
Abstract. Background/Aim: Arylamine N-acetyltransferase
1 and 2 (NAT1 and NAT2) are drug-metabolizing enzymes
that play a key role in the development of acute
lymphoblastic leukemia (ALL). Materials and Methods: This
study evaluated NAT1 and NAT2 mRNA and protein
expression and their enzymatic activity in peripheral blood
mononuclear cells (PBMC) from patients with ALL (n=20)
and healthy children (n=19) and explored the mechanisms
that regulate these enzymes in ALL such as microRNAs (miR-
1290, miR-26b) and SNPs. Results: PBMC from patients
with ALL showed a decrease in NAT1 mRNA and protein
expression. In addition, NAT1 enzymatic activity was
decreased in patients with ALL. There was no influence of
SNP 559 C>T or 560 G>A on low NAT1 activity. The lower
expression of NAT1 might be related to the loss of acetylated
histone H3K14 in the NAT1 gene promoter in patients with
ALL and the higher relative expression of miR-1290 in the
plasma of patients with relapsed ALL compared with healthy
controls. There were significantly fewer CD3+/NAT1+

double-positive cells in patients who relapsed compared with
control subjects. Based on a t-distributed stochastic neighbor
embedding algorithm, CD19+ cells that reappeared in
patients with relapse showed low NAT1 expression. In
contrast, for NAT2, there were no significant results.
Conclusion: The expression and function of NAT1 and miR-
1290 levels could be involved in modulating immune cells
altered in ALL.

Acute lymphoblastic leukemia (ALL) is the most frequent
form of cancer diagnosed in pediatric patients and
represents 25%-30% of all types of childhood cancer (1-3).
In Mexico, this malignancy is the main cause of mortality
in children from 5 to 14 years of age (4, 5), and it is
estimated that 650-780 cases of ALL are detected per year.
However, the biological mechanisms and etiology of this
disease are not entirely clear. Several studies have shown
that genetic (caused by a mixture of Indigenous and
European heritage miscegenation) and lifestyle-related
factors contribute to this disease significantly (1, 6).
However, additional epigenetic modifications such as
microRNAs (miRNAs), DNA methylation, or histone
acetylation might participate (7).

Children are more susceptible than adults to developing
ALL due to their physiological immaturity and exposure to
chemical agents, annealing of meat foods, smoke
pollutants, and parental smoking (8, 9). The compounds
derived from this exposure are metabolically activated and
generate carcinogenic metabolites. Phase 2 enzymes
detoxify these metabolites or transform them into less
potent compounds (3, 10). Therefore, alterations in these
metabolic pathways, particularly in the enzymes associated
with the metabolism of carcinogens, could lead to the
accumulation of active carcinogenic metabolites that can
increase the formation of DNA adducts and, consequently,
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elevate the risk of developing some types of cancer,
including ALL (11, 12). 

The phase 2 xenobiotic-metabolizing enzymes arylamine
N-acetyltransferase 1 (NAT1), and NAT2 are encoded by the
genes NAT1 and NAT2, respectively, located on chromosome
8 (13, 14). Modifications in the expression or activity of
enzymes like NAT1 could be associated with cancer risk,
including ALL. NAT1 is involved in the cell cycle and
apoptosis by regulating p53, a tumor suppressor protein, and
generating reactive oxygen species (15).

Several single nucleotide polymorphisms (SNPs) have
been described in both these genes, and their presence is
related to the probability of developing ALL (3, 10, 16, 17).
Our group has demonstrated significant associations between
ALL development and the presence of the NAT1*3 [odds
ratio (OR) 2.1], NAT1*4 (OR 1.9), NAT2*6B (OR 3.3),
NAT2*6J (OR 3.2), and NAT2*7A (OR 2.4) haplotypes, and
the NAT1 rapid (OR 6.7) and NAT2 slow (OR 2.9)
phenotypes in peripheral blood mononuclear cells (PBMC)
from the Mexican population (17). On the other hand,
epigenetic regulation plays an essential role in the
development and progression of this disease, and this
regulation includes miRNAs that serve as important
modulators of gene expression. Aberrant expression of
miRNAs could affect the expression of their target genes,
like NAT1, contributing to ALL. NAT1 is a target of miRNAs
such as miR-1290 (18) and miR-26b (19).

Although NAT1 and NAT2 are molecules that could be key
in the development and progression of ALL, their expression
and function have not been explored in this childhood cancer.
Moreover, there is a need to determine the activity and
function of the xenobiotic-metabolizing enzymes in this
pediatric neoplasm and to establish whether they have any
implication in the development of ALL. Therefore, the
objective of this study was to evaluate NAT1 and NAT2
mRNA and protein expression and to determine their
enzymatic activity in PBMC and CD3+ or CD19+
lymphocytes obtained from patients with ALL compared with

control subjects. We also explored the possible molecular
mechanisms—SNPs and miRNAs—that could modulate the
expression and function of these metabolizing enzymes.

