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ABSTRACT Phorbol 12-myristate 13-acetate (PMA) promotes skin cancer in rodents.
The mutations found in murine tumors are similar to those found in human skin can-
cers, and PMA promotes proliferation of human skin cells. PMA treatment of human ke-
ratinocytes increases the synthesis of APOBEC3A, an enzyme that converts cytosines in
single-stranded DNA to uracil, and mutations in a variety of human cancers are attrib-
uted to APOBEC3A or APOBEC3B expression. We tested here the possibility that induc-
tion of APOBEC3A by PMA causes genomic accumulation of uracils that may lead to
such mutations. When a human keratinocyte cell line was treated with PMA, both
APOBEC3A and APOBEC3B gene expression increased, anti-APOBEC3A/APOBEC3B anti-
body bound a protein(s) in the nucleus, and nuclear extracts displayed cytosine deami-
nation activity. Surprisingly, there was little increase in genomic uracils in PMA-treated
wild-type or uracil repair-defective cells. In contrast, cells transfected with a plasmid ex-
pressing APOBEC3A acquired more genomic uracils. Unexpectedly, PMA treatment, but
not APOBEC3A plasmid transfection, caused a cessation in cell growth. Hence, a reduc-
tion in single-stranded DNA at replication forks may explain the inability of PMA-induced
APOBEC3A/APOBEC3B to increase genomic uracils. These results suggest that the proin-
flammatory PMA is unlikely to promote extensive APOBEC3A/APOBEC3B-mediated cyto-
sine deaminations in human keratinocytes.

KEYWORDS APOBEC3A, phorbol myristate acetate, psoriasis, replication fork and
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Phorbol 12-myristate 13-acetate (PMA; also called 12-O-tetradecanoylphorbol-13-
acetate or TPA) causes inflammatory response in skin cells and promotes tumors. In

the two-stage murine skin carcinogenesis protocol, a single application of subcarcino-
genic dose of the mutagen 7,12-dimethylbenz[a]anthracene (DMBA), followed by
repeated application of PMA, causes tumors (1). PMA is an analog of diacylglycerol and
has the ability to bind and strongly activate protein kinase C family, which regulates
signal transduction pathways through the activation of NF-�B (2, 3).

Skin carcinogenesis in mice and humans appears to follow common molecular
mechanisms (4, 5). In both systems, mutations in the H-ras oncogene and tumor
suppressor P53 are detected in early stages of the disease (5). Furthermore, a prolonged
activation of protein kinase C leads to an inflammatory response through the synthesis
of many growth factors and proinflammatory cytokines such as tumor necrosis factor
alpha (TNF-�) that cause a wide variety of cellular changes and promote oncogenic
transformation (6). Inflammatory skin conditions in humans such as psoriasis are
associated with increased risk for nonmelanoma skin cancers (7, 8). In keratinocytes this
results in cell proliferation, increased production of reactive oxygen species, and
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inflammation (9–11). The ability of PMA to cause persistent inflammation and oxidative
stress are thought to contribute to its function as a tumor promoter (4).

PMA is known to induce the expression of some members of the human APOBEC3
subfamily of DNA-cytosine deaminases (12–15). These seven enzymes (APOBEC3A,
APOBEC3B, APOBEC3C, APOBEC3D/E, APOBEC3F, APOBEC3G, and APOBEC3H) belong
to the AID/APOBEC family and convert cytosines in single-stranded DNA (ssDNA) to
uracil (16). While error-free repair of these uracils restores the original C:G base pair,
error-prone or incomplete repair of uracils, respectively, causes genome instability
through the introduction of mutations or abasic sites and strand breaks (17). The main
biological function of APOBEC3 subfamily of proteins is to provide innate immunity
against viral infection and inhibit retrotransposition of endogenous retroelements
partly through the creation of mutations and strand breaks (16, 18). In addition, it has
been suggested that mutations caused by these enzymes in viral genomes may also
benefit the viruses by allowing them to escape adaptive immunity (19). Recently,
APOBEC3 mutational signature was also detected in multiple human cancers suggest-
ing that these enzymes may play a role in tumor evolution (20, 21) and tumorigenesis
(22–25). In particular, APOBEC3B (A3B) has been described as the major cancer genome
mutator among the APOBEC3 proteins (26–30). APOBEC3A (A3A), which has a muta-
tional signature similar to A3B, has also been implicated in cancer genome mutations
in some studies (31, 32). Furthermore, when APOBEC3 mutational signature was split
into A3A-like and A3B-like, mutations with an A3A-like signature were more common
than those with A3B-like mutations (33).

A3A was initially discovered as a protein that is overexpressed when human skin
keratinocytes were treated with PMA and was named phorbolin-1 (15). Elevated levels
of A3A were also seen in skin inflammation conditions such as psoriasis and acne (15,
34). However, the impact of A3A protein on genome integrity may depend on the cell
type and the subcellular localization of A3A. In monocytes, the endogenously ex-
pressed A3A is cytoplasmic and does not cause any significant genotoxicity when
measured as cell viability (35). In contrast, several studies have shown that the protein
made from stably or transiently transfected A3A gene is present in the nuclei, causes
mutations and strand breaks, and disrupts the cell cycle (36–40). Therefore, the expres-
sion of A3A in keratinocyte cells in response to PMA treatment has the potential of
causing mutations and genome instability, if it is transported to the nuclei.

To test this possibility, we treated a normal human oral keratinocyte cell line with
PMA and confirmed the expression and nuclear localization of A3A. Surprisingly, the
presence of A3A in the nucleus did not result in an increase in genomic uracil levels. We
describe below the biochemical and biological response of this cell line to PMA
treatment in the context of AID/APOBEC proteins and provide a possible explanation
for why the nuclear A3A is not genotoxic to these cells.

RESULTS
Effects of PMA treatment on AID/APOBEC3 gene expression. Normal oral kera-

tinocyte (NOK) cells were treated with PMA and the changes in the expression of AID
and APOBEC3 genes were determined using quantitative reverse transcription-PCR
(qRT-PCR). The AID/APOBEC genes could be divided into three groups based on the
effects of PMA treatment on their expression. A3C was the most expressed of all the
eight genes in untreated NOK cells, and its expression decreased slightly following PMA
treatment (Fig. 1A). In contrast, AID, A3D, A3F, A3G, and A3H genes were expressed at
very low levels in the untreated cells, and these levels did not significantly increase in
response to PMA treatment (Fig. 1A). The A3A and A3B genes were the only genes
whose expression increased following PMA treatment, with the A3A expression increas-
ing from undetectable levels to more than twice the level of A3B expression (Fig. 1A).
These results suggest that the increased A3A protein expression reported in previous
studies of PMA-treated normal keratinocytes (13, 15) is likely to be due to increased
transcription, and find that PMA treatment increases A3B gene expression in addition
to A3A. To determine whether the parallel increases in A3A and A3B gene expression
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following PMA treatment reflected some form of coordinated regulation of the two
genes that would be common to other human cells, we tested the effects of PMA
treatment in four other cell lines.

