclins (A1, Bl1, D1, E1), CDKs (1, 2, 4, 6)
and the p21“"?! inhibitor, which may explain the
observed cellular distribution throughout the cell
cycle phases (Figure 2 and S3). Proteins which
expression levels were significantly and statistically
affected by the DUSP3 silencing and UV-radiation
treatment are highlighted in red rectangles and
their bands were quantified (Figure 2), while the
uncut immunoblottings containing the complete
kinetics can be seen in Supplementary Figure S3.
Under DUSP3 silencing, the MRC-5 cells (MRC-5
shDUSP3) presented a decrease in CDK4 and
CDK6, which probably caused the observed
decrease in the G1 phase. These cells also pre-
sented a discrete increase in Cyclin A that can
sustain the observed increase in S-phase cells,
and an increase in the basal levels of p21“"" (non-
irradiated control and OX after UVC), which is
likely cause of the increased number of cells in
the sub-G1 phase (Figure 1b).

Since XPA and XPC cells presented more sig-
nificant changes in the cell cycle under DUSP3
silencing, with or without UVC radiation treat-
ment (Figure 1b), they also presented important
variations in the expression of Cyclins and CDKs.
In both NER-deficient shDUSP3 cells there was a
significant decrease in Cyclin D1 and CDK6 in
comparison to NS cells. This justifies the reduction
in % of cells in G1 phase for the XPA and XPC
shDUSP3 cells 24 h after UVC treatment. There
was a significant increase in CDK2, but without
a corresponding effect on the Cyclin Al and El
levels, which are probably in charge of the reduced

S-phase cell population. Interestingly, a marked
increase of phosphorylated CDK1-Y15 levels was
also detected in DUSP3 silenced cells, accompa-
nied by a reduction in Cyclin Bl levels (Figure 2).
These results support a strong reduction of cells in
G2/M phase of the cell cycle (Figure 1b). More
importantly XPA cells, and, to a lesser extent, XPC
cells, both exhibited elevated levels of p21<"F!
expression under DUSP3 silencing and especially
after UVC exposure, which can be correlated with
the arrested cell population in the sub-Gl state
(see summary of results in Figure 3).

Only few variations in cell cycle regulators were
observed in XPV cells, which presented cell cycle
progression and cellular proliferation very similar
to the normal MRC-5 cells. For example, increased
levels of Cyclin D1 were observed under DUSP3
silencing and UVC exposure compared to NS cells,
suggesting a slight shortening of the G1 phase
(Figure 1b), whereas a discrete increase in Cyclin
Al might sustain a higher S-phase population
(Figure 2). Coincidently, a slight decrease of
pCDK1-Y15 levels in XPV shDUSP3 cells was
also detected, which coincides with a large cell
population transitioning (entering and exiting)
through the G2/M phase of the cell cycle (see the
summary of results in Figure 3).

2.2. DUSP3 knockdown lowers the cells’ ability
to repair specific UV-promoted lesions as well as
UV indirect DNA damage

To investigate whether DUSP3 plays some role in
repairing different lesions caused directly or indir-
ectly by UV radiation, we started performing alka-
line comet assays to assess the levels of single- and
double-DNA strand breaks of cells submitted to
UVC or UVB treatments (Figure 4 and
Supplementary Figures S4 and S5). When MRC-5
cells were exposed to UVB, we observed that
DUSP3 silencing caused a slight delay in DNA
repair; however, after UVC exposure, these cells
showed practically no repair of DNA up to 6 h
after treatment, while NS cells had their DNA
almost totally repaired. XPV cells presented
a very similar behavior to MRC-5 fibroblasts,
with a minor delay in DNA repair after either
UVB or UVC exposure, However, a major accu-
mulation of damage and a long delay in repair
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Figure 2. DUSP3 Jof affects the expression of cell cycle regulatory proteins . The levels of Cyclins A1/B1/D1/E1, CDKs 1/2/4/6 and
p21P" were evaluated in all four (MRC-5, XPA, XPC and XPV) cells proficient (NS) or deficient for DUSP3 (shDUSP3) after treatment
with UVC (6 J/m2) radiation. Cells were collected in different time points, lysed accordingly and the levels of protein expression were
measured by immunoblottings (for each protein and cell line analyzed, all samples were loaded on the same gel/membrane).
Proteins with levels affected by the DUSP3 silencing were quantified using Image Studio Software (Li-Cor) and the representative
figures are highlighted in red. The bar graphs represent the average of three independent experiments + standard deviation.
ANOVA - */#: p < 0,05; ***/###: p < 0.001; **/##: p < 0.01; ****/####: p < 0.0001; *: relative to respective non-irradiated group
(control); #: relative to NS (non-silencing) at the same treatment time point.
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Figure 3. Summary box associating levels of cell cycle regulatory proteins with the percentage of cell population present in the different

