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PDIP38 is translocated to the spliceosomes/
nuclear speckles in response to UV-induced
DNA damage and is required for UV-induced
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PDIP38 (polymerase delta interacting protein 38) was originally discovered as a protein that interacts with DNA
polymerase 8 and PCNA. PDIP38 is present in multiple intracellular locations and is a multifunctional protein that has
been implicated in several diverse cellular functions. We investigated the nuclear localization of PDIP38 in order to gain
insights to its response to UV damage. PDIP38 was found to form distinct nuclear foci in response to UV irradiation in sev-
eral cell lines, including HeLa S3 and A549 cells. However, these foci were not those associated with UV repair foci. Using
various markers for different nuclear subcompartments, the UV-induced PDIP38 foci were identified as spliccosomes/
nuclear speckles, the storage and assembly sites for mRNA splicing factors. To assess the role of PDIP38 in the regulation
of splicing events, the effects of PDIP38 depletion on the UV-induced alternate splicing of MDM2 transcripts were exam-
ined by nested RT-PCR. Alternatively spliced MDM2 products were induced by UV treatment but were greatly reduced in
cells expressing shRNA targeting PDIP38. These findings indicate that upon UV-induced DNA damage, PDIP38 is translo-
cated to spliceosomes and contributes to the UV-induced alternative splicing of MDM2 transcripts. Similar results were
obtained when cells were subjected to transcriptional stresses with actinomycin D or a-amanitin. Taken together, these
studies show that PDIP38 is a protein regulated in a dynamic manner in response to genotoxic stress, as evidenced by its
translocation to the spliccosomes. Moreover, PDIP38 is required for the induction of the alternative splicing of MDM2 in

response to UV irradiation.

Introduction

Genomic stability depends on the faithful duplication and
maintenance of the integrity of DNA and is essential for the
survival of all living organisms. DNA polymerase 8 (Pol 8) is a
key enzyme that participates in the replication of the eukaryotic
genome.? The Pol & holoenzyme (Pol 84) is a 4-subunit complex
consisting of the p125, p50, p68, and pl12 subunits in mamma-
lian cells." Pol & is regulated in response to UV damage by the
degradation of the p12 subunit, which results in the conversion of
Pol 84 to the trimer, Pol 83 (reviewed in Lee et al.!). The function
of Pol 8 is facilitated by the DNA sliding clamp, PCNA, which
acts as a processivity factor’” PCNA also coordinates the interac-
tion of Pol & with flap endonuclease 1 (FEN1) and DNA ligase
I proteins during Okazaki fragment processing.®” The functions
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of Pol & and PCNA are not exclusive to DNA replication; these
2 proteins also participate in gap filling during DNA repair pro-
cesses, e.g., in nucleotide excision repair (NER)®*'? and in D-loop
extension during homologous recombination.'?

PCNA also plays a key role in the regulation of the DNA
damage tolerance pathway."""” UV irradiation introduces bulky
lesions, including cyclopyrimidine butane dimers (CPDs), which
create barriers for DNA polymerases that can result in replication
fork arrest and cell death. To avoid cell death, the DNA tolerance
pathway is activated, in which specialized translesion synthesis
(TLS) polymerases such as Pol 1 are transiently switched for the
replicative polymerase. The TLS polymerases bypass the DNA
lesions and allow replication to continue. The process of transle-
sion synthesis requires the mono-ubiquitination of PCNA. These
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repair and TLS processes take place at DNA repair foci at sites of
UV-damaged DNA. PCNA, Pol 8, and other repair proteins are
characteristically recruited to these DNA repair foci, which are
readily detected by fluorescence microscopy.'’