None of the other cells tested expressed A3A at high levels with or without PMA
treatment. This included two skin-derived cell lines, primary human neonatal keratino-
cyte cells (HEKn), and squamous cell carcinoma-derived cell line A431 (Fig. 1B). In
contrast, A3B expression increased upon PMA treatment in three of the four cell types:
HEKn, A431, and MCF10A (Fig. 1B). The increased expression of A3B gene following
PMA treatment in MCF10A cells has been reported before (12). These results show that
different types of primary and immortalized human cells have widely different re-
sponses to PMA treatment in terms of A3A and A3B gene expression and that the NOK
cells are somewhat unusual in their ability to express A3A at high levels in response to
PMA treatment.

We optimized the expression of A3A in response to PMA treatment by varying the
concentration of the phorbol ester, the length of treatment and combining it with
cytokines. We found that the expression of A3A in NOK cells was higher at 25 ng/ml
than at 100 ng/ml (Fig. 2A), and at the lower concentration it peaked around 12 h
posttreatment (Fig. 2B). It is known that PMA causes changes in expression of a number
of cytokines, including TNF-�, and we confirmed that PMA treatment of NOK cells

FIG 1 Effects of PMA treatment on AID/APOBEC3 gene expression in different human cell lines. (A) qRT-PCR for mRNA expression of AID/APOBEC3s relative to
TBP in NOK cells that were either untreated, treated with 25 ng/ml PMA, or treated with 25 ng/ml PMA and 10 ng/ml TNF-� for 24 h. (B) A3A and A3B mRNA
expression relative to TBP without treatment (“0”) or after treatment with PMA for 24 h in HEKn, A431, and HEK293T cells and for 6 h in MCF10A cells. In all
cases, the means and standard deviations (SD) are shown for triplicate qRT-PCRs. *, not detected.
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increases the expression of TNF-� (S. U. Siriwardena and A. S. Bhagwat, unpublished
data). TNF-� is known to activate NF-�B, which, in turn, is known to increase expression
of A3B in some cell lines (12, 14), and hence we speculated that treatment of NOK cells
with this cytokine may increase A3A/A3B expression. To test this, NOK cells were
treated with a cocktail of PMA plus TNF-� (PMA�TNF-�), and the expression of
AID/APOBEC genes was monitored. Consistent with the hypothesis, a combined treat-
ment of NOK cells with PMA�TNF-� doubled the expression of A3A (Fig. 2C) and
slightly increased A3B expression compared to treatment with PMA alone [Fig. 1A].
Combining PMA with TNF-� did not cause an increase in the expression of the other
APOBEC3 genes or AID (Fig. 1A). We used the PMA�TNF-� combination in most
subsequent experiments.

Protein expression and DNA-cytosine deamination activity following PMA
treatment. A monoclonal antibody against a polypeptide common to the carboxy-
terminal domain of both A3A and A3B was used to detect these proteins (12). It readily
detected the two proteins in a Western blot of cell extracts from E. coli cells expressing
A3A or full-length A3B (Fig. 3A). The A3A protein was also detected in blots of
whole-cell extracts of PMA treated NOK cells but not in untreated cells (Fig. 3B). Two
bands were seen in this blot which may be the two known functional isoforms of A3A
(23.0 and 21.7 kDa) (39, 76, 77). Furthermore, consistent with the qRT-PCR data, there
was a further increase in the intensities of both the A3A bands when TNF-� was
included with PMA during treatment (Fig. 3B). Surprisingly, there were no bands at the
size of full-length A3B in the blot (Fig. 3B), suggesting that although the A3B gene is
transcribed in NOK cells (Fig. 1A and 2C), posttranscriptional or posttranslational
regulation prevents the accumulation of A3B protein in cells.

To investigate this further, we mixed the cell extracts of E. coli expressing full-length
A3B with PMA-treated NOK cell extracts and repeated the Western blot experiment. The
blot was prepared under conditions that should increase the sensitivity of detection,
using larger amounts of cell extracts and a longer exposure of the blot. Under these
conditions, the full-length A3B expressed in E. coli was not only visible in the blot, but
an additional band roughly the size of the A3B carboxy-terminal domain (CTD) was also
visible (Fig. 3C). Another lane of the same gel contained proteins from preboiled E. coli
and PMA-treated NOK cell extracts that were mixed together, and the blot showed all
the bands seen with each extract separately, i.e., �46-kDa full-length A3B, �23-kDa
A3A isoform 1, and the �22-kDa band which could be A3A isoform 2, A3B-CTD, or both
(Fig. 3C). However, when the E. coli and NOK cell extracts were mixed together without
boiling and then boiled, the full-length A3B band was no longer visible (Fig. 3C). This

FIG 2 Optimization of APOBEC3A upregulation by PMA. (A) qRT-PCR for A3A mRNA expression in NOK cells after 24 h of treatment with different
doses of PMA. (B) Time-dependent change in A3A mRNA expression and cytosine deamination activity in whole-cell extracts following treatment
with 25 ng/ml PMA. The deamination activity is shown as the percentage of substrate DNA made sensitive to strand cleavage by treatment with
Ung, followed by NaOH. (C) A3A mRNA levels relative to TBP in NOK cells that were untreated or treated with 10 ng/ml TNF-� alone, 25 ng/ml
PMA alone, or PMA�TNF-� for 24 h. For the quantification of gene expression using qRT-PCR, the means and SD are shown from triplicate
samples.
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happened despite the presence of a protease cocktail in the lysis buffer (see Materials
and Methods) and was reproducible (J. Stewart and A. S. Bhagwat, unpublished data).
This suggests that the NOK cells contain a potent protease that eliminates the full-
length A3B protein. However, because the putative A3B-CTD and the isoform 2 of A3A
have roughly the same mobility on these gels (Fig. 3C), we cannot eliminate the
possibility that the A3B-CTD persists in NOK cells after the proteolytic cleavage and
contributes to the signal detected using anti-A3A/A3B antibody and the cytosine
deamination activity in NOK cells.

