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Figure 5. Dot-blot assay for measuring genomic uracil levels of SFAUR, dUR treated Escherichia coli cells. (A) CJ236 [dut—, ung—] E. coli genomic
DNA was used as standard for the dot-blot assay. Quantity of genomic uracil of different drug-treated (SFdUR and dUR or both) and non-treated
E. coli BL21(DE3) ung-151 samples were measured along with XL1-Blue [dut+, ung+], applied as a negative control. (B) Bar graph shows the uracil
moieties/million bases of each sample (mean values + the standard errors of the mean). Significant incrase (*) in uracil-DNA content was only observed
using SFAUR treatment, or the combined SFAUR and dUR treatment as compared to non-treated cells (P < 0.05). Calculations were based on six

independent datasets (n = 6).

Figure 6. Dot-blot assay for measuring genomic uracil levels of Drosophila Schneider S2 cells after treatment with de novo thymidylate biosynthesis pathway
inhibitors. (A) CJ236 [dut—, ung—] Escherichia coli genomic DNA was used as standard for the dot-blot assay. Genomic uracil content of different drug-
treated (SFAUR, dUR or MTX, RTX, dUR) and non-treated Drosophila S2 cells were measured. (B) Bar graph shows the uracil moieties/million bases
of each sample (mean values + the standard errors of the mean). Both types of treatments led to significantly elevated genomic uracil levels as compared
to non-treated cells (* = P < 0.01, ** = P < 0.05). Calculations were based on six independent datasets (n = 6).

bases for the SFdUR treated. Similarly no significant dif-
ference was measured in case of cells that were transfected
with an empty vector, expressing only GFP as control (4.17
4 1.19 for the non-treated and 7.39 4 2.98 uracil/million
bases for the SFAUR treated cells, respectively). These re-
sults are in good agreement with previously reported data
(cf (68)) and also highlight the importance of simultaneous
UNG inhibition along with drug treatments targeting the de
novo thymidylate biosynthesis pathway for effective cancer
therapy.

Application of the catalytically inactive UNG constructs for
detection of uracil in DNA in situ

Figure 8 presents that the highly uracil-rich character
of the CJ236 [dut—, ung—] E. coli cells, containing 6580
uracil/million bases, can be readily visualized via immuno-
cytochemistry using our presently developed uracil sensor

construct. Relying on the Flag-tag in our AUNG con-
structs, the uracil-DNA staining is easy to detect and colo-
calizes, as expected, with the DAPI signal for DNA. It is
also important to note that the DsRed-tag may also be
used for direct visualization. Specificity of the signal is ad-
equately corroborated by lack of the staining in the XLI1-
Blue [dut+, ung+] cells. Application of the UNG inhibitor
UGI (obtained from NEB) protein erases the signal, show-
ing again the specific character of our assay (Supplementary
Figure S3). The well-described UNG-UGTI interaction has
been documented to prevent binding of UNG to DNA (74).

We have also attempted to use similar strategy for stain-
ing of uracil-DNA in a mammalian cellular background.
To this end, we have transfected [ung—/—] MEF cells with
plasmid DNA produced by CJ236 [dut—, ung—] E. coli cells.
Such plasmid DNA contains ~6580 uracil/million bases
(45) and its tolerance in the MEF cells is ensured by lack of
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Figure 7. Dot-blot assay for measuring genomic uracil levels of HCT116 cells after treatment with de novo thymidylate biosynthesis pathway inhibitors and
UNG inhibition. (A) CJ236 [dut—, ung—] Escherichia coli genomic DNA was used as standard for the dot-blot assay. (B) Genomic uracil levels of SFAUR
treated and non-treated HCT116 cells were measured in the contex of endogenous UNG inhibition with UGI expression. (C) Bar graph shows the uracil
moieties/million bases of each sample (mean values + the standard errors of the mean). SFAUR treatment led to significantly elevated uracil levels only in
cells also expressing UGI (* = P < 0.05) when compared to non-treated cells. Calculations were based on four independent datasets (n = 4). (D) Western
blot showing GFP expression of cells transfected by the UGI-GFP vector and the empty vector used as a control (only expressing GFP). The membrane

were also developed against actin as a loading control.

the UNG enzyme in this mouse cell line. In this experiment,
we make use of a well-known artifactual effect of plasmid
transfection, namely that upon using high amount of plas-
mid DNA during transfection, plasmid aggregates can oc-
cur within the cells (75) (Figure 9A). We therefore worked
out our transfection experimental conditions such that to
allow the potential accumulation of intracellular plasmid
aggregates (cf ‘Materials and Methods’ section). Figure 9B
leftmost panels clearly show DAPI staining of these plas-
mid aggregates indicated by white asterisks. In case of non-
transfected cells (negative control), no plasmid aggregates
can be observed (Supplementary Figure S4). On Figure 8§,
upper panels with cells transfected with uracil-rich plasmid

show positive reaction with our uracil sensor molecules, ei-
ther via Flag-tag or via direct DsRed detection. Addition-
ally as a negative control, cells transfected by normal plas-
mid (produced in XL1-Blue cells) show no staining. Further
controls are also shown in Supplementary Figure S4 where
the lack of uracil-specific staining can be observed when the
UNG-inhibitor UGI was applied.