PDIP38 was discovered by a yeast 2-hybrid screen and
was found to interact with the p50 subunit of Pol 8 and with
PCNA.'® PDIP38 has been found in multiple sites within the
cell. It was initially reported to be localized mainly to the mito-
chondria, as well as to the nucleus, and possesses a mitochon-
drial peptidase cleavage site.” PDIP38 was found to associate
with mitochondrial single-stranded binding protein.'® PDIP38
was also shown to shuttle between the cytosol and the nucleus,
and also to be recruited to the plasma membrane under the
influence of CEACAMI1." The latter is a cell adhesion molecule
that is involved in the control of proliferation in hematopoietic
and endothelial cells.?’ PDIP38 was also shown to be associ-
ated with the mitotic spindle, and PDIP38 depletion was associ-
ated with aberrant spindle formation, chromosome segregation,
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Figure 1. Validation of the anti-PDIP38 antibody using siRNA and shRNA
depletion of PDIP38. (A) HelLa S3 cells were transfected with siRNA
against PDIP38 and harvested 72 h post-transfection (Materials and
Methods). Lysates were subjected to 10% SDS-PAGE and immunoblot-
ted with antibodies against PDIP38. Blots for Pol & p125 were used as a
loading control. (B) Lysates of A549 cells in which PDIP38 was knocked
down with PDIP38 shRNA were immunoblotted with antibodies against
PDIP38; B-actin was used as a loading control (C). HeLa S3 cells trans-
fected with control and PDIP38 siRNA were stained for PDIP38 (green
immunofluorescence). (D) A549 control cells and A549 cells in which
PDIP38 was knocked down by stable expression of PDIP38 shRNA
(Materials and Methods) were fixed and stained for PDIP38 (red immu-
nofluorescence). Images were taken with a Zeiss AxioVision at 40x (C) or
100x magnification (D).
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as well as multinucleation.”> PDIP38 interacts with several
translesion polymerases, Pol m, Revl, and Rev7, suggesting a
role in TLS.?* While these studies broadly support a role in
DNA metabolism, PDIP38 was also reported to regulate Nox4
(NADPH oxidase 4) and proposed to have a role in linking
focal adhesion turnover and vascular smooth muscle migration
to reactive oxygen species production.” Recently, a PDIP38-
deficient mouse model was generated. The PDIP38 homozy-
gous state was embryonically lethal, and the heterozygous mice
exhibited defects in vascular functions.*® In correspondence
with these findings, the roles of PDIP38 are likely to be com-
plex, and this multifunctional protein appears to participate in
multiple and diverse cellular functions.

Numerous proteins participate in the cellular response to
DNA damage. Proteins involved in post-transcriptional regu-
lation have emerged as important regulators in the cell cycle
progression, DNA damage responses, DNA repair, and apopto-
sis. These include many RNA binding proteins that influence
stability of selective mRNA transcripts or facilitate the splicing
of pre-mRNAs encoding proteins involved in the DNA dam-
age response.” There are reports of numerous genes, including
MDM2, that are alternatively spliced in response to genotoxic
stress.?® Dysregulation of alternative splicing of numerous genes,
including MDM2,%-3 have been associated with cancer.?

The goal of this study was to understand the nuclear func-
tions of PDIP38. Initially this quest was directed toward under-
standing the response of PDIP38 to genotoxic stress induced
by DNA damaging agents, and how this contributes to the
DNA damage tolerance pathway, based on recent findings of
its association with TLS (translesion synthesis) polymerases.?
Unexpectedly, however, we found that PDIP38 is not recruited
to sites of DNA damaged by UV. Instead, we found PDIP38 is
translocated to spliceosomes/nuclear speckles in response to UV
irradiation. Directed by this observation, we identified a novel
function of PDIP38, viz., its involvement in pre-mRNA process-
ing, specifically in alternative splicing of MDM2 induced by
UV irradiation.

Results

Indirect immunofluorescence localization of PDIP38

An anti-PDIP38 antibody was raised in rabbits (Materials
and Methods), and its use in fluorescence microscopy was
optimized. siRNA and shRNA depletion of PDIP38 were uti-
lized to establish the specificity of the antibody. siRNA deple-
tion of PDIP38 was performed in HeLa S3 cervical carcinoma
cells. PDIP38-knockdown cells were generated by the use of
PDIP38 shRNA in A549 lung adenocarinoma cells (Materials
and Methods). PDIP38 was efficiently depleted by both siRNA
(Fig. 1A) and shRNA knockdowns (Fig. 1B). PDIP38 immu-
nofluorescence in the control HeLa S3 cells was largely present
in the cytoplasm with some nuclear staining but was severely
reduced in the PDIP38 siRNA-treated cells (Fig. 1C). PDIP38
immunofluorescence was essentially absent in A549 cell lines
stably expressing shRNA targeted against PDIP38 as compared
with the control cell line (Fig. 1D). These experiments validated
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the specificity of the antibody, and eliminated the possibility
that observations of multiple subcellular distributions of immu-
nofluorescence are due to the detection of artifacts produced by
binding of nonspecific antigen components in cells subjected to
DNA damage.

Identification of the foci to which PDIP38 is translocated in
response to UV irradiation

PDIP38 interacts with Pol m, Revl, and Rev7, suggesting
that it has a role in TLS.? Several studies have demonstrated
the recruitment of repair proteins, including NER factors, Pol
9 subunits, Pol m, and PCNA, to sites of localized UV-induced
DNA damage.* Since PDIP38 associates with Pol 8, PCNA,
and Pol m,?? we performed experiments to determine if PDIP38
is also recruited to sites of UV damage. We used the technique of
irradiating cells through UV-opaque polycarbonate filters con-
taining pores (5 or 10 pm) as a facile method' for determining if
PDIP38 is recruited to sites of local DNA lesions.