phases of the cellular cycle, before and after UV-ir

radiation of the four cell lines. Results obtained from Figures 1B and 2 showing cell cycle-associated phases and the corresponding
regulatory proteins for each phase. It is empirically assumed for protein levels, comparing shDUSP3 versus NS cells in conditions of
24 hours versus 0 hours after UVC (shDUSP3 vs. NS/24 h vs. 0 h UVQ), that: 1 = increase or | = decrease. It is empirically assumed as
percentage of cells in cell cycle phases (phase change), that: A = increase or ¥ = decrease. The levels of regulatory protein were
estimated according to the quantification of immunoblotings (Figure 2 and Supplementary Figure S3).

(6 hours of recovery) were also observed under
DUSP3 silencing. These two NER-proficient cell
lines were more susceptible to non-oxidative
UVC-induced damage compared to more oxida-
tive UVB damage, presenting higher levels of frag-
mented or unrepaired DNA even after 6 hours,
and especially under DUSP3 lof. On the other
hand, in the XPA NS cell line, the most sensitive
to UV radiation due to a deficiency of the XPA
protein [22], high levels of DNA damage were
observed 6 h after UVC, and most notably after
UVB exposure. However, in XPA shDUSP3 cells,
the level of strand breaks damage was maintained
high, particularly after UVB radiation treatment.
The same eftect of DUSP3 lof in the repair of these
different UV-induced lesions was still observed in
the XPC cell line, which is deficient in the GG-
NER pathway. The damage accumulation found in
XPC NS cells was strongly increased and main-
tained under DUSP3 lof, almost indistinctly after
UVB or UVC radiation. To avoid doubts about the
involvement of DUSP3 with the functioning of
NER pathway, we also investigated the other active
branch TCR-

NER through additional comet assays using
a CSB-deficient cell line. The latter was transiently
silenced by siRNA-DUSP3 and further exposed to
UVC radiation. Interestingly these cells did not

completely repair the DNA damage up to 6 h
after UVC exposure and, confirming our data
from Figure 4, CSB-deficient cells with DUSP3
lof presented much higher accumulation of DNA
strand breaks when compared to DUSP3-
proficient cells (Supplementary Figure S6).

Since UV radiation directly incides on DNA to
cause the formation of CPD and 6-4-PP lesions
[23,24], we evaluated the influence of DUSP3 on
NER repair by performing immuno slot-blots of
DNA extracted from cells exposed to UVC or
UVB by using antibodies that specifically recog-
nize these lesions (Figures 5 and 6; Supplementary
Figures S7 and S8). CPD removal from the geno-
mic DNA of DUSP3-proficient MRC-5 and XPV
cells (NS) is practically achieved within 72 hours.
In the XPA and XPC cells, the CPD levels
remained high and unremoved following
72 hours after UVC (Figure 5, left). More interest-
ing were the results obtained in cells with DUSP3
lof, once both the NER-proficient (MRC-5 and
XPV) and the NER-deficient (XPA) lines behaved
similarly and showed a CPD accumulation up to
72 hours after UVC radiation, which was not
completely repaired. Likewise, after UVB expo-
sure, all four cell lines presented similar kinetics
of CPD repair, albeit in some cases with lower
amounts of damage probably due to differences
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Figure 4. DUSP3 influences the global repair of DNA strand breaks after UV exposure. MRC-5, XPA, XPC and XPV cell lines were
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performed to provide the OTM index used to evaluate the levels of DNA damage and to infer the repair ability. The bars represent

the averages of three independent experiments + standard deviations. ANOVA -

*/#/8&: p < 0.07; **/##/&8&: p < 0.001; ***/###/8&&&:

p < 0.0001; *: relative to respective non-irradiated group (control); #: relative to respective initial DNA damage (30K); &: relative to NS
(non-silencing) at the same treatment time. (Representative images of comet tails used for quantification procedures are shown in

the Supplementary Figures S4 and S5).

in the dose and electromagnetic power of UVB
compared to UVC (Figure 5 and Supplementary
Figure S7).