Materials and Methods
Subjects. Twenty pediatric patients aged 3-15 years, with a confirmed
diagnosis of ALL and 19 clinically healthy children (the control
group) were recruited from the Hospital Central “Dr. Ignacio
Morones Prieto” of San Luis Potosí, Mexico. The ALL diagnosis was
confirmed by flow cytometry analysis, using monoclonal antibodies
against CD10, CD19, CD20, CD22, CD34, CD79a, TdT, IgMs, and
IgMc. All patients were classified as subtype B and received the
oncological treatment described in the Mexican clinical guidelines:
mercaptopurine, methotrexate, and L-asparaginase (20). The parents
gave written informed consent; however, informed consent was
obtained directly from the patient for patients aged 12 to 17 years.
The study was approved by the research committee and the research
ethics committee of Hospital Central “Dr. Ignacio Morones Prieto”
(Number 25-17) and performed following the ethical standards in the
1964 Declaration of Helsinki and its later amendments.

Isolation of PBMC. Blood samples were collected from both groups
in 4-ml EDTA Vacutainer tubes (BD) for the NATs expression and
enzymatic activity analyses. PBMC were isolated from the whole
blood of both groups by density gradient using Ficoll-Histopaque
(Sigma, St. Louis, MO, USA). 

NAT1 and NAT2 mRNA expression assay. We used reverse
transcription–quantitative polymerase chain reaction (RT-qPCR) to
determine NAT1 and NAT2 mRNA expression. Total RNA isolated
from PBMC from each participant was purified using the TRIzol®
reagent. Complementary DNA (cDNA) was generated using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). NAT1 and NAT2 mRNA expression was normalized
against the level of the endogenous control β-actin using the specific
primers listed in Table I and by the 2−ΔΔCt method (21, 22). 

Expression of NAT1 and NAT2 proteins in CD3+ or CD19+
lymphocytes by flow cytometry. The percentage of double-positive
cells was determined using flow cytometry, a FACS Canto II
Cytometer, and FlowJo V10.6.1 software (BD). We used the
monoclonal antibodies, anti-CD3-PE (eBiosciences®, San Diego,
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Table I. NAT1 and NAT2 primers that were used for the experiments of this study.

mRNA expression NAT1 Fw 5’-GAATTCAAGCCAGGAAGAAGCA-3’
NAT1 Rv 5’-TCCAAGTCCAATTTGTTCCTAGA CT-3’
NAT2 Fw 5’-GATCACTTCCCTTGCAGACTTT-3’
NAT2 Rv 5’-AGGCTGAATGCAATCCTCTTG-3’

mir-1290 expression Mir-1290 Fw 5’-CATGCAGTATGGATTTTTGGA-3’
Mir-1290 probe 5’-CTGTGCTAGACGACACTCCCTGA-3’

ChIP NAT1 Fw 5’-CACCAGCATAAACAAAGCCATA-3’
NAT1 Rv 5’-AAGCAGAACTGGTAACCTAGAG-3’
NAT2 Fw 5’-AGAGGACAGAAATCTGGC AG-3’
NAT2 Rv 5’-TGATTGCCTCCTACTCCTGG-3’

SNP’s NAT1 NAT1 Fw Fw 5’-CCATTGATGGCAGGAACTACA-3’
NAT1 Rv 5’-GATAACTGGTGAGCTGGATGAC-3’

Fw: Forward primer; Rv: reverse primer.



CA, USA) or anti-CD19-FITC (eBiosciences®) as cell surface
markers, primary antibodies to NAT1 [rabbit anti-NAT1 (Abcam,
Cambridge, UK)] and NAT2 [mouse anti-NAT2 (Abcam)], and
secondary antibodies anti-rabbit APC or anti-mouse APC secondary
antibodies (eBiosciences®), respectively. Ten thousand lymphocyte
cell gate events were counted for the analysis. The hematic biometry
data were used from all the participants to represent NAT1 and
NAT2 expression in absolute values.

In situ NAT assay. PBMC (2×105 cells) from patients with ALL and
control subjects were cultured in RPMI 1640 medium supplemented
with 50 U/ml penicillin and 50 μg/ml streptomycin (Sigma-Aldrich)
and maintained at 37˚C in a humidified atmosphere of 5% CO2. The
medium contained a specific substrate for each enzyme—100 μM
acid para-aminobenzoic (PABA) (Sigma-Aldrich) for NAT1 and 100
μM isoniazid (INH) (Sigma-Aldrich) for NAT2 (23, 24). The cells
were incubated for 24 h; after this time, the supernatant was
removed and frozen at –80˚C until high-performance liquid
chromatography (HPLC) analysis.

In situ NAT enzymatic activity determination. NAT1 and NAT2
activities were determined based on HPLC using supernatants from
PBMC cell cultures of patients and control subjects to quantify the
concentrations of the substrates and metabolites for each enzyme:
PABA and acetyl-PABA (AcPABA) for NAT1, and INH and acetyl-
INH (AcINH) for NAT2. We optimized the methods previously
carried out by our research group (23) and validated them
analytically according to the International Conference on
Harmonization (25). The concentration of each analyte in the
sample was calculated using the respective calibration curve. We
determined PABA or INH N-acetylation by measuring nanomoles
of AcPABA or AcINH per milliliter over 24 h.

