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ABSTRACT
Previous short-hairpin RNA knockdown studies have estab-
lished that depletion of human uracil DNA glycosylase (hUNG)
sensitizes some cell lines to 5-fluorodeoxyuridine (FdU). Here,
we selectively inhibit the catalytic activity of hUNG by lentiviral
transduction of uracil DNA glycosylase inhibitor protein into
a large panel of cancer cell lines under control of a doxycycline-
inducible promoter. This induced inhibition strategy better
assesses the therapeutic potential of small-molecule targeting of
hUNG. In total, 6 of 11 colorectal lines showed 6- to 70-fold
increases in FdU potency upon hUNG inhibition (“responsive”).
This hUNG-dependent response was not observed with fluoro-
uracil (FU), indicating that FU does not operate through the same
DNA repair mechanism as FdU in vitro. Potency of the thymidy-
late synthase inhibitor raltitrexed (RTX), which elevates deoxy-
uridine triphosphate levels, was only incrementally enhanced
upon hUNG inhibition (,40%), suggesting that responsiveness
is associated with incorporation and persistence of FdU in DNA
rather than deoxyuridine. The importance of FU/A and FU/G
lesions in the toxicity of FdU is supported by the observation that
dT supplementation completely rescued the toxic effects of U/A

lesions resulting from RTX, but dT only increased the IC50 for
FdU, which forms both FU/A and FU/G mismatches. Contrary
to previous reports, cellular responsiveness to hUNG inhibition
did not correlate with p53 status or thymine DNA glycosylase
expression. A model is suggested in which the persistence of
FU/A and FU/G base pairs in the absence of hUNG activity elicits
an apoptotic DNA damage response in both responsive and
nonresponsive colorectal lines.

SIGNIFICANCE STATEMENT
The pyrimidine base 5-fluorouracil is a mainstay chemothera-
peutic for treatment of advanced colorectal cancer. Here, this
study shows that its deoxynucleoside form, 5-fluorodeoxyuridine
(FdU), operates by a distinct DNA incorporation mechanism
that is strongly potentiated by inhibition of the DNA repair
enzyme human uracil DNA glycosylase. The hUNG-dependent
mechanism was present in over 50% of colorectal cell lines
tested, suggesting that a significant fraction of human cancers
may be sensitized to FdU in the presence of a small-molecule
hUNG inhibitor.

Introduction
The backbone for treatment of advanced colorectal cancer

is the nucleobase analog 5-fluorouracil (FU) (Benson et al.,
2017). The toxicity of FU arises through three major
mechanisms (Fig. 1A): 1) metabolic conversion into the
ribonucleotide triphosphate (5-fluorouridine 59 triphosphate)
and incorporation into ribosomal RNA with perturbation of
ribosome function (RNA pathway); 2) conversion into the
deoxynucleotide triphosphate (FdUTP), which is incorporated
into DNA and recognized as damage (DNA pathway); and 3)
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ABBREVIATIONS: AUC, area under the curve; BrdU, 5-bromodeoxyuridine; BrU, 5-bromouracil; dTMP, deoxythymidine monophosphate; dU,
deoxyuridine; dUMP, deoxyuridine monophosphate; dUTP, deoxyuridine triphosphate; dt, Thymidine; dTTP, Thymidine triphosphate; FAM,
Fluorescein amidite; FdU, 5-fluorodeoxyuridine; FdUMP, fluorodeoxyuridine 59 monophosphate; FdUTP, 5-fluorodeoxyuridine 59 triphosphate; FU,
fluorouracil; gH2A.X gamma, H2A histone family member X; hUNG, human uracil DNA glycosylase; IDT, Integrated DNA Technologies; KD,
knockdown; KO, knockout; LC/MS, Liquid Chromatography/Mass spectrometry; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium; NEB, New England Biolabs; NR, hUNG nonresponsive; R, hUNG responsive; RTX, raltitrexed; SMUG1, single strand
mismatch DNA glycosylase; shRNA, short-hairpin RNA; ssDNA, single-stranded DNA; TBST, Tris-buffered saline/Tween 20; TDG, thymidine DNA
glycosylase; Tet-free, tetracycline-free; TP, thymidine phosphorylase; TS, thymidylate synthase; UGI, uracil DNA glycosylase inhibitor protein; UNG,
uracil DNA glycosylase.
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conversion to the deoxynucleotide monophosphate (FdUMP),
which potently inhibits thymidylate synthase (TS) (Longley
et al., 2003; Mojardín et al., 2013). This last pathway depletes
dTMP pools and the DNA building block dTTP and also
increases the dUTP/dTTP ratio, resulting in a second type of
DNA damage due to dUTP incorporation into DNA (Fig. 1A).
Although FU is the mainstay for treatment of colorectal
cancer, this prodrug has pharmacological liabilities because
it primarily follows the RNA pathway. The RNA pathway is
thought to be the major driver of the dose-limiting bone
marrow and intestinal epithelial cell toxicities accompanying
treatment, whereas the minor DNA pathway is more impor-
tant in animal models for killing tumors (Houghton et al.,
1979; van Groeningen et al., 1989; Pritchard et al., 1997).
Although not widely used in the clinic, the deoxynucleoside

form of FU, 5-fluorodeoxyuridine (FdU), is also a Food and
Drug Administration–approved drug and showed comparable
or greater efficacy in early clinical trials as compared with FU
(van Laar et al., 1998). The pharmacologic action of FdU is
thought to be dominated by theDNApathway and its ability to
simultaneously deplete dTTP and elevate FdUTP and dUTP
pools [although a substantial fraction of FdU may be con-
verted to FU in the liver by the action of thymidine phosphor-
ylase (TP)] (Fig. 1A) (Vodenkova et al., 2020). The
incorporation of FdU and dU into DNA by replicative DNA
polymerases results in damaged bases that are recognized and
excised by the DNA repair enzyme uracil DNA glycosylase 2
(Grogan et al., 2011).
The distinct mechanism of FdU that leads to DNA damage

suggests that different opportunities exist for increasing its
efficacy and selectivity for targeting cancer cells as compared

with FU. In this regard, the Karnitz group has already
established strong synergy between FdU and Poly (ADP-
ribose) polymerase inhibitors, and the Gerson group has
reported that short-hairpin (shRNA) depletion of human
DNA glycosylase (hUNG) leads to sensitization of p53 mutant
cancer cells to FdU (Huehls et al., 2011; Yan et al., 2018).
These studies suggest that other interactions in DNA base
excision repair or cell checkpoint signaling pathways may yet
be identified that increase the therapeutic utility of FdU.
Here, we examine the effects of inhibiting hUNG catalytic

activity in the context of three drugs: FdU, FU, and the
selective thymidylate synthase inhibitor raltitrexed (RTX).
We explore a large panel of cancer cell lines by using stable
lentiviral transduction of the uracil DNA glycosylase inhibitor
protein (UGI) derived from bacterial phage PBS2 (Cole et al.,
2013). UGI binds with extremely high affinity to the active site
of hUNG and potently inhibits its catalytic activity (Fig. 1B)
(Mol et al., 1995). The mode of action of UGI (molecular mass
∼10 kDa) is remarkably similar to well characterized small-
molecule inhibitors of hUNG that target its active site, and
UGI provides a useful tool to evaluate the potential of hUNG
for drug targeting (Fig. 1C). Previous protein depletion
approaches using shRNA or small interfering RNA have an
inherent shortcoming because hUNG uses its 90–amino acid
noncatalytic N-terminal domain to interact with several DNA
replication factors (Replication protein A, Proliferating cell
nuclear antigen), and the observed effects of depletion could
arise from the loss of catalytic function and/or protein-protein
interactions that are important for DNA replication (Weiser
et al., 2018). The inducible UGI method allows for facile
screening of a large panel of cancer cell lines for sensitization

Fig. 1. Metabolism of FU and FdU and inhibitors of
hUNG. (A)Metabolic reactions of FU and FdU leading to
the RNA and DNA pathways for cellular toxicity. (B)
hUNG can be inhibited in human cells by expression of
the small PBS2 bacteriophage protein UGI (blue), which
targets the active site of hUNG [Protein Data Bank
(PDB) 1UGH]. (C) Small-molecule inhibitors of hUNG
have been characterized that also target the same site as
UGI (PDB 3FCI). dUDP, deoxyuridine diphosphate; dR-
1P, DNA-dependent RNA polymerase; FdUDP, 5-
fluorodeoxyuridine diphosphate; FUDP, 5-fluorouridine
diphosphate; FUMP, 5-fluorouridine monophosphate;
FUTP, 5-fluorouridine triphosphate; NDPK, nucleoside
diphosphate kinase; NMPK, nucleoside monophosphate
kinase; OPRT, orotate phosphoribosyltransferase; pol«,
DNA polymerase «; pold, polymerase d; RNAP III, RNA
polymerase III; RNR, ribonucleotide reductase; TK, thy-
midine kinase.
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to FdU, FU, and RTX in the context of hUNG inhibition. We
find that over 50% of colorectal cancer cell lines show in-
creased sensitivity to FdU and RTX when hUNG activity is
absent (“hUNG responsive”), which is not solely predicted by
p53 status. In contrast, the tumor toxicity of FUwas completely
independent of hUNG activity in all cell lines. Nucleoside
rescue, structure-activity correlation, biochemical, and mecha-
nism-of-cell-death studies all support the conclusion that the
persistence of FdU in DNA, in the absence of hUNG activity, is
the primary tumor toxicity mechanism of FdU in hUNG-
responsive (R) and hUNG-nonresponsive (NR) cell lines.

Materials and Methods
Chemicals. FdU, FU, andRTXwere obtained fromTocris (Bristol,

United Kingdom). 5-Bromodeoxyuridine (BrdU) and 5-chlorodeoxyuridine
were obtained from Sigma-Aldrich (St. Louis, MO).

Proteins and Antibodies. UGI and Escherichia coli UNG were
obtained from New England Biolabs (NEB, Ipswich, MA). hUNG
catalytic domain was expressed in bacteria and purified as previously
described (Slupphaug et al., 1995). Purified thymidine DNA glyco-
sylase (TDG) with a 6x-HisTag was a gift fromDr. MichaelMatunis. A
recombinant anti-TDG monoclonal antibody was used for Western
blotting (ab154192; Abcam, Cambridge, United Kingdom) and was
validated in CRISPR knockout cell lines (Neri et al., 2015).