The presence of DNA-cytosine deaminase activity in NOK cells was tested using a
40-mer containing a single cytosine, and the resulting uracils were excised using E. coli
uracil DNA-glycosylase (Ung) creating a 25-nucleotide product. We monitored the
activity in extracts from cells that were treated with PMA from 0 to 48 h and found that
it increased continually during this time period (Fig. 2B, right y axis). Therefore,
although A3A mRNA level peaks at 12 h post-PMA treatment and decreases thereafter
(Fig. 2B, left y axis), A3A continues to accumulate in the cells. To determine whether this
activity was confined to the cytoplasm, the NOK cells were treated with PMA or

FIG 3 Effect of PMA treatment on APOBEC3A and APOBEC3B protein expression and cytosine deamination activity. (A) Western blot of E. coli extract containing
A3A or A3B using anti-A3A/A3B antibody. (B) Western blot analysis of whole-cell extracts of NOK cells either untreated (“None”) or treated with PMA or
PMA�TNF-� for 24 h using anti-A3A/A3B antibody. The expression level of �-actin was used as a loading control. The position of full-length A3A is indicated
by a closed arrow, and the expected positions of full-length A3B and the CTD of A3B are indicated by open arrows. (C) Mixing of E. coli extract containing
full-length A3B with extracts of NOK cells treated with PMA. Overloading of E. coli extract (20 �g) in the first lane shows both the full-length A3B and a minor
band consistent with the size of A3B-CTD. Both A3B forms are indicated by solid arrows. The order of mixing and boiling of the two extracts is indicated by
asterisks in the panel footnotes. (D) Detection of organelle-specific protein markers using antibodies. Blots of cytoplasmic (Cyt) and nuclear (Nucl) extracts from
NOK cells that were untreated or treated with PMA or PMA�TNF-� were probed using anti-histone H3 (nuclear marker) or anti-�-tubulin (cytoplasmic marker)
antibodies. (E) In vitro cytosine deamination assay for nuclear and cytoplasmic fractions of NOK cells. A fluorescently labeled oligomer containing a single
cytosine in 5=-TC context was incubated with the indicated cellular extract, and the uracils created by A3A/A3B were converted to strand breaks by successive
treatment with E. coli Ung and NaOH (top band, substrate; bottom band, product). The percentages of cytosines converted to uracils were calculated based
on band intensities and are shown below each lane. (F) In vitro cytosine deamination assay for nuclear and cytoplasmic fractions of UNGΔ/Δ NOK cells. The cell
fractions were prepared, and the deamination assays were performed in the same manner as described for the UNG�/� NOK cells.
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PMA�TNF-� for 24 h, their outer membranes were broken, and the cytoplasmic
fraction was separated from the nuclear fraction. The selective presence of appropriate
organelle-specific markers (H3 histone, nuclear; �-tubulin, cytoplasm) confirmed that
both the fractions were fairly pure (Fig. 3D). We performed cytosine deamination assays
using these fractions.

Little deamination activity was seen in untreated cells, and it increased �10-fold in
both nuclear and cytoplasmic fractions of PMA-treated cells (Fig. 3E). Furthermore, the
nuclear and cytoplasmic deamination activities were higher after PMA�TNF-� treat-
ment compared to PMA alone in both of the the cellular compartments (Fig. 3E).
Together, these results show that the treatment of NOK cells with PMA or PMA�TNF-�
increases the transcription of both A3A and A3B genes, which results in a large increase
in DNA-cytosine deamination activity in the nuclei of NOK cells.

Nuclear localization of anti-A3A/A3B antibody reactive protein. Although the
appearance of nuclear deaminase activity following PMA and PMA�TNF-� treatment
(Fig. 3E) was indicative of the presence of A3A/A3B-CTD in the nuclei, we sought to
confirm this using an independent method. Furthermore, previous work with mono-
cytes had shown that A3A is localized exclusively in the cytoplasm (35). To detect the
presence of A3A in the nuclei, the stimulated NOK cells were fixed, treated with
anti-A3A/A3B antibody, and visualized using fluorescence microscopy. The microscope
images showed an increase in A3A/A3B signal following PMA or PMA�TNF-� treat-
ments, and the protein(s) clearly appeared as foci within the nuclei and cytoplasm (Fig.
4A). Since full-length A3B is undetectable in the Western blots, it is reasonable to
conclude that the new foci detected by the antibody are principally due to A3A with
the possibility that A3B-CTD is also present in the nuclei.

To further establish the nuclear localization of A3A, z-sections were performed on
the images of stained cells using a confocal microscope. A z-stack through the middle
of a group of cells showed that A3A/A3B foci were found within both the nucleus and
the cytoplasm of cells, and visualization of x-z and y-z planes showed that several of the
A3A foci resided within the nucleus (Fig. 4B) (Siriwardena and Bhagwat, unpublished).
Furthermore, quantification of DAPI (4=,6=-diamidino-2-phenylindole) and A3A/A3B-
specific fluorescence signals across one cell showed that both the signals peaked over
the nucleus (Fig. 4C). This confirms the results of cytosine deamination assays and
clearly shows that a substantial amount of the A3A/A3B-CTD protein is present within
the NOK nuclei.

Lack of increase in genomic uracils in PMA- and TNF-�-treated NOK cells. Since
PMA or PMA�TNF-� treatment resulted in increased synthesis of A3A protein and its
transport into NOK nuclei, we wanted to determine whether this caused cytosine
deamination in DNA. We recently described assays to quantify genomic uracils using
alkoxyamines ARP and AA3 (41, 42). These chemicals react with the abasic sites created

FIG 4 Subcellular localization of APOBEC3A using confocal microscopy. (A) Representative fluorescence microscopy
images of untreated or treated NOK cells stained for A3A (red) and nuclei (blue). Size bars, 10 �m. (B) Confocal microscopy
z-stacking images of NOK cells treated with PMA�TNF-� and immunostained for A3A (red) and nuclei (blue). An
orthogonal analysis of foci in the nucleus in x-z and y-z planes shows overlap of red and blue. (C) Fluorescence intensity
profile from a cell in the confocal image. The red (A3A) and blue (DAPI) intensity traces are shown across one cell.
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by the excision of uracils in DNA by the Ung and are then tagged with a fluorescent
label for quantification (41, 42). More recently, we also described another alkoxyamine,
AA6, which also reacts with abasic sites and can be attached with a fluorescent tag
using copper-free click chemistry (Fig. 5A) (43). We used AA6 for the quantification of
uracils in NOK genome using a genomic DNA standard in which the uracils were
quantified using liquid chromatography-tandem mass spectrometry (LC-MS/MS). This
procedure provides reproducible quantification of genomic uracils over a wide range of
uracil levels (Fig. 5B).

When this method was used to quantify genomic uracils in cells treated with PMA
or PMA�TNF-�, little increase in the uracil levels was detected and repetition of the
experiment gave essentially the same result (Fig. 5C). Although there was a slight
increase in uracils following PMA treatment in one experiment, there was a decrease in
genomic uracils following the phorbol ester treatment in the other experiment (Fig. 5C).
We previously showed that when murine splenocytes are stimulated ex vivo, the
transcription of both AID and UNG1 genes are upregulated, resulting in no net increase
in genomic uracil levels (42). This observation suggested the possibility that PMA
causes an increase in uracil excision activity by upregulating the UNG gene and the
resulting higher activity levels are able to eliminate any excess uracils created by A3A.
This was tested by quantifying of UNG2 transcripts using qRT-PCR. However, the UNG2
gene expression decreased instead of increasing 24 h after PMA�TNF-� treatments
(Fig. 5D). Hence, upregulation of the UNG2 gene is not the cause of the lack of uracil
level increase following PMA treatment.