Barnes-Hut t-distributed stochastic neighbor embedding (t-SNE)
analysis. To display subpopulations of interest (CD3+, CD19+) and
marker expression, we generated heat maps (NAT1+, NAT2+) of
PBMC from the participants. Barnes-Hut t-SNE was performed
using FlowJo V10.6.1 with perplexity=50, θ=0.5, interactions=1000,
and Euclidean distance (26, 27). For this analysis, patients were
classified as those who had relapsed and those who had received
their initial diagnosis. We concatenated and down-sampled events
from six samples of each group. This approach provided a typical
t-SNE map distribution, allowing sample comparison. 

Expression of miR-1290 in plasma. We obtained plasma from the
whole blood samples and then purified total RNA from 500 μl of
plasma using the TRIzol® reagent. We analyzed miR-1290 and miR-
26b by using the probes and primers listed in Table I. Relative
expression was calculated with the 2−ΔΔCt method and normalized
with the endogenous control. 

PCR amplification of NAT1 and sequencing study. Total DNA was
isolated using a Wizard® Genomic DNA Purification Kit (Promega
Corporation). The region of interest was amplified using the
Phusion® High Fidelity DNA polymerase (New England BioLabs®)
and the primers listed in Table I. Sequencing of the purified
amplicons was performed in an AB 3130 instrument.

Chromatin immunoprecipitation (ChIP) assay. Crosslinked protein–
DNA complexes were immunoprecipitated from PBMC at 4˚C

overnight using magnetic beads (Dynabeads Protein G, Thermo
Fisher) and the following antibodies: anti-histone H3 (Abcam®
ab1791), anti-histone H3 trimethyl K27 (Abcam® ab6002) and anti-
acetyl histone H3 (K14) (Merck Millipore®). Immunoprecipitated
DNA was amplified using the primers listed in Table I and the kit
Phusion® High Fidelity DNA polymerase (New England BioLabs). 

Statistical analysis. The normality of the data was analyzed with the
Shapiro-Wilk test. For normally distributed data, means were
compared using Student’s t-test. For non-normally distributed data,
medians were compared with the Mann-Whitney U-test. We
performed principal component analysis (PCA) with the study
variables (graph matrix). The level of statistical significance was set
at p<0.05. All the statistical tests were performed using GraphPad
Prism V 7.00 (GraphPad Software Inc., La Jolla, CA, USA).

Results

Study groups. We included 20 patients with ALL and 19
control subjects, with a mean age of 9.4±3.4 years and 9±3.8
years, respectively. The similar mean weight, body mass
index (BMI), and height of patients with ALL and control
subjects indicated homogeneity in the demographic and
anthropometric characteristics in both groups (Table II).
Ninety percent of patients with ALL were in the maintenance
phase. We assigned patients to a risk group based on
previously established predictive factors (20, 28, 29): 19 out
of 20 were at high risk, and only one was low risk. After a
2-year follow-up, 5 patients had died, and 7 out of 20
patients with ALL had a relapse, 4 at the bone marrow and
3 at the central nervous system. Three relapses were due to
treatment discontinuation, and the other four to an unknown
cause. Among the concomitant diseases in ALL patients, one
presented with Down syndrome and another with
hyperthyroidism. The patients with ALL and those in the
control group were not related to each other.

Decreased NAT1 protein and mRNA in PBMC and CD3+ T
cells from patients with ALL. Because this is the first study of
NATs expression in immune cells from ALL, we examined
their mRNA and protein levels using RT-qPCR and flow
cytometry. We found low NAT1 mRNA expression in patients
with ALL compared with control subjects (Figure 1A,
p=0.001). In contrast, NAT2 mRNA expression was similar
between the groups (Figure 1B, p=0.51). NAT1 and NAT2
protein, measured using flow cytometry, indicated decreased
NAT1 expression in patients with ALL (Figure 1C, p=0.0003)
and in CD3+/NAT1+ double-positive cells (Figure 1E,
p=0.0049) compared with control subjects. The absolute
values of NAT2 (Figure 1D) and CD3+/NAT2+ cells (Figure
1F) were not significantly different between the groups. Due
to the high variability in the data regarding the percentage of
positive cells, we used the hematic biometry data of each
participant from the clinical record and calculated the absolute
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values of NAT1 and NAT2 as well as the double-positive cells
(CD3+/NAT1+, CD3+/NAT2+). There was a low number of B
lymphocytes (CD19+) in patients with ALL compared with
that in control subjects (p=0.0001, data not shown). However,
it is important to note that patients were undergoing
chemotherapy when the samples were taken. Thus, the
cytotoxic activity of the drugs used influenced the results.

Identification of NAT1 and NAT2 in lymphocyte
subpopulations. We next compared the expression of NATs
in lymphocytes from patients who had received their initial
ALL diagnosis and lymphocytes of patients with relapse. 

We analyzed the distribution of NAT1 and NAT2 in CD3+
and CD19+ cell subpopulations using a t-SNE algorithm.
Figure 2 and Figure 3 show the resulting maps. The control
group showed two separate islands for CD3+ cells and a
single small island of CD19+ cells (Figure 2A). In contrast,
in patients who had received their initial ALL diagnosis,
CD3+ lymphocytes were concentrated in only one island;
however, there were three clusters of different types of cells
in this island (Figure 2C). It was expected that the patients
who had received their initial ALL diagnosis had no CD19+
cells, but this subpopulation reappeared in patients with
relapse in a smaller and more uniform distribution compared
to the control group (Figure 2E). 