We next measure the levels of 6-4-PP lesions
through immuno slot-blots to probe the interdepen-
dence between NER pathway with DUSP3 deficiency
in cells exposed to UVC or UVB treatments.
Although this lesion is less predominant and

removed more rapidly than CPDs, the MRC-5 cells
again showed a quick and efficient repair of 6-4-PPs,
which do not occur under DUSP3 lof and particu-
larly under UVB exposure. Interestingly, the XPV
cells presented the fastest repair of 6-4-PPs, with
a very discrete delay under DUSP3 lof, which quickly
returned to basal levels right after 6 h of either UVC
or UVB treatments. Additionally, and as expected,
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Figure 5. The cell's ability to repair CPD lesions caused by UV exposure is affected by the DUSP3 lof. Levels of CPD lesions were
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XPA and XPC cells were not able to completely
remove the 6-4-PP lesions even up to 72 h after
UVC exposure. Nevertheless, DUSP3 lof led to
a significant accumulation of these lesions, which
were not repaired 72 h after. These effects persisted
even when the cells were exposed to UVB, although
they were less intense than observed with UVC, and

particularly in XPA cells and

Supplementary Figure S8).

(Figure 6

3. Discussion

DUSP3 is widely expressed and enzymatically
active in various tissues; its deficiency drives cells
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Figure 6. The repair of 6-4-PP lesions promoted by UV is also affected by the DUSP3 lof. Measurements of the 6-4-PPs were
performed by immuno slot-blotting the genome of MRC-5, XPA, XPC and XPV cells, shDUSP3 or NS, after exposure to UVC or UVB
treatments, according to the indicated times. The results are representative of three independent experiments. ANOVA — */i#:
p < 0.05; **/##: p < 0.01; ***/###: p < 0.001; ****/####: p < 0.0001; *: relative to NS at the same treatment time; #: relative to
respective initial DNA damage (30X). (Representative images of immuno slot-blots used for quantification procedures are shown in

the Supplementary Figure S8).

to cell cycle arrest (G1/S and/or G2/M transitions)
[17,25], accompanied or not by senescence [17].
This enzyme functions were recently correlated
with DNA damage response (DDR) and DNA
repair by the HR and NHE] pathways [12]. This
study aimed to verify the contribution of DUSP3
to genomic stability [19] through its influence on

the NER pathway, the foremost active mechanism
to repair UV-induced damage, and which dysfunc-
tion causes Xeroderma Pigmentosum disease [26].
Therefore, we associated DUSP3 lof with the defi-
ciency of either XPA or XPC proteins in order to
evaluate potential impacts on the removal of CPD
and 6-4-PP lesions caused by UVC or UVB
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radiation [27,28]. We observed that NER-
proficient cells (MRC-5 and XPV) delayed DNA
damage repair after UV exposure more intensely
under DUSP3 knockdown. They were also more
susceptible to non-oxidative UVC-induced strand
breaks compared to more oxidative UVB damage,
but comparable to previously reported using ioniz-
ing radiation stress [12]. Similar DUSP3-
dependent responses were found in NER-
deficient cells (XPA and XPC), which ability to
repair DNA fragmentations was also impaired
(Figure 4). However, these cells were more suscep-
tible to strand breaks induced by the more oxida-
tive UV radiation (UVB) that knowingly causes
other effects on DNA structure due to the produc-
tion of reactive oxygen species (ROS), such as the
formation of 8-oxo-7,8-dihydroguanine (8-oxo-
Gua) [29], much less frequently caused by UVC
[30]. NER-deficient cells usually exhibit DSBs on
DNA-containing CPD sites due to collapse of
replication forks [8] and DUSP3 seems to affect
proteins involved in the establishment, recognition
and/or repair of DNA strand breaks caused
directly or indirectly by these different types of
UV radiation [18-21].