Localized DNA lesions in Hela S3 cells were induced by
UV irradiation through filters at a dose of 75 J/m?, and Pol m
and PCNA were used as markers for the sites of UV-induced
DNA lesions." Pol m and PCNA were readily recruited to local
UV-induced DNA damage areas, as shown by their co-local-
ization (Fig. 2A). Co-staining for PCNA and PDIP38 demon-
strated that PDIP38 was not recruited to the sites of UV-induced
DNA damage (Fig. 2B). Similar results were obtained with
A549 cells (data not shown). Thus, we conclude that PDIP38
is not recruited to sites of UV-damaged DNA, i.e., DNA repair
foci. These results suggest that PDIP38 is redistributed else-
where, perhaps to a unique nuclear compartment, and may par-
ticipate in processes other than the direct repair of UV-induced
DNA damage.

During the DNA damage response, the orchestration and
recruitment of proteins to sites of DNA damage is dynamic and
occurs rapidly. ATM and ATR are recruited and activated at
sites of DNA damage within minutes.**** Many of their down-
stream substrates activated at sites of the damage are mobilized
to other sites to exert and coordinate DNA repair and activate
cell cycle checkpoint processes. Since the DNA damage response
is very dynamic, we examined PDIP38 localization at a shorter
time interval (5 min) after UV irradiation. PDIP38 was not
transiently recruited to sites of damaged DNA as shown by co-
staining for PDIP38 and PCNA (Fig. S1A) and for PDIP38 and
y-H2AX (Fig. S1B).

PDIP38 is recruited to nuclear speckles in response to UV
irradiation

Since we had demonstrated that PDIP38 is not being
recruited to the newly organized DNA damage foci, we inves-
tigated whether it was being translocated to one of the known
subnuclear compartments, as we noted its presence in distinct
foci in unstressed cells. Several nuclear bodies are dynamically
altered during cellular stress responses and can be suspected to
be sites of PDIP38 recruitment. One nuclear compartment sub-
jected to dynamic changes during stress is the promyelocytic
leukemia (PML) body.> The nucleolus is another nuclear sub-
compartment that exhibits changes during cellular damage.’®%
The trafficking of proteins between these compartments and
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the nucleoplasm can form regulatory circuits that contribute to
cellular responses to genotoxic stress.”>?” Nuclear spliceosomes,
also known as nuclear speckles, are compartments enriched
with splicing factors and function as storage and assembly sites

for splicing factors.?®%

During stress conditions, nuclear speck-
les undergo morphological changes, and many splicing factors
are redistributed.®

We therefore examined the co-localization of PDIP38 after
UV irradiation with proteins that are known markers for these
subcompartments. The markers used were C23 for the nucleolus,
PML protein® for the PML bodies, and splicing regulator protein
SC35 for the spliceosomes. A549 cells were globally irradiated
with UV (60 J/m?) and analyzed 4 h after irradiation. Cells were
fixed and co-stained for PDIP38, in turn, with each of the 3
marker proteins. We observed that PDIP38 was neither recruited
to the PML bodies (Fig. 3A), nor to nucleolus (Fig. 3B) but was
distinctly appearing within the spliceosomes (Fig. 3C).

We examined the dynamics of PDIP38 redistribution to
nuclear speckles in response to different UV doses. A549 cells
were treated with UV at 0, 10, and 30 J/m? and the translocation
of PDIP38 to the spliceosomes analyzed at 0, 1, 3, 6, 12,and 24 h
by co-staining with anti-PDIP38 and anti-SC35. Data for the 10
and 30 J/m? treatments are shown in Figure S2. No observable
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Figure 2. PDIP38 is not recruited to sites of UV-induced DNA damage. (A)
Recruitment of PCNA and Pol n to sites of local UV damage. HelLa S3 cells
were irradiated with UV (75 J/m?) through Millipore polycarbonate filters
with 10 wm pores. Cells were fixed 3 h post-treatment and co-stained for
PCNA (red immunofluorescence) and Pol n) (green immunofluorescence
[“Materials and Methods"]). Merged images are shown in the right pan-
els. Areas of local irradiation are marked by the blue arrows. (B) PDIP38
is not recruited to sites of local UV-induced damage. HelLa S3 cells were
subjected to local UV irradiation as described above and co-stained for
PCNA (red immunofluorescence) and PDIP38 (green immunofluores-
cence). Areas of local irradiation are marked by the blue arrows. Images
were taken at 40x (A) and 100x magnification (B).
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changes in distribution of PDIP38 were observed at the lowest
dose of 10 J/m? even up to 24 h post-treatment. PDIP38 was
translocated to the spliceosomes at UV doses of 30 J/m? (Fig. S2).
Co-localization was already observed at 1 h, and by 3 h the co-
localization of PDIP38 with SC35 was complete and remained
so until 12 h.