NAT1 distribution analysis in CD3+ and CD19+ cells
showed the presence of this enzyme in all lymphocyte
subpopulations (Figure 2B, D, and F). However, there was
high heterogeneity in its expression within patients with ALL
and the control group. For CD3+ lymphocytes, NAT1
expression was more significant in patients compared with
control subjects. There was a small island in the control group
that belonged to CD3+ cells that clearly comprises two
clusters of cells, those with low NAT1 expression (blue color,
left) and those with variable expression (different colors,
right) (Figure 2B). This island disappeared in patients who
had received their initial diagnosis and returned in patients
with relapse, but interestingly only as a cluster of cells with
low NAT1 expression (Figure 2F, arrow). Consistently,
CD19+ cells in control subjects showed an interesting pattern
with low, medium, and high NAT1 expression (Figure 2B),
in contrast to CD19+ cells that reappear in patients with
relapse (low NAT1 expression). It is important to note that
other PBMC populations express NAT1 at various degrees
and intensities (Figure 2B, D, and F).

The distribution pattern of NAT2 expression in CD3+ cells
was uniform within all studied groups (Figure 3), a pattern
consistent with the analysis of CD3+/NAT2+ cells (Figure
1F). When analyzing the CD19+ cells, we found that only
the CD19+ lymphocytes from the control subjects express
higher levels of NAT2 than CD3+ lymphocytes (Figure 3B).
As described above, we did not detect CD19+ cells in
patients who had received their initial diagnosis; however, in

patients with relapse, these cells returned, although with a
different NAT2 expression pattern. Only those cells with
high levels of NAT2 reappeared, possibly as the first signal
of relapse (Figure 3F). As in CD3+ cells, we detected high
NAT2 expression in the CD3-/CD19- cells, both in patients
with their first diagnosis and with relapse (Figure 3D and F). 

High plasma miR-1290 levels and decreased NAT1
expression in patients with relapse. To explore possible
mechanisms involved in the low expression of NAT1 in
patients with ALL, we evaluated the plasma levels of its
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Table II. Demographic and anthropometric data of the study groups.

   Control group Patients

n  19 20
Sex
   Male 10 (52%) 12 (60%)
   Female 9 (48%) 8 (40%) 
Age group (years)
   3-9 11 (58%) 11 (55%)
   ≥10 8 (42%) 9 (45%)
Risk classification
   Low risk NA 19 (95%) 
   High risk 1 (5%)
Relapse
   No NA 13 (65%)
   Yes 7 (35%)
Relapse site
   Bone marrow NA 4
   Central nervous 
   system 2
Weight (Kg) 37 (15-82) 35 (10.8-66)
Height (m) 1.4 (1.1-1.74) 1.3 (0.88-1.63)
Body index mass 21 (13.3-29) 20.17 (8.8-29.3)
BMI (Kg/m2) 3 (16%) underweight 2 (10%) underweight
   10 (53%) normoweight 9 (45%) normoweight
   1 (5%) overweight 3 (15%) overweight 
   5 (26%) obese 6 (30%) obese
Concomitant 1 Gastroenteritis 1 Down’s Syndrome
diseases 1 Kidney stones 1 Hyperthyroidism

Treatment stage NA 17 (85%) Maintenance 
   treatments, 
   1 (5%) Consolidation 
   therapy,
   2 (10%) Reinduction 
   chemotherapy
EGIL
   ALL pro-B (B1) 2 (10%)
   ALL common (B2) 9 (45%)
   ALL pre-B (B3) NA 9 (45%)
Death
   No 19 15
   Yes 0 5

BMI: Body index mass; EGIL: European Group for the Immunological
Characterization of Leukemias; ALL: acute lymphoblastic leukemia;
NA: does not apply. Values presented with median (range from
minimum to maximum).
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Figure 1. NAT1 and NAT2 expression at the mRNA and protein levels. (A) Relative expression of NAT1 mRNA in patients with ALL (n=19)
(mean±standard deviation, 28.1±11.7) and control subjects (n=18) (47.3±20.3). Student’s t-test was employed. (B) Relative expression of NAT2
mRNA in patients with acute lymphoblastic leukemia (ALL) (n=20) (median 5.11; interquartile range=2.37-7.57) and control subjects (n=17) (2.98;
1.05-15.12). The Mann-Whitney U-test was employed. (C) Absolute values of NAT1 in patients with ALL (n=12) (mean±standard deviation, 611±274)
and control subjects (n=19) (1,302±635). Student’s t-test was employed. (D) Absolute values of NAT2 from patients with ALL (n=12) (median 129;
interquartile range=49.5-665) and control subjects (n=19) (329; 130-530). The Mann-Whitney U-test was employed. (E) Absolute values of
CD3+/NAT1+ PBMC from patients with ALL (n=12) (509±247) and control subjects (n=19) (894±484). (F) Absolute values of CD3+/NAT2+ from
patients with ALL (n=12) (245; 114-473) and control subjects (n=19) (268; 53-582).
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Figure 2. Visualization of NAT1 in the t-SNE map of CD3+ and CD19+ lymphocytes from patients with acute lymphoblastic leukemia (ALL) and
control subjects. t-SNE projections of six samples of lymphocytes with NAT1 from each group, namely Control, ALL diagnosed for the first time,
and relapsed ALL. Lymphocytes have been coded according to fluorochrome staining (CD19+=purple; CD3+=pink) (A, C, and E). The heatmap is
color-coded according to the expression level of the marker, as indicated (B, D, and F) (blue=low; red=high). The t-SNE parameters were
perplexity=50, θ=0.5, iterations=1,000, and Euclidean distance.
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Figure 3. Visualization of NAT2 in the t-SNE map of CD3+ and CD19+ lymphocytes from controls and patients with acute lymphoblastic leukemia
(ALL). t-SNE projections of six samples of lymphocytes with NAT2 from each group, namely Control, ALL diagnosed for the first time, and relapsed
ALL. Lymphocytes have been coded according to fluorochrome staining (CD19+=purple; CD3+=pink) (A, C, and E). The heatmap is color-coded
according to the expression level of the marker, as indicated (B, D, and F) (blue=low; red=high). The t-SNE parameters were perplexity=50, θ=0.5,
iterations=1,000, and Euclidean distance.