Transfection of NOK cells with A3A-expressing plasmid increases genomic
uracils. Despite this decrease in Ung2 transcription levels, when the uracil excision

FIG 5 Genomic uracil levels and UNG2 expression in NOK cells. (A) Principle of the method used for the quantification of genomic uracils. Treatment of DNA
with E. coli Ung creates abasic sites which are reacted with an alkoxyamine, AA6, which contains a terminal azide group. This AA6-tagged DNA is reacted with
the chemical DBCO-Cy5, and the fluorescence intensity of this DNA is interpolated in a standard plot created using DNA with known amounts of uracils to
determine the uracil levels. (B) Reproducibility of uracil quantification. GM31, the DNA repair-proficient strain, contains few uracils and consistently shows about
one uracil/106 bp. In contrast, bisulfite treatment of this DNA creates a large number of uracils, which are also quantified by this assay. The data represent three
separate quantifications of each DNA sample using two or more replicates. (C) Quantification of genomic uracils in untreated, PMA-treated, or PMA�TNF-�-
treated NOK cells after 24 h. The numbers 1 and 2 represent results from two independent experiments. (D) qRT-PCR for mRNA expression of UNG2 (nuclear
isoform) relative to TBP in PMA- or PMA�TNF-�-treated NOK cells. In panels B and C, the means and SD are shown.
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activity was tested in whole-cell extracts of untreated and treated cells, substantial
levels of uracil-DNA glycosylase inhibitor (UGI)-sensitive uracil excision activity was
detected in cells after PMA and PMA�TNF-� treatment (Siriwardena and Bhagwat,
unpublished). This raised the possibility that the UNG2 activity in NOK cells was so high
that, even after the reduction of UNG2 expression following PMA treatment, the
residual uracil excision activity was able to eliminate the newly created uracils by A3A
and A3B. To show that high levels of A3A expression can lead to increased genomic
uracil levels, NOK cells were transfected with a plasmid expressing a EGFP-A3A fusion
gene from a cytomegalovirus (CMV) promoter. The transfected cells were reacted with
the anti-A3A/A3B antibody, and the resulting nuclear fluorescence was quantified for
representative cells. The result showed that while the treatment of NOK cells with PMA
or PMA�TNF-� doubled the A3A/A3B-specific signal, transfection of the cells with
A3A-expressing plasmid caused only an �50% further increase in fluorescence, and this
change was not statistically significant (Fig. 6A). This shows that treatment of cells with
PMA creates roughly comparable levels of nuclear A3A/A3B-CTD as plasmid transfec-
tion.

When the genomic uracils were quantified in cells transfected with A3A-expressing
plasmid, there was a statistically significant increase in uracil levels after 24 h, and the
level increased further in the next 24 h (Fig. 6B). This shows that the expression of A3A
protein as a result of transfection of NOK cells with a plasmid was capable of deami-
nating cytosines in the genome. Furthermore, the uracils generated by the enzyme
could not be completely excised by UNG2, causing an increase in genomic uracil levels.

Lack of increase in genomic uracils in PMA- and TNF-�-treated UNG�/� NOK
cells. To determine further whether UNG2 in NOK cells was eliminating uracils created
by A3A after PMA or PMA�TNF-� treatment, we constructed an UNGΔ/Δ derivative of
NOK cells using CRISPR/Cas9 technology. The strategy involved deleting all of exon 3
and parts of exons 2 and 4, eliminating several residues critical for catalysis, and is
outlined in Fig. 7A. The resulting cells showed elimination of UNG-specific transcripts
(Fig. 7B), complete loss of both UNG1 and UNG2 isoforms of the protein (Fig. 7C), and
a 90% loss in uracil excision activity (Fig. 7D). The remaining uracil excision activity is
likely to be due to backup DNA glycosylases such as SMUG1 (44–46). UNGΔ/Δ NOK cells
are still responsive to PMA treatment, overexpressing A3A (Fig. 7E and F) and increasing
cytosine deamination activity in nuclear and cytoplasmic fractions (Fig. 3F).

Two independent clones of UNGΔ/Δ cells were characterized further and had,
respectively, 69 and 94% higher levels of genomic uracils than wild-type (WT) NOK cells
in the absence of PMA treatment (Fig. 7G). This suggests that the backup DNA repair

FIG 6 Effects of transfection of NOK cells with a plasmid expressing A3A. (A) Quantification of the fluorescence intensity in the nuclei of NOK cells
that were untreated, treated with PMA, treated with PMA�TNF-�, or transfected with A3A plasmid. The cells were fixed and stained with
anti-A3A/A3B antibody. (B) Quantification of genomic uracils in NOK cells transfected with a plasmid expressing A3A or a control plasmid lacking
the A3A gene (vector). Uracil levels in A3A-transfected cells harvested at 24 or 48 h are shown. (C) Quantification of genomic uracils in NOK cells
that were untreated, transfected with the A3A plasmid, or treated with PMA�TNF-� for 24 h after transfection. The means and SD are shown.
The P value was calculated using a two-tailed t test.
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pathways are unable to remove all the uracils introduced in cellular DNA through
spontaneous or A3B/A3C-mediated (Fig. 1A) deamination of cytosines or the incorpo-
ration of dUTP during replication (44, 47). However, treatment of these cells with PMA
or PMA�TNF-� did not further increase the uracil levels and instead slightly decreased
them (Fig. 7G). Since the expression of A3A peaks around 12 h after PMA treatment (Fig.
2B), we determined the uracil levels at multiple time points for 24 h after PMA
treatment and found no increase in uracils at any of these time points (Siriwardena and
Bhagwat, unpublished). This finding is in contrast to the expression of A3A from a
transfected plasmid, which increases the uracil levels in both WT NOK cells (Fig. 6B) and
UNGΔ/Δ cells (Siriwardena and Bhagwat, unpublished). These data, together with the
uracil quantification data with WT NOK cells (Fig. 5C), suggest that the phorbol ester
treatment does not generate measurable levels of excess uracils and may instead cause
fewer uracils to accumulate in the genome.