We then examined the co-localization of PDIP38 in more
detail, using a UV dose of 60 J/m?. The merged images for the
spliceosomes (green SC35 immunofluorescence) and PDIP38
(red immunofluorescence) at various time intervals after UV
irradiation showed that translocation of PDIP38 was complete
by 3 h (Fig. 4A, yellow arrows) and remained so up to 12 h later
(Fig. 4A). By 24 h the co-localization was lost, and the SC35
immunofluorescence was present in large diffuse areas (Fig. 4A,
pink arrows), suggesting that apoptosis was taking place. Next,
we performed a quantitative analysis of the recruitment of
PDIP38 to the spliceosomes for the 3 h time point. Randomly
chosen cells were visually scored for spliceosomes containing
PDIP38 in the control and UV-treated cells 3 h post-irradiation.
In the control cells, 12% of the cells had spliceosomes co-stain-
ing with PDIP38. PDIP38 was present in all the spliceosomes
in the cells treated with UV (Fig. 4B). Next, we determined the
frequency of PDIP38 foci (PDIP38 containing spliceosomes)
in individual cells, and plotted the number of cells against the
number of foci per cell (Fig. 4C). The number of PDIP38 foci
induced by UV treatment ranged from 1-13 foci per cell, and
only those in the range of 1-10 are shown (Fig. 4C). The distri-
bution of the number of PDIP38 foci ranged from 1-4 per cell
in untreated cells, and the number of spliceosomes (all of which

.
(_
PDIP38 PDIP38

Nucleolus

were PDIP38-positive) per cell was increased in the UV-treated
cells. These changes in number are consistent with observations
that spliceosomes become more numerous after UV irradiation
and also undergo alterations of their morphology, viz., condensa-
tion and rounding.?®

Thus, we have demonstrated that PDIP38 undergoes translo-
cation to the spliceosomes following UV irradiation. This repre-
sents a novel cellular response to UV irradiation.

Recruitment of PDIP38 to nuclear speckles in response to
transcriptional stress

Spliceosomes are dynamic structures within the nucleus and
are altered in response to the cellular environment, especially
with respect to the transcriptional state of the cell. Many stud-
ies have identified changes of nuclear speckles in terms of the
size and shape following transcription inhibition.”? Since UV
stress is known to cause global transcription inhibition,”* we
wanted to assess whether transcription inhibition would induce
the translocation of PDIP38. The effects of the transcriptional
state on PDIP38 localization in the cell was assessed by the use of
the transcription inhibitors actinomycin D% and a-amanitin.”’
Images for the localization of PDIP38 in control cells and MCF7
cells treated with 5 WM actinomycin D for 3 h showed that there
was weak but visible localization of PDIP38 to the spliceosomes
in the control cells (Fig. 5A, blue arrows). After actinomycin D
treatment, PDIP38 was translocated to the spliceosomes, as
shown by strong intensification of the PDIP38 immunofluo-
rescence (Fig. 5A, yellow arrows). Since actinomycin D is a
DNA intercalator and can potentially elicit the DNA damage
response, the effects seen from the use of this compound may

C
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Figure 3. PDIP38 is recruited to spliceosomes in response to UV-induced damage. A549 cells were globally irradiated with 60 J/m? of UV and allowed
to recover for 4 h. (A) Cells were fixed and co-stained for PDIP38 (green immunofluorescence) and PML bodies (red immunofluorescence). The merged
images show no signs of co-localization. (B) Cells were fixed and co-stained for PDIP38 (red immunofluorescence) and nucleoli (anti-C-23, green immu-
nofluorescence). The merged images show no signs of co-localization. (C) Cells were fixed and co-stained for PDIP38 (red immunofluorescence) and
spliceosomes (anti-SC35, green immunofluorescence). Images were captured at 100x magnification. PDIP38 and SC35 are co-localized, as shown for

one of the cells by the white arrows.
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not be exclusively due to transcription inhibition. Therefore, we
used a-amanitin, a potent inhibitor of RNA polymerase IL¥ to
inhibit the transcription machinery. A549 cells were treated with
various concentrations (10-50 pwg/mL) of a-amanitin for 4 h.
PDIP38 was recruited to spliceosomes at the highest concentra-
tion used (50 pg/mL) but not at lower concentrations (Fig. 5B).
These findings suggest that PDIP38 is sensitive to changes in
transcriptional activity and are consistent with evidence that
transcriptional stress can act as a sensor that activates DNA dam-
age signaling pathways.*>44

PDIP38 contributes to alternative splicing in response to
UV-induced DNA damage

Nuclear speckles are nuclear compartments enriched with
splicing factors that function as storage and assembly sites for
splicing factors during transcription of pre-mRNAs that can

UV induced alternative splicing of MDM2. These findings pro-
vide evidence for a novel function of PDIP38 that may be relevant
to the molecular mechanisms that may underlie the regulation of
alternative splicing of MDM2.