regulator miR-1290 (Figure 4). We found that patients with
ALL express higher levels of miR-1290 compared with
control subjects. However, due to the small number of
patients included and the heterogeneity of the results,
statistical significance was not obtained (Figure 4A,
p=0.067). Interestingly, there were significantly higher miR-
1290 levels in the plasma from patients with relapse and
female patients compared with control subjects (Figure 4B,
p=0.017)  (Figure 4C, p=0.009). In contrast, miR-26b
showed similar levels between the groups (Data not shown).

PBMC from patients with ALL present lower NAT1 activity.
We measured the basal NAT1 and NAT2 enzymatic activity
using HPLC in extracts of PBMC cultures to determine
whether the low NAT1 mRNA expression was consistent

with its enzymatic activity. There was a significant decrease
in NAT1 activity in the majority of PBMC patients with ALL
compared with control subjects (Figure 5A, p=0.03). This
result suggests that lower NAT1 activity is due, at least in
part, to the decreased NAT1 gene transcription described
above. As expected, there was no difference in NAT2 activity
between the groups; however, a population of patients tended
to present higher NAT2 activity than control subjects (Figure
5B). In addition, to investigate whether this lower NAT1
activity is related to the presence of ALL relapse, we
analyzed this activity in PBMC from patients with relapse.
However, there were no differences between patients with
relapse and control subjects (Figure 5C). Likewise, for NAT2
activity, there were no differences between patients with
relapse and control subjects (Figure 5D). 
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Figure 4. Relative expression of miRNA-1290 in the plasma from
individuals with acute lymphoblastic leukemia (ALL) and control
subjects. Analysis of miRNA-1290 expression in plasma from individuals
with ALL and control subjects. (A) Relative expression of miRNA-1290
in patients with ALL (n=17) (median 0.057; interquartile range=0.01-
0.2) compared with control subjects (n=15) (0.02; 0.004-0.063). A
Mann-Whitney U-test was employed. (B) Relative expression of miRNA–
1290 from patients with ALL relapse (n=6) (0.18; 0.03-0.3) compared
with control subjects (n=15) (0.02; 0.004-0.063). A Mann-Whitney U-
test was employed. (C) Higher miR-1290 expression in female patients
(n=7) (0.11; 0.05-0.25) compared with female control subjects (n=15)
(0.02; 0.004-0.06) (p=0.009). (D) Similar miR-26b expression in both
groups, control subjects (n=17) (0.01: 0.002-0.03) and patients (0.017;
0.005-0.04) (p=0.43).



There is no relation between SNP 559 C>T or 560 G>A in
the NAT1 gene and its low enzymatic activity. The low or
lack of NAT1 enzymatic activity detected using HPLC in
some patients led us to examine the possible presence of
SNPs in the NAT1 gene in these subjects. We evaluated the
presence of the SNP 559 C>T (haplotype NAT1*15) and 560
G>A (haplotype NAT1*14B) using sequencing. We did not
detect SNP 559 or 560 in any of the five patients with low
NAT1 enzymatic activity. This group of patients was wild

type homozygous (C,C for 559 and G,G for 560) (Figure 6).
Therefore, we ruled out the influence of these SNPs on
NAT1 activity in the patients studied. 