PMA treatment causes reversible arrest in cell growth. We and others have
shown that a major target for the APOBEC3 subfamily of enzymes in the genome is the
lagging strand template within replication forks (48–51). Based on this observation, we
reasoned that the lack of increase in genomic uracils following phorbol ester treatment

FIG 7 Generation, validation, and use of UNGΔ/Δ NOK cell lines. (A) Schematic representation of a part of the human UNG gene and the gRNAs designed to
cause a large deletion. The region of exon 4 coding for catalytically important residues of UNG is shown as a vertical line. (B) Quantification of mRNA expression
of UNG2 in WT and UNGΔ/Δ NOK cells relative to TBP. *, not detected. (C) Western blot analysis of whole-cell extracts for the expression of two isoforms of the
UNG protein in WT and UNG-knockout (UNG–/–) NOK cells. The expression level of �-tubulin was used as a loading control. (D) Normalized uracil excision activity
of UNGΔ/Δ NOK cells relative to WT (set to 100). The means and SD are shown. The activity was determined by incubating an oligomer containing a single uracil
with whole-cell extracts, followed by cleavage at the resulting abasic sites and gel electrophoresis. (E) Expression of A3A in UNGΔ/Δ NOK cells that were either
untreated, treated with PMA, or treated with PMA�TNF-� as determined by qRT-PCR. (F) Western blot analysis of whole-cell extracts of UNGΔ/Δ NOK cells that
were either untreated (“None”) or treated with PMA or PMA�TNF-� for 24 h using anti-A3A/A3B antibody. The expression level of �-actin was used as a loading
control. The position of full-length A3A is shown by a closed arrow, and the expected positions of full-length A3B and the CTD of A3B are indicated by open
arrows. (G) Comparison of genomic uracils in untreated WT cells to those in untreated, PMA-treated, or PMA�TNF-�-treated UNGΔ/Δ NOK cells for 24 h. The
numbers 1 and 2 indicate two independent UNGΔ/Δ clones. The means and SD are shown.
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could be explained if this treatment were to reduce replication. To test this, we
monitored the growth of NOK cells following PMA and PMA�TNF-� treatments.

The treatment of cells with PMA alone stopped cell growth for at least 24 h, and this
was followed by a slow growth resulting in an increase in cell number of only �70%
over 3 days. The treatment with PMA�TNF-� had an even stronger effect on cell
growth, causing its complete cessation for at least 72 h (Fig. 8A). This was in contrast
to untreated cells, which increased 5-fold in number, and cells transfected with a
plasmid expressing A3A tripled in number during the same time period (Fig. 8A). These
data show that although both PMA treatment and plasmid transfection result in
increased A3A expression, the former treatment has a much stronger negative effect on
cell growth.

The two experimental conditions also had different effects on cell viability. While the
PMA or PMA�TNF-� treatments had little effect on the viability of cells even after 72
h of treatment, the cells transfected with plasmid expressing A3A lost viability after 24
h, decreasing viability by about 20% over 72 h (Fig. 8B). Similarly, transfection of UNGΔ/Δ

NOK cells with A3A-expressing plasmid also yielded a loss in viability, but little loss of
viability occurred when the same cells were treated with PMA or PMA�TNF-� (Siriwar-
dena and Bhagwat, unpublished). To confirm that the PMA�TNF-�-treated cells had
not lost their ability to grow, we replaced the growth medium in treated and untreated
cells every 24 h and found that the density of treated cells increased gradually, reaching
the same density as untreated cells after 6 days (Fig. 8C).

We wondered whether PMA treatment could overcome the ability of plasmid-coded
A3A to deaminate cytosines in the genome. To determine this, NOK cells were trans-
fected with A3A-expressing plasmid and, after 24 h, half of the cells were treated with
PMA�TNF-�. When genomic uracils were quantified from both untreated and treated
cells, PMA�TNF-� was found to inhibit uracil creation by A3A. While the plasmid-
transfected cells that were not treated with PMA�TNF-� continued to accumulate
uracils 24 to 48 h posttransfection, the transfected cells treated with PMA�TNF-� at 24
h did not accumulate more uracils but may have slightly decreased the uracil levels (Fig.
6C). Together, these results show that PMA treatment of NOK cells stops cell growth
(Fig. 8A) without a loss of cell viability (Fig. 8B) and does not result in the accumulation
of uracils in the genome (Fig. 5C). In contrast, NOK cells transfected with a plasmid
expressing A3A continue to grow after an initial pause (Fig. 8A), accumulate uracils in
their genome (Fig. 6B), and lose viability (Fig. 8B).

DISCUSSION

The discovery of mutations caused by AID in immunoglobulin genes (52) and
APOBEC3G in the HIV genome (53) has raised the possibility that the AID/APOBEC

FIG 8 Effects of PMA treatment or A3A transfection on NOK cell growth and viability. (A and B) Comparison of the change in total cell number
(A) and the viability (B) of NOK cells that were untreated, PMA treated, PMA�TNF-� treated, or transfected with a plasmid expressing A3A. (C)
Comparison of the change in total cell number of untreated or PMA�TNF-�-treated NOK cells with daily medium replacement. The means and
SD are shown for each data point.
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family of proteins could cause mutations in many cellular genes. Sequencing of
individual genes (54) and whole exomes and genomes (24, 26) in cells expressing these
enzymes offers strong support for this notion. In particular, the discovery that a
substantial fraction of breast cancer cell lines (27) and patient tumors harbor elevated
levels of A3B protein, genomic uracils, and mutations with a signature characteristic of
this deaminase suggested that these enzymes may make a major contribution to
cancer genome mutations (24, 26, 27). Later, when the mutational signatures of A3A
and A3B were distinguished from each other, mutations with an A3A-like signature
were found to be common in patient tumors (33). Subsequent demonstration that B
cell lymphoma cell lines and tumors also accumulate uracils and mutations character-
istic of AID (42, 55) and that other types of tumors contain certain mutations in a
sequence context preferred by A3A (33) or A3B (22, 23, 26, 31, 33) suggests that this is
a general phenomenon in human cancer. Since the causal relationship between the
expression of A3A/A3B genes with such mutations in human tumors is sometimes
difficult to establish, it is important to do so in human tissue culture models.

We have shown here that, in contrast to the correlation between high A3A or A3B
expression and APOBEC signature mutations in many cancer genomes, the greatly
elevated expression of A3A and the moderately high expression of A3B genes as a
result of the treatment of a human keratinocyte cell line with PMA does not result in
increased damage to DNA in the form of uracils. This is true despite the fact that the
PMA treatment creates a large increase in DNA-cytosine deamination activity in the
nuclear extracts and an increase in foci inside the nuclei that bind anti-A3A/A3B
antibody. While our data cannot rule out cytosine-to-uracil conversions in a small
number of genomic regions, creating localized mutations, these findings suggest that
the expression of APOBEC genes and their presence in nuclei may not always lead to
genome-wide mutations and instability.

Our results were unexpected because previous experiments in which A3A or A3B
genes were expressed in human cells via plasmid transfection resulted in mutations (27,
56) and strand breaks (38). The expression of A3A from a plasmid-based Tet-On system
also resulted in increased uracil levels, the induction of DNA damage response, and cell
cycle arrest in the S phase (37). We also found that expression of a plasmid-based A3A
gene from a CMV promoter in NOK cells results in increased levels of genomic uracils
(Fig. 6B), confirming that the expression of exogenously introduced A3A gene causes
damage to the cellular genome.