Discussion

We have made several novel and unexpected findings regard-
ing the cellular behavior of PDIP38 in response to UV-induced
genotoxic stress, stemming from the initial goal of determining
if it is involved in DNA repair or translesion synthesis. PDIP38
is not recruited to sites of UV damage in response to UV irra-
diation. However, PDIP38 was detected in some spliceosomes in
unstressed cells, but upon UV irradiation PDIP38 was translo-
cated and was present essentially in all the spliceosomes. This

occur along the periphery of nuclear speckles.’3%4>
number of genes whose transcription exhibits changes
in alternative splicing in cancer cells and in cells
exposed to genotoxic stress.’***>" One example of
a gene that is alternatively spliced in cancer cells is
MDM2, which encodes the E3 ubiquitin ligase that
regulates p53.23%%* Alternative splicing of MDM?2
transcripts is induced in cultured cells by UV and
genotoxic stress.”®*>! The appearance of the splice
variants has significance beyond their impact on p53
functions, since it has been shown that the truncated
MDM2 proteins may exhibit growth-regulatory prop-
erties,” the ability to promote tumorigenesis in mice™
and to transform cultured cells.?> We therefore evalu-
ated the potential participation of PDIP38 in alterna-
tive splicing of MDM?2 in response to UV irradiation.
A549 control and A549 PDIP38 shRNA-knockdown
cells (“Materials and Methods”) were challenged with
UV irradiation at 60 and 100 J/m? and allowed to
recover for 24 h post-treatment. RNA was isolated,
and nested RT-PCR was used to amplify the MDM?2
cDNAs using methods described by Matsumoto
et al?' In control cells, only the full-length 1.5 kb
MDM2 transcript was present. Upon UV treatment,
MDM2 spliced variants were detected in A549 con-
trol cells treated with 60 and 100 J/m* UV (Fig. 6).
MDM2 splice variants represent truncations of the
ca. 1.5 kb mature MDM2 transcript by exon skip-
ping, and several of these have been well characterized
as Mdm2-a (941 bp), Mdm2-b (707 bp), Mdm2-c
(1016 bp), and Mdm2-d (449 bp).>"** Bands with
sizes approximating that of all 4 were observed after
UV treatment (Fig. 6). Data shown in Figure 6 are
representative of several such experiments. However,
in the PDIP38 shRNA-knockdown cells, the appear-
ance and amount of alternative spliced products
was severely reduced (Fig. 6). Previous studies have
shown that the alternative splicing of MDM2 can be
observed at UV doses from 30-50 J/m? over periods
of 6-24 h, with variations in cell type.®>' Overall,
these findings show that PDIP38 is required for the
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Figure 4. Time course and duration of PDIP38 co-localization with SC35 after UV treat-
ment. (A) A549 cells were globally irradiated with 60 J/m? of UV and allowed to recover
for the indicated times. Cells were fixed and co-stained for PDIP38 (red immunofluo-
rescence) and SC35 (green immunofluorescence). Only the merged images for each
time point are shown. Images were captured at 100x magnification. Blue arrows in
the control panel indicate the green fluorescence of the spliccosomes. In the 3 h time
point panel, the yellow arrows show that most of the spliccosomes exhibit co-local-
ization of PDIP38 and SC35 immunofluorescence. Pink arrows in the 24 h time point
panel show the large diffuse areas of SC35 green fluorescence that now do not show
association with PDIP38. (B) Untreated A549 cells or globally irradiated (60 J/m?) cells
were harvested 3 h post-treatment. Cells were fixed and stained as described above.
Quantitation was performed by counting 100 cells in 4 separate experiments and
scoring the percentage of cells exhibiting PDIP38 co-localization with SC53 in control
(green bars) and UV-treated cells (red bars). Data are plotted as mean + SD (n = 4).
(C) A549 cells were treated with UV as described above. Quantitation was performed
by counting the number of PDIP38 foci present in each individual cell. One hundred
cells were counted in 4 separate experiments. The percentage of cells was plotted
against the number of PDIP38-containing foci per cell (Control, green bars; UV-treated
cells, red bars). Data are plotted as mean + SD (n = 4).
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in posttranscriptional processing of mRNAs, and we have shown
for the first time that PDIP38 is involved in the UV-induced
alteration in the posttranscriptional regulation of MDM2, viz.,
the generation of alternatively spliced MDM2 variants. MDM2
is a well-documented example of a gene whose transcripts are
altered in response to genotoxic stress. The induction of MDM?2
variants could therefore be considered as a cellular response to
DNA damage or transcriptional stress. Moreover, a large number
of splice variants of MDM?2 have been found to be associated
with human cancers. The role of MDM2 splice variants, which
are found in cancer tissues and are also generated in response
to genotoxic stress, is complex. MDM2 alternatively spliced
forms have been proposed to have roles outside of p53 regulatory