Correlation analysis between NAT levels, enzymatic activity,
and BMI. We next performed a PCA with the study
variables, namely NAT1 and NAT2 mRNA and protein
expression and enzymatic activity, and miR-1290 and miR-
26b expression (Figure 7A). We identified a positive
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Figure 5. NAT1 and NAT2 activities in the control group, patients with ALL and patients with acute lymphoblastic leukemia (ALL) relapse. (A)
NAT1 activity in patients with ALL (n=20) (mean±standard deviation, 5.6±6.4) and control subjects (n=19) (9.5±4.5). Student’s t-test was conducted.
(B) NAT2 activity in patients with ALL (n=20) (median 6.9; interquartile range=5.84-9.91) and control subjects (n=19) (6.65; 5.63-7.61). The
Mann-Whitney U-test was conducted. (C) NAT1 activity in patients with ALL relapse (n=7) (8.7±8.9) and control subjects (n=19) (9.5±4.5). (D)
NAT2 activity in patients with ALL relapse (n=7) (6.75; 5.26-10) and control subjects (n=19) (6.65; 5.63-7.61). 



correlation between miR-1290 and NAT1 mRNA (Figure 7B,
p=0.016), but no correlations for NAT2 (data not shown). In
addition, we evaluated the relationship between NAT
expression and BMI. There was a significant correlation
between BMI and the absolute values of NAT1 expression in
control subjects (Spearman, r=-0.48, p=0.047) but not in
patients with ALL (Pearson, r=0.15, p=0.62). 

Decreased H3K14Ac in the promoters of NAT1 and NAT2 and
H3K27me3 enrichment in the promoter of NAT2 in PBMC
from patients with ALL. Given that patients with ALL had low
NAT1 mRNA and protein expression and enzymatic activity,
but there were no SNPs in the NAT1 gene that could explain
the low activity, we evaluated some epigenetic marks in the
promoters of NAT1 and NAT2. We found that lysine 14
acetylation in histone H3 (H3K14Ac) was decreased in the
promoter of the NAT1 gene in PBMC of patients with ALL
compared with control subjects (Figure 8A and 8B). It is
important to mention that NAT1 mRNA has two isoforms; we
evaluated isoform A. We also found an H3K14Ac decrease
and an H3K27me3 increase in the NAT2 promoter in patients
with ALL compared with the control group (Figure 8C and D).

Discussion

Accumulating active carcinogenic metabolites due to
continuous exposure to chemical agents play an essential role
in the development of ALL. Genetic association studies have
shown the presence of several SNPs in the phase 2
xenobiotic-metabolizing enzymes NAT1 and NAT2 and their
impact on the likelihood of developing ALL (3, 10, 16, 17,
30). Hence, in-depth studies of NAT proteins could help us
better understand their role in leukemogenesis.

In the present study, we demonstrated the altered
expression and function of NAT1 in immune cells from
patients with ALL for the first time. PBMC from patients
with ALL displayed lower NAT1 mRNA and protein
expression as well as enzymatic activity compared with
control subjects. Human NAT1 has been widely studied,
particularly its relationship with the development of certain
types of cancer. In this sense, the global consensus is that
NAT1 mRNA and protein levels and activity are typically
elevated in cancer, especially breast, prostate, and liver (31).
However, it is important to highlight that the tumor
microenvironment and molecular signatures are different
between various cancers. In this regard, a bioinformatic
analysis carried out using data from The Cancer Genome
Atlas and validated with Gene Expression Omnibus showed
that in the kidney chromophobe, rectum, and colon
adenocarcinoma NAT1 mRNA is decreased compared with
the corresponding normal tissues (31). Additionally, SW116
colon cancer cells express lower levels of NAT1 compared
with NCM460 cells (normal colon cells) through modulation
of the phosphoinositide 3-kinase (PI3K)/Akt/mammalian
target of rapamycin (mTOR) signaling pathway (32).
Consistently, The Human Protein Atlas database reported
very low or no NAT1 expression in colorectal, gastric, and
renal cancer and lymphoma. Furthermore, when comparing
NAT1 activity among cancer cell lines, it was found to be
markedly lower in leukemia (THP-1, Jurkat, or CEM) as
well as in liver (HepG2) and colon cancer (HT-29) cell lines
than in other types of cancer cell lines (33). 

Furthermore, when NAT1 activity was compared between
cancer cell lines, it was undoubtedly lower in leukemia (THP-
1, Jurkat, or CEM) compared to breast (ZR-751; T-47D), or
prostate cell lines (LNCaP; 22RV1). These findings support
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Figure 6. Sequencing analysis of the NAT1 gene. Example of direct sequencing chromatogram. The SNPs 559 C>T (haplotype NAT1*15, truncated
protein/no enzymatic activity) and 560 G>A (haplotype NAT1*14B, slow activity) were not observed in the NAT1 gene. 



our results and suggest that NAT1 is regulated by different
molecular mechanisms depending on the cancer type. 

It is essential to mention that for this study, PBMC from
the two study groups were used since it is not possible to
perform bone marrow aspiration in clinically healthy
children to analyze and compare immune cells from this
tissue. Furthermore, since this is a pilot and exploratory
study, it is interesting first to investigate whether any
abnormalities in cells from children with ALL are related to
NATs. For this reason, T and B lymphocytes were analyzed
when obtaining PBMC from the study groups.