A possible trivial explanation for the lack of increase in genomic uracils in UNG�/�

(Fig. 6B) and UNGΔ/Δ (Fig. 7G) NOK cells following PMA or PMA�TNF-� treatment is that
the expressed A3A is not transported into the nucleus or is efficiently exported out of
it. In fact, A3A expressed in monocytes and macrophages following type I interferon
treatment is predominantly cytoplasmic in two-dimensional (2D) images of cells stained
with anti-A3A antibodies (57) and does not cause mutations in the cellular thymidine
kinase gene (58). We eliminated this possibility by demonstrating that some A3A foci
are seen in the nuclei of PMA-treated NOK cells in both 2D images and z-sections across
nuclei (Fig. 4), and the nuclear cytosine deamination activity increases following PMA
treatment (Fig. 3E and F).

Consequently, the likely explanation for the lack of increase in genomic uracils
following the expression of PMA-induced A3A is that the substrate for the enzyme,
ssDNA, is largely absent in the treated cells. This happens because PMA-treated NOK
cells are severely inhibited in cell growth (Fig. 8A). Depending on the cell type, PMA can
cause either cell cycle progression or cell cycle arrest (59–65). When PMA causes cell
cycle arrest, some cells arrest in G2 (59, 62), while others arrest at the G1 boundary (66)
by a process referred to as hypermitogenic arrest (67). In either case, the cells do not
enter S phase.

In contrast, cells that have been transfected with A3A-expressing plasmid continue
to divide after a 24-h pause. We and others have shown that the APOBEC3 subfamily
proteins, when expressed in E. coli (48) or yeast (50) target the lagging strand template
within replication forks. In other experiments, the induction of chromosomal
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doxycycline-regulated A3A gene in a hepatic cell line resulted in a significant increase
in genomic uracils, which was dependent on the ability of cells to enter S phase (37).
Furthermore, analysis of human tumors with strong A3A/A3B mutational signatures
have shown that mutations are strand biased around replication origins in a manner
that suggests that the source of the mutations was cytosine deamination in the lagging
strand template (49, 51). Therefore, while A3A expression through nonphysiological
means (plasmid transfection or induction with doxycycline) introduces DNA damage in
a replication-dependent manner, PMA treatment of NOK cells inhibits cell growth and
prevents the enzyme from generating uracils at detectable levels.

The AID/APOBEC family enzymes are potentially hazardous to cells. They can cause
mutations, strand breaks, and translocations (27, 31, 39, 68) and have been implicated
in causing cancer (24, 26, 27, 69), as well as in the diversification of tumors through
mutations promoting drug resistance (20, 21) (Fig. 9A). Such genomic instability is also
be demonstrated by expressing A3A in human cells under nonphysiological conditions
(37, 38) (Fig. 9, lower branch). Consequently, normal cells that express these enzymes
must have elaborate mechanisms to protect their genomes against them. One of these
mechanisms operates on A3F and A3G expressed in T cells and A3A expressed in
monocytes. In these cases, the proteins remain overwhelmingly in the cytoplasm (35,
70, 71) and thus do not cause significant damage to the cellular genome (35) (Fig. 9B,
upper branch). This does not apply to PMA-treated NOK cells because A3A localizes to
both the cytoplasm and the nucleus (Fig. 4) but still does not increase the levels of
genomic uracils (Fig. 5C). Another proposed mechanism for protecting human genome
against APOBECs is through proteins that bind the deaminase. TRIB3 protein binds A3A
and A3C, causing the degradation of latter protein and protecting the genome against
cytosine deamination and strand breaks (36). This mechanism is unlikely to be operative
in NOK cells because we found robust levels of A3A protein and cytosine deamination
activity following stimulation with PMA.

FIG 9 Consequences of APOBEC3A expression in cancer cells and normal cells. (A) In rapidly dividing
cancer cells, A3A expression causes an increase in genomic uracils, resulting in genome instability. (B) The
outcomes of A3A expression in normal cells depend on the mode of A3A induction and the state of cell
growth. The upper branch of the diagram shows A3A localized exclusively in the cytoplasm and
preventing DNA damage. The middle branch shows A3A in both the cytoplasm and the nucleus and
shows how growth arrest protects the genome from A3A. The lower branch shows the results of the
nonphysiological expression of A3A, resulting in extensive DNA damage due to continued DNA repli-
cation or growth arrest in the S phase.
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The reversible cessation of DNA replication seen in NOK cells is an attractive
alternative mechanism for the protection of cellular genome from APOBEC enzymes.
Since these enzymes function to protect against viruses and foreign DNA, their syn-
thesis is likely to be upregulated in a cell in response to cytokines released by
neighboring infected cells. In this situation, the chances of cell survival would be
enhanced by the upregulation of APOBEC enzymes as part of a broad innate immune
response and the damage to the cellular genome would be minimized by a block in
DNA replication (Fig. 9B, middle branch). In contrast, tumor cells often divide rapidly,
and hence the overexpression of AID/APOBEC proteins and their transport to the
nucleus will result in mutations and strand breaks in the cellular genome. This leads to
the DNA damage response (37, 38, 72) and cell death through apoptosis (39). This could
also lead to genetic diversification of the tumor, allowing it to adapt to its environment
and escape antitumor chemotherapy (21). Therefore, the consequences of the expres-
sion of APOBEC enzymes in different cells are likely to be determined by a complex set
of physiological responses involving intracellular protein transport, protein degrada-
tion, and cell growth.

MATERIALS AND METHODS
Growth and treatment of cell lines. The human oral keratinocyte cell line, NOK, was prepared from

gingival tissue by transfecting it with the hTERT gene (73) and was kindly provided by Karl Munger
(Harvard Medical School). Cells were cultured in serum-free medium (Keratinocyte-SFM; Life Technolo-
gies) supplemented with epidermal growth factor and bovine pituitary extract. The human cell lines
HEK293T (immortalized embryonic kidney) and MCF-10A (breast epithelial) were obtained from the
American Type Culture Collection, and the primary human epidermal keratinocytes (HEKn) were obtained
from Thermo-Fisher. The epidermoid carcinoma cell line A431 was kindly provided by Young-Hoon Ahn
(Wayne State University). HEK293T and A431 cells were cultured in Dulbecco’s modifed Eagle medium
(HyClone) with 10% fetal bovine serum and 1% penicillin-streptomycin (Pen-Strep) (HyClone). MCF-10A
cells were grown in HuMEC basal serum-free medium (Gibco) with a HuMEC supplement kit and
100 ng/ml cholera toxin (Sigma). HEKn cells were grown in EpiLife medium (Gibco) supplemented with
EpiLife defined growth supplement (EDGS) and 1% Pen-Strep. All cultures were incubated at 37°C in a
humidified incubator with 5% CO2 in T25 or T75 flasks or on 24-well plates (CytoOne; USA Scientific). All
of the cell lines were used within 12 months of their short tandem repeat (STR)-based validation (Wayne
State University BioBank). One million cells were grown in T25 cell culture flasks for 24 h. Different
concentrations of PMA (Sigma) alone or in combination with 10 ng/ml TNF-� (Stem Cell Technologies)
were added to the media, and the cells grown further for the indicated lengths of time.