A Control (DMSO)

Actinomycin D (5 pM)

B Treatment with a-Amanitin

25 pg/mL

Figure 5. Transcription inhibition induces translocation of PDIP38 to
nuclear spliceosomes. (A) MCF7 cells were treated with 5 .M actinomy-
cin D for 3 h. Top row: cells were fixed and stained for PDIP38 (red immu-
nofluorescence). Bottom row: merged images of the cells co-stained for
DNA with DAPI (blue immunofluorescence). Blue arrows show the stain-
ing of PDIP38 in the spliceosomes. Yellow arrows show the much more
intense staining of the spliceosomes after actinomycin D treatment.
(B) A549 cells were treated with a-amanitin (0, 10, 25, and 50 pg/mL) for
4 h. Cells were fixed and stained for PDIP38 (red immunofluorescence)
and DAPI (blue immunofluorescence). The merged images are shown.
The yellow arrows indicate the increase in intensity of PDIP38 immuno-
fluorescence that occurs at 50 pg/mL of a-amanitin.

10 pg/mL

50 pg/mL
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functions®” and can take on transforming capabilities that can
promote unchecked cell division.?**3*% Qur studies therefore
point to a role of PDIP38 in the regulation of the alternative
splicing of MDM2 in response to genotoxic stress. These splicing
variants may transduce cellular processes and reflect adaptations
that contribute to the maintenance of genomic stability. However,
lictle is known of how these posttranscriptional events involving
MDM2 are mediated, or of the signaling processes that regulate
their activation. It should be noted that the cellular functions of
the truncated proteins remain an important area of investigation,
since these are presumed to be expressed in many cancer cells.?”
Further studies are needed to determine the mechanisms of how
PDIP38 participates in MDM?2 alternative splicing in response to
DNA damage, and whether this is specific to MDM2 or involves
the splicing of other genes.

Unlike most well-defined RNA binding proteins, such
as splicing factors, PDIP38 lacks a canonical RNA binding
domain, such as the RNA recognition motif (RRM). One pos-
sibility is that PDIP38 can interact and mediate its effects on
pre-mRNA processing through the existence of non-canonical
RNA binding domains. Another possibility is that PDIP38 can
influence mRNA processing by serving as a protein scaffold to
allow protein—protein interactions that will facilitate splicing
events. During splicing reactions, most splicing factors act via
protein interactions to promote the stability of splicing com-
plexes during normal and alternative splicing.”** In this regard,
our findings that PDIP38 is required for alternative splicing of
MDM2 suggests that investigation of its potential role in the
manifestation of splice variants in cancer could lead to further
insights into its functions.

Three other proteins have recently been reported to be
recruited to the spliccosomes in response to UV, these being
B-Myb, hOGGI, and APEL. B-Myb is a transcription factor

Control shRNA | PDIP38 shRNA
UV (J/m) 0 60 100| 0O 60 100

MDM2-FL
MDM2
splice
variants

0.5 kb — GAPDH

Figure 6. Effect of PDIP38 knockdown on alternative splicing of MDM2
induced by UV irradiation. (A) Control A549 cells (control shRNA) or A549
cells stably expressing shRNA targeted against PDIP38 (PDIP38 shRNA)
were treated with 60 and 100 J/m? of UV. Cells were harvested 24 h post-
treatment. Total RNA was isolated and subjected to nested reverse tran-
scription-PCR to detect MDM2 full-length and splice variants, as described
in “Material and Methods". Asterisks denote the bands that corresponded
in size to those reported for the MDM2 splice variants, Mdm2-c, Mdm2-a,
Mdm2-b, and Mdm2-d.*' (Sizes of the bands were graphically determined
from a plot of the marker DNA size against migration.)
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involved in cell cycle progression and is recruited to nuclear
speckles in response to UVC, concomitant with a switch in its
phosphorylation patterns.” Interestingly, B-Myb has also been
reported to be required for S-phase entry and to interact with
Poldipl, a Pol 8-interacting protein.’® hOGGI is a DNA glycosyl-
ase involved in the initial step of base excision repair of oxidized
purines, and APEI catalyzes the next step. Both are recruited
to nuclear speckles in response to UVA but not by UVC. Their
recruitment was found to be dependent on the generation of reac-
tive oxygen species.”’

Our studies open yet another window on the potential cellular
functions of PDIP38. PDIP38 clearly exhibits a multifunctional
behavior; its range of functions and various protein interactions
and subcellular localizations points to its role in a gamut of
remarkably diverse cellular activities. At the present time, there
does not appear to be a single unifying property that can link all
of these diverse functions.

