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Abstract: Dihydropyrimidine dehydrogenase (DPYD) is the rate-limiting enzyme involved in the
metabolism of fluoropyrimidine-based chemotherapy. However, single-nucleotide variants (SNVs)
in DPYD only partially explain fluoropyrimidine-induced toxicity. The expression of DPYD has
previously been shown to be regulated by microRNA-27a (miR-27a) and a common miR-27a SNV
(rs895819) has been associated with an increased risk of toxicity in patients harboring a DPYD variant
who received standard fluoropyrimidine dosing. We investigated if the miR-27a rs895819 SNV was
associated with toxicity in DPYD wildtype patients and carriers of DPYD variants who received a
reduced dose. The regulation of DPYD using miR-27a was investigated in HepG2 cells utilizing a
miR-27a mimic. miR-27a overexpression decreased DPYD mRNA expression compared to control
cells (p < 0.0001). In a cohort of patients that received pre-emptive DPYD genotyping, 45 patients had
a DPYD variant and 180 were wildtype. Patients heterozygous for rs895819 had an increased risk of
toxicity, which was seen in both patients who were wildtype for DPYD variants (OR (95%CI) = 1.99
(1.00–3.99)) and DPYD variant carriers (OR (95%CI) = 8.10 (1.16–86.21)). Therefore, miR-27a rs895819
may be a clinically relevant predictor of fluoropyrimidine-associated toxicities. Furthermore, toxicity
was more profound in DPYD variant carriers, even after DPYD genotype-guided dose reduction.
This suggests that patients may benefit from miR-27a genotyping to guide fluoropyrimidine dosing.
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1. Introduction

Fluoropyrimidines, such as 5-fluorouracil or the oral prodrug capecitabine, are widely
used in the treatment of solid tumors. Over 30% of patients develop severe toxicity
from fluoropyrimidine therapy [1]. Dihydropyrimidine dehydrogenase (DPD, gene name
DPYD) is the rate-limiting step in the metabolism of 5-fluororuracil (5-FU) into its inactive
metabolite dihydrofluorouracil (DHFU). Therefore, deficiency in DPD leads to increased
systemic levels of fluoropyrimidines, increasing the risk of toxicity. [1]. Currently, genotype-
guided dosing is recommended for patients with the DPYD single-nucleotide variations
(SNVs), c.1905+1G>A (rs3918290), c.2846A>T (rs67376798), c.1679T>G (rs55886062), and
c.1236G>A (rs56038477; in lieu of the linked c.1129-5923C>G SNV) to reduce the risk of
toxicity [2]. However, adjusting for these variants only accounts for 20–30% of the toxicity
observed and does not fully explain the variability in DPD activity. Therefore, further
investigation into other regulatory mechanisms of DPD activity is needed to optimize
fluoropyrimidine dosing.

MicroRNAs (miRNA) are single-stranded and short RNAs, 20–22 nucleotides in length,
that are involved in post-transcriptional gene regulation [3,4]. miRNA binds and targets
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the 3′ and 5′ untranslated regions of genes, resulting in the inhibition of gene translation [4].
Numerous miRNAs have been investigated due to their potential role as cancer biomarkers
and association with cancer occurrence and prognosis [5,6]. miRNAs have been reported as
both oncogenes and tumor suppressors, and their function depends on their mRNA targets
and the cell type [5,7].

Not surprisingly, SNVs in miRNAs have been reported to alter the stability, and
therefore their functionality, on target genes. Furthermore, SNVs in miRNAs have been
explored as risk factors for cancer occurrence and chemotherapy resistance. One such SNV
in miR-27a, rs895819, has been extensively studied in relation to the risk and prognosis
of various cancers; however, results have been unclear. For example, in two Caucasian
cohorts, there was no association with colorectal cancer risk [8,9]; however, multiple studies
in Asian cohorts have reported an increased risk of cancer occurrence [10–13]. Several
meta-analysts concluded that the presence of the rs895819 SNV is associated with colorectal
cancer, with most studies finding this to only be significant in patients’ homozygous for
the variant allele and not carriers [14–21]. However, in contrast, three meta-analyses found
no association of the rs895819 SNV with colorectal cancer [22–24]. Additionally, recent
meta-analyses have shown miR-27a rs895819 SNVs to be associated with an increased risk
of gastric cancer, a decreased risk of breast cancer, and no effect on lung or esophageal
cancer [17,25].