To assess if DUSP3 is able to affect the NER
pathway functioning we measured the levels of
CPD and 6-4-PP in the cells genome [24,31].
DUSP3-proficient MRC-5 and XPV cells remove
6-4-PPs faster than CPDs, respectively, 24 hours
and 72 hours after UVC and UVB exposure.. The
highest detected CPD and 6-4-PP levels confirmed
that DUSP3 lof significantly affects the ability of
these cells to repair these UV-induced DNA
damage, even knowing that CPD formation is
about 3 times higher than of 6-4-PPs for UVC,
and about 7 times higher for UVB radiation
[32,33]. CPD distortion is known to remain in
the genetic material up to 24 h after exposure to
UVB and UVC [34], while 6-4-PPs are removed
faster (~80% are removed within the first 4 hours,
whereas ~60% of CPDs are repaired within the
first 24 hours) [35]. On the other hand, DUSP3-
proficient XPA and XPC cells [36,37] are not able
to repair CPD and 6-4-PP lesions, which accumu-
late over time and cause dramatic distortions in
genomic DNA. Interestingly, the amount of these
lesions is still increased in XPA (more CPDs than
6-4-PPs) and XPC (more 6-4-PPs than CPDs) cells

under DUSP3 lof, which are still enhanced by the
reduced cell proliferation that XPA/XPC exhibit
after UVC/UVB exposure (Figures 5 and 6).
These results suggest that DUSP3 may be involved
on the recognition of DNA damage site by the
XPC-containing complex in the GG-NER branch
[26], and also in the effective repair of UV-induced
damage by the XPA protein through its direct
interaction with NER core factors at the damage,
independently of GG or TC branches [38].
Another important fact is that DUSP3 knockdown
caused the same effect in CSB cells (Figure S2),
which are deficient of the CSB protein that speci-
fically acts as a damage sensor in the TC-NER
branch [39]. Mutation or depletion of the CSB
gene causes the Cockayne Syndrome, a disorder
characterized by UV sensitivity and severe neuro-
logical manifestations leading to premature death
[40]. Thus, we can assume that DUSP3 lof seems
to also affect the NER pathway in the GG-NER
branch.

The hypothesis that PTPs may also regulate geno-
mic stability has lately strengthened. In addition to
DUSP3 [12], other phosphatases [10,41-43] were
shown to interfere with DNA repair after IR or UV
radiation by dephosphorylating proteins belonging to
different repair pathways. Our previous studies
[18,21] show that DUSP3 interacts with and regulates
nuclear proteins including NPM, hnRNP C1/C2,
NCL, NBS1 and ATM/ATR, which are known to
mediate different aspects of the DDR pathway.
However, the precise mechanisms through which
DUSP3 affects the NER pathway to remove specific
UV-induced distortions on DNA will need further
investigations. One of our hypotheses might be sus-
tained by the fact that XP cells express high levels of
p53 protein [44] and, while we observed DUSP3
knockdown did not alter p53 expression, its phos-
phorylation on Serl5 residue is strongly increased
and hampers its association with other proteins,
such as Mdm?2 (for subsequent proteasome degrada-
tion of p53) or NPM (allowing a faster nucleolus-
nucleoplasm translocation), consisting in a very pro-
mising mechanism regulated by DUSP3 and that is
under extensive investigation by our group (Russo LC
& Forti FL unpublished results, manuscript in
preparation).