Generation of UNG�/� NOK cell line using CRISPR/Cas9 technology. Two guide RNAs were
designed using CRISPR DESIGN (http://crispr.mit.edu/) tool to delete a part of exon 2, all of exon 3, and
part of exon 4 of UNG2 gene (GenBank accession number NM_080911) in NOK cells. Exon 2 was targeted
by using the oligomers 5=-CACCGCGGCCCGCAACGTGCCCGT and 5=-AAACACGGGCACGTTGCGGGCCGC
(PAM sequence GGG), while exon 4 was targeted using the oligomers 5=-CACCGCTTGATTAGGTCCAT
GATA and 5=-AAACTATCATGGACCTAATCAAGC (PAM sequence TGG). Annealed oligonucleotides were
cloned into pSpCas9 (BB)-2A-GFP vector (kindly provided by Kefei Yu, Michigan State University) and
verified by DNA sequencing. The two CRISPR/Cas9 vectors with guide DNAs were transfected into NOK
cells using Xfect transfection reagent (Clontech). After 48 h, green fluorescent protein (GFP)-positive cells
were sorted by fluorescence-activated cell sorting (Microscopy, Imaging, and Cytometry Resources Core
at Wayne State University), and single cells were seeded into a 96-well plate. DNA was obtained from
single cell subclones using QuickExtract DNA extraction solution (Epicentre) for PCR-based screening for
deletions with primers specific for the UNG2 gene (forward primer 5=-TGTTCCACAAATGGGCGTCT and
reverse primer 5=-CTGCAGTCACCTGTAAAGCAAC). The clones with apparent gene deletions were further
analyzed by Sanger sequencing, qRT-PCR for mRNA expression, Western blotting for UNG protein
expression, and uracil excision activity assay (see below) to confirm the deletions.

RNA extraction and qRT-PCR. Total RNA was extracted from cells using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Reverse transcription of RNA was carried out with oligo-
d(T)23 primers and a ProtoScript II first-strand cDNA synthesis kit (New England Biolabs). To determine the
expression levels of genes for AID, A3A, A3B, A3C, A3D, A3F, and A3H, cDNAs were amplified using
previously described primers (27) and the PowerUP SYBR Green Mix (Applied Biosystems), along with
primers for TATA box-binding protein (TBP). The expression levels of TNF-� and UNG were determined
using the following primers: TNF-� (forward, 5=-GGAGAAGGGTGACCGACTCA; reverse, 5=-CTGCCCAGAC
TCGGCAA), UNG2 (forward, 5=-CCTCCTCAGCTCCAGGATGA; reverse, 5=-TCGCTTCCTGGCGGG), and Ung1
and UNG2 (forward, 5=-CCCCACACCAAGTCTTCACC; reverse, 5=-TTGAACACTAAAGCAGAGCCC). The am-
plification was performed using an Applied Biosystems 7500 Fast Real-Time PCR system. The data were
analyzed using the ΔΔCT method.

Quantification of genomic uracils. The cells were harvested by centrifugation and lysed by
incubation for 1 h at 37°C in Tris-EDTA buffer (TE) containing 2 �g/ml of RNase A and 0.5% sodium
dodecyl sulfate (SDS), followed by incubation with proteinase K (100 �g/ml; Qiagen) at 56°C for 3 h. The
DNA was isolated by phenol-chloroform extraction and ethanol precipitation and then dissolved in TE.
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The uracils in the genomic DNA were quantified using an assay based on AA6, an alkoxyamine that
can be coupled with a fluorescent dye using copper-free click chemistry (43). This assay is a modification
of previously described assay using an alkoxyamine called AA3 (41). Briefly, HaeIII-digested genomic DNA
was incubated with methoxyamine (Fisher Scientific) at a 10 mM final concentration to block the
endogenous abasic sites. The DNA was treated with E. coli uracil DNA-glycosylase (Ung; New England
Biolabs) and 2 mM AA6. AA6-tagged DNA was reacted with DBCO-Cy5 (1.7 �M; Click Chemistry Tools) for
2 h at 37°C with shaking. Labeled DNA was purified using a DNA Clean and Concentrator kit (Zymo
Research). DBCO-Cy5-labeled DNA was transferred onto a positively charged Zeta probe membrane
(Bio-Rad), and the membrane was scanned using a Typhoon 9210 phosphorimager (GE Healthcare). The
images were analyzed using the ImageQuant software to quantify the fluorescence intensities.

Quantification of uracils in CJ236 DNA using LC-MS/MS. Uracils in CJ236 DNA were quantified
using Shimadzu LC/MS 8040, which has a Nexera X2 ultraperformance liquid chromatography (UPLC)
system coupled to a triple-quadrupole mass spectrometer operated under multiple-reaction-monitoring
mode. For the first stage of the separation, Acquity UPLC HSS T3 reversed-phase column (1.8 �m,
2.1 by 100 mm) was used at 30°C. Uracils were extracted from CJ236 genomic DNA according to a
previously described procedure (27) and separated on the UPLC column using a gradient containing
solvent A (100 mM acetic acid) and solvent B (methanol). The solvent B was ramped up from 0 to 10%
in 0.25 min, brought back to 0% in 3.5 min, and then held at 0% for up to 8.75 min at a flow rate of
0.3 ml/min. Stock standard solutions of both uracil and the uracil isotope were made at a 1-mg/ml
concentration from uracil (Sigma) and uracil (13C4, 15N2; Cambridge Isotope Laboratories, Inc.) in water
containing 0.1% formic acid and stored at –20°C. The standard curve for uracil was prepared using
concentrations of the base ranging from 100 to 500 ng/ml, each spiked with 1,000 ng/ml of the uracil
isotope. Mass spectrometry detection was performed using positive electrospray ionization, monitoring
the mass transitions 113.08 [MH�] � 70.08 [M-CONH]� and 113.08 [MH�] � 96.08 [M-NH2]� for uracil
and 119.08 [MH�] � 74.08 [M-CONH]� for isotopically labeled uracil, respectively. The area under the
curve for the fragmentation peaks of uracil and isotopically labeled uracil were obtained from the
LC-MS/MS analysis. The ratios of areas under the curve were plotted against the respective concentration
ratios of uracil and isotopically labeled uracil to generate a standard plot.

To obtain the amount of uracils in CJ236 DNA, an amount of isotopically labeled uracil was added
to DNA during the uracil extraction procedure. After LC-MS/MS analysis, the ratio of areas under the
curve for the fragmentation peaks was obtained as described above and interpolated onto the standard
plot to obtain the concentration ratio of uracil and isotopically labeled uracil. This number was used to
calculate the number of uracils in CJ236 genomic DNA (3,754 uracils per 106 bp).