We observed lower NAT1 expression in patients with ALL
and lower number CD3+/NAT1+ cells compared with control
subjects, and we decided to gain further insight into the
behavior of NAT1 among lymphocyte subpopulations. The
t-SNE map revealed important changes in the size and
complexity of immune cells from patients compared to
controls. Interestingly, control subjects had a group of CD3+
cells that showed heterogenous NAT1 expression. Notably,
patients had no CD19+ cells at their first ALL diagnosis. This
can be because the patients were undergoing chemotherapy
when the sample was taken, and the cytotoxic activity of the
drugs decreased this cell subpopulation (20). CD19+ cells
reappeared in patients with relapse, but only the cluster of
cells with low NAT1 expression. It disappeared in patients
at initial diagnosis but reappeared in patients with relapse,
but the cells only had low NAT1 expression. We collected a
sample from a relapsed individual before the patient started

chemotherapy to confirm this tendency. Under these
conditions, we found a high number of CD19+ lymphocytes
with no NAT1 expression and no NAT1 activity. These
results suggest that NAT1 might be decreased at the early
stages of the disease, and this downregulation is a critical
factor in the development of leukemia. Thus, overall low
expression of NAT1 in CD3+ or CD19+ lymphocytes could
be a prognostic factor. We cannot rule out the possibility that
NAT1 expression is low at the beginning of the disease and
increases during the later stages. This hypothesis must be
confirmed by determining NAT1 expression at different
stages of leukemia.

NAT2 is another phase 2 drug-metabolizing enzyme, and
genotype association studies have shown that alterations in
this enzyme are related to the risk of developing ALL (3, 10,
16, 17, 30). Our results indicate that the percentage of
NAT1+ cells is higher than that NAT2+ cells in control
subjects and patients with ALL, which is opposite to the
results of a previous study in PBMC (23), although the
population in both studies was different (children vs. adults).
This result suggests that NAT1 and NAT2 expression can
vary during aging. We found that CD3+ lymphocytes from
some patients with ALL presented high NAT2 expression
compared with control subjects, although NAT2 activity was
not different between the groups. Consistently with this, a
study carried out in the Mexican population reported that the
phenotype provided by the haplotypes NAT2*11A and
NAT2*12C (rapid phenotype) was associated with the
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Figure 7. Principal component analysis and Graph matrix. (A) This plot shows that the expression of NAT1 at the mRNA level is related to the
expression of miR-1290 and miR-26b. (B) This graph matrix shows the correlations between the study variables, including a correlation between
NAT1 mRNA expression and miR-1290 expression (p=0.016).



probability of developing ALL (34). The t-SNE analysis
showed that compared with patients at the initial ALL
diagnosis and control subjects, patients with relapse had
CD19+ cells with high levels of NAT2.

It is possible that we did not observe a statistical
association between the study variables because NAT2 is
expressed mainly in the liver, unlike NAT1, which has a
higher expression in other organs. Therefore, only genetic
association studies may be indicative of an abnormality in the
cells; the results at the protein level do not indicate
involvement of NAT2 in carcinogenesis. We propose
performing additional studies to determine whether NAT2
expression is involved in relapse and whether it could be used
as a factor to help detect minimal residual disease in ALL.

The fact that patients with ALL presented low NAT1
enzymatic activity, mainly in those who relapsed, prompted

us to investigate the possible molecular mechanisms. Thus,
we evaluated the SNPs 559 C>T (haplotype NAT1*15) and
560 G>A (haplotype NAT1*14B) in patients who showed
differences in enzymatic activity. The presence of the first
one generates a truncated protein, and the second one causes
a slow acetylator phenotype (http://nat.mbg.duth.gr/).
However, the patients did not carry any of the evaluated
SNPs. Other SNPs, such as 97 C>T (haplotype NAT1*19A)
and 190 C>T (haplotype NAT1*19B, with SNP 97), could be
responsible for the low NAT1 enzymatic activity and need
to be evaluated.

It is well known that post-translational modifications of
NAT1, particularly lysine acetylation, play an important role
in regulating its activation and function (35, 36). Researchers
recently identified K100 and K188 as major sites for NAT1
post-translational modification. NAT1 is acetylated at these
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Figure 8. Histone H3 acetylation and methylation in the NAT1 and NAT2 promoter region peripheral blood mononuclear cells (PBMC) from patients
with ALL. Agarose gels (3%) of the amplicons of immunoprecipitated chromatin (CHiP) of NAT1 (202 bp) and NAT2 (171 bp) in a control subject
(A and C) and a patient with ALL (B and D). Agarose gels were stained with ethidium bromide and run at 100 V for 30 min at room temperature.
Lane 1 100-1000 bp DNA ladder (Jena Bioscience®), lane 2 Input, lane 3 negative, lane 4 anti-Histone H3 control, lane 5 anti-Histone H3 acetyl
K14, lane 6 anti-Histone H3 trimethyl K27. 



sites by the acetyltransferase p300/CBP and is deacetylated
by the sirtuins SIRT1 and SIRT2. The authors demonstrated
that a p300/CBP inhibitor decreases NAT1 acetylation in
HeLa cells. This modification was enhanced when cells were
treated with nicotinamide, a sirtuin inhibitor (37). These
proteins are altered in ALL; for example, there is a high
frequency of CREB-binding protein (CBP) mutations in
patients with recent diagnosis and relapse (38, 39), and
SIRT1 expression is also elevated in ALL (40, 41). These
data suggest that low NAT1 expression and activity could be
due to alterations in its regulators and NAT1 itself. We have
previously shown that SIRT1 is expressed in lymphocytes at
levels above 42% (23); hence, it is necessary to explore the
expression of proteins such p300/CBP, SIRT1, SIRT2, and
other regulators of NAT1 and NAT2 in lymphocyte
subpopulations and their relationship with NATs proteins in
ALL. We are currently conducting these experiments.