Another hypothesis we propose connects (direct or
indirectly) DUSP3 with mechanisms of genomic



stability by modulating the expression of cell cycle
regulatory proteins (Cyclins, CDKs and CKIs) to con-
trol cell cycle and cellular proliferation (Figures 1 and
3). This was firstly evidenced in non-stressed HeLa S3
cells transiently silenced for DUSP3, which showed an
altered expression of some cell cycle regulators [17].
Other evidence is that XPA silencing causes an
increased expression of CDK2/Cyclin E and CDK1/
Cyclin B complexes in the carcinogenesis of bladder
cancer cells [45]. In NER-deficient cells under DUSP3
lof we observed an increase in CDK2 that was not
accompanied by the levels of CDK1, Cyclin E1 and Al
(Figure 1), which altogether caused the dramatic
reduction of cell population in S and G2/M phases
(Figure 2, 3 and Supplementary S3). A third evidence
supporting our hypothesis correlates ERK1/2 phos-
phorylation with a consequent increase in expression
of Cyclin A2 and CDK2 in cervical cancer cells [46],
results that are in agreement with our observations in
XPA and XPC cells (at least for CDK2) under DUSP3
lof. Indeed DUSP3 knockdown increases ERK1/2
phosphorylation (Figure S1C) with consequent
decreases in the cellular proliferation of NER-
deficient cells [25].

Cell cycle progression is controlled by
a temporal balance of phosphorylation/depho-
sphorylation events causing stabilization/degrada-
tion of many proteins until the cells exit mitosis
(M) [47,48]. In fact, our findings showed that
DUSP3 knockdown caused an increase of CDK1-
Y15 phosphorylation in NER-deficient cell lines
(XPA and XPC) after UVC exposure and also
caused a further decrease in Cyclin Bl levels
(Figure 2). As the Cyclin B1/CDK1 activity pre-
dominates cells enter M, but if this complex is not
properly dephosphorylated cells cannot exit
M [49,50]. The shedding of UVC light in cells
cycling in the G1 phase has been shown to affect
the repair of DNA lesions, leading to arrest in G2
phase [51]. Accordingly, our group previously
reported that loss of DUSP3 activity in HeLa cells
exposed to IR attenuates the phosphorylation of
DDR proteins (ATM/CHK?2), causing G2/M arrest
[12]. Since UV causes activation of ATR/CHKI1 it
might be assumed that DUSP3 lof very likely will
attenuate this response and will reduce phosphor-
ylation of Cdc25C, the phosphatase responsible for
dephosphorylation and inactivation of pCDK1-
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Y15, leading cells to failentering G2/M transition
and not undergoing M [52].

The activity of the Cyclin D1/CDK4 complex is
necessary for cell cycle progression through Gl
phase and the completion of M, whereas loss
a CDK4 causes G2 arrest after UVC exposure
[53]. Therefore, cells with normal (or high)
CDK4 expression and reduced levels of Cyclin
D1, as for example XPA and XPC cells with
DUSP3 lof, consequently do not effectively pro-
gress into G2/M and arrest at Gl (Figure 2).
Also, Cyclin D1 protein is down-regulated after
UV exposure to block G1 progression and thus
allows cells to repair the DNA damage [54]. This
was also observed in DUSP3-silencedXPA and
XPC cells and, considering that Cyclin D1 inter-
acts with two repair proteins (BRCA1 and PCNA)
[54,55], its regulation by DUSP3 seems to impact
on DNA repair. On the other hand, cells with high
(or normal) levels of Cyclin D1 and constitutive
CDK4 levels, such as DUSP3-silenced MRC-5 and
XPV cells exposed to UV, were able to rapidly
progress through G1 phase, efficiently reach G2/
M and undergo M (Figures 1 and 2). Regarding
the Cyclin E1-A1/CDK2 complex, which activity
limits entry and progression through the S phase
[56], we found normal levels of Cyclin E1 and
CDK2 expression in MRC-5 and XPV cells under
DUSP3 Iof that are contrasted by high levels of
Cyclin Al (Figure 2). These results corroborate
with the high percentage of cells in S phase and
the proliferation exhibited by these two cell lines
(Figure 2, 3 and S3).