Western blot analysis. To test the ability of the rabbit anti-human A3A/A3B monoclonal antibody
(12) (kindly provided by R. Harris, University of Minnesota) to detect both A3A and full-length A3B, E. coli
cells containing the plasmid pSU-A3A (74) or pSU-A3B-full (75) were grown to mid-log phase, and A3B
expression was induced by adding IPTG (isopropyl-�-D-thiogalactopyranoside) to 1 mM and growing the
cells further for 4 h. The cells were collected by centrifugation and broken by sonication in a buffer
(20 mM Tris [pH 8.0], 50 mM NaCl), and the cell debris was removed by centrifugation. One microgram
of cell extract from A3A- and A3B-expressing cells was loaded onto a 15% SDS-PAGE gel and transferred
to Immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore).

In another experiment, whole-cell extracts were prepared by incubating treated and untreated
NOK cells in lysis buffer (50 mM Tris-HCl, 150 mM NaCl [pH 7.4], 1% Triton X-100, 1� Halt protease
inhibitor cocktail) for 1 h at 4°C, followed by centrifugation at 12,000 � g for 10 min to clarify the
lysate. The total protein concentration was measured using Bio-Rad protein assay dye reagent
concentrate (Bio-Rad). Protein samples (30 to 50 �g) were separated on an SDS-PAGE gel and
transferred to a PVDF membrane. In another experiment, 20 �g of E. coli extract containing
full-length A3B protein and 50 �g of extract from PMA-treated NOK cells were either boiled
separately and then mixed together or mixed first and then boiled before loading them onto an
SDS-PAGE gel and transferring them to a PVDF membrane.

After the transfer of proteins, the membranes were blocked with 5% (wt/vol) nonfat milk and probed
with the anti-human A3A/A3B antibody (12) at a 1:1,000 dilution or rabbit anti-�-actin monoclonal
antibody (Cell Signaling Technology; 1:1,000 dilution). The �-actin served as the loading control. In other
experiments the membrane was probed with rabbit anti-UNG polyclonal antibody (Abcam; 1:1,000
dilution) or mouse anti-�-tubulin monoclonal antibody. The protein bands were visualized by the
addition of Super Signal West Pico Plus chemiluminescence substrate (Thermo Fisher) and detected
using FluorChemQ scanner (Cell Biosciences, Inc.).

In vitro cytosine deamination or uracil excision assays. For the cytosine deamination assay,
nuclear and cytoplasmic proteins were extracted from cells using a NucBuster protein extraction kit
(Millipore), and the protein concentrations were measured using Bio-Rad protein assay dye reagent. To
confirm that there was little cross-contamination of the cellular fractions, nuclear and cytoplasmic protein
extracts (30 �g) were analyzed by separating them on an SDS-PAGE gel, transferring the proteins onto
Immobilon-P PVDF membrane, and probing the membrane with rabbit anti-histone H3 antibody (nuclear
marker; Cell Signaling Technology) at a 1:500 dilution or with mouse anti-�-tubulin antibody (cytoplas-
mic marker; Santa Cruz) at a 1:500 dilution, followed by the appropriate horseradish peroxidase-
conjugated secondary antibodies (Cell Signaling Technology; 1:1,000). The resulting signal was detected
as described above.

The deamination reactions were performed with 3 �g of protein and 2 pmol of ssDNA containing a
single cytosine (5=-ATTATTATTATTATCGATTTATTTATTTATTTATTTATTT-3=-6-carboxyfluorescein (FAM) [in-
dicated in boldface]) was performed in the reaction buffer (20 mM Tris-HCl [pH 8.0], 1 mM EDTA, 1 mM
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dithiothreitol) for 1 h at 37°C. The reactions were terminated by heating them to 95°C for 10 min. Five
units of E. coli Ung (New England Biolabs) were added to the reaction, and incubation was continued at
37°C for 30 min. The reactions were stopped by adding NaOH to 0.1 M and heating to 95°C for 10 min.
The reaction products were separated on a 15% denaturing polyacrylamide gel and visualized using
Typhoon 9210 phosphorimager (GE Healthcare). ImageJ software was used to quantify the intensities of
the substrate and the deamination product.

For the uracil excision assay, whole-cell extracts were prepared as described above, and 3 �g of
protein was incubated with 2 pmol of ssDNA containing a single uracil (5=-ATTATTATTATTATUGATTTA
TTTATTTATTTATTTATTT-FAM) for 1 h at 37°C. In some reactions, UGI (New England Biolabs) was added
to the cell lysate to inhibit Ung prior to incubation with the substrate. The reactions were stopped by
adding NaOH to 0.1 M and heating to 95°C for 10 min. The products were processed and analyzed in a
similar way as the C deamination reactions.

Transfection of cells with A3A-expressing plasmid. One million WT or UNGΔ/Δ NOK cells were
transiently transfected with pEGFP-N3-A3A, an A3A expression vector (58) (kindly provided by R. Harris)
or empty vector (pEGFP-N3) using Xfect transfection reagent according to manufacturer’s instructions
(Clontech). After 24 h, GFP fluorescence was used to confirm the efficiency of transfection, and typically
�70% cells were transfected with the plasmid. The cells were harvested for DNA extraction and uracil
quantification.

Cell viability assay. A total of 1 � 105 cells (or 0.5 � 105 cells for experiments lasting several days)
of WT and UNGΔ/Δ NOK were seeded in 24-well tissue culture plates. The following day, the cells were
treated with PMA or PMA�TNF-� or transfected with A3A-expressing plasmid. The cells were harvested
by trypsinization at different time points. The viability and the total numbers of cells were determined
by a trypan blue exclusion assay using a TC20 automated cell counter (Bio-Rad).

Visualization of A3A by immunofluorescence. To compare the levels of A3A expression following
plasmid transfection with PMA or PMA�TNF-� treatment, the cells were washed 24 or 48 h posttreat-
ment and fixed with 4% paraformaldehyde for 10 min at room temperature. The cells were then
permeabilized with 0.3% Triton X-100 in phosphate-buffered saline and blocked with 10% goat serum for
1 h. The cells were then stained with the same primary antibody against A3A/A3B mentioned above,
followed by goat anti-rabbit secondary antibody conjugated with Cy3 (Thermo Fisher, 1:2,000). Cover-
slips were mounted onto the slide using ProLong Gold antifade mountant with DAPI (Invitrogen) and
visualized using a fluorescence microscope (Nikon E800). The visual fields with multiple nuclei were
photographed, and the Cy3 fluorescence per nucleus was quantified using the ImageJ software. The
fluorescence intensities of differentially treated NOK cells were compared using an unpaired two-tailed
t test, and the statistical significance of any observed difference was evaluated by calculating the P value.
Confocal microscopy was performed using a Zeiss LSM 780 microscope (Microscopy, Imaging, and
Cytometry Resources Core, Wayne State University).
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