Epigenetic mechanisms control the expression of genes in
eukaryotic cells, and aberrations in these mechanisms can
contribute to cancer development (42, 43). Abnormal
epigenetic modifications are common in ALL (44, 45).
miRNAs are part of epigenetic mechanisms and act as
negative regulators of gene expression (46). Indeed, an
altered miRNA profile has been detected in patients with
ALL (47) and has been related to their chemoresistance (48).
NAT1 is a direct target of miR-1290 and is differentially
expressed in breast cancer (18). We found high miR-1290
expression in the plasma from patients with ALL and those
with relapse and a correlation between NAT1 mRNA levels
and miR-1290 in patients with ALL. These findings are
consistent with studies in breast cancer. 

Although previous studies have shown the association
between altered expression of certain miRNAs and ALL, we
chose to evaluate miRNAs based on bioinformatic analysis.
These miRNAs are possible regulators of the NAT1 gene,
and its expression may be affected by deregulation of these
miRNAs. While most of the work on miRNA expression
profiles has been carried out using PBMC, we examined the
plasma expression profile of miR-1290 and miR-26b in
patients with ALL. This analysis is very important because
circulating miRNAs have great potential as non-invasive
biomarkers for diagnosis and prognosis and new therapeutic
targets that can benefit the pediatric population with ALL. 

We hypothesized that up-regulation of miR-1290 during
ALL progression decreases NAT1 expression. Researchers
have also found a correlation between miR-26b and NAT1
mRNA; although, miRNA-26b has also been characterized
as a regulator of tumor suppression in healthy subjects (18,
49-51). Thus, we expected to find a positive correlation in
control subjects; however, we did not find a negative
correlation in patients with ALL. Therefore, circulating miR-
1290 might be a potential biomarker for relapse and disease
progression in patients with ALL. However, further studies

are needed to demonstrate the possible role of miRNAs and
NAT1 levels in childhood cancer.

We next investigated whether epigenetic alterations occur
precisely at the promoter regions of the NAT1 and NAT2
genes. This information could provide a better understanding
of the observed expression differences. We performed a
computer analysis using the Encode® database through the
UCSC Genome Browser and Washu epigenome Browser to
determine which regions of the NAT1 and NAT2 promoters
show the highest interaction with histone H3. Then, we
performed a ChIP assay and observed a loss of H3K14Ac in
the promoter of NAT1 in patients with ALL compared with
control subjects. This modification may play a key role in
the adequate activation of the transcription of the NAT1 gene
in PBMC and may be the cause of low NAT1 mRNA
expression found in these cells. In agreement with our
results, it has been reported that the acetylation of histone
H3 and H4 in PBMC from patients with ALL and acute
myeloid leukemia (AML) is deficient compared with healthy
adults (44). Hence, if NAT1 plays a primary role in cell cycle
regulation, promoting re-expression of the gene through
H3K14Ac would perhaps help to decrease the proliferation
of cancer cells. Unlike the control group, we found that in
patients with ALL there was a minimal increase in
methylation of histone 3 on lysine 27 (H3K27me3) in the
promoter of NAT2. Our results concur with those reported by
Yong Zou et al. (45), who observed aberrant methylation of
histone H3 in PBMC from patients with ALL and AML
compared with healthy adults. However, we do not know the
influence of these modifications on this promoter because
there were no changes at the mRNA level. It is possible that
performing this analysis at the subpopulation level of
lymphocytes would allow us to find a correlation between
the cell subpopulation and enzymatic activity and deduce
that NATs impact the progression of the disease. These
variables could be used as a biomarker for relapse or
pathogenic conditions.

To the best of our knowledge, this is the first study that
has explored whether there are differences in NATs mRNA
and protein expression in subpopulations of immune cells
from patients with ALL. However, we are aware that our
work has certain limitations. First, the sample size needs to
be increased to confirm our results. Second, we need to
validate the data obtained in other PBMC subpopulations.
Finally, a deeper understanding of the underlying
mechanisms that regulate NAT1 and NAT2 in ALL is
required.

A limitation of our study is that it is monocentric, and we
only relied on a single hospital to recruit patients into our
study protocol. In addition, due to the distances from the
places of origin of the patients, the Central Hospital “Dr.
Ignacio Morones Prieto” is the main concentration center for
patients in our State.
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Conclusion

The low NAT1 mRNA and protein expression with low/null
enzymatic activity in PBMC from patients with ALL may be
partly due to the low expression of the transcript and the
upregulation of miR-1290 which is a direct regulator of this
protein. This phenomenon can influence carcinogenesis and
relapses of ALL. We observed alterations in the post-
translational modifications of histones in the promoters of
NAT1 (isoform A) and NAT2. However, the relevance of
NAT2 in the abnormalities present in this condition remains
unclear. These determinations indicate that the expression of
NAT1 and miR-1290 could be involved in this disease,
however, more studies are needed to determine their role in
this neoplasia.
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