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A B S T R A C T   

Loss of heterozygosity (LOH) is a hallmark feature of cancer genomes that reduces allelic variation, thereby 
creating tumor specific vulnerabilities which could be exploited for therapeutic purposes. We previously reported 
that loss of drug metabolic arylamine N-acetyltransferase 2 (NAT2) activity following LOH at 8p22 could be 
targeted for collateral lethality anticancer therapy in colorectal cancer (CRC). Here, we report a novel compound 
CBK034026C that exhibits specific toxicity towards CRC cells with high NAT2 activity. Connectivity Map 
analysis revealed that CBK034026C elicited a response pattern related to ATPase inhibitors. Similar to ouabain, a 
potent inhibitor of the Na+/K+-ATPase, CBK034026C activated the Nf-kB pathway. Further metabolomic 
profiling revealed downregulation of pathways associated with antioxidant defense and mitochondrial meta-
bolism in CRC cells with high NAT2 activity, thereby weakening the protective response to oxidative stress 
induced by CBK034026C. The identification of a small molecule targeting metabolic vulnerabilities caused by 
NAT2 activity provides novel avenues for development of anticancer agents.   

1. Introduction 

Colorectal cancer (CRC) ranks third in incidence but second in 
mortality with nearly 2 million incident cases and 935,000 deaths in 
2020 [1]. Surgery followed by chemotherapy or radiotherapy is the 
mainstay of CRC treatment and several targeted therapies for incurable 
metastatic CRCs have been developed [2]. However, therapy resistance 
eventually emerges [3]. One challenge is the lack of efficient agents 
which specifically kill tumor cells while sparing normal tissues. It was 
expected that cancer genome sequencing would unravel novel action-
able targets [4–6]. However, these efforts uncovered few oncogene 
targets but revealed that the cancer genome landscape was dominated 
by tumor suppressor genes [7]. Additionally, most frequently mutated 

oncogenes have proven to be challenging targets for cancer therapy 
[8–10]. Innovative concepts to specifically target CRC tumor cells are 
therefore urgently needed. 

Several strategies seeking to target somatic loss of bystander genes 
which are near tumor suppressor genes have recently been developed 
[11–14]. Loss of heterozygosity (LOH), a consequence of several 
different types of structural mutations in cancer genomes, is observed in 
>90% of human cancers, and can lead to loss of tumor suppressor gene 
function. Another consequence of LOH is heterozygous loci permanently 
losing one of their two parental alleles, thus reducing genetic variation 
in the tumor genome [7,15,16]. In certain types of cancers, such as CRC, 
LOH can affect more than 20% of the genome [15], causing loss of allelic 
variation in thousands of genes. Together, LOH events lead to genetic 
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differences between tumor and normal cells, creating potential vulner-
abilities which could be further targeted by low molecular weight drugs 
or other means. 

We previously reported that recurring LOH at the NAT2 locus on 
8p22 in CRC could be exploited for anticancer therapy [17]. The NAT2 
gene is highly polymorphic and has more than 100 known single 
nucleotide variants (SNVs) in the protein coding sequence [18]. Aryl-
amine N-acetyltransferase 2 (NAT2) is a cytosolic xenobiotic metabo-
lizing enzyme with an essential role in the detoxification and 
metabolism of many drugs and carcinogens [19]. The detoxification and 
drug metabolism process requires different phaseI and phaseII enzymes 
that increase the hydrophilicity of these xenobiotics [20]. NAT2 plays an 
essential role in the phaseII clearance of aromatic amines, hydrazines, 
and hydroxylamines by delivering an acetyl group from acetyl coenzy-
meA [21] (Figure1A). The expression of NAT2 is highest in the liver, 
followed by the small intestine and colon [22]. The highly polymorphic 
SNVs of NAT2 alleles allows for the classification of individuals into 
rapid, intermediate, or slow acetylators [23]. Seven common single 
nucleotide polymorphisms (SNPs) define the different NAT2 allele 
groups. NAT2*4 is the wild-type allele. NAT2*4, NAT2*11, NAT2*12, 
and NAT2*13 encode enzyme variants with rapid acetylator phenotype. 
NAT2*5, NAT2*6, NAT2*7 and NAT2*14 encode enzyme variants with 
slow acetylator phenotype [24]. Intermediate acetylators harbor one 
copy of a rapid and one copy of a slow acetylator allele (NAT2slow/rapid). 
During the early development of CRC, a heterozygous patient (NAT2slow/ 

rapid) may lose the NAT2rapid allele by LOH, effectively rendering the 
tumor with >10-fold less NAT2 activity [25]. We previously established 
cell models expressing the rapid NAT2*13A or the slow NAT2*6A 
(rs1799930) acetylator allele and identified a cytotoxic low molecular 
weight compound APA (6-(4-aminophenyl)-N-(3,4,5-trimethoxyphenyl) 
pyrazin-2-amine) selectively killing CRC cells harboring only the slow 
NAT2*6 allele by screening a selected set of 176 compounds from a total 
library size of 189,018 [17]. To our knowledge, this was the first proof of 
feasibility of targeting loss of non-disease-causing variant alleles of a 
non-essential enzyme to inhibit cancer cell growth. Here, we have per-
formed a cell-based screen of chemical diversity to identify agents whose 
toxicity is modulated by cellular NAT2 activity. From ~33 K screened 
compounds we discovered and characterized CBK034026C, which eli-
cited a response pattern related to ATPase inhibitors and preferentially 
killed cancer cells expressing rapid NAT2. 