DNA Oligonucleotides and DNA Sequencing. All DNA oligo-
nucleotide primers and substrates were synthesized by Integrated
DNA Technologies (IDT, Coralville, IA). Sanger DNA sequencing was
performed by the Johns Hopkins University sequencing core. Primer
and shRNA guide sequences are listed in Supplemental Table 1.

Cell Lines. BT474, Cama1, HT29, MCF7, NCI-N87, SKBR3,
Snu1, T47D, SW480, SW620, DLD1, HCT15, H460, KM12, LS513,
Colo205, HCC2998, LoVo, and HepG2 cell lines were from American
Type Culture Collection (Manassas, VA). HCT116 wild-type and
HCT116TP53 knockout cells were provided by Fred Bunz, and AsPC1
cells were provided by James Eshleman. Cells were tested upon
receipt and every 3 months while in culture for mycoplasma using
polymerase chain reaction–based detection (G238; Applied Biologic
Materials, Inc., Richmond, BC). Identity of cells was confirmed with
short tandem repeat DNA fingerprinting provided by American Type
Culture Collection (Manassas, VA).

Construction of Inducible UGI Cell Lines by Lentiviral
Transduction. The cDNA sequence of the UGI derived from bacte-
rial phage PBS2 optimized for human codon usage was synthesized by
Integrated DNA Technologies (Coralville, IA). This sequence was
inserted into the pENTR4 plasmid from Addgene (Watertown, MA)
and transferred into theCW57.1 doxycycline-inducible overexpression
plasmid (Addgene) using the Gateway recombinase system from
ThermoFisher (Waltham, MA). Sanger sequencing was performed at
the conclusion of each step to confirm the expected product. The
CW57.1 UGI plasmid was then transfected into T293-FT cells along
with pspax2 and pmd2.g helper vectors (Addgene). Over the 96 hours
after transfection, the virus-containing supernatant was harvested
and concentrated 100-fold. This viruswas introduced into a panel of 21
cell lines in addition to an isogenic TP53 knockout HCT116 cell line
(see Supplemental Table 2).

Quantitative reverse transcription PCR Measurements
of mRNA Expression Levels of DNA Repair and Uracil
Metabolism–Associated Genes. Colon cancer cell lines of interest
were cultured to 80% confluence in a T25 flask. Cells were washed
with 2 ml of PBS � 1 with the addition of trypsin-EDTA (0.05%)
(ThermoFisher) until detachment. This cell-containing solution was
passed through a 35-mm filter (Thermo Fisher) to eliminate cell
clumps prior to counting via a hemacytometer. In total, 100,000 cells
were transferred to a T75 flask. Cells were then allowed to grow for
5 days, followed by media removal, and washed with PBS � 1 prior to

addition of trypsin-EDTA 0.05%. After allowing sufficient time for
detachment, this solution was then transferred to a 15-ml conical and
spun at 386g � 10 minutes to pellet cells. Trypsin was removed, and
pellet was washed three times with PBS, with repeated centrifugation
in between wash steps. RNA was extracted from cell pellet using the
RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) kit according to
the manufacturer’s protocol. In total, 3 mg of RNA was used to
generated cDNA with the Qiagen OmniScript cDNA preparation kit
following the manufacturer’s protocol (Qiagen). Using the cDNA as
input material and the Rotor Gene quantitative polymerase chain
reaction probe kit (Qiagen), the transcript levels of a panel of genes
associatedwithDNAdamage and uracilmetabolism (hUNG, apurinic/
apyrimidinic endonuclease 1, DNA polymerase b, DNA ligase III,
deoxyuridine triphosphate nucleotidyl hydrolase, sterile a-motif
histidine-aspartate domain-containing deoxynucleoside triphosphate
triphosphohydrolase 1, p53, TDG, single strand mismatch DNA
glycosylase (SMUG1), mutL human homolog 1, mutS human
homolog 2, mutS human homolog 6, breast cancer protein 1, breast
cancer protein 2, Apobec DNA cytidine deaminase B, TS, TP,
dihydrophyrimidine dehydrogenase) were measured relative to 18S
ribosomal subunit. Thermal cycling conditions for quantitative
polymerase chain reaction consisted of 95°C for 5 minutes, 40 cycles
of denaturation at 95°C for 10 seconds, and annealing and extension at
60°C for 30 seconds.

Targeted shRNA Protein Depletion. Sequences for shRNA
guides targeting TDG as well as a nontargeting control were
synthesized by IDT and inserted into the G418-resistant pLKO.1
plasmid from Addgene. Sanger sequencing confirmed the correct
products. The pLKO.1 G418 plasmid was then transfected into
T293-FT cells along with helper plasmids pspax2 and pmd2.g, and
virus was harvested and titered as described above. These lentiviral
particles were used to infect HT29 and DLD1 cell lines. Efficient TDG
knockdown was confirmed by Western blot.

CRISPR Knockout of TDG. Two independent guides targeting
TDGwere synthesized by IDT and inserted into the lentiviral CRISPR
cas9 plasmid from Addgene. Sanger sequencing confirmed the correct
products. The lentiviral CRISPR cas9 plasmids were then transfected
into T293-FT cells alongwith helper plasmids pspax2 and pmd2.g, and
virus was harvested and titered as described above. These lentiviral
particles were used to infect the DLD1UGI cell line. After allowing
2 weeks for incorporation and insertion–deletion mutations to form,
cells were diluted into media and partitioned into 96-well plates with
a calculated concentration of one cell per three wells. Wells were
monitored, and wells containing single-cell colonies were marked and
allowed to grow to 50% confluency prior to splitting in half to allow
part of the population to be sequenced to determine the presence of
a homozygous insertion-deletion mutation of TDG, whereas the other
portion underwent continued proliferation. An independent clone
derived from insertion–deletion mutations from each respective guide
was identified, and complete loss of protein expression was confirmed
by Western blot.

Uracil DNA Glycosylase Activity in Cell Extracts. All cell
lines containing the CW57.1 UGI construct were plated at a density
of 3 � 105 cells per T25 flask and grown to 80% confluency in
either tetracycline-free (Tet-free) media (A4736401; Gibco, Gaithers-
burg, MD) or media containing 0.5 mg/ml doxycycline (Tocris).
Unmodified parental cells were also grown to 80% confluency in Tet-
free media. Cell extracts were obtaining under native conditions
by dissociating cells from the flask surface using trypsin 0.05%.
Cells were then pelleted and washed three times with PBS. Cell
pellets were then resuspended in 100 ml cell lytic M (Sigma-Aldrich).
Cells were then incubated at 4°C for 30 minutes to allow for cell lysis.
This solution was then centrifuged at 21,000g for 20 minutes. In total,
75 ml of supernatant was then removed and centrifuged at 21,000g
for 5 minutes, and 50 ml was removed for use in downstream assays
and protein concentrations determined using the Bradford colori-
metric protein assay with bovine serum albumin as the standard
(ThermoFisher).
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The total hUNG activity present in the cell extracts (the sum of the
mitochondrial hUNG1 and nuclear hUNG enzymes) was measured
using a 59-FAM–labeled 19-mer ssDNA substrate containing a single
U base pair (59-FAM-CAC TGC TCA dU GT ACA GAG C-39) (Grogan
et al., 2011). The specificity for hUNG was confirmed by addition of
UGI to the extracts, which completely abolished all uracil excision
activity. In total, 4 mg of each extract was added to a 20-ml reaction
solution containing 250 nM of the 19-mer substrate and a buffer
consisting of Hepes, EDTA, Brij-35, and Dithiothreitol and incubated
for 30minutes. Reactionswere then quenched by the addition of 2ml of
0.2 M NaOH and heated at 90°C for 30 minutes to cleave the base
labile abasic sites produced by hUNGuracil excision. The 9-mer FAM-
labeled product was resolved from the substrate by electrophoresis
through a 15% urea denaturing polyacrylamide gel (ThermoFisher). A
similar procedure was used to measure the activity of purified hUNG
catalytic domain (84–304) using substrates containing FdU or BrdU
(59-FAM-CAC TGC TCA FdU GT ACA GAG C-39 and 59-FAM-CAC
TGC TCA BrdU GT ACA GAG C-39) (Supplemental Table 3). In this
case, purified hUNG catalytic domain (2.5 nM)was added to 250 nM of
the FdU or BrdU substrates. Reaction time points were taken at 10,
30, and 60 minutes and processed as described above for the cell
extract measurements. The fraction of the substrate converted to
product at each time point was quantified by fluorescence imaging.

Western Blotting. Extracts for Western blotting were prepared
using denaturing conditions with approximately 4 million cells
collected from culture plates by treatment with trypsin. To extract
protein, the PBS was aspirated, and the cell pellets were resuspended
in cell lytic M solution (Sigma-Aldrich). The resuspended pellets were
incubated for 30minutes at 4°C and then centrifuged for 20minutes at
21,000g at 4°C in a tabletop centrifuge. The supernatant was
harvested, and protein concentrations were determined using the
Bradford assay with bovine serum albumin as the standard. Equal
amounts of protein extract were loaded in each lane of a 4%–12% Bis-
Tris SDS-denaturing polyacrylamide gel (ThermoFisher) that was
prerun at 180 V for approximately 20minutes. The loaded gel was run
for 20 minutes at 60 V, followed by 40 minutes at 180 V. The gel was
then transferred to a polyvinylidene difluoride transfer membrane
(ThermoFisher) using a Thermo Scientific Pierce Power Blot Cassette
at 25 V and 2.5 A for 7 minutes. The membranes were washed with
blocking reagent (TBST + 10% milk) for 30 minutes at room
temperature, followed by incubation with a 1:1000 dilution of rabbit
monoclonal anti-human TDG antibody (ab154192; Abcam, Branford,
CT) or anti-humanTP53 antibody (ab1101; Abcam) in TBST+ 5%milk
overnight at 4°C (Chen et al., 2005). After incubationwith the primary
antibody, the membrane was washed for 5 minutes in TBST buffer at
room temperature four times and then incubated with a 1:5000
dilution of horseradish peroxidase–conjugated goat anti-rabbit anti-
body (ab205718; Abcam) or goat anti-mouse antibody (ab205719;
Abcam) as dictated by the primary antibody in TBST + 5% milk for
1 hour at room temperature. After incubation with the secondary
antibody, the membrane was washed for 20 minutes in TBST at room
temperature, followed by two 5-minute washes in TBST at room
temperature and two 5-minute washes in Tris-buffered saline at room
temperature. Membranes were treated with a 1:1 solution of peroxide
solution and enhancer reagent from Thermo Scientific SuperSignal
West Femto and imaged for 10–40 seconds using a Syngene G Box
chemiluminescence imager (Syngene, Cambridge, United Kingdom)
using a preoptimized protocol for this reagent.

FdU Concentration-Response Studies. Cells were grown to
50% confluence in T25 flasks prior to addition of trypsin 0.05% to
detach the adherent cells. Cells were then split into two T25 flasks,
one of which contained media with Tet-free FBS, and the other
contained media with 0.5 mg/ml doxycycline. After 48 hours, growth
cells were detached using trypsin and passed through a 35-mm filter
(ThermoFisher) to eliminate cell clumps prior to counting with
a hemacytometer. The 96-well plates were then seeded at a density
of 2000 cells per well, with the top half of each plate containing the
cells grown in Tet-free conditions (hUNG-proficient) and the bottom

half containing cells grown with doxycycline-containing media
(hUNG-inhibited). After 24 hours, cell cultures (in triplicate) were
exposed to phenol-red–free growth media containing 90 fM to 100 mM
FdU in log 3 increments. For the induced cell group, doxycycline was
included in the media at 0.5 mg/ml for the entire period of drug
treatment. Cells were incubated in a humidified incubator for a total of
72 hours. After this period, 10 ml of CellTiter 96 AqueousMTS reagent
and phenazine ethosulfate solution (Promega, Madison, WI) was
added to each well. Absorption measurements were made at 492 nm
using a Tecan Model M200 Pro plate reader (Tecan, Mannedorf,
Switzerland) at 30, 60, and 120 minutes after addition of the MTS
assay reagents. The concentration-response data in the absence and
presence of hUNG activity were fitted to eq. 1 using GraphPad Prism
software, where C is an offset, A is the total amplitude for the loss in
cell viability, EC50 is the drug concentration at which one-half of the
total viability loss occurs, X is the drug concentration, and n is the Hill
slope parameter:

% viable cells  ¼  Cþ �
A=1  þ 10½log  ðEC50  –  ½X�Þ*n��: (1)

Cell Proliferation Measurements. To confirm the MTS assay
results, we also investigated the effects of FdUandFU on proliferation
of the DLD1 (R) and SW620 (NR) cell lines using an Incucyte ZOOM
cell imaging system. For these experiments, DLD1 and SW620 cells
were grown to 50% confluence in T25 flasks prior to addition of trypsin
0.05% to detach adherent cells. Cells were then split into two T25
flasks, one of which contained media with Tet-free FBS, and the other
contained media with 0.5 mg/ml doxycycline. After 48 hours of growth,
cells were detached using trypsin and passed through a 35-mm filter
(ThermoFisher) to eliminate cell clumps prior to counting with
a hemacytometer. Cells were plated in 24-well plates at 500 cells per
well. After allowing 24 hours for adherence and recovery, cells were
exposed to FdU across a range of concentrations (0.26–4000 nM for
DLD1 and 0.03–500 nM for SW620) in technical duplicates. Cells were
then placed into the Incucyte ZOOM system, with confluence of each
wellmeasured every 8 hours for a total of 72 hours. Cellular confluence
for each cell line at a givenFdU concentrationwas plotted as a function
of time for both the hUNG active and inhibited states. The confluence
of each cell line at 72 hours was also plotted as a function of FdU
concentration evaluated in both the hUNGactive and inhibited states.
Measurements were obtained in biologic duplicate, each with two
technical replicate wells.

Nucleoside Rescue of Drug Toxicities. HT29 and DLD1 cell
lines were grown in Tet-free or doxycycline-containing media for
48 hours prior to plating at 2000 cells per well in 96-well plates. After
24 hours, cells were exposed to 41 pM to 16 mM FdU (log 5 dilutions),
15 nM to 100 mM FU (log 3 dilutions), or 180 pM to 1.2 mMRTX (log 3
dilutions) in medium that was supplemented with 100 mM concen-
trations of dU or dT. Plates were incubated for 72 hours. The MTS
assay and data fitting were performed as described above.

Structure-Activity Studies Using 5-Substituted Deoxyuri-
dine Analogs. Cell lines were grown under Tet-free or doxycycline-
exposed conditions and plated at 2000 cells per well in 96-well plates
as described in the FdU concentration-response methods above. After
24 hours, cell cultures (in triplicate) were exposed to phenol-red–free
growth media containing either BrdU (256 nM to 100 mM) or dU (26
nM to 10 mM) using log 5 dilutions. For the induced cell group,
doxycycline was included in the media at 0.5 mg/ml for the entire
period of nucleoside treatment. Cells were cultured in a humidified
incubator for 72 hours. The MTS assay and data fitting were
performed as described above.

U and FU DNA Incorporation Measurements by LC/MS.
Representative FdU responsive (DLD1UGI and HT29 UGI) and non-
responsive (SW620UGI and LoVoUGI) cancer cell lines were each plated
into 4-T75 flasks at 2 � 106 cells per flask. Two of these four flasks
were plated into RPMI supplemented with 10% Tet-free FBS, and the
other two were grown in RPMI supplemented with 10% FBS contain-
ing 0.5 mg/ml doxycycline. After allowing 48 hours for cellular
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adherence and UGI expression, cells were switched to RPMI media
without any serum present. Doxycycline supplementation was con-
tinued if previously present. Cells were maintained in serum-free
RPMImedia for 48 hours to allow G1 cell cycle arrest. Cells were then
switched to full growth media for 2 hours to restore nucleotide pools,
followed by one of four conditions: 1) full growthmedia, 2) doxycycline-
containing media, 3) full growth media containing 5 mM FdU, and
4) media containing 5 mM FdU and doxycycline. After 24 hours, cells
were washed with PBS and dissociated with 0.05% trypsin. After
detachment, cells were centrifuged at 400g � 10 minutes to pellet,
followed by two PBS washes. Genomic DNA was extracted using the
NEBMonarch Genomic DNA purification kit (NEB, Ipswich, MA) and
performed using the protocol provided by NEB. DNA was eluted from
the column with 50 ml of DNase-free water heated to 56°C. A typical
extractedDNAyield from1.7� 107 cells was∼200mg. To avoid column
overloading, no more DNA than obtained from 5 � 106 cells was used.
DNA concentrations were calculated using A260 values obtained from
NanoDrop spectrophotometer measurements (ThermoFisher).

To avoid accumulation of salt and buffering agents during lyoph-
ilization, a volatile buffer ofN9,N-ethylmorpholine, adjusted to pH 8.0
with glacial acetic acid (Sigma), was used during the enzymatic
excision of U and FU. DNA samples (100–400 mg of DNA) were
supplemented with N9,N-ethylmorpholine acetate to yield a final
buffer concentration of 20 mM in a final volume of 500 ml. Purified
hUNG enzyme was added to a final concentration of 100 nM and
incubated overnight at room temperature. At the end of the overnight
incubation, heavy labeled (15N, 13C) uracil and fluorouracil (Cam-
bridge Isotopes, Tewksbury, MA) were spiked to a final concentration
of 200 nM each. Heavy isotope standards are dissolved in water, and
their concentrations were determined using their respective extinc-
tion coefficients for U (8,200 cm21 M21 at 258 nm) and FU (7070 cm21

M21 at 265 nm). To remove DNA and enzyme from the excised U/FU
nucleobases, each sample (500 ml) was spun through a 3-kDa Amicon
miniconcentrator membrane (0.5 ml capacity). When the membrane
has reached the dead volume, 0.4 ml of 60%MeOHwas added to wash
residual U/FU from the membrane. The two fractions are combined,
frozen, and lyophilized overnight. Dry residues were dissolved in 50 ml
of nuclease-free water, vortexed, and spun at 17,000g for 20minutes to
remove any small particulates and transferred to a 96-well plate for
Liquid chromatography/mass spectrometry (LC/MS) analysis. These
identical procedures were repeated for two representative R cell lines
(HT29, DLD1) across the same treatment conditions: 1) full growth
media, 2) doxycycline-containing media, 3) full growth media contain-
ing 5 mM FdU, and 4) media containing 5 mM FdU and doxycycline in
media supplemented with either 100 mM dT or 100 mM dU.

LC/MS Analysis. The supernatants were collected after centrifu-
gation at 21,000g, and 10 ml was directly injected onto a Hypercarb
column (35003-10230, 100 � 2.1 mm, 3-mm pore size; ThermoFisher)
equilibrated in 100% buffer A (0.1% formic acid in water buffer; buffer
B is 100% acetonitrile). An Agilent 1290 Infinity II high performance
liquid chromatography system was used for separation, with a gradi-
ent of 0%–18% B from 0 to 2.75 minutes, 18%–100% B from 2.75 to
3 minutes, and then 100% B from 3 to 4 minutes before returning to
100% A for a total of 3 minutes to re-equilibrate before subsequent
sample injections (10 ml). This method allows for facile separation of
U from FU. Detection of substrates and products was performed by
electrospray ionization in negative mode using an Agilent Triple
Quadrupole (6495) mass spectrometer. Identification of each analyte
was carried out using a multiple reaction monitoring method accord-
ing to Supplemental Table 4. To quantify the amount of U or FU in
picomoles, the ratiometric difference between the analytes and their
respective 13C15N internal standards was used. In addition, we used
a standard curve with concentrations ranging from 10 fmol to10 pmol.
Results from either method showed less than 2% difference. The
number of U or FU bases per million bases of diploid genomic DNA
was then calculated.

Statistics. Data were analyzed using the Prism 8.0 statistical
program from GraphPad Software. The uncertainties in the IC50

values derived from the concentration-response curves for FdU are
expressed as means 6 1 S.D. and are derived from at least three
biologic replicates, each performed with three technical replicates.
The uncertainties in the concentration-response curves for FU and
RTX were obtained from two biologic replicates, each performed with
three technical replicates. Pairwise statistical analysis of test groups
was performed by a two-tailed unpaired Student’s t test, assuming
equal variances between groups. Because of the exploratory character
of the work, the calculated P values cannot be interpreted as
hypothesis-testing.

Results
Inducible Overexpression of UGI Abolishes hUNG

Activity in a Panel of Cancer Cell Lines. The CW57.1
lentiviral construct carrying the doxycycline-inducible UGI
was introduced into 21 cancer cell lines originating from colon,
breast, gastric, hepatocellular, pancreas, and lung tumors.
This panel also included the HCT116 colorectal line and its
engineered isogenic TP53 knockout (Supplemental Fig. 1).
After selection with puromycin for 1 week, cellular lysates
were prepared from these cells grown in either tetracycline-
free media or media containing 0.5 mg/ml doxycycline to
induce UGI expression. The hUNG activity present in each
extract was then measured using a 59-FAM–labeled ssDNA
19-mer substrate containing a central uracil residue. hUNG
excision of the uracil gives rise to a 59-FAM–labeled 9-mer
ssDNA product after treatment with base and heat, which is
resolved from the substrate by denaturing polyacrylamide gel
electrophoresis (Fig. 2A). All parental cell lines and their UGI-
transduced derivatives in the absence of induction showed
readily detectable hUNG activity after a 30-minute reaction
using 4 mg of each cell protein extract. In contrast, the UGI-
transduced cells grown in the presence of doxycycline had no
measurable product formation under identical conditions
(Fig. 2A, noncolorectal lines are in Supplemental Fig. 2).
These activity measurements established the presence of
robust hUNG activity in the absence of UGI induction and
complete inhibition after the addition of doxycycline. The
persistent inducible inhibition of hUNG by UGI was con-
firmed over the time span of the experiments (Supplemental
Fig. 3).
hUNG Inhibition Enhances Potency of FdU for Over

Half of Colon Cancer Cell Lines Tested. All 21 cell lines
were exposed to FdU across a broad range of concentrations in
the presence and absence of UGI induction to ablate hUNG
activity. Cell survival was then assessed using the MTS
colorimetric viability assay. The concentration-response
curves for 12 colorectal lines are shown in Fig. 2, B and C
(the concentration-response curves for the other lines are
shown in Supplemental Fig. 4). Fitting these concentration-
responses to eq. 1 showed that the FdU IC50 values for six
colorectal cell lines decreased by 6- to 70-fold after hUNG
inhibition (HT29, SW480, KM12, DLD1, HCT15, HCT116)
(Fig. 2B), whereas the responses of the remaining five lines
and the isogenic HCT116 TP53 knockout were unaffected by
hUNG activity (Colo205, HCC2998, HCT116 TP53KO, LoVo,
LS513, SW620) (Fig. 2C). In addition to these colorectal lines,
one breast cancer line (MCF7, p53wt) was significantly
sensitized by inhibition of hUNG activity (Supplemental
Fig. 4). Although the hUNG responsive colorectal lines were
enriched in TP53 mutant phenotypes (five out of six), this
trend was reversed for p53wt HCT116 (R) parent line and its
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isogenic TP53KO form (NR), as well as the highly responsive
MCF7 p53wt breast cancer line (Supplemental Fig. 4). Al-
though it has been previously suggested that TP53 mutant
status might be a useful biomarker for the R phenotype, six
out of nine of the other tumor lines tested were TP53 mutant
but NR phenotypically, further indicating that p53 status
alone is not a reliable predictor across all cancers (Yan et al.,
2018). This broad data set indicates that hUNG excision of U
or FU bases in DNA is not required for FdU efficacy, regard-
less of p53 activity. Moreover, in a subset of the cell lines, the
inhibition of hUNG sensitizes cells that would otherwise be
FdU-resistant.
To investigate whether the R and NR phenotypes were

related to differential expression of DNA damage response or
uracil metabolism gene products, we tested the expression
levels of 15 these genes by quantitative polymerase chain
reaction, but no obvious expression differences were observed
(Supplemental Fig. 5). We also evaluated whether represen-
tative R and NR cell lines followed an apoptotic mechanism of
cell death using annexin V staining and flow cytometry. For
both R and NR lines [HT29, HCT116 (TP53wt), DLD1, SW620,
HCT116 (TP53KO), Lovo], increased annexin V staining was
observed when the cells were treated with 100 nM FdU
continuously for 72 hours (Supplemental Figs. 6 and 7). When
hUNG was inhibited, these same lines showed a 2- to 4-fold
increase in annexin V staining compared with when hUNG
activity was present. Consistent with previous findings, these
data indicate that FdU induces apoptosis and that hUNG

inhibition potentiates this outcome (Weeks et al., 2014;
Huehls et al., 2016; Yan et al., 2016). In addition, we observed
that the effect of hUNG inhibition was much greater in the
TP53 knockout HCT116 line compared with its parental line
with a functionalTP53 gene (Supplemental Fig. 6). This result
suggests that TP53 activity is not an absolute requirement for
an FdU apoptotic response.
Finally, previous work by the Gerson and Karnitz groups

has established that FdU induces DNA strand breaks and
replication fork stalling, which are the precipitating factors for
the observed apoptotic response (Huehls et al., 2016; Yan
et al., 2016). We confirmed this by probing for gamma-H2A
histone family member X (gH2A.X) levels in the presence of
48 hours of continuous exposure to 1 mMFdU using the DLD1
and SW620 cell lines. Notably, in the absence of hUNG, a large
increase in gH2A.X was observed in Western blots of extracts
prepared from both cell lines (Supplemental Fig. 6, C and D).
The apoptotic response was independent of caspase cleavage
and activation because inclusion of the pan-caspase inhibitor
Ac-DEVD-CHO did not affect the observed increases in
gH2A.X (Supplemental Fig. 6E). Caspase-independent apo-
ptosis has been previously indicated for pemetrexed in studies
by the Gerson group (Bulgar et al., 2012; Weeks et al., 2014;
Yan et al., 2016).
FU Toxicity Does Not Require hUNG Excision. Given

the major role of FU in treatment of colorectal cancer, we next
asked whether the same hUNG R phenotype would be
manifested with FU. This question was addressed using the

Fig. 2. Inhibition of hUNG activity byUGI inducible expression increases potency of FdU but not FU for a subset of colorectal cancer cell lines. (A) hUNG
activity assay performed on protein lysates from parental (WT) colon cancer cell lines or the constructs containing doxycycline-inducible UGI. This assay
uses a 59-FAM–labeled 19-mer ssDNA substrate containing a central uracil base. When hUNG activity is present, a 59-FAM–labeled 9-mer product is
produced after sample processing, which is resolved from substrate by denaturing polyacrylamide gel electrophoresis. (B) Dose-response curves for
responsive colon cancer cell lines exposed to FdU under hUNG active (black) and inhibited (red) conditions. (C) Dose-response curves for nonresponsive
colon cancer cell lines exposed to FdUunder hUNGactive (black) and inhibited (red) conditions. (D) Dose-response curves for FdU responsive colon cancer
cell lines exposed to FU under hUNG active (black) and inhibited (red) conditions. Each dose-response curve was repeated at least three times beginning
from a fresh culture of each cell line. The error bars on each data point are the S.D. of three technical replicates from the same biologic replicate. Overall,
three biologic replicates were performed (Supplemental Table 2). WT, parental cells; I, doxycycline induced; NI, not induced.
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same six hUNG responsive colorectal lines revealed in the
concentration-response studies with FdU above. In stark
contrast to FdU, none of these previously responsive lines
showed any significant response to hUNG inhibition in the
context of FU treatment (Fig. 2D; Supplemental Table 5). This
is consistent with previous reports that FU toxicity arises
primarily from the RNA pathway, even though dTMP levels
are diminished and FU and U bases can be detected in DNA
upon treatment with this drug (Mojardín et al., 2013). The
present results require that any FU toxicity arising from the
DNA pathway cannot involve cytotoxic levels of U or FU
incorporated into DNA because responsiveness to hUNG
inhibition should have been observed.However, a contribution
from the DNA pathway arising from FU-mediated thymidine
depletion is possible.
We further investigated whether the R and NR phenotypes

observed with FdU and FU persisted in a cell proliferation
assay rather than the MTS assay, which uses a metabolic
marker (Supplemental Fig. 8). DLD1 (responsive) and SW620
(nonresponsive) cells were incubated under hUNG-proficient
and -inhibited conditions and exposed to a range of FdU
concentrations. Cellular confluence was then measured using
an Incucyte ZOOM live-cell imaging system over the course of
72 hours to match the drug exposure time in the MTS assay.
These measurements demonstrated a 5-fold increase in FdU
sensitivity in the responsive DLD1 cell line under hUNG-
inhibited conditions and no substantial shift in sensitivity for
the nonresponsive SW620 cell line. Of note, the difference in
confluence for the DLD1 cell line in the hUNG-proficient and
-inhibited states only became apparent after 48 hours of drug
exposure, suggesting that incorporated U and FU bases only
become toxic after a second round of DNA replication.

FU and U Levels in Genomic DNA in R and NR
Cells. Wewere interested in whether the differences between
the hUNG R and NR cell types might be related to different
levels of U and FU incorporated into DNA in these lines and
the persistence of these bases in the absence of hUNG activ-
ity. One major experimental challenge in answering this
question quantitatively is that R and NR cell types have very
different IC50 values for FdU, different growth rates and rates
of progression through the cell cycle, and very different
responses to hUNG inhibition. To at least partially control
for these differences and to provide a constant reference state
for evaluating two representative R and NR lines, we decided
to use an approach in which cells were cultured under serum
starvation to arrest at the G1/S border for 48 hours. After
arrest and synchronization, the cells were released into
regular media for 2 hours to restore nucleotide levels before
addition of 5mMFdU. The cells were then cultured for another
24 hours to allow for nucleotide incorporation and progression
through S phase. The genomic DNAwas isolated and assessed
for the FU and U content using LC/MS.
Across the four cell lines evaluated, there was a significant

increase in genomic FU when cells were exposed to FdU that
was further increased upon inhibition of hUNG. There were
several notable trends in the data. First, inhibition of hUNG in
combination with FdU treatment had a greater effect on
genomic FU levels as compared with U (Fig. 3, A and B).
Second, large differences in genomic U levels between cell
lines were observed in the absence of drug with hUNG
inhibition (Fig. 3A). In particular, the SW620 (NR) line
showed ∼10-fold higher U content than the HT29 (R) cell line.
In contrast, upon treatment with FdU and hUNG inhibition,
all four lines were more similar with respect to their genomic

Fig. 3. LC/MSmeasurements of U and FU bases in DNA of R andNR lines in the presence or absence of hUNG inhibition or FdU treatment. (A) Genomic
U content of responsive DLD1 and HT29 lines and nonresponsive LoVo and SW620 lines in the presence and absence of FdU treatment and hUNG
inhibition as indicated. (B) Genomic FU content of responsive DLD1 and HT29 lines and nonresponsive LoVo and SW620 lines in the presence and
absence of FdU treatment and hUNG inhibition as indicated. In these experiments, cells were synchronized at the G1/S border by serum starvation for 48
hours, followed by return to normal media for 2 hours and supplementation with 5 mMFdU for 24 hours before harvesting genomic DNA. The error bars
on eachmeasurement represent the S.D. from two biologic replicates from two distinct experiments started from a fresh culture of each cell line/condition.
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U and FU levels. We performed quantitative rate measure-
ments of hUNG catalyzed U excision using extracts from all of
these lines and found no correlation between cellular re-
sponsiveness and their baseline hUNG activity (Supplemental
Fig. 9). In conclusion, there is no evidence that differences
in genomic U and FU levels in the R or NR phenotypic lines,
or different hUNG activities, account for their different
responses to hUNG inhibition.
Evaluating Contributions of Thymidine Depletion

and dU Incorporation Using RTX. A complexity with
determining the toxicity mechanisms of FU and FdU with
respect to the DNA pathway is that these agents result in
multiple effects that include thymidine depletion as well as
elevated dUTP and FdUTP (Fig. 1A). One strategy to evaluate
the effects of dUTP and thymidine depletion in isolation is to
use the highly specific thymidylate synthetase inhibitor RTX
(Van Cutsem et al., 2002). We have previously shown that this
drug dramatically increases the dUTP/dTTP ratio and results
in uracil bases in DNA (Grogan et al., 2011; Weil et al., 2013).
Thus, we treated our entire panel of R and NR colorectal cell
lines to a range of RTX concentrations in the presence and
absence of hUNG inhibition (Fig. 4). Unlike the findings for
FdU, these experiments demonstrated no significant shift in
IC50 values for RTX upon hUNG inhibition (Supplemental
Table 6). However, as noted in the next section, there was
a reduction in viability upon hUNG inhibition as measured by
an area under the curve (AUC) analysis that was larger for the
responder group (26% reduction versus 8% for the nonre-
sponder group). Since inhibition of hUNGwould not affect the
thymidine depletion component, the extrasensitization aris-
ing from hUNG inhibition in the R lines may arise from the
persistence of uracil in DNA under conditions of thymidine
depletion. The minor effects of hUNG inhibition with RTX
suggest that the large effects of hUNG inhibition observed
with FdU arise from the unique properties of persistent FU
bases or the cellular response to FU bases in DNA (see
Discussion).
The relative effects of hUNG inhibition on cell killing by

FdU, FU, and RTX are shown in Fig. 5 for all of the hUNG R

andNR colon cancer lines. To best capture the total cell-killing
effect, the AUC values for RTX are compared rather than the
IC50 values (Kaldate et al., 2012). For FdU, there is a clear
demarcation between the IC50 values for the R and NR lines
when hUNG is active (black data, Fig. 5A) (P = 0.0019), but
when it is inhibited, the differences between these groups
disappear (red data, Fig. 5A). In the case of FU, the two groups
are indistinguishable based on their IC50 values (Fig. 5B), and
for RTX, a modest segregation of the two groups is observed
based on AUC (P = 0.05) but not IC50 values (Fig. 5C). Thus,
using hUNG responsiveness as a criterion of mechanism,
FdU toxicity is unique in its sensitivity to hUNG inhibition
(Fig. 1a).
Evaluating the Role of FU/A, U/A, and FU/G Base

Pairs in Toxicity of FdU. FU, and to a much lesser extent
U, have a greater propensity to form mispairs with G as
compared with T because of their lower imino proton pKa

values and altered tautomeric equilibria (Sowers et al., 1988).
Indeed, FdUTP is incorporated by human replicative DNA
polymerases with nearly equal frequency opposite to A and G
in the template strand, whereas dUTP and dTTP greatly favor
pairing with A (Meyers et al., 2005). Thus, significant levels of
two toxic base pairs may be formed during treatment with
FdU: FU/A and FU/G.
To explore the impact of these two base pairs we exposed

cells to FdU in the presence and absence of hUNG inhibition
while supplementing the media with either 100 mM dT or dU.
The logic behind dT supplementation is that thymidine
depletion is prevented and incorporation of FU or U opposite
to A will be outcompeted by the higher concentration of dTTP
in the nucleotide pool. In contrast, dTTP is not expected to
compete efficiently with FdUTP for base pairing with G. In the
case of dU supplementation, its metabolite dUMP is expected
to directly compete with FdUMP for binding to TS (Fig. 1A),
and since dUMP is the substrate for TS, this will lead to
increased dTMP levels as compared with treatment with FdU
alone (Sommer and Santi, 1974; Myers et al., 1975). Thus, in
the presence of dU supplementation, the relative levels of dTTP
precursors will be increased relative to no supplementation,

Fig. 4. Cell killing by RTX for a subset of FdU responsive colorectal cancer cell lines in the presence and absence of hUNG activity. (A) Dose-response
curves for RTX for the responsive colon cancer lines that demonstrated increased sensitivity to FdU upon hUNG inhibition. (B) Dose-response curves for
the nonresponsive colon cancer cell lines that demonstrated no change in sensitivity to FdU upon hUNG inhibition. Each dose-response curve was
repeated at least twice and was begun from a fresh culture of each cell line. The error bars on each measurement represent the S.D. from three technical
replicates of each cell line/condition.
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but in addition, the triphosphate form of dU can also be
incorporated into DNA in the form of U/A base pairs (Myers
et al., 1975; Weil et al., 2013).
The effects of dT supplementation in conjunction with FdU

dosing are consistent with the above-suggested mechanisms.
First, we confirmed that dT and dU supplementation led to the
expected changes with respect to FU and U levels in DNA
using the LC/MS method described above (Fig. 6A). Supple-
mentation with dT increased the IC50 values for FdU in HT29
and DLD1 responsive cells by two to four log units, with the
largest increases being observed under the condition of hUNG
inhibition (Fig. 6, B and C). Importantly, dT supplementation
completely eliminated the responsiveness to hUNG inhibition
that was observed with FdU alone (dashed lines Fig. 6B). The
observation that dT abrogates the responsive phenotype and
dramatically depletes the number of U and FU bases in DNA
(Fig. 6A) indicates that persistent FU bases in the absence of
hUNG activity is one major origin of responsiveness (findings
below establish that U bases are nontoxic in the absence of
thymidine depletion). Although the protective effect of 100mM
dT was diminished as the FdU concentration neared similar
levels (Fig. 6B), this is almost certainly due to direct compe-
tition of FdUTP with dTTP for incorporation into DNA. Thus,
these data indicate that 100 mM dT completely rescues the
toxic effects of lower cytotoxic concentrations of FdU.
Supplementation with a nontoxic (see below) 100 mM

concentration of dU during dosing with FdU increased the
FdU IC50 values for the responsive HT29 and DLD1 lines, but
by about one log unit less than observed with dT supplemen-
tation. Unlike dT supplementation, the cell line responsive-
ness to hUNG inhibition persisted in the presence of dU
(Fig. 6C). The increase in the IC50 values for FdU in the
presence of dU can be attributed to two possible mechanisms:
1) efficient conversion of dU into dUMP, which partially
competes with FdUMP for binding to TS, leading to increased
dTTP levels; and 2) competition between dUTP andFdUTP for
incorporation opposite to template adenines (dUTP incorpo-
ration using 100 mMdU is nontoxic by itself and does not show
any hUNG responsiveness; see below).
The effects of dT and dU supplementation during dosing

with RTX support the above conclusion that FU/A (and FU/G)
base pairs, but notU/A, are themajor toxic lesions produced by
FdU. Supplementation with dT completely rescued the toxic
effect of RTX, which is expected given that the dTTP pool is
restored by bypassing the inhibited TS enzyme (Fig. 6B).
Supplementation with dU did not change the IC50 or cytotox-
icity of RTX (Fig. 6C), which is consistent with fact that RTX
binds to the folate binding site of TS, and thus, dTTP pools
remain depleted even though dUMP levels are high. Since
100 mM dU is nontoxic on its own (see below), the toxic effects
of RTX must be mostly attributed to thymidine pool depletion
rather than introduction of dU into DNA.
Finally, supplementation with dT or dU in the context of FU

dosing had no effect on the concentration-response curves for
the DLD1 line and only small effects for the HT29 line (Fig. 6,

Fig. 5. Comparison of FdU, FU, or RTX responses of hUNG R and NR
colon cancer lines. (A) FdU IC50 values for R and NR lines in absence
(black) and presence (red) of hUNG inhibition. (B) FU IC50 values for R and
NR lines in the absence and presence of hUNG inhibition. (C) RTX AUC
values for R andNR in the absence and presence of hUNG inhibition. Error
bars are the S.D. of three (FdU) and two (FU, RTX) biologic replicates from
distinct experiments started from a fresh cell culture. A Student’s t test
was performed to compare the difference between the FdU IC50 in the six

responsive and six nonresponsive lines when hUNG was active (P value =
0.002). The change in raltitrexed AUC with hUNG inhibition between the
FdU responsive and nonresponsive cell lines was compared using a Stu-
dent’s t test (P value = 0.03).
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B and C). Although dU supplementation did shift the IC50

curves rightward for the HT29 line, there were only ∼2-fold
changes in fractional cell killing at any concentration of FU
because of the broad concentration-response observed with
FU alone. Once again, an RNA pathway is strongly indicated
for FU, but the HT29 cell line may also have a minor DNA
pathway component for FU (Fig. 1A).
In summary, the supplementation data indicate that the

increased FdU toxicity in cell lines that show responsiveness
to hUNG inhibition at least partly results from the persistence
of FU/A pairs, which can be effectively rescued by dT or dU
supplementation. In addition, persistent FU/G pairs are also
likely to be important. In contrast, a toxic role for persistent
U/A pairs is not indicated because 100 mM dU is completely
nontoxic on its own, in both the absence and presence of
hUNG activity (see below), and dU supplementation sub-
stantially abrogates the cytotoxicity of FdU (Fig. 6C). Thus, in
the case of RTX, the toxicity arises primarily from thymidine
starvation rather than U/A pairs, and accordingly, RTX
toxicity is fully rescued by dT. The above interpretations of
nucleoside supplementation effects are strongly supported by
1) previously measured changes in dTTP, dUTP, and FdUTP
concentrations in HT29 cells upon treatment with FU, FdU,
and RTX; 2) measurements of FU and U levels in genomic
DNA reported above; and 3) the relative activity of hUNG on
U- and FU-containing DNA substrates (see below) (Grogan
et al., 2011; Weil et al., 2013).
hUNG Responsiveness Does Not Extend to dU and

BrdU. Since the toxicity of FdU in responder cells was
determined by hUNG activity, we were curious whether the
toxicity of other deoxyuridine analogs (dU, BrdU) might

correlate with the ability (or inability) of hUNG to excise
these bases in the context of DNA. To assess this, we
synthesized a series of 19-mer 59-FAM–labeled ssDNA sub-
strates that contained a single centrally located U, FU, or
5-Bromouracil (BrU) base (Fig. 7A). The substrates were
reacted with hUNG catalytic domain, and the reaction
products were processed and analyzed by gel electrophoresis
as described in Fig. 2A and the Materials and Methods. The
kinetic time courses for these substrates revealed that dU was
excised 30 times faster than FU and that excision of BrU was
undetectable (Fig. 7A). These results impact interpretation
of the FdU toxicity mechanism because the poor reactivity
of FU indicates that it is more likely to persist in DNA after
incorporation, even when hUNG activity is present (see
Discussion).
We dosed the HT29UGI and DLD1UGI cell lines with dU and

BrdU nucleosides for 72 hours and determined cell viability
using the MTS assay (Fig. 7B). Surprisingly, dU was re-
markably nontoxic to both lines, with IC50 values of almost 10
mM. In addition, there was no responsiveness to hUNG
inhibition despite uracil being a preferred substrate in DNA.
In contrast, BrdU was toxic at concentrations 100-fold lower
than dU with no responsiveness to hUNG inhibition, as would
be expected based on its inability to serve as a substrate for
hUNG in the in vitro activity assay.
The very weak toxicity of dU is consistent with its ability to

partially rescue the toxic effects of FdU (Fig. 6B), and the
preferred reactivity of hUNG for U bases in vitro also suggests
efficient excision in the context of genomic DNA. Thus, during
dosing with dU, uracil excision and generation of toxic abasic
sites must occur, but these lesions must be efficiently replaced

Fig. 6. Differential effects of dT and dU supplementation on toxicities of FdU, FU, and RTX in the hUNG responsive DLD1 and HT29 cell lines. (A) LC/
MS measurements of U and FU bases in DNA in DLD1 and HT29 cells treated with FdU in the absence and presence of hUNG activity. These
measurements were performedwith andwithout supplementationwith 100mMdU or dT as indicated in the legend. Two biologic replicatemeasurements
were made. (B) Supplementation with 100 mM dT increases the IC50 of FdU and removes the response to hUNG inhibition (red curves). In contrast, dT
supplementation completely rescues the toxicity of RTX while having no impact on FU toxicity. Dose-response curves for these cell lines under hUNG
active and inhibited conditions are shown by the dashed lines for comparison. (C) Supplementation with 100 mM dU increases the IC50 of FdU, but the
response to hUNG inhibition (red curves) is retained. In contrast, dU supplementation with FU does not alter toxicity in the DLD1 cell line but slightly
enhances toxicity in theHT29 line. Supplementation with 100mMdUduring treatment with RTX increases the IC50 by 100-fold but retains the increased
AUC under conditions of hUNG inhibition (red curves) observed with RTX alone (see text). The supplementation experiments with FdU were performed
in biologic triplicates (three technical replicates for each), and supplementation experiments with FU and RTX were performed with biologic duplicates
(three technical replicates for each).
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with T or U to prevent the anticipated severe effects on DNA
replication and cell growth. Apparently, persistent U/A pairs
are well tolerated by the cell when hUNG activity is inhibited
(no other cellular DNA glycosylase readily accepts U/A pairs
as a substrate) (Kavli et al., 2002; Grogan et al., 2011). We
rationalize that the greater toxicity of BrdUmost likely stems
from its inhibition of TS and perhaps hUNG-independent
excision (Maley, 1962). Possibilities for excision of the BrU
base include SMUG1 and TDGDNA glycosylases ormismatch
repair, all of which have a substrate spectrum that includes
BrU (and FU) if it is paired with guanine on the opposite
strand (Meyers et al., 2005; Morgan et al., 2007).
TDG Activity Does Not Modulate FdU Sensitivity

after hUNG Inhibition in Responsive Cells. Prior
reports have suggested that in the absence of hUNG, TDG
intervenes to mediate removal of FU/G and U/G base mis-
matches, which precipitates post–S-phase cell cycle arrest
(Fischer et al., 2007; Huehls et al., 2016). To clarify whether
the increased efficacy of FdUwhen hUNGwas inhibited in our
responsive cell lines also depended on TDG, we generated
TDG knockouts (KOs) and knockdowns (KDs) using CRISPR
and shRNA methodology, respectively. In the DLD1 CW57.1

UGI background, two independent KO clones were isolated
after puromycin selection using different CRISPR guide
sequences (Supplemental Table 1). These clones were vali-
dated using Sanger sequencing in which homozygous frame-
shift mutations were confirmed (Supplemental Fig. 10). In
addition, we used shRNA methodology to generate two TDG
KDs in the DLD1 and HT29 CW57.1 UGI backgrounds. For
both the DLD1 KO and DLD1/HT29 KD lines, the absence or
substantial reduction of TDG protein expression was con-
firmed by Western blot analysis (Fig. 8, A and B). We then
assessed whether TDG loss impacted sensitivity of cells to
FdU under conditions in which hUNG was active (black data)
or inhibited (red data) (Fig. 8, C and D). Comparisons of the
concentration-response curves between the TDG KOs or KDs
and the respective control or parent line indicate that TDG
does not determine the hUNG responsiveness to FdU in
these lines.

Discussion
What Makes a Cell hUNG Responsive Versus Non-

responsive? The most fundamental observation from our
extensive data set is that NR lines have low IC50 values for
FdU regardless of hUNG activity, whereas the R lines are
resistant to FdU until hUNG activity is inhibited (Fig. 5). A
useful distinction is to consider the possibility of pre- and post-
DNA incorporation events as the basis for the differences in
these lines. Possible preincorporation differences that could
influence responsiveness include nucleoside transport, ex-
pression levels of activating kinase enzymes, or differences
in pathways for degrading the FdU nucleoside (i.e., thymidine
phosphorylase). Post-DNA incorporation events include differ-
ences in cell cycle checkpoint proteins (Checkpoint kinase 1,
p53, Ataxia-Telangiesctasia Mutated, Protein kinase B,
WEE1 G2 Checkpoint Kinase, etc.), DNA repair pathways,
or signaling pathways promoting cell death (Geng et al., 2011;
Datta et al., 2016; Kim et al., 2016; Yan et al., 2018).
The most useful measurement that includes all steps

leading to and including nucleotide incorporation into DNA
is the direct measurement of the U and FU levels in genomic
DNA for both responsive and nonresponsive lines (Fig. 3;
Fig. 6A). Although there were differences in genomic uracil
levels between the lines under basal conditions, the differ-
ences did not segregate according to responsiveness. Further,
under the condition of FdU treatment, there was no indication
that R or NR lines differed with respect to genomic dU or FdU,
regardless of hUNG activity status. Given these incorporation
results, we think it is unlikely that the fundamental difference
betweenR andNR lines resides in any of the steps upstream of
nucleotide incorporation.
The simplest mechanism that could give rise to the different

responsiveness of the cell lines subsequent to U or FU
incorporation into DNA would be low baseline hUNG activity
in the NR lines, which would make them resemble the hUNG-
inhibited state. However, we directly excluded this possibility
by quantifying hUNG activity in cell extracts from both R and
NR colorectal lines and found no correlation of activity with
the R/NR phenotypes (Supplemental Fig. 9). Of course, many
other possibilities for postincorporation differences between
the R andNR lines exist—most notably, possible differences in
checkpoint signaling. One postincorporation mechanism that
we directly tested was suggested by prior work of the Karnitz

Fig. 7. hUNG activity on U, FU, and BrU DNA bases and cell toxicities of
dU and BrdU. (A) The 19-mer substrates containing U, FU, or BrU were
reacted with 50 pM of hUNG catalytic domain for the indicated times, and
the reaction products were resolved by gel electrophoresis after processing.
The excision of the base results in a 59-FAM–labeled 9-mer product. (B)
HT29UGI and DLD1UGI cells were dosed with dU and BrdU in the presence
(black) and absence (red) of hUNG activity. After 72 hours of nucleoside
exposure, cell viability was measured using the MTS assay. Each
concentration-response curve was repeated at least twice, beginning from
a fresh culture of each cell line. The error bars on each measurement
represent the S.D. from three technical replicates of each cell line/
condition.
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group (Geng et al., 2011). Their results showed that when
hUNG protein was ablated in the context of FU incorporation,
synchronized progression through the cell cycle was slowed at
the second G1/S phase transition, with markedly hindered
progression through S phase and activation of homologous
recombination that was dependent on TDG in the absence of
hUNG (Geng et al., 2011; Huehls et al., 2016). In contrast, our
studies did not detect a significant change in FdU cytotoxicity
in the combined context of UGI inhibition and TDG CRISPR
knockout or shRNA depletion in two responder cell lines
(Fig. 8). Although we cannot rule out that TDG activity might
modify FdU sensitivity in some hUNG-deficient backgrounds,
we found no evidence that TDG is a required mediator of FdU
cellular toxicity in the absence of hUNG activity.
Finally, we also pursued an unbiased whole-transcriptome

search leveraging pre-existing data available through the
Cancer Cell Line Encyclopedia and performed a gene set
enrichment analysis on the responsive and nonresponsive
lines (Subramanian et al., 2005; Barretina et al., 2012). Using
1502 curated gene sets (compiled in the Molecular Signatures
Database) that encompass a wide range of biologic relevance,
we looked for gene sets enriched in different paired compar-
isons. First, we looked at colon cancer cell lines alone to control

for tissue-specific expression differences; second, we looked at
all of our responsive and nonresponsive lines to increase the
sample number. None of the comparisons resulted in a gene
set having a false discovery rate q-value , 0.25 even though
gene sets with P values, 0.01 were observed. The lack of low
false discovery rate q-values could be a result of low sample
number or a subtle biologic signal. Nevertheless, there were
trends suggesting that expression of ion channel transporters
and the Notch homolog 1 signaling pathway might be lower in
the R cell lines, resulting in resistance that was overcome by
hUNG inhibition. We explored the FdU sensitivity of the
DLD1 and HT29 R lines in the presence of single saturating
concentrations of small-molecule inhibitors of ion channel
(verapamil) and Notch homolog 1 pathways (RBPJ inhibitor-
1) under hUNGactive and inhibited conditions (Supplemental
Fig. 11). These additional treatments did not introduce
significant or anticipated changes in the IC50 values under
hUNG active or inhibited conditions.
Nature of the Toxic DNA Lesion. The use of FdU, FU,

and RTX in the context of hUNG inhibition and in conjunction
with nucleoside supplementation (dT, dU, BrdU) provides
insight into the relative toxicities of various DNA lesions that
are generated with these nucleosides. One surprising finding

Fig. 8. Sensitivity of cells to FdU upon loss of TDG. (A) Western blot demonstrating loss of TDG protein expression with two independent clones
generated with unique CRISPR guides targeting the TDG coding sequence (DLD1UGI cell line). A negative control guide sequence is also shown. (B)
Western blot establishing reduced TDG expression after introduction of two unique TDG shRNA coding sequences into HT29UGI and DLD1UGI cells.
Expression in the control guide shRNA and the parental cell lines (wt) are also shown. (C) DLDUGI cells containing two unique CRISPR TDG knockouts
were exposed to a spectrum of FdU concentrations in a hUNG active (black data) and inhibited (red data) background. Cells were exposed to drug for 72
hours before determination of viability using the MTS assay, and shRNA negative controls are also shown. (D) HT29UGI and DLD1UGI cells expressing
shRNA targeting TDG were exposed to a spectrum of FdU concentrations in a hUNG active (black data) and inhibited (red data) background. Cells were
exposed to drug for 72 hours before determination of viability using the MTS assay and shRNA negative controls are also shown. Each dose-response
curve was repeated at least twice, beginning from a fresh culture of each cell line. The error bars on each measurement represent the S.D. from three
technical replicates of each cell line/condition.WT, parental cells; Ctrl, control cells containing noncoding shRNA construct; sumo-TDG, sumoylated TDG.
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was that dU was essentially nontoxic (IC50 ∼10 mM), in-
dependent of hUNG inhibition, even though it is the most
favored substrate (Fig. 7). This suggests that any dUTP
incorporated in the form of U/A base pairs during RTX or
FdU treatment is not intrinsically toxic, regardless of whether
the uracil is excised by hUNG or persists in the absence
of hUNG activity. Thus, any component of toxicity that is
derived from excision from U/A pairs must also require
inhibition of TS by these drugs. Without the additional
component of TS inhibition (thymidine starvation), uracil
excision by hUNG is counteracted by efficient replacement of
Uwith T (or U) through base excision repair, both of which are
nontoxic. In the absence of hUNGactivity, intact U/A pairs are
well tolerated. A requirement for TS inhibition and thymidine
depletion in the toxicity of U/A pairs is supported by the
results with the TS inhibitor BrdU, which is not a substrate for
hUNG, but is toxic at concentrations 100-fold lower than dU
(Fig. 7) (Maley, 1962).
The vastly more potent toxicity of FdU as compared with

BrdU or dU requires that the FdU nucleoside has unique
properties unrelated to its ability to inhibit TS (like BrdU) or
introduce uracil into DNA (like dU). We surmise that persis-
tence of the FU base in DNA is a key aspect of the action of
FdU in R cell lines. Persistence is strongly suggested by the
increased toxicity in the absence of hUNG activity. The
molecular mechanism is most likely related to the electronic
properties of the FU base. It is well established that FU exists
in a pH-dependent equilibrium between a wobble and ionized
base pair anion while pairing with G (Sowers et al., 1988;
Parker and Stivers, 2011). This property of FU is attributed to
the electron withdrawing fluorine atom, which lowers the pKa

value of the N3 imino proton (pKa = 8.3), increasing the
likelihood that this base will be misincorporated opposite to G
by replicative DNA polymerases. Studies performed with
mismatch repair–deficient HCT116 human colon cancer cells
demonstrated that ∼50% of the genomic 5-FU was incorpo-
rated opposite to guanine (Meyers et al., 2005). Further, the
anion form of the FU base is problematic for excision by hUNG
because cleavage of the glycosidic bond generates a second
anion at N1 of the base, which generates additional unfavor-
able charge and increases the barrier for excision of FU.
Indeed, in addition to the fluorine steric bulk, which hinders
binding of FU in the hUNG active site, the unfavorable charge
aspects of the transition state also contribute to its poor
recognition and excision by hUNG (Drohat and Stivers, 2000;
Parker et al., 2007).
We suggest a multimodal toxicity mechanism for FdU that

leads to its unique potency. This mechanism includes 1)
depletion of the thymidine nucleotide pool through inhibition
of TS, preventing the repair process FU/A (and U/A)→ T/A; 2)
the mispairing aspects of FU, which leads to high levels of FU/
G pairs; and 3) the persistence of FU/G and FU/A pairs
because of their poor reactivity with hUNG (and especially
when hUNG activity is inhibited). Persistence suggests that
other cellular pathways act on FU lesions when these lesions
are missed by hUNG during S phase. In previous studies,
mismatch repair, topoisomerase 1, and TDG/SMUG1/Methyl-
CpG-binding domain protein 4 glycosylases have either been
implicated or excluded as factors in postreplication detection
of FU, depending on the study (Wyatt and Wilson, 2009;
Huehls et al., 2011; Pardee et al., 2012). Although prior work
also suggested that p53 mutated tumors were diagnostic for

cell lines that showed the responsive hUNG phenotype, our
more extensive data set paints a more complex picture in
which p53 loss is neither necessary nor sufficient to differen-
tiate between R and NR cells. Thus, a firm understanding of
the basis for the R and NR phenotypes remains unknown and
requires further experimentation.
Potential Therapeutic Benefits of hUNG Inhibition.

The observation that about 50% of our tested colorectal cancer
cell lines showed increased sensitivity to FdU when hUNG
was inhibited provides encouragement that hUNG might be
a useful secondary target to enhance the efficacy of fluoropyr-
imidine therapy in colorectal cancer. Since hUNG inhibition
appears to target cancers with intrinsic resistance to FdU
chemotherapy, the addition of a small-molecule hUNG in-
hibitor could improve the response rate of patients undergoing
treatment in an adjuvant or metastatic setting and/or reduce
dose-limiting cytotoxicities.

Acknowledgments

The authors thank Micheal Matunis (JHSPH) for supplying
purified TDG and our colleagues James Barrow (Leiber Institute),
Fred Bunz (JHSOM), Vasan Yegnasubramanian (JHSOM), and
James Eschleman (JHSOM) for use of key equipment, valuable
discussions, and reagents.

Authorship Contributions

Participated in research design: Christenson, Egleston, Seamon,
Park, Stivers.

Conducted experiments: Christenson, Gizzi, Cui, Egleston, DePas-
quale, Orris.

Contributed new reagents or analytic tools: Christenson, Gizzi,
DePasquale, Orris.

Performed data analysis: Christenson, Gizzi, Cui, Egleston, Stivers.
Wrote or contributed to the writing of the manuscript: Christenson,

Gizzi, Cui, Egleston, Orris, Stivers.

References

Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, Wilson
CJ, Lehár J, Kryukov GV, Sonkin D, et al. (2012) The Cancer Cell Line Encyclo-
pedia enables predictive modelling of anticancer drug sensitivity. Nature 483:
603–607.

Benson AB III, Venook AP, Cederquist L, Chan E, Chen Y-J, Cooper HS, Deming D,
Engstrom PF, Enzinger PC, Fichera A, et al. (2017) Colon cancer, version 1.2017,
NCCN clinical practice guidelines in oncology. J Natl Compr Canc Netw 15:
370–398.

Bulgar AD, Weeks LD, Miao Y, Yang S, Xu Y, Guo C, Markowitz S, Oleinick N,
Gerson SL, and Liu L (2012) Removal of uracil by uracil DNA glycosylase limits
pemetrexed cytotoxicity: overriding the limit with methoxyamine to inhibit base
excision repair. Cell Death Dis 3:e252.

Chen WY, Wang DH, Yen RC, Luo J, Gu W, and Baylin SB (2005) Tumor suppressor
HIC1 directly regulates SIRT1 to modulate p53-dependent DNA-damage respon-
ses. Cell 123:437–448.

Cole AR, Ofer S, Ryzhenkova K, Baltulionis G, Hornyak P, and Savva R (2013)
Architecturally diverse proteins converge on an analogous mechanism to inactivate
Uracil-DNA glycosylase. Nucleic Acids Res 41:8760–8775.

Datta A, Dey S, Das P, Alam SK, and Roychoudhury S (2016) Transcriptome profiling
identifies genes and pathways deregulated upon floxuridine treatment in colorectal
cancer cells harboring GOF mutant p53. Genom Data 8:47–51.

Drohat AC and Stivers JT (2000) Escherichia coli uracil DNA glycosylase: NMR
characterization of the short hydrogen bond from His187 to uracil O2. Biochemistry
39:11865–11875.

Fischer F, Baerenfaller K, and Jiricny J (2007) 5-Fluorouracil is efficiently removed
from DNA by the base excision and mismatch repair systems. Gastroenterology
133:1858–1868.

Geng L, Huehls AM, Wagner JM, Huntoon CJ, and Karnitz LM (2011) Checkpoint
signaling, base excision repair, and PARP promote survival of colon cancer cells
treated with 5-fluorodeoxyuridine but not 5-fluorouracil. PLoS One 6:e28862.

Grogan BC, Parker JB, Guminski AF, and Stivers JT (2011) Effect of the thymidylate
synthase inhibitors on dUTP and TTP pool levels and the activities of DNA repair
glycosylases on uracil and 5-fluorouracil in DNA. Biochemistry 50:618–627.

Houghton JA, Houghton PJ, and Wooten RS (1979) Mechanism of induction of gas-
trointestinal toxicity in the mouse by 5-fluorouracil, 5-fluorouridine, and 5-fluoro-
29-deoxyuridine. Cancer Res 39:2406–2413.

Huehls AM, Huntoon CJ, Joshi PM, Baehr CA, Wagner JM, Wang X, Lee MY,
and Karnitz LM (2016) Genomically incorporated 5-fluorouracil that escapes

424 Christenson et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


UNG-initiated base excision repair blocks DNA replication and activates homolo-
gous recombination. Mol Pharmacol 89:53–62.

Huehls AM, Wagner JM, Huntoon CJ, Geng L, Erlichman C, Patel AG, Kaufmann
SH, and Karnitz LM (2011) Poly(ADP-Ribose) polymerase inhibition synergizes
with 5-fluorodeoxyuridine but not 5-fluorouracil in ovarian cancer cells. Cancer Res
71:4944–4954.

Kaldate RR, Haregewoin A, Grier CE, Hamilton SA, and McLeod HL (2012) Modeling
the 5-fluorouracil area under the curve versus dose relationship to develop
a pharmacokinetic dosing algorithm for colorectal cancer patients receiving FOL-
FOX6. Oncologist 17:296–302.

Kavli B, Sundheim O, Akbari M, Otterlei M, Nilsen H, Skorpen F, Aas PA, Hagen L,
Krokan HE, and Slupphaug G (2002) hUNG2 is the major repair enzyme for
removal of uracil from U:A matches, U:G mismatches, and U in single-
stranded DNA, with hSMUG1 as a broad specificity backup. J Biol Chem 277:
39926–39936.

Kim H-Y, Cho Y, Kang H, Yim Y-S, Kim S-J, Song J, and Chun K-H (2016) Targeting
the WEE1 kinase as a molecular targeted therapy for gastric cancer. Oncotarget 7:
49902–49916.

Longley DB, Harkin DP, and Johnston PG (2003) 5-fluorouracil: mechanisms of ac-
tion and clinical strategies. Nat Rev Cancer 3:330–338.

Maley F (1962) Nucleotide interconversions. VII. The effect of halogenated and
N-methyl derivatives of deoxycytidylic acid on deoxycytidylate deaminase and
thymidylate synthetase. Biochim Biophys Acta 61:135–138.

Meyers M, Wagner MW, Mazurek A, Schmutte C, Fishel R, and Boothman DA (2005)
DNA mismatch repair-dependent response to fluoropyrimidine-generated damage.
J Biol Chem 280:5516–5526.

Mojardín L, Botet J, Quintales L, Moreno S, and Salas M (2013) New insights into the
RNA-based mechanism of action of the anticancer drug 59-fluorouracil in eukary-
otic cells. PLoS One 8:e78172.

Mol CD, Arvai AS, Sanderson RJ, Slupphaug G, Kavli B, Krokan HE, Mosbaugh DW,
and Tainer JA (1995) Crystal structure of human uracil-DNA glycosylase in com-
plex with a protein inhibitor: protein mimicry of DNA. Cell 82:701–708.

Morgan MT, Bennett MT, and Drohat AC (2007) Excision of 5-halogenated uracils by
human thymine DNA glycosylase. Robust activity for DNA contexts other than
CpG. J Biol Chem 282:27578–27586.

Myers CE, Young RC, and Chabner BA (1975) Biochemical determinants of 5-
fluorouracil response in vivo. The role of deoxyuridylate pool expansion. J Clin
Invest 56:1231–1238.

Neri F, Incarnato D, Krepelova A, Rapelli S, Anselmi F, Parlato C, Medana C, Dal
Bello F, and Oliviero S (2015) Single-base resolution analysis of 5-formyl and 5-
carboxyl cytosine reveals promoter DNA methylation dynamics. Cell Rep 10:
674–683.

Pardee TS, Gomes E, Jennings-Gee J, Caudell D, and Gmeiner WH (2012) Unique
dual targeting of thymidylate synthase and topoisomerase1 by FdUMP[10] results
in high efficacy against AML and low toxicity. Blood 119:3561–3570.

Parker JB, Bianchet MA, Krosky DJ, Friedman JI, Amzel LM, and Stivers JT (2007)
Enzymatic capture of an extrahelical thymine in the search for uracil in DNA.
Nature 449:433–437.

Parker JB and Stivers JT (2011) Dynamics of uracil and 5-fluorouracil in DNA.
Biochemistry 50:612–617.

Pritchard DM, Watson AJ, Potten CS, Jackman AL, and Hickman JA (1997) In-
hibition by uridine but not thymidine of p53-dependent intestinal apoptosis

initiated by 5-fluorouracil: evidence for the involvement of RNA perturbation. Proc
Natl Acad Sci USA 94:1795–1799.

Slupphaug G, Eftedal I, Kavli B, Bharati S, Helle NM, Haug T, Levine DW,
and Krokan HE (1995) Properties of a recombinant human uracil-DNA glycosylase
from the UNG gene and evidence that UNG encodes the major uracil-DNA glyco-
sylase. Biochemistry 34:128–138.

Sommer H and Santi DV (1974) Purification and amino acid analysis of an active site
peptide from thymidylate synthetase containing covalently bound 5-fluoro-29-
deoxyuridylate and methylenetetrahydrofolate. Biochem Biophys Res Commun 57:
689–695.

Sowers LC, Eritja R, Kaplan B, Goodman MF, and Fazakerly GV (1988) Equilibrium
between a wobble and ionized base pair formed between fluorouracil and guanine
in DNA as studied by proton and fluorine NMR. J Biol Chem 263:14794–14801.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Pau-
lovich A, Pomeroy SL, Golub TR, Lander ES, et al. (2005) Gene set enrichment
analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci USA 102:15545–15550.

Van Cutsem E, Cunningham D, Maroun J, Cervantes A, and Glimelius B (2002)
Raltitrexed: current clinical status and future directions. Ann Oncol 13:513–522.

van Groeningen CJ, Peters GJ, Leyva A, Laurensse E, and Pinedo HM (1989) Re-
versal of 5-fluorouracil-induced myelosuppression by prolonged administration of
high-dose uridine. J Natl Cancer Inst 81:157–162.

van Laar JAM, Rustum YM, Ackland SP, van Groeningen CJ, and Peters GJ (1998)
Comparison of 5-fluoro-29-deoxyuridine with 5-fluorouracil and their role in the
treatment of colorectal cancer. Eur J Cancer 34:296–306.

Vodenkova S, Buchler T, Cervena K, Veskrnova V, Vodicka P, and Vymetalkova V
(2020) 5-fluorouracil and other fluoropyrimidines in colorectal cancer: past, present
and future. Pharmacol Ther 206:107447.

Weeks LD, Zentner GE, Scacheri PC, and Gerson SL (2014) Uracil DNA glycosylase
(UNG) loss enhances DNA double strand break formation in human cancer cells
exposed to pemetrexed. Cell Death Dis 5:e1045.

Weil AF, Ghosh D, Zhou Y, Seiple L, McMahon MA, Spivak AM, Siliciano RF,
and Stivers JT (2013) Uracil DNA glycosylase initiates degradation of HIV-1 cDNA
containing misincorporated dUTP and prevents viral integration. Proc Natl Acad
Sci USA 110:E448–E457.

Weiser BP, Rodriguez G, Cole PA, and Stivers JT (2018) N-terminal domain of hu-
man uracil DNA glycosylase (hUNG2) promotes targeting to uracil sites adjacent to
ssDNA-dsDNA junctions. Nucleic Acids Res 46:7169–7178.

Wyatt MD and Wilson DM III (2009) Participation of DNA repair in the response to
5-fluorouracil. Cell Mol Life Sci 66:788–799.

Yan Y, Han X, Qing Y, Condie AG, Gorityala S, Yang S, Xu Y, Zhang Y, and Gerson
SL (2016) Inhibition of uracil DNA glycosylase sensitizes cancer cells to 5-
fluorodeoxyuridine through replication fork collapse-induced DNA damage. Onco-
target 7:59299–59313.

Yan Y, Qing Y, Pink JJ, and Gerson SL (2018) Loss of uracil DNA glycosylase selectively
resensitizes p53-mutant and -deficient cells to 5-FdU. Mol Cancer Res 16:212–221.

Address correspondence to: James T. Stivers, Department of Pharmacology
and Molecular Sciences, Johns Hopkins University School of Medicine, 725
North Wolfe St., Baltimore, MD 21205. E-mail: jstivers@jhmi.edu

Inhibition of hUNG Potentiates FdU Killing in Cancer Cells 425

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

mailto:jstivers@jhmi.edu
http://molpharm.aspetjournals.org/