Although these results clearly show the possibility of us-
ing our method for in situ microscopic detection, the sensi-
tivity of this staining approach needs to be developed fur-
ther to allow detection of lower uracil levels. Additional
enhancement of the signal might be expected from the ap-
plication of brighter and more stable fluorophores, such as
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Figure 8. In situ genomic uracil detection in Escherichiacoli using an immunocytochemistry approach. The genomic uracil content of CJ236 [dut—, ung—]
E. coli cells was visualized with the Flag-AUNG-DsRed construct. As a negative control, XL1-Blue cells [duz+, ung+] were also used in the same staining
procedure. Only the CJ236 [dut—, ung—] E. coli sample showed staining, either detected directly through the signal of DsRed (red) or through the FLAG
epitope tag (green). DAPI was used to counterstain DNA. Scale bar represents 10 pm.

oaFLAG

Figure 9. Detection of uracil-rich and normal plasmid DNA aggregates in MEF [ung-/-] cells. (A) Schematic image of the cytoplasmic plasmid aggregates
visualized by the Flag-AUNG-DsRed construct. (B) Asterisks (*) show plasmid aggregates. Only cells transfected with uracil-rich plasmids could be
visualized both through the DsRed (red) tag and the FLAG epitope tag (green). The DAPI staining is oversaturated to show the faint DAPI positive

plasmid aggregates in the cytoplasm. Scale bar represents 10 pm.

nanocrystals or quantum dots (cf (76)). Our present method
forms the basis for such further developments.

CONCLUSION

The workflow of the novel method described in this study is
shown schematically on Figure 10, both for the in vitro dot-
blot based detection (Figure 10A) and the in situ immuno-
cytochemical approach used for cellular detection (Figure
10B). Uracil moieties are recognized by a catalytically inac-
tive UNG sensor protein and the readout signal is enhanced
by using primary and secondary sets of antibodies. The re-
cently described novel mycobacterial uracil-DNA binding
protein may also serve as an alternative sensor framework
(77). The method is straightforward, easy to use and can be
applied in a high-throughput manner to analyze DNA from
any organism. It does not require expensive instruments or
complex know-how, facilitating its easy implementation in
any basic molecular biology laboratory. Elevated genomic

deoxyuridine content of cells from diverse genetic back-
ground and/or treated with different drugs can be demon-
strated in situ, within the cell. Direct detection is possible
through the DsRed-tagged construct, or antibodies may be
used for signal enhancement through the different epitope
tags.

Direct comparisons between values for genomic uracil
content obtained by different methods are far from straight-
forward (cf e.g. data for genomic DNA from CJ236 [dut—,
ung—] E. coli cells range between 300018 000/million bases
(38,43,45)). Hence, the truly reliable approach is to compare
relative differences induced by different cellular stages, en-
vironment and/or drug treatments using the same method.
Our present method is optimal for detecting such differ-
ences due to its ease of application, robustness and amenity
to high-throughput studies. With the dot-blot based assay,
comparative data between different organisms and differ-
ent cellular conditions are obtained fast and in a quantita-

GTO0Z ‘9T 4200100 U0 3 73 e /B10'S[eunopioxo feu//:dny wo.j papeojumod


http://nar.oxfordjournals.org/

Uracil sensor

Nucleic Acids Research, 2015 11

Secondary

antibody
Primary antibody i

u /@
)

WW@O@WW

B Uracil sensor
\l/

~

NV

Primary antibody \Secondary

\\//)\k w A antibody

Figure 10. Schematics summarizing the developed in vitro quantification and in situ detection method. (A) Schematic image of the applied in vitro quan-
tification through a dot-blot approach. (B) Schematic image of the applied immunocytochemical approach for in situ uracil detection.

tive manner. Finally, a major further significance and nov-
elty in our presently proposed study is that it provides po-
tential for in situ detection of uracil-DNA within cells. To
our knowledge at least, such in situ detection has not yet
been described for uracil in DNA. Considering the numer-
ous physiological events and pathological conditions where
uracil levels in DNA are modified, our method presents
a biologically relevant tool for assessing the composition
of genomic DNA and its putative alterations during dif-
ferent cellular conditions. In this respect, we wish to point
out that our results obtained with UGI-expressing HCT116
cells simultaneously treated with SFAUR indicates that the
combined perturbation of base-excision repair and de novo
thymidylate biosynthesis leads to a synergistic cellular re-
sponse elevating genomic uracil levels. The significance of
our proposed technique is further enhanced by the fact that
uracil detection has yet escaped the highly powerful single-
molecule real-time sequencing (SMRT) technology, as well.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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