2. Results 

2.1. Identification of agents with NAT2 activity dependent cytotoxicity 
through chemical library screening 

We previously established CRC cell models expressing the prevalent 
rapid NAT2*13A (NAT2rapid) or slow NAT2*6A (rs1799930, NAT2slow) 
alleles and identified a cytotoxic low molecular weight compound, APA, 
selectively killing CRC cells with slow NAT2 activity [17]. Here, to 
identify novel drugs targeting the differential activity of NAT2 that 
arises in CRC cells through LOH or copy number alterations during 
tumor development, we performed a cell-based screen of 33,000 com-
pounds available at the Chemical Biology Consortium Sweden (CBCS) 
(Fig. 1B). The average plate Z’-factor was 0.76–0.84, and the previously 
identified APA compound was re-discovered, confirming the robustness 
of the procedure. In this screen, we used selection criteria described in 
Fig. 1C, 3 compounds exhibiting preferential toxicity to NAT2slow CRC 
cells (CBK269664, CBK003557 and CBK062835, Fig. 1D) and 5 with 
preferential toxicity to NAT2rapid cells (CBK034026C, CBK008822, 
CBK263551, CBK018566 and CBK267247) were identified (Fig. 1E). As 
the NAT2slow selective compounds showed low toxicity and IC50 > 50 
µM (Fig. 1F), they were not selected for further characterization. On the 
other hand, CBK034026C, CBK008822, CBK263551, CBK018566 and 
CBK267247 displayed higher potency with a ≥ 3-fold difference in IC50 
in NAT2rapid versus NAT2slow cells (Fig. 1G). To make sure that the 

observed differences were dependent on NAT2 activity rather than the 
genetic background, we evaluated CBK034026C, CBK008822, 
CBK263551, CBK018566 and CBK267247 on DLD-1 NAT2rapid versus 
NAT2slow cells. A consistent pattern of preferential killing of NAT2rapid 

cells was observed for CBK034026C (Fig. 1H), supporting that the effect 
was dependent on NAT2 activity [17]. Taken together, we decided to 
focus our attention on CBK034026C as this compound had a significant 
difference in measured IC50 between NAT2rapid (IC50 = 2.43 µM) versus 
NAT2slow (IC50 = 11.14 µM) cells and a difference in IC50 was observed 
in two different genetic backgrounds. 

2.2. CBK034026C and analogues display NAT2 activity dependent 
cytotoxicity 

To better understand the NAT2 activity dependent toxicity of 
CBK034026C, we sought to identify structural analogues with a similar 
response pattern to CBK034026C. Through a structure-based search, 10 
analogues were found and first tested in RKO cell models. Similar to 
CBK034026C, CBK034296T, CBK036384T, CBK038119 and 
CBK029030C show a consistent pattern of preferential killing of 
NAT2rapid cells, but only CBK034296T, CBK036384T and CBK038119 
displayed the same response pattern in DLD-1 cell models (Fig. 2A and 
2B). CBK034026C, CBK034296T, CBK036384T and CBK038119 share 
the same core structure, but different R1 and R2 groups (Fig. 2C and 2D). 
NAT2 is a cytosolic enzyme with a specific role in the metabolism of 
many drugs [19]. We therefore sought to determine whether 
CBK034026C was a direct NAT2 enzyme substrate. We incubated 
CBK034026C with recombinant human NAT2 protein and measured the 
acetylation products using mass spectrometry-based metabolomics [26]. 
Whereas an acetylation product was observed for APA, no acetylation 
products were detected for CBK034026C (Fig. 2E), demonstrating that 
CBK034026C is not a direct NAT2 substrate. We as well checked other 
screen hits using the RKO cell models. None of them (CBK008822, 
CBK263551, CBK018566 or CBK267247) were NAT2 substrates 
(Fig. 2F). We then asked whether CBK034026C is an inhibitor of NAT2 
by incubating recombinant NAT2 protein with increasing concentra-
tions of CBK034026C along with a known NAT2 substrate (APA). As the 
APA acetylation product was detected only in presence of recombinant 
NAT2 and regardless of the concentration of CBK034026C, we could 
refute that CBK034026C is a NAT2 inhibitor (Fig. 2G). Thus, the cyto-
toxicity of CBK034026C is most likely exerted through other cellular 
systems whose activity or function are influenced by NAT2. 

2.3. Compound CBK034026C and its analogue CBK034296T elicit 
similar cellular effects as the Na+/K+-ATPase inhibitors 

To decipher the differential effect of CBK034026C on cell growth in 
NAT2rapid and NAT2slow cells, we performed a Connectivity Map analysis 
(C-MAP), whereby genes, drugs, and disease states are translated into 
common gene-expression signatures to systematically define the cellular 
effects of a given compound with unknown target or mechanism of ac-
tion [27]. Gene set enrichment analysis of the L1000 gene expression 
data revealed that CBK034026C and its analogue CBK034296T had 
highest similarity to the pharmacologic class of ATPase (Adenosine 5′- 
TriPhosphatase) inhibitors (Fig. 3A and 3B). The ATPases constitute a 
group of enzymes that catalyze hydrolysis of a phosphate bond in 
adenosine triphosphate (ATP) to form adenosine diphosphate (ADP), 
have essential roles in energy conservation, active transport and pH 
homeostasis in all known forms of life [28,29]. Based on the difference 
in structure and the type of ion that they transport, ATPases are divided 
in three major classes: F-ATPases (e.g. mitochondrial H+-ATPase), P- 
ATPases (e.g. Ca2+-ATPase, Na+/K+-ATPase) and V-ATPases (e.g. 
lysosomal H+-ATPase) [30]. To determine which category of ATPases 
that CBK034026C and its analogue CBK034296T inhibit, we examined 
the top 10 ranked compounds belonging to the perturbagens of ATPase 
inhibitors (Fig. 3C). Interestingly, except the last compound oligomycin- 