Regulation of DPYD by various miRNAs has been previously shown [26]. For example,
miR-27a, through direct binding to the 3′ untranslated region of DPYD, leads to decreased
DPD activity, mRNA levels, and protein expression [27,28]. Furthermore, the miR-27a
rs895819 SNV is predicted to increase miR-27a stability, thus resulting in increased miR-
27a expression in lymphoblastoid cell lines and decreased DPD activity in carriers of the
rs895819 SNV [27]. Accordingly, a small study of 64 colorectal cancer patients showed an
association between carrying the miR-27a rs895819 SNV and severe toxicity in patients
receiving fluoropyrimidines, oxaliplatin, and irinotecan [29]. However, this association
did not remain significant when other genotypes, including DPYD c.496A>G, c.1896T>C,
and UGT1A1*28, were accounted for [29]. However, two large studies demonstrated that
patients with miR-27a rs895819, who also harbored a DPYD risk variant (c.1905+1G>A,
c.2846A>T, c.1679T>G, or c.1236G>A), and did not receive genotype-guided dosing, had an
increased risk of fluoropyrimidine-related toxicity. However, in patients who are wildtype
for these DPYD SNVs, there were conflicting results, with one study reporting that miR-27a
rs895819 SNV decreased the risk of toxicity [30] and another reporting a modest increased
risk of toxicity [31]. Therefore, we sought to investigate if the miR-27a rs895819 SNV was
associated with fluoropyrimidine toxicity in patients receiving DPYD genotype-guided
standard as well as a reduced fluoropyrimidine dose.

2. Results
2.1. miR-27a-3p Regulation of DPYD Expression

miR-27a-3p expression was measured in HepG2 liver cells after transfection with a
miR-27a-3p mimic. The expression of miR-27a-3p was dramatically increased in cells trans-
fected with miR-27a-3p compared to control cells (3200%, p < 0.05; Figure 1A). Furthermore,
DPYD mRNA expression was decreased by 56% in cells transfected with a miR-27a mimic
compared to control cells (p < 0.05; Figure 1B).
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Figure 1. miR-27a overexpression inhibited DPYD mRNA expression. The relative expression of (A) 

miR-27a and (B) DPYD mRNA in HepG2 cells after 48 h of exposure to a miR-27a mimic or control 

(transfection reagents alone). Relative expression was calculated using the ΔΔCT method with U6 

siRNA and GAPDH as housekeeping genes for miR-27a and DPYD, respectively. Data are shown 

as mean ± SEM, N = 4, * p < 0.05. 

2.2. Study Population 

Among the 225 patients, the median age was 62, 48% were male, and 53% had colo-

rectal cancer. DPYD variants were previously found in 45 patients, with 18, 9, and 18 pa-

tients being carriers of c.2846A>T, c.1905+1G>A, and c.1236G>A, respectively. The minor 

allelic frequency (MAF) of miR-27a rs895819 and rs11671784 were 0.36 and 0.016, respec-

tively. Baseline demographics are shown in Table 1. The initial dose of fluoropyrimidines 

were 52% and 90% of the ideal dose in patients with DPYD variants and without DPYD 

variants, respectively. Similarly, the average fluoropyrimidine dose intensity rates were 

54% and 87% in patients with and without DPYD variants, respectively (Table 2). Patients 

carrying DPYD variants who had received a fluoropyrimidine dose adjustment were not 

at a greater risk of fluoropyrimidine-associated toxicