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Introduction
DNA mutations, changes that occur during DNA 
replication, can induce genetic instability. Among 
various mutation classes, this study investigates 
mutations caused by DNA secondary structures 
able to form quasi palindromes (QPs). QPs are 
imperfect inverted repeats of DNA that can give 
rise to hairpins and cruciform structures. DNA 
replication and gene expression are fundamental 
processes shared by all living organisms, including 
human cells. E. coli have simpler systems than 
human cells, making them ideal for preliminary 
studies. Their ease of genetic manipulation and 
rapid growth in the lab further enhance their 
utility.

The thyA hotspot in E. coli was the first natural 
QP hotspot studied for mutagenesis (1). These 
structures have been correlated with a specific 

type of mutation referred to as a template-switch 
mutation (TSM). TSMs are associated with 
several human diseases as reviewed (2), including 
hereditary angioneurotic edema (3), osteogenesis 
imperfecta (4), and biotinidase deficiency (5). 
Lynn Ripley was first to propose the two mecha-
nisms for QP-induced TSM, intramolecular and 
intermolecular (Figure 1), both of which can 
involve a modification of the quasi-palindromic 
region into a perfected palindrome proposed to be 
after a momentary fork stalling event. (6)

While TSM occurs on both leading and lagging 
strands during DNA replication, the leading 
strand exhibits a bias towards TSM in both rever-
sion (7) and TSM-specific assays (8). This bias is 
nullified in the absence of exonucleases (ExoI and 
ExoVII) (8), which are known to prevent TSM 
(1, 9) with ExoI playing the larger role (1). This 
suggests that both strands can undergo mutations, 
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but the lagging strand is more adept at averting 
and correcting them (8). Additionally, research 
has demonstrated that exposure of QP sites to 
chemicals can influence the rate of TSM (10, 11). 
Azidothymidine (AZT), a thymidine analogue 
used as an antiretroviral medication to prevent 
and treat HIV/AIDS, has been seen to increase 
TSM rates (11). Other drugs found to increase 
rates of TSM include 5-Azacytidine (5-azaC), the 
antibiotic ciprofloxacin, and formaldehyde (10). 
5-azaC interacts with cytosine methyltransferase 
(12) to cause DNA/protein crosslinks that stall 
replication (13), the antibiotic ciprofloxacin 
is a topoisomerase type II inhibitor, like DNA 
gyrase (14) and the chemical formaldehyde acts 
as a general mutagen, including creating DNA/
Protein crosslinks in human cells (15). This study 
focuses on testing additional FDA-approved 
drugs, described below, for their impact on TSM 
frequency in E. coli.

A mutational reporter in the lacZ gene of E. coli 
has been used to identify the rate of quasi-pal-
indrome mutations after exposure to various 
FDA-approved drugs. These mutations become 
apparent when lacZ alleles revert to Lac+, a 
phenomenon observed only if a template-switch 
event occurs. Additionally, since most studies on 
the influence of drug exposure on TSM have also 
used this mutational reporter in E. coli, continu-
ing to use this system allows for consistent and 
fair comparisons across research.

All the FDA-approved therapeutics selected 
have at least one mechanism of action capable 
of causing replication fork stalling, a necessary 
condition for both intra- and intermolecular TSM. 
It is expected that these drugs are either inhibiting 
a process during DNA replication or disrupting 
DNA through intercalation and will lead to an 
increase in TSM frequency.

Figure 1. 

Quasi-palindrome Template-Switch Mutation Mechanisms

Two template-switch mutation models involving a temporary displacement of the nascent strand 
and relocation of the polymerase onto another strand different from the original template. In the 
intramolecular model, the nascent strand becomes the template, in the intermolecular model, the 
homologous strand becomes the template. Both mechanisms created a situation that can perfect an 
imperfect palindrome. (Created in https://BioRender.com)

https://BioRender.com
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Gemcitabine Hydrochloride (dFdC)

Gemcitabine hydrochloride (dFdC) is an FDA-ap-
proved drug used in cancer treatment. Once inside 
cells, deoxycytidine kinase (dCK) phosphorylates 
dFdC, and subsequent phosphorylation steps lead 
to its active forms, dFdCDP and dFdTP. dFdCDP 
inhibits ribonucleotide reductase, reducing the 
pool of deoxynucleotides, mostly dCTPs, and 
enhancing the concentration of dFdCDP. This 
self-potentiation mechanism promotes masked 
chain termination that inhibits DNA synthesis 
and causes a fork stalling event (16). Although 
there are no previous studies focusing on gemcit-
abine's chain termination effects on TSM, studies 
conducted with the AZT chain terminator drug 
led to the hypothesis that gemcitabine might 
similarly be able to enhance TSM frequency (11).

Ibuprofen 

Ibuprofen is an FDA-approved drug that treats 
inflammation and is used mostly to treat mild 
forms of pain and reduce fevers. A previous study 
found that the reactive oxygen species (ROS) 
generated by ibuprofen caused DNA strand 
scission and could cause DNA degradation (17). 
Furthermore, ibuprofen was identified to have 
intercalative binding with the DNA helix. This 
is where structures resembling base pairs will 
be stationed in the double helix rather than 
the appropriate base pairs and thereby distort 
the structure. In this sense, DNA replication is 
prevented from operating regularly. We have 
chosen to test ibuprofen due to the potential role 
it has in genetic instability.

Dexamethasone

Dexamethasone is an FDA-approved hormonal 
corticosteroid commonly prescribed to treat 
inflammation and swelling. Dexamethasone is 
comprised of multiple aromatics and hydroxy, 
methyl, and oxo groups, making it similar in 
structure to other corticosteroids such as hydro-
cortisone and prednisolone. Further studies 
examining the interaction between the dexameth-
asone-glucocorticoid receptor complex, and DNA 
have suggested the potential for dexamethasone to 

behave as an intercalating agent (18), giving it the 
potential to cause template switch mutations.

Doxorubicin Hydrochloride 

Doxorubicin hydrochloride (Doxo) is a chemical 
capable of inhibiting topoisomerase II (19), gener-
ating reactive oxygen species (20), and intercalat-
ing DNA (21). Here we evaluate the potential role 
of Doxo in TSM due to inhibiting topoisomerases 
and Doxo mediated DNA-protein crosslinks, 
similarly to how 5-azaC and ciprofloxacin have 
been shown to promote TSM by stalling repli-
cation (10) implicating the Dcm-DNA covalent 
complex trapped by 5-azaC as the initiator for 
mutagenesis. The leading strand of replication 
is more mutable than the lagging strand, which 
can be explained by blocks to the replicative 
helicase and/or fork regression. We find that 
template-switch mutagenesis induced by 5-azaC 
does not require double strand break repair via 
RecABCD; the ability to induce the SOS response 
is anti-mutagenic. Mutants in recB, but not recA, 
exhibit high constitutive rates of template-switch-
ing, and we suggest that RecBCD-mediated 
DNA degradation prevents template-switching 
associated with fork regression. A mutation in 
the DnaB fork helicase also promotes high levels 
of template-switching. We also find that other 
DPC-inducers, formaldehyde (a non-specific 
crosslinker.

Irinotecan Hydrochloride (CPT-11)

Irinotecan hydrochloride (CPT-11), derived from 
camptothecin, is a chemotherapeutic drug that 
inhibits topoisomerase I (22, 23). The inhibition 
of topoisomerase I by CPT-11 results in the 
formation of highly cytotoxic topoisomerase 
I-DNA cleavage complexes, importantly triggering 
various cellular responses, including protein-
linked DNA breaks 23 and replication fork arrest24. 
Due to the similarities of properties with other 
TSM causing drugs, we have included the evalua-
tion of CPT-11.
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Figure 2. 

Mutational Assay Methods

A. Single colonies were selected, inoculated, and cultured overnight. B. Cultures were diluted and 
incubated for 2 hours before pelleting via centrifugation. C. Cultures were divided into treated and 
control tubes before adding drug or control at the provided concentrations. Cultures were then incubat-
ed for 2 hours. D. Cultures were pelleted via centrifugation and the cell pellets were washed before 
resuspending the cells and performing serial dilutions. Dilutions were plated on LB and minimum 
lactose plates and incubated overnight. E. Total colony forming units (CFUs)/mL were determined and 
percentage of reverting CFUs were calculated. (Created in https://BioRender.com)

https://BioRender.com
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Methods

Bacterial Strains, Growth Conditions, and  
Media

A lacZ mutational reporter strain of Escherichia 
coli, QP5, that reverts to Lac+ when a 4 base pair 
deletion occurs due to a template switch mutation 
was acquired from Dr. Susan T. Lovett (used in 
Laranjo et al. 2017) 25. Standard growth medium 
was Luria Broth (LB) medium, comprised of 1% 
Bacto-tryptone, 0.5% yeast extract, and 0.5% 
sodium chloride (Fisher Scientific, Waltham, 
MA, USA) and minimum lactose solid medium, 
comprised of 1x M9 salts, 0.2% lactose, 1mM 
Magnesium Sulfate, and 0.1mM Calcium Chloride 

(Alpha Teknova, Hollister, CA, USA). Plates were 
also comprised of 1.5% Bacto-agar. 

Mutational Assay

Single colonies were inoculated and cultured in 
1.5 mL of Luria Broth (LB) medium and grown 
overnight at 37°C with aeration (Figure 2A). The 
culture underwent a 1:100 dilution in fresh 1.5 
mL LB medium, followed by a 2-hour incubation 
period at 37°C with aeration. Following incuba-
tion, the entire culture was pelleted by centrifu-
gation at approximately 7000 rcf for two minutes 
so that the latent medium could be removed, and 
the pellet was resuspended in 150 µL of fresh LB 
(Figure 2B). The resuspended culture was divided 
evenly (75 μL in each) among two tubes followed 

Figure 3. 

Mutation frequency of Gemcitabine at varying concentrations

Gemcitabine was tested at 0.3 (n=1), 0.5 (n=1), 0.7 (n=1), and 0.9 μM (n=2) and mutation frequency 
were calculated. The fold increase of the samples was 0.67, 1.14, 0.93, and 1.14 respectively compared 
to the control showing no statistical difference. Error bars represent 95% CI based on the average 
mutation frequency. 



Fine Focus | Volume 1118

by an addition of 1.5 mL of fresh LB to each 
tube (Figure 2C). The specified concentration 
of the selected drug – CPT-11 (0.5 μM, 1 μM), 
Dexamethasone (60 μM), Ibuprofen (150 μM), 
Doxorubicin (0.025 μM, 0.4 μM, 0.5 μM) – was 
added to one tube while an equal amount of water 
was added to the other tube. Both tubes were 
placed back in the incubator for an additional 2 
hours to grow at 37°C with aeration. Subsequent-
ly, both cultures were pelleted by centrifugation 
once more and the cell pellet was washed twice 
with 1 mL LB, followed by resuspension in 200, 
400, or 600 μL LB. Cultures were then subject to 
serial dilutions in a 96-well plate to obtain 10-fold 
dilutions up to a 1:100,000 dilution, spotted 
onto LB and minimum lactose plates and grown 
overnight at 37°C to determine the CFU (colony 
forming units)/mL (Figure 2D). 

Data Collection and Analysis

The percentage of reverting CFUs of the total was 
calculated for each drug by dividing the number 
of total CFU/mL on the LAC plates by the number 
of total CFU/mL on the LB plates (Figure 2E). All 
corresponding data points were averaged to obtain 
the average mutation frequency of each drug. 
Statistical analysis was done using an unpaired 
t-test that does not assume equal standard devia-
tion among populations (Welch’s t-test) using 
GraphPad Prism version 10.2.0 for Windows, 
GraphPad Software, Boston, Massachusetts USA, 
www.graphpad.com. 

Figure 4. 

Mutation frequency of Ibuprofen at 150 μM

Ibuprofen demonstrated a fold increase of 0.74 compared to the control (n=3). This was not statis-
tically different than the control group.  Error bars represent 95% CI based on the average mutation 
frequency.

http://www.graphpad.com
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Results
Of the four concentrations of gemcitabine hydro-
chloride tested (0.3 μM, 0.5 μM, 0.7 μM, and 0.9 
μM), the fold change was only between 0.67 and 
1.14 (Figure 3) showing no statistical difference 
from the control group. Similarly, ibuprofen 
showed a fold change of 0.74 and no statistical 
difference from the control (Figure 4).  

When compared to the control group, dexameth-
asone resulted in a lower average rate of template-
switch mutations, though not statistically 
different from the control. Dexamethasone was 

tested at a concentration of 60 μM and resulted 
in a 2.37-fold change in mutation frequency, with 
the average rate of mutation 1.56E-06 compared 
to the control of 3.71E-06 (Figure 5). This was 
similar to the results of doxorubicin hydrochloride 
at a concentration of 0.4 μM which had a fold 
change of 2.41 and an average rate of mutation 
of 1.54E-06 (Figure 5). Testing done with CPT-11 
showed a statistically significant (p=0.0383) 
change in reported template-switch mutation rate, 
producing a 3.08-fold decrease when tested at a 
concentration of 0.5 μM with an average rate of 
mutation of 1.20E-06 (Figure 5).

Figure 5. 

Comparison of mutation frequency of CPT-11, Dexamethasone, and Doxorubicin

CPT-11 was tested at a concentration of 0.5 μM (n=17) and resulted in a statistically significant fold 
change of 3.08 compared to the control with a p-value of 0.0383. Dexamethasone, at a concentration 
of 60 μM (n=5), showed a statistically insignificant fold change of 2.37 compared to the control. 
Doxorubicin was also statistically insignificant, tested at a concentration of 0.4 μM (n=24) and display-
ing a fold change of 2.41 compared to the control. Error bars represent 95% CI based on the average 
mutation frequency.
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Discussion
This study aims to expand our understanding of 
which FDA-approved drugs contribute to TSM. It 
is important to examine how these therapeutics, 
including some commonly used over-the-counter 
drugs, may affect mutation frequency, as TSM 
have been linked to the development of various 
diseases. There is still a significant gap in under-
standing TSM, their causes, and the mechanisms 
behind these mutations.

The expected outcomes for these experimental 
drugs were that they would either inhibit a 
process during DNA replication or act as inter-
calating agents to disrupt DNA, leading to an 
increase in TSM frequency. However, for most 
of the drugs tested (Ibuprofen, Dexamethasone, 
Doxorubicin hydrochloride, and Gemcitabine 
hydrochloride), no statistically significant change 
in mutation frequency was observed.

Our preliminary investigation into the effects of 
gemcitabine hydrochloride on TSM frequency 
suggests no significant impact on the leading 
strand. Contrary to the initial hypothesis, due to 
gemcitabine hydrochloride's chain termination 
effects during DNA replication, our results from 
limited trials do not support this notion. Instead, 
it appears that gemcitabine hydrochloride may 
have no effect on TSM frequency, aligning with its 
primary role in inhibiting DNA synthesis rather 
than causing replication fork stalling 26. Similarly, 
although ibuprofen's potential to intercalate 
within DNA 17 could theoretically stall the replica-
tion machinery, our trials did not show a statisti-
cal increase in TSM frequency. Ibuprofen, hypoth-
esized to act as an intercalating agent, likely 
failed to intercalate the DNA or caused excessive 
damage due to its relatively large size. This could 
explain the lack of change in mutation frequency, 
as the DNA either remained unchanged or was too 
damaged to synthesize properly.  

Both dexamethasone and doxorubicin hydro-
chloride did not result in a statistically significant 
change in TSM rate when compared to the control 
group. Dexamethasone and doxorubicin hydro-
chloride, also predicted to intercalate DNA and 
stall the replication fork, may have caused enough 
damage to prevent successful replication, leading 
to no observed change in TSM frequency, though 
additional trials may provide further insights. In 
contrast, CPT-11 showed a statistically significant 
decrease in TSM frequency. This supports the 
hypothesis that CPT-11 inhibits topoisomerase 
I and induces DNA strand breaks. These breaks 
likely prevent the displacement of the nascent 
DNA strand and instead promote DNA damage 
repair through resection and homology search 
rather than Quasi-Palindrome hairpin formation, 
thereby reducing polymerase displacement 
onto the opposite strand. This highlights its 
potential role in mitigating TSM occurrence. We 
plan to further explore the potential impact of 
FDA-approved drugs on TSM using our extensive 
FDA-approved drug library. This ongoing inves-
tigation aims to investigate on the mechanisms 
underlying TSM, including both natural occur-
rences and drug-induced cases.

Additional research on the impact of drug 
exposure on TSM should be conducted in 
mammalian cells. While this experiment focused 
on E. coli and provided valuable insights, the 
effects on mammalian cells remain unknown. 
Testing these drugs in mammalian cells would 
allow for a more direct evaluation of the conclu-
sions drawn from this study in a more complex 
system. This approach would also enable observa-
tions in cells that are susceptible to TSM-associ-
ated diseases. Such findings would be particularly 
compelling given that the drugs tested here are 
also used to treat other diseases not directly 
related to TSM. This could open discussions about 
the potential consequences of using these thera-
peutics, especially regarding their broader impact 
on mutation frequency.
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