X. Zhang et al.                                                                                                                                                                                                                                   



Biochemical Pharmacology 203 (2022) 115184

3

(caption on next page) 

X. Zhang et al.                                                                                                                                                                                                                                   



Biochemical Pharmacology 203 (2022) 115184

4

a, described as a F0F1 H+ -ATPase inhibitor [31], which had enrichment 
score <90, the other 9 compounds including digitoxin, digoxin [32] and 
ouabain [33] are known inhibitors of Na+/K+-ATPase, indicating that 
CBK034026C and its analogue CBK034296T targeted the activity of 
Na+/K+-ATPase. To confirm this finding, we tested CBK034026C along 
with ouabain in an ATPase enzyme activity assay. Significant inhibition 
of ATPase activity was observed in both RKO and DLD-1 cells treated 
with CBK034026C (Fig. 3D). Moreover, consistent with the observation 
from CBK034026C, the ATPase inhibitors digitoxin and ouabain also 
exhibited stronger toxicity to NAT2rapid cells (Fig. 3E and 3F), support-
ing the finding that CBK034026C is an Na+/K+-ATPase inhibitor. 

2.4. Reprogramming of mitochondrial metabolism by NAT2 

For mechanistic understanding of the NAT2 dependent toxicity of 
CBK034026C and analogues, we next assessed the metabolic differences 
between CRC cells with rapid or slow NAT2 alleles using mass 
spectrometry-based metabolomics [26]. Interestingly, the metabolic 
pathways of aspartate and asparagine, glutamate and glutathione 
metabolism were significantly upregulated in NAT2slow cells compared 
to NAT2rapid cells (Fig. 4A). Since all the top three metabolic pathways 
are critical in maintaining functional mitochondria (Fig. 4B), we hy-
pothesized that altered activity of NAT2 might lead to reprograming of 
mitochondrial metabolism. Interestingly, we observed an accumulation 
of glutathione in NAT2slow cells (Fig. 4C). Glutathione is an indispens-
able component of the antioxidant defense systems [34,35]. An upre-
gulation of glutathione metabolism can lead to increased antioxidant 
capacity, and vice versa. Indeed, when NAT2rapid and NAT2slow cells 
were treated with increasing concentrations of L-Buthionine sulphox-
imine (BSO), an inhibitor of GSH synthesis, almost no cell death was 
observed in NAT2slow cells even at the highest concentration of 100 mM 
BSO, whereas ~20% cell death was noticed at 0.1 mM and ~50% at 10 
mM in NAT2rapid cells (Fig. 4D). We therefore hypothesized that dif-
ferential antioxidant capacity could be relevant to the NAT2 dependent 
response to CBK034026C. Heme oxygenase-1 (HMOX-1) is a marker of 
oxidative stress upregulated in response to agents that induce oxidative 
injury [36], and the cytotoxic effects of oxidative stress were exacer-
bated in cells lacking HMOX-1 [37]. Indeed, when we treated cells with 
CBK034026C, upregulation of HMOX-1 was observed but the elevation 
was much weaker in NAT2rapid compared to NAT2slow cells in both RKO 
and DLD-1 genetic backgrounds (Fig. 4E), supporting that CBK034026C 
induces oxidative stress which is less efficiently handled in NAT2rapid 

cells. Since the mitochondrion is the main site for ATP synthesis and 
inhibition of the Na+/K+-ATPase by ouabain was observed to decrease 
intracellular level of ATP [38], we measured the intracellular ATP level 
in cells treated with ascending concentrations of CBK034026C or its 
analogue CBK034296T. Interestingly, at 5 µM, impaired energy pro-
duction was only noticed in NAT2rapid but not NAT2slow cells (Fig. 4F), 
indicating that reprogramming of mitochondrial metabolism by differ-
ential NAT2 activity could also affect cellular ATP levels. 

2.5. Compound CBK034026C and its analog affect the activity of the Nf- 
kB signaling pathway 

It is known that ATPase inhibitors such as ouabain activate the Nf-kB 
pathway [39,59]. We observed near 4-fold increase of p-Nf-kB after 
ouabain treatment (Fig. 5A). Moreover, activation of the Nf-kB pathway 

regulates genes promoting cellular survival. For example, Nf-kB activity 
can regulate reactive oxygen species (ROS) levels by increasing 
expression of antioxidant proteins, such as HMOX-1 to protect cells from 
oxidative stress induced cell death [40,41]. Since we observed an 
upregulation of HMOX-1 in cells treated with CBK034026C which shows 
a similar mechanism of action to ATPase inhibitors, we speculated that 
CBK034026C might as well be able to upregulate Nf-kB pathway. To test 
this hypothesis, we treated NAT2rapid and NAT2slow cells with increasing 
concentrations of CBK034026C for 24 h, and observed a significant in-
crease of p-Nf-kB in both RKO and DLD-1 cells (Fig. 5B). Interestingly, 
compared to RKO cells, DLD-1 cells show a greater induction in both 
NAT2rapid and NAT2slow cells (in RKO cells, the fold change of p-Nf-kB / 
t-Nf-kB is ~1.2 whereas in DLD-1 cells the fold change of p-Nf-kB / t-Nf- 
kB is ~3–4. This may as well explain why DLD-1 cells are less sensitive 
than RKO cells to CBK034026C and its analogues. 

3. Discussion 

Novel targeted therapies for treating CRC have been limited by drug 
resistance, thereby reducing their clinical utility. Loss of heterozygosity 
(LOH) was originally observed using polymorphic markers which were 
heterozygous in germline DNA but homozygous in the tumor, and is 
common during the evolution of cancers [42]. When a bystander gene 
encoding an essential protein undergoes LOH, further inhibition or loss 
of the retained allele is lethal to tumor cells whereas normal cells survive 
relying solely on the remaining allele [43]. Such vulnerabilities created 
by LOH can provide collateral lethality targets for cancer therapy. 
Among non-essential genes frequently subject to LOH in cancer, we have 
previously demonstrated that loss of arylamine N-acetyltransferase 2 
(NAT2) activity following LOH at 8p22 can be targeted using the cyto-
toxic kinase inhibitor APA. Here, we performed de novo a 33,000-com-
pound screen to find additional potential drug candidates with better 
safety profile. Unexpectedly, no compounds superior to APA were 
discovered, but rather a family of compounds selectively killing cells 
with high NAT2 activity. Hit compounds CBK034026C and its analogue 
CBK034296T were not direct NAT2 substrates, although we have not 
excluded the possibility that they are NAT2 substrates after metabolism 
by phase I enzymes. 

Interestingly, our further analyses showed that the transcriptional 
signature characterizing the response to CBK034026C and its analogue 
CBK034296T bore the highest similarity to that of Na+/K+-ATPase in-
hibitors, which was further supported by their inhibition of ATPase 
activity. The most eminent pharmacological function of Na+/K+-ATPase 
inhibitors is improved myocardial contractility in pathologic conditions 
such as congestive heart failure. In recent years, inhibitors of Na+/K+- 
ATPase have also been reported to exhibit anti-cancer potential in vitro 
and in vivo, but the underlying mechanism is not known [44,45]. Here, 
the novel Na+/K+-ATPase inhibitors showed NAT2 activity dependent 
toxicity and induced greater short-term activation of Nf-kB pathway in 
cells with rapid NAT2, providing a novel perspective to understand the 
mechanism underlying the anticancer activity of Na+/K+-ATPase 
inhibitors. 

Furthermore, a metabolomic analysis revealed that pathways 
involved in antioxidant defense (glutathione metabolism) were signifi-
cantly upregulated in cells harboring slow NAT2 activity. Since gluta-
thione S-transferases (GSTs) and N-acetyltransferases are 
multifunctional enzymes that play important roles in phase II cellular 

Fig. 1. Identification of agents with NAT2 activity dependent cytotoxicity through primary chemical library screening A. Enzyme reaction catalyzed by 
arylamine N-acetyltransferase 2 (NAT2). B. Workflow of the cell-based drug screen. A total of ~33,000 compounds were assessed in a cell-based screen in 384-well 
plates to find compounds that exhibited selective toxicity to either NAT2rapid or NAT2slow cells. C. Hit selection criteria used in the 33 K compounds library screening. 
D. Three compounds (CBK269664, CBK003557 and CBK062835) exhibiting greater toxicity to NAT2slow. E. Five hits (CBK034026C, CBK008822, CBK263551, 
CBK018566 and CBK267247) selectively killing NAT2rapid cells were identified along with a known compound (APA) selectively killing NAT2slow cells. F. Three 
compounds (CBK269664, CBK003557 and CBK062835) exhibiting greater toxicity to NAT2slow show IC50 > 50 µM in both RKO NAT2rapid and NAT2slow cells. G. The 
IC50 values of the discovered hit compounds exhibiting greater toxicity to NAT2rapid cells. H. A consistent pattern of preferential killing of DLD-1 NAT2rapid cells was 
observed for CBK034026C. The data are expressed as the mean ± SD of three independent experiments. 
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detoxification and bioactivation reactions, they are generally considered 
to be antioxidant enzymes [46]. Hypothetically, cancer cells only 
retaining slow NAT2 activity may upregulate GST activity to maintain 
detoxification and bioactivation functions. This could explain why 
CBK034026C induced oxidative stress and cells lacking NAT2 activity 
exhibited a stronger protective response measured as the expression 
level of HMOX-1 and a higher survivability. The increased expression of 
antioxidant protein HMOX-1 further supports our observation on Nf-kB 
induction, which is one of the upstream regulators of antioxidant pro-
teins to further protect cells from oxidative stress induced cell death 
[40,47]. This may also shed a light on understanding the cytotoxic effect 
of Na+/K+-ATPase inhibitors observed in cancer cells, which exhibit 
aberrant redox homeostasis [48]. 

Na+/K+-ATPase inhibitor digoxin is one of the oldest cardiovascular 
medications used today. It is classified as a cardiac glycoside and was 
initially approved by the FDA in 1954 [49]. In 2019, there are more than 
2 million prescriptions in the USA (clincalc.com). Currently, there are 29 
clinical trials of digoxin in the treatment of cancer (clinicaltrials.gov), 
For example, in clinical trial NCT01763931 with a purpose to study 
effects of digoxin on breast cancer, no serious adverse effects were 
observed, but other adverse effects were recorded, such as ear pain, dry 
mouth, cellulitis (https://clinicaltrials.gov/ct2/show/NCT01763931 
and http://www.cdek.liu.edu/trial/NCT01763931/0. In clinical trial 
NCT01162135 with a purpose to study effects of digoxin on recurrent 
prostate cancer, digoxin was well tolerated with possible relation of one 
grade 3 back pain. No patients had evidence of digoxin toxicity (http 
s://clinicaltrials.gov/ct2/show/study/NCT01162135) [50]. Adverse 
effects might as well happen to our identified new Na+/K+-ATPase in-
hibitors, however, since CBK034026C and its analogues CBK034296T, 
CBK036384T and CBK038119 displayed a consistent response pattern 
with enhanced toxicity to NAT2rapid cells in both RKO and DLD-1 in vitro 
models. We hope that at least one of them may have efficient therapeutic 
effect as well as a safe profile in preclinical models. 

In this study, we also noticed that, compared to DLD-1 cells, RKO 
cells exhibit greater selection capacity in the 33,000-compound screen. 
For example, CBK263551 and CBK267247 were confirmed as hit com-
pounds in RKO cell model but not in DLD-1 cell model. In our previous 
study, NAT2 activity was measured in both DLD-1 and RKO cell models. 
We noticed that compared to DLD-1, RKO cells displayed higher basal 
NAT2 catalytic activity, even as the acetylation activities were ≥8-fold 
higher in rapid NAT2 clones when compared to slow NAT2 in both RKO 
and DLD-1 cells [17]. Since CBK263551 and CBK267247 are not direct 
substrates of NAT2, RKO cells may have a greater selectivity in the drug 
screen performed here. At the same time, studies have observed altered 
expressions of Na+/K+-ATPase subunits in CRC [51,52] and distinct 
affinities for ouabain in heterologous Na+/K+-ATPase systems [53]. This 
may partially explain why Na+/K+-ATPase inhibitor CBK034026C and 
its analogues could be selected from both DLD-1 and RKO cell models. 
However, the underlying mechanism is still unclear and warrants further 
investigation. Further, CBK034026C displayed stronger inhibition of 
Na+/K+-ATPase in DLD-1 cells but a greater cytotoxic effect in RKO cells 
suggesting that CBK034026C toxicity is not solely stemming from the 
inhibition of ATPase activity. The degree of oxidative stress, changes in 

intracellular ATP levels, and extent of Nf-kB pathway induction may as 
well affect CBK034026C induced cell death. Together with the mecha-
nism of action data obtained from C-MAP analysis, CBK034026C may 
have multiple targets, a common observation in drug discovery [54]. 
Therefore, further optimization of the structure of CBK034026C may be 
required. 

The rapid acetylator phenotype has been linked to an increased risk 
of colorectal cancer through producing ROS, which can form irreversible 
DNA adducts [55] and trigger oxidative stress [56]. Recently, we 
discovered that also endogenous aliphatic amines could be acetylated by 
NAT2 [26], supporting a role in cellular metabolism beyond xenobiotic 
metabolism. The findings here provide novel tools to dissect and un-
derstand the effect of NAT2 on intracellular metabolism. Further, they 
provide insights for development of novel anticancer agents for CRC 
patients whose tumors have high NAT2 activity. Combined with APA or 
other agents that exhibit preferential toxicity to NAT2slow cells, CRC 
patients whose tumors retain solely rapid (16%) or slow NAT2 allele 
(61%) after 8p22 LOH [25] could benefit from NAT2 activity-targeted 
treatment, which warrants further investigation. 

4. Materials and methods 

4.1. Cell culture 

Parental RKO (#CRL-2577) and DLD-1 (#CCL-221) cells were ob-
tained from ATCC (Manassas, VA, USA). RKO and DLD-1 NAT2rapid and 
NAT2slow cells were established in our group and characterised, infor-
mation in detail can be found in [17]. All cells were maintained in 
McCoy’s 5A medium (#16600082, Thermo Scientific, Waltham, MA, 
USA) with the addition of 10% Fetal Bovine Serum (Thermo Scientific, 
Waltham, MA, USA) and 1% Penicillin-Streptomycin (Thermo Scientific, 
Waltham, MA, USA) at 37 ◦C in 5% CO2. All cell lines were authenticated 
by STR profiling (ATCC cell authentication service) and regularly 
checked for mycoplasma infection with MycoAlert mycoplasma detec-
tion kit (Lonza, Basel, Switzerland). 

4.2. Drug screening 

4.2.1. Screening library, plate layout and procedure 
The screen was performed in 384w format using ~33 k CBCS pri-

mary screening set at 10 μM (Library description: https://compoundce 
nter.scilifelab.se/file/library_description, Library download: http 
s://figshare.com/s/17d8acfc882994e44468). The compounds were 
donated by various biotech companies and originates from both in- 
house and commercial sources. Compounds included in the primary 
screening set were selected to represent a diverse selection of a larger set 
of >350,000 compounds, while keeping a certain depth to allow crude 
structure–activity relationship studies. 

Compounds (10 mM in DMSO) were spotted in assay ready plates 
(NUNC TC black optical bottom 384w plates) with the echo dispenser at 
CBCS to a final volume of 60 nl per well, and 60 nl of DMSO was spotted 
in control wells. RKO NAT2slow cells were seeded in 60 μl McCoy’s 5A 
medium supplemented with 10% FBS and 1% Pen-Strep, at a density of 

Fig. 2. CBK034026C and analogues display NAT2 activity dependent cytotoxicity. A and B. 10 analogues of CBK034026C were found through a structure-based 
search and tested in RKO NAT2rapid and NAT2slow cells. CBK034296T, CBK036384T and CBK038119 compounds displayed a consistent response pattern with 
enhanced toxicity to NAT2rapid cells in both RKO and DLD-1 in vitro models. The data are expressed as the mean ± SD of three independent experiments. C. The core 
structures of CBK034026C and its analogs. CBK034026C, CBK034296T, CBK036384T and CBK038119 share the same backbone (gray), R1 (light green) and R2 (light 
blue) indicating substructures that contribute to cytotoxic effect. Based on the different compositions of R1 and R2, CBK034026C, CBK034296T, CBK036384T and 
CBK038119 can be further divided into two groups. Group A contains CBK034026C and CBK034296T characterized by R1 = alkyl containing a basic amine and R2 =
alkyl or benzyl or alkyl-aryl; Group B contains CBK036384T and CBK038119 characterized by R1 = 7 membered ring ending with basic amine and R2 = benzyl. D. 
Detailed explanation of the structure of R1 and R2 for CBK034026C and its analogues. E. Quantification of acetylated product from CBK034026C catalyzed by NAT2 
enzyme. After 18 h incubation with recombinant NAT2 protein, the corresponding acetylated product for the positive control APA but not CBK034026C was 
observed. F. Quantification of acetylated product from CBK008822, CBK263551, CBK018566 and CBK267247 catalyzed by NAT2. No acetylated product was 
detected after 18 h incubation with recombinant NAT2 protein. G. Detection of acetylated product from a known NAT2 substrate (APA) in the absence or presence of 
CBK034026C. After 18 h incubation of APA with CBK034026C, acetylated product from APA was still present. 
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2400 cells per well in assay ready plates and incubated at 37 ◦C, 5% CO2. 
After 72 h, 6 μl of resazurin per well was added using the BioMek Nx 
robot. Cells were incubated with resazurin for 2 h at 37 ◦C, 5% CO2 after 
which fluorescence (535x/590 m) was measured. The assay was rather 
stable with Z’-values between 0.76 and 0.84. To normalize data, % 
viability was calculated for each datapoint as fluorescence units (FU) at 
590 nm for compound/FU DMSO control in respective plate. Com-
pounds with >20% decreased viability over DMSO control were selected 

for counter screen on RKO cells with rapid NAT2 activity. 

4.2.2. Hit selection 
A set of 704 compounds with >20% cytotoxicity towards cells with 

slow NAT2 activity were progressed to hit selection. To verify expected 
NAT2 expression differences, APA-cytotoxicity were determined prior to 
the experiment. Compounds were tested at 3 concentrations (10, 5 and 
1.25 μM) spotted in columns starting with 10 μM. This layout made up 6 

Fig. 3. Compound CBK034026C and its analogue CBK034296T elicit similar cellular effects as the Naþ/Kþ-ATPase inhibitors. For Connectivity Map (CMap) 
analysis, MCF7 cells were incubated with CBK034026C or its analogue CBK034296T for 6 h, RNA extracted and subject to gene expression analysis. A and B. Ranked 
mechanism of action list for CBK034026C and CBK034296T from CMap analysis. C. Top 10 ranked compounds belonging to the perturbagens of ATPase inhibitors 
provided by the CMap LINCS resource (https://clue.io). D. ATPase enzyme activity was measured in RKO and DLD-1 parental cells treated with CBK034026C (2.5 µM 
and 5.0 µM) or ouabain (100 nM). ATPase enzyme activity was shown as fold change treated versus DMSO control. The data are expressed as the mean ± SD of three 
independent experiments (n = 3, * P < 0.05 by two-tailed t-test). E. Cell viability was measured in NAT2rapid and NAT2slow cells after 72 h incubation with known 
ATPase inhibitors digitoxin and ouabain. The data are expressed as the mean ± SD of three independent experiments (n = 5). 
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full individual plates with 704 compounds of which one copy per cell 
line were tested in parallel on RKO NAT2slow or NAT2rapid cells respec-
tively. The stability was similar to those obtained in the screen with 
plate Z’-values ranging from 0.77 to 0.88. For selection of hits, the ratio 
in viability between two cell types was calculated as % viability of RKO 
NAT2rapid cells divided by % viability of RKO NAT2slow cells (H/e). 
Compounds with selective toxicity towards either cell-line, based on 
ratio in % viability, were selected for further verification studies. After 
this step, 332 compounds out of 704 were selected for hit confirmation. 

4.2.3. Hit confirmation 
The 332 hits were grouped according to level of toxicity detected 

during hit selection, and the concentration interval was optimized for 
each group as follows. a). Highly toxic compounds were titrated 11 steps 
(5 μM – 1 nM or 2.5 μM – 0.5 nM). b). Compounds with toxicity interval 
in range with hit selection concentration were titrated in 3 steps from 10 
μM – 2.5 μM or in 4 steps from 10 μM – 1.25 μM depending on the results 
from hit selection. c). Compounds with low toxicity were titrated in 3 
steps from 20 μM – 5 μM or in 4 steps from 20 μM – 2.5 μM. Culture 

Fig. 4. Reprograming of mitochondrial metabolism by NAT2. A. Enrichment analysis of altered metabolic pathway in NAT2slow compared to NAT2rapid RKO cells. 
B. Schematic illustrating how these three pathways are involved in mitochondrial activity. Asparagine and aspartate metabolism is a critical source of energy, 
building blocks of protein synthesis and signaling molecules. Glutamine is the major source of cellular nitrogen for de novo biosynthesis of nucleotides and other 
nonessential amino acids. Glutamate is also utilized to synthesize the antioxidant glutathione and is an important energy source via mitochondrial glutaminolysis. 
OAA: oxaloacetic Acid, α-KG: alpha-Ketoglutarate, GSSG: glutathione disulfide, GSH: glutathione, TCA cycle: tricarboxylic acid cycle. C. Glutathione amount was 
measured by intensity/ion count through tandem mass spectrometry (MS/MS). D. Cell viability of RKO NAT2rapid and NAT2slow cells after 72 h treatment with 
indicated concentrations of BSO. The data are expressed as the mean ± SD of three independent experiments (n = 3, *P < 0.05, ** P < 0.01 and *** P < 0.001 by 
Student’s unpaired Two-stage step-up t test). E. Expression levels of HMOX in RKO NAT2rapid and NAT2slow cells exposed to the indicated concentrations of 
CBK034026C for 24 h. F. Intracellular ATP levels were measured in RKO NAT2rapid and NAT2slow cells exposed to the indicated concentrations of CBK034026C and 
CBK034296T for 6 h. Thereafter, fold change (treated/DMSO) under each condition was calculated. The data are expressed as the mean ± SD of three independent 
experiments (n = 3), *P < 0.05, ** P < 0.01 and *** P < 0.001 by Student’s unpaired Two-stage step-up t test. 
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conditions and calculation were the same as optimized for the screen 
with plate Z’-values ranging from 0.67 to 0.83. After this step, 36 
compounds out of 332 were selected for the next full-dose response test. 
Full-dose response (DR) test was performed at 11 concentrations ranging 
from 48 μM-5 nM (n = 3) for selected hits and their analogues, and from 
5 μM-0.5 nM (n = 3) for compounds with high toxicity. The DR exper-
iment was performed as described for the screen. After this step, 9 
compounds out of 36 were confirmed as hits (APA was reidentified from 
this screen). 

4.3. Connectivity map analysis 

MCF-7 cells were used since it is the most frequently used cell model 
in the Connectivity Map database. Here, MCF-7 cells were seeded into 6- 
well plates at a density of 300,000 cells per well. Next day, cells were 
treated with CBK034026C and its analogue CBK034296T for 6 h. After 
the treatment, cells were washed once with PBS. Afterwards, PBS was 
removed and cell pellets were collected for RNA extraction which was 
performed using RNeasy Mini Kit (Qiagen) followed by the L1000, a 
relatively inexpensive and rapid high-throughput gene expression 
profiling technology. Briefly, expression data in response to 
CBK034026C and its analogue CBK034296T were processed through a 
computational pipeline that converts raw fluorescence intensity into 
signatures, which can be used to query the Connectivity Map database 
for perturbations that give a related gene expression response. 

4.4. UPLC-MS analysis 

Ultra-high-performance liquid chromatography coupled to mass 
spectrometry (UPLC-MS) was used for metabolomics analysis. Mass 
spectrometric analysis was performed on an Acquity UPLC system 
connected to a Synapt G2 Q-TOF mass spectrometer, both from Waters 
Corporation (Milford, MA, USA). The system was controlled using the 
MassLynx software package v 4.1, also from Waters. The separation was 
performed on an Acquity UPLC® BEH C18 column (1.7 µm, 100 × 2.1 
mm) or an Acquity UPLC® HSS T3 column (1.8 µm, 100 × 2.1 mm) from 
Waters Corporation. The mobile phase consisted of a combination of 
0.1% formic acid in MilliQ water (A) and 0.1% formic acid in LC-MS 

grade methanol (B). The column temperature was 40 ◦C and the mo-
bile phase gradient applied was as follows: 0–8.5 min, 0–100 % B; 
8.5–10 min, 100 % B; 10–12 min, 100–0 % B; 12–17 min, 0 % B, with a 
flow rate of 0.3 ml/min. The samples were introduced into the q-TOF 
using positive electrospray ionization. The capillary voltage was set to 
2.50 kV and the cone voltage was 40 V. The source temperature was 
100 ◦C, the cone gas flow 50 l/min and the desolvation gas flow 600 l/h. 
The instrument was operated in MSE mode, the scan range was m/z =
50–1200, and the scan time was 0.3 s. A solution of sodium formate (0.5 
mM in 2-propanol: water, 90:10, v/v) was used to calibrate the instru-
ment and a solution of leucine-encephalin (2 ng/µl in acetonitrile: 0.1% 
formic acid in water, 50:50, v/v) was used for the lock mass correction at 
an injection rate of 30 s. 

4.5. Metabolite identification 

The XCMS software package [57] was used to perform peak identi-
fication, retention time correction, and peak integration yielding a list of 
identified peaks by increasing p-value, which were then corrected for 
multiple comparisons (FDR). Identification of the features was per-
formed by comparing their m/z ratios to a list of exact masses for known 
human endogenous metabolites from the human metabolome database 
(HMDB) with a mass spectrometric accuracy < 10 ppm. 

4.6. Metabolic pathway analysis 

The Mummichog2 software package [58] was used for the identifi-
cation of altered metabolic pathways between mutants and their cor-
responding control cell lines. The pathway analysis was performed 
through integration of both negative and positive mode mass spectro-
metric analysis to ensure high metabolite pathway coverage. The results 
from both analytical models were combined using Fisher’s method to 
find the Х2 value for each pathway, which was then converted into the z- 
value. 

X2
4 ∼ − 2ln(p+) − 2ln(p− )

Fig. 5. Compound CBK034026C and its analog affect the activity of the Nf-kB signaling pathway. A. Protein expression of phospho-Nf-kB and total-Nf-kB in 
NAT2rapid and NAT2slow RKO cells exposed to 100 nM ouabain for 24 h. The density fold change is shown as the mean ± SD of three independent experiments, P 
value was indicated in the figure. B. Expression of phospho-Nf-kB and total-Nf-kB in NAT2rapid and NAT2slow cells exposed to CBK034026C for 24 h. 
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4.7. ATPase activity assay 

ATPase Assay Kit (#ab234055) was used as recommended by the 
manufacturer (Abcam, Cambridge, UK). Briefly, RKO and DLD-1 cells 
were plated in 60 mm cell culture dishes (VWR) at a density of 2 × 106 

cells per dish and incubated at 37 ◦C overnight. Next day, cells were 
treated with 2.5 μM and 5 μM of CBK034026C or 100 nM of Ouabain 
Octahydrate (#HY-B0542, MedChemExpress, Monmouth Junction, 
USA) and incubated at 37 ◦C for 6 h. Samples were then washed once 
with 1x HBSS (Thermo Scientific, Waltham, MA, USA), lysed with ice 
cold ATPase assay buffer and placed on ice for 10 min, before centri-
fugation at 10.000 g at 4 ◦C for 10 min. Supernatants, phosphate stan-
dards, reagent control and ATPase positive controls were added to the 
96-well plate as duplicates. The reaction mix was added to the wells 
that contain positive control, reagent control and test samples; while 
background control mix was added to sample background controls. The 
plate was incubated at 25 ◦C for 30 min. ATPase assay developer was 
added to standard, control and sample wells. The plate was incubated at 
25 ◦C for 30 min, before OD measurement at 650 nm in endpoint mode 
at Synergy HTX reader. 

4.8. CellTiter-Glo® Luminescent ATP measurement 

The CellTiter-Glo® Luminescent Cell Viability Assay (#G9681, 
Promega, Madison, USA) was used. Briefly, RKO NAT2rapid and NAT2-
slow cells were plated in opaque-walled 96-well plates at a density of 
15,000 cells per well and incubated at 37◦ C overnight. Control wells 
were prepared only with McCoy’s 5A complete medium (Thermo Sci-
entific, Waltham, MA, USA). Next day, cells were treated with 0.6 μM, 
1.25 μM, 2.5 μM, 5 μM and 10 μM of CBK034026C and CBK034296T. 
The plates were incubated for 1 h or 6 h at 37 ◦C and placed at room 
temperature for 30 min. CellTiter-Glo® Reagent was added to each well. 
The plates were placed on an orbital shaker for 2 min and incubated at 
room temperature for 10 min. Luminescence was recorded using 
CLARIOstar Plus. 

4.9. Glutathione depletion treatment 

RKO NAT2rapid and NAT2slow cells were plated in a 96-well plate at a 
density of 8,000 cells per well and incubated at 37 ◦C overnight. Next 
day, cells were treated with different concentrations (10 μM, 50 μM, 100 
μM, 250 μM, 500 μM, 1 mM) of BSO (L-Buthionine sulphoximine). After 
72 h, cell medium was replaced with 1x resazurin (#R7017, Sigma- 
Aldrich, St. Louis, MO, USA) and the plate was incubated at 37 ◦C for 
2 h. Fluorescence intensity was read at Synergy HTX with 530/25 nm 
excitation and 590/35 nm emission. 

4.10. Western blot 

Cells were collected and lysed in ice-cold lysis buffer and run on 
4–12% SDS-PAGE gels (#NP0336BOX, Thermo Scientific, Waltham, 
MA, USA). Proteins were transferred to nitrocellulose membranes and 
incubated at room temperature in 5% non-fat dry milk in 1x PBST for 1 
h. Membranes were then incubated overnight at 4 ◦C with primary an-
tibodies HMOX1 (#MA1-112, Mouse, Thermo Scientific, Waltham, MA, 
USA), β-Actin (#sc-47778, Mouse, Santa Cruz Biotechnology, TX, USA), 
p-NF-κB (#3033, Rabbit, Cell Signaling, Denvers, MA, USA), NF-κB 
(#3034, Rabbit, Cell Signaling, Denvers, MA, USA) and Cleaved 
Caspase-3 (#9664, Rabbit, Cell Signaling, Denvers, MA, USA) at a 
dilution of 1:1000 in 1x PBST. Next day, membranes were washed with 
1x PBST and incubated with anti-Rabbit (#31430, Thermo Scientific, 
Waltham, MA, USA) or anti-Mouse secondary antibodies (#31460, 
Thermo Scientific, Waltham, MA, USA) at a dilution of 1:5000 for 1 h. 
Immunoreactive bands were detected by FluorChem Fluorescent West-
ern Imaging System from ProteinSimple. 
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