The Cyclin E1/CDK2 complex activity was
shown to be regulated by the cell cycle inhibitor
p21"P', in conjunction with p53 [57]. Interestingly
NER-deficient cells express high basal levels of
p21“"P' probably due to their high levels of p53
[44], which can even be increased after UV radia-
tion [58], and that are remarkably affected by
DUSP3 knockdown (Figure 2 and S3). Our data
show DUSP3 controls p21“*! protein levels, with
or without genotoxic stress, very likely by depho-
sphorylating proteins involved in p53 stability, as
for example NPM [18]. p21®" by itself can induce
cell death through apoptosis either by the modula-
tion of transcription or via caspases [59].
Therefore, the accumulation of XPA cells in sub-
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Gl after UV irradiation (Figure 1) is probably
caused by both high levels of DNA damage
(Figures 4, 5 and 6) and p21“P' expression
(Figure 2), which were enhanced by DUSP3 lof.
The subsequent p21“P' reduction after UV-
radiation exposure was shown to be caused by its
polyubiquitination and proteasome degradation
[57]. The failure to degrade p21“*' compromises
DNA repair [57], as observed for the XPA cell line
DUSP3-silenced that is driven to death. Similarly,
in MRC-5, XPC and XPV cells, the low levels of
p21“P" in non-treated cells immediately increase
after UVC exposure (0K condition) and were
enhanced under DUSP3 silencing, but rapidly
declined (in 3 hours) due to p21“"?! degradation
(Figure 2). These results are in good agreement
with the literature [17,57,60] and explain the dif-
ferences in the levels of p21“*' found in XPA
versus the other three cell lines: the DUSP3 lof
increases p21“"" stability and/or p21“"P" expres-
sion in a p53-dependent manner due to the
increase in p53-Serl5 phosphorylation and its
transcriptional activity (Russo LC & Forti FL,
unpublished results, manuscript in preparation).
Last but not least, are the intriguing results
obtained with the TLS-deficient (and NER-
proficient) XPV cell line in which the lack of Pol n
[61] does not impact in the NER activity [62].
Interestingly, it was shown that PCNA-p21<'
interaction impairs PCNA-Pol n association and
inhibits Pol n foci assembly. Therefore, p21“%" is
considered a negative regulator of PCNA partners in
TLS and it is essential for the inhibition of DNA
replication [63,64]. Here we show XPV cells with
undetectable levels of p21“*' (Figure 2) indepen-
dently of DUSP3 presence what suggests there is no
obstacle for the recruitment of NER proteins, being
these cells proficient or even more efficient in NER
repair. This assumption is supported by our data
showing CPD and (especially) 6-4-PP lesions are
repaired faster in XPV than in other cells (Figure
4,5, and 6). It is also reflected on proliferation assays
in which XPV cells are almost not affected by UVC
radiation and are able to quickly recover after stress
and, more importantly, these cells are much less
impacted by the DUSP3 lof (Figure 1). In fact, we
only observed discrete variations in Cyclins and
CDKs in XPV cells after UV radiation, with or
without DUSP3, with a small reduction in pCDK1-

Tyr15 levels, yielding a high number of cells transit-
ing in G2/M phases (Figure 2 and S3) to promote
mitosis entry and accelerated proliferation. These
results also support our hypothesis about DUSP3
roles in DNA repair and raise another important
question since they show that DUSP3 lof preferen-
tially affects the repair, but not the proliferation of
XPV cell line.

4. Conclusion

DUSP3 ameliorates the DNA repair of cells exposed
to UV radiation, reducing the amount of direct
(CDP and 6-4-PP) and indirect (strand breaks)
lesions on the genetic material probably through
the interaction and/or dephosphorylation of pro-
teins biochemically indispensable for the NER path-
way, as well as other DNA repair pathways, as for
example, the NPM phosphoprotein. The proof-of-
concept was the use of NER-deficient XP cells which
fragile phenotype can still be affected by DUSP3 lof,
making them more sensitive to UV light. Moreover,
the DUSP3 silencing causes deregulation in the
expression and/or stability of specific regulatory
proteins of cell cycle, which is dependent on cell
phenotype and stress conditions, and still has
a direct impact on cell cycle progression and cellular
proliferation. Therefore, this work confirms impor-
tant functions and contributions of DUSP3 phos-
phatase in the genomic stability of cells through
modulation of DNA repair and/or control of the
cell cycle, although what mechanism is firstly and
preferentially affected by the DUSP3 lof remains an
open question.

5. Materials and methods

5.1. Cell culture and DUSP3 loss of function (lof)
by lentiviral shRNA knockdown

MRC-5V1 (MRC-5), XP12RO (XPA), XP4 PA (XPC)
and XP30RO (XPV) cells [36,37,65,66] were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% FBS, penicillin (100 U/mL) and strep-
tomycin (100 g/mL) (Life Technologies) under incu-
bation at 37°C and 5% CO, atmosphere. The stable
DUSP3 knockdown was performed with “Thermo
Scientific Open Biosystems Expression GIPZ lenti-
viral shRNAmir” kit (Dharmacon, a Horizon



Discovery Group) containing three sequences to tar-
get DUSP3 (#1: AGGTTATAGCCGCTCCCCA; #2:
AGGT

CCTTCATGCACGTCA; #3: AACGACACACAG
GAGTTCA). As a negative control, a scramble
sequence (Non-Silencing, named NS) with no homol-
ogy to existing mRNA was used. In brief, 72 h after
lentiviral transduction, cells were submitted to selec-
tion by puromycin (1 ug/mL) and the selection of
resistant clones was accompanied by immunofluores-
cence of GFP-positive cells and by western blot ana-
lyses checking the levels of DUSP3 protein. One clone
from each cell line exhibiting at least 90% DUSP3
knockdown (shDUSP3) and one containing scramble
sequence (NS shRNA) were used in this work. All
isolated stable clonal cell lines were cultured in med-
ium containing 0.75 pg/mL puromycin.

5.2. UVB and UVC radiation treatments

The clonal cell lines NS or shDUSP3 were sub-
jected to two different UV radiation treatments.
Cells in PBS were exposed to UV radiation doses
using specific lamps with wavelengths correspond-
ing to UVB (50 kJ/m?) or UVC (6 J/m?). A VLX-
3 W dosimeter (Vilber Lourmat, Eberhardzell,
Baden-Wiirttemberg, Germany) was used to keep
the UVB or UVC lamps calibrated. Following each
radiation treatment, the PBS was replaced with
fresh medium for the indicated periods for further
analyses [67].

5.3. Alkaline comet assays

NS or shDUSP3 clones (3x10° cells) were seeded
on 35 mm plates) 24 h before UVB or UVC
irradiation. After treatments, cells were collected
at times of 0K, 30K, 3 h and 6 h by trypsinization,
and immediately mixed with 0.5% low-melting
agarose at 37°C; this mixture was applied onto
glass slides previously covered with a thin layer
of 1.5% agarose. Proteins and cellular membranes
were removed by incubation in lysis solution for
24 h at 4°C and the slides were subjected to elec-
trophoresis (25 V/cm and 300 mA for 30 min),
neutralized, dried and fixed as previously
described [68]. The cell nucleus was stained with
2 pg/mL ethidium bromide and visualized under
a fluorescence microscope (Olympus BX51). The
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results of DNA fragmentation were expressed as
the olive tail moment (OTM) index obtained using
the Komet 6.0 software (Andor Technology,
Oxford, UK), from a total of 100 cells analyzed
per sample [68].

5.4. Immuno slot-blot for CPD and 6-4-PP lesions

Slot-blot immunoassay using antibodies that specifi-
cally recognize UV-induced lesions (CPDs and
6-4-PPs) on genomic DNA is a very reliable and
quantitative technique commonly used for studies
involving UV damage and NER pathway [27]. Cells
(30x10*) were seeded in a 35 mm plate 24 h before
the exposure to UVB or UVC radiation, and then
maintained at 37°C until the collection time (0X, 30X,
6 h, 24 h, and 72 h) for the extraction of genomic
DNA, as previously described [27]. DNA was quan-
tified in Epoch equipment (Biotek) and samples of
75 ng (for CPDs) or 400 ng (for 6-4-PPs) were
combined with salmon sperm DNA to a final
amount of 1000 ng of DNA. The samples were boiled
and transferred to a pre-hydrated (1 M ammonium
acetate) nitrocellulose membrane through a vacuum
system, which was blocked in 5% nonfat milk (PBS)
for 18 h at 4°C and then incubated with the primary
antibodies for CPD (2 h at RT, 1:2000 in PBS con-
taining 5% nonfat milk) or 6-4-PP (3 h at RT, 1:1000
dilution in PBS containing 5% nonfat milk) (Cosmo
Bio Co., Ltd). After 6 washes (5 min, RT, 1% Tween
20 in PBS), the membranes were incubated with
secondary antibodies IR Dye 680CW or 800CW
(1:15,000; Li-Cor) for 1 h and revealed as described
in section 5.6 [27].

5.5. Flow cytometry analyses

NS or shDUSP3 clonal cells (4 x 10> cells) were
plated on 35mm dishes at 37°C for 24 h. Non-
irradiated or UVC-irradiated cells (6 J/m2) were
harvested by trypsinization, washed with PBS, and
fixed with 70% ethanol in PBS. Samples were
washed by centrifugation (830 x g, 12 min) and
stained with propidium iodide (PI) buffer (10 pg/
mL PI, 10 pg/mL RNAse, 0,1% triton X-100, 0,1%
sodium citrate in PBS). A total of 30,000 events
were read by an Attune'™ cytometer (Thermo
Fisher Scientific) and analyzed using the Kaluza
software (Beckman Coulter) [69].
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5.6. Western blottings

For immunoblottings, cells were lysed with RIPA
buffer (50 mmol/L Tris-HCI, pH 7.2, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500
mmol/L NaCl, 10 mmol/L MgCI2, 1 mM Na3VO4,
1 mM NaF, 2 pg/mL leupeptin, pepstatin, aprotinin
and 1 mmol/L PMSF) (Sigma-Aldrich, Saint Louis,
MO, USA) [33] and 50 pg of total protein was mixed
with Laemmli sample buffer [34]. SDS-PAGE was
performed at different concentrations of polyacryla-
mide gel and proteins were transferred to
a nitrocellulose membrane (Merck-Millipore,
Billerica, MA, USA). The membrane blocking was
in 5% nonfat dry milk in TTBS buffer (25 mM Tris-
HCI, pH 7.4, and 125 mM NaCl (TBS) containing
0.1% Tween 20) for 1 h at RT. Specific antibodies
diluted in TTBS were used as follows: anti-DUSP3
(1:1000, BD Biosciences), anti-p53 (1:1000, Santa
Cruz), anti-phospho-ERK1/2 (T202/Y204, 1:1000,
Cell Signaling), anti-ERK1/2 (1:1000, Santa Cruz),
anti-phospho-CDK1 (Y15, 1:1000, Cell Signaling),
anti-CDK1 (1:1000, Santa Cruz), anti-CDK2
(1:1000, Santa Cruz), anti-CDK4 (1:1000, Santa
Cruz), anti-CDK6 (1:1000, Santa Cruz), anti-Cyclin
D1 (1:1000, Santa Cruz), anti-Cyclin E1 (1:1000,
Santa Cruz), anti-Cyclin A1 (1:1000, Santa Cruz),
anti-Cyclin B1 (1:1000, Santa Cruz), anti-p21
(1:1000, Santa Cruz) and anti-Actin (1:1000, Santa
Cruz). The membranes were incubated with fluor-
escent secondary antibody IR Dye 680CW or
800CW (1:15,000; Li-Cor) and the bands were
visualized by the Odyssey Infrared Imaging System
and analyzed (quantified) using Image Studio soft-
ware (Li-Cor, Bad Homburg, Germany).

5.7. Growth curves

Cells were plated in 35 mm dishes at a density of
4 x 10" cells per plate the day before and then
irradiated with UVC or not. After that, cells were
harvested for counting and again on the following
seven consecutive days as briefly shown: the plates
were washed with PBSA and 300 pL trypsin
(Thermo) was added for 3 min at 37°C. The cells
were re-suspended in 400 pL of PBS and fixed with
300 uL formaldehyde 37% (Cromoline, Diadema,
SP, Brazil) and counted using a Z Series Coulter

Counter (Beckman Coulter®). Three independent
experiments were performed in triplicate [12].

5.8. Statistics

Graphs and statistical analyses were realized in
GraphPad Prism 8. Results are expressed as the
mean + SEM as appropriate. Statistical comparisons
between all groups were performed using ANOVA
followed by a Tukey test. p < 0.0001 (***), p < 0.001
(**) or p < 0.01 (*) indicate significance.
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