One example of PDIP38 functions at the cellular and physi-
ological level that has emerged is its role in vascular function,
through its regulation of redox events and H,O, levels via the
NADPH oxidase, Nox4.>*?#® PDIP38 interacts with p22phox
and activates Nox4 and positively regulates reactive oxygen spe-
cies in vascular smooth muscle cells. These events impact focal
adhesion, cytoskeletal remodeling and vascular smooth muscle
migration. PDIP38 has also been shown to interact with the
cell adhesion receptor CEACAMI, which regulates its shuttling
between the cytoplasm and the nucleus.” PDIP38 was shown to
be localized to the mitotic spindle, and PDIP38 loss of function
impaired spindle organization and chromosomal segragation.”

The cellular and physiological functions of PDIP38 remain
poorly defined in relation to involvement in DNA replication/
repair processes. A more direct role for PDIP38 in DNA replica-
tion and DNA damage tolerance mediated by TLS polymerases
remains to be more fully delineated. The interaction of PDIP38
with Pol 1, which suggests a role in translesion synthesis, needs to
be re-assessed in the light of our findings that it does not localize
to sites of UV damage, as this indicates that it does not directly
participate in the process of translesion DNA synthesis. PDIP38
interacts with Pol 7 by binding to its UBZ (ubiquitin binding
zinc finger) domain; this could act to prevent switching of Pol m
at replication forks in the absence of damage to prevent its par-
ticipation in normal DNA replication.?? PDIP38 interaction with
the UBZ domain of Pol m** could also affect its recruitment and
switching with Pol & at UV damage sites.”” The translocation of
PDIP38 could lead to its sequestration from the nucleoplasm,
providing a negative regulation of its functions in DNA replica-
tion or repair processes. The trafficking of proteins to and from
nucleoli*® and PML bodies® includes examples of this type of
regulation. PDIP38 interacts with Pol 8 and PCNA, raising possi-
bilities that it could modify Pol 8 functions in DNA replication.'®
Much further research is needed in a more detailed investigation
of its effects on the various enzymatic reactions involved in DNA
replication and repair. In particular, determination of the crystal
structure of PDIP38 may provide new insights into its properties
and structural domains that could lead to a better understanding
of its functions.
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While our studies have focused on the effects of UVC on
PDIP38, they are also relevant in general to the effects of UV
irradiation from other components of the UV spectrum (UVA,
UVB) that pose a risk for skin cancer from exposure to natu-
ral sunlight. While much of the UVC component of sunlight
is blocked before reaching the surface of the earth, all 3 com-
ponents of the UV spectrum produce damage to DNA through
the production of CPDs and other photoproducts as well as the
generation of reactive oxygen species.!

In conclusion, our studies have revealed a novel response of
PDIP38, viz., its translocation to the spliceosomes as a relatively
earlier and sustained event, in response to UV-induced geno-
toxic stress. Furthermore, we have shown that PDIP38 depletion
affects the DNA damage-induced alternative splicing of MDM2.
Taken together, these findings reveal another function for
PDIP38. These new findings indicate that PDIP38 can respond
to genotoxic or transcriptional stresses by undergoing translo-
cation to the spliceosomes, where it is a required participant in
the regulation of MDM2 alternative splicing. Our studies now
open avenues for future work that could yield insights into the
posttranscriptional regulation of MDM2 and result in a greater
understanding of the functions of its splice variants in the DNA
damage response as well as in growth control, which underlie
their connection with tumorigenesis.

Materials and Methods

Cell culture

A549, Hela S3 and MCF7 cells were obtained from ATCC
and maintained according to protocols from the supplier. A549
cells are derived from human lung adenocarcinoma. HelLa S3
cells are a clonal HeLa cell line. MCF7 is a human breast adeno-
carcinoma cell line.

Treatments with DNA damaging agents and transcription
inhibitors

UV radiation was delivered through a UVLMS-38EL series 3
UV lamp with a fluence rate of 2 J/m?/s. For global UV irradia-
tion, cells were exposed to UVC (254 nM) at a range of doses.
Cell culture media was removed, and cells were rinsed with PBS
prior to UV treatment. For local UV irradiation, polycarbon-
ate filters containing multiple 5-10 pm pores (Millipore) were
placed in direct contact with cells after the media was removed
and subjected to various doses of UVC irradiation.!” Cells were
replenished with fresh media immediately after treatment, and
cells were allowed to recover between 1-24 h, depending on the
experiment, to assess the dynamics of PDIP38 recruitment.

Indirect immunofluorescence microscopy

Indirect immunofluorescence microscopy was performed as
previously described.”
seeded onto 2-chamber slides (BD Falcon) at approximately
5 x 107 cells (60% confluent by the time of treatment) and incu-
bated in a 37 °C incubator. After treatments as described above,
cells were either fixed with 90% methanol overnight or with
4% paraformaldehyde for 15 min at room temperature. Cells
were rinsed with PBS and post-fixed in 70% ethanol overnight
at =20 °C. Cells were then permeabilized with 0.1% Triton

One day prior to treatment, cells were
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X-100 in PBS for 10 min at room temperature and blocked with
2% bovine serum albumin (BSA) in PBS for 1 h. Primary anti-
bodies were incubated overnight in 4 °C. Cells were washed 3
times with 2% BSA and incubated with secondary antibody
conjugated with a fluorescent dye (Life Technologies) at a 1:200
dilution for 1 h at room temperature. AlexaFluor488 conjugated
anti-mouse or anti-rabbit IgG and Rhodamine Red conjugated
anti-mouse or anti-rabbit IgG were used for secondary antibod-
ies. Slides were washed with 2% BSA and counterstained with
4,6-diamidino-2-phenylindole (DAPI) for 10 min to stain the
nucleus. Slides were visualized with a Zeiss Axiovert 200M
microscope, and images were captured with a black and white
CCD AxioCam and pseudocolored using AxioVision software
(Release version 4.7).

PDIP38 polyclonal antibodies were raised in rabbits using
recombinant full-length GST-PDIP38 (Proteintech). Mouse
monoclonal antibodies against PCNA (74B1) were as previously
described,'® or PC10 from Santa Cruz Biotech. Antibodies for
Pol 1, p53, MDM2 were from Santa Cruz Biotech. Mouse anti-
SC35 (§4045) was obtained from Sigma-Aldritch. Antibodies
for pl125 subunit of Pol & were as previously described.”
AlexaFlour488 and Rhodamine Red conjugated secondary
antibodies were obtained from Life Technologies. Antibodies
against PML protein and C23 were obtained from Santa Cruz
Biotech.

Depletion and knockdown of PDIP38

Control and PDIP38 siRNAs were obtained from Invitrogen.
Transient transfections were performed using Oligofectamine
(Invtrogen). Cells were analyzed after 72 h. Cells with stable
knockdown of PDIP38 were generated by transfecting A549
cells with a vector containing lentiviral-expressed short hairpin
RNA targeting PDIP38 (PDIP38 shRNA). PDIP38 shRNA
and control-shRNA were obtained from Open Biosystems. The
shRNAs were packaged into lentivirus by co-transfection with
the packaging plasmids A8.9 and VSVG into HEK293T cells.
Forty-eight hours after transfection, the supernatant was filtered
through a sterile 0.45 pwm sterile filter and used to infect A549
cells. Following infection, knockdown cells were selected by
the addition of 2.5 g/ml of puromycin for 1 wk. The cells were
maintained in 0.5 pg/ml puromycin for successful expression
of the shRNA. Cells were grown in DMEM medium supple-
mented with 10% fetal bovine serum and antibiotic/antimycotic
mixture and maintained in a humidified 37 °C incubator with

5% CO.,.

RNA isolation and cDNA synthesis

Total RNA was extracted from untreated and U V-treated cells
using RNeasy mini-kits (Qiagen). Cells were directly lysed with
Qiazol reagent, and homogenates were stored in -80°C. Total
RNA was measured, and approximately 1 g of RNA was used
as a template for first-strand cDNA synthesis using Revertaid
first-strand ¢cDNA synthesis kits (Thermo Scientific) with ran-
dom hexamers. The reaction mixture was incubated at 25 °C for
5 min. The reverse transcription reaction was at 42 °C for 1 h,
and the reaction was terminated by increasing the temperature to
70 °C. cDNA products were immediately used for PCR to analy-
sis of short spliced variants of MDM2 transcripts.

Analysis of MDM2 transcripts

The ¢cDNA obtained by RT-PCR was amplified using the
nested PCR primers described by Matsumoto et al.?' The exter-
nal sense and antisense primers were 5-CTGGGGAGTC
TTGAGGGACC-3' and 5-CAGGTTGTCT
AAATTCCTAG-3, respectively. The internal sense and anti-
sense primers were 5-GCGAAAACCC CGGATGGTGAG-3'
and 5-CTCTTATAGA CAGGTCAACT AG-3/, respectively.
PCR reactions were performed in a total volume of 25 L con-
taining 1 wL of cDNA from RT-PCR reaction with 1x reaction
buffer, 10 pmol of each primer, 0.25 mM dATP, dGTP, dCTP,
and dTTP and 0.15 U of Tag DNA polymerase (NEB, Inc). The
nested PCR reactions for MDM?2 amplification were performed
in 2 stages, 1 pL of the first round PCR reaction with the exter-
nal primers were seeded into the second round reaction with the
internal primers. The thermocycler conditions consisted of an
initial cycle of 95 °C for 5 min followed by 25 cycles of 95 °C for
30, 55 °C for 30 s, and 68 °C for 4.5 min, and a final extension
for 8 min at 68 °C. The second PCR was performed the same way
except with 35 cycles with internal primers. PCR products were
resolved on a 1.5% agarose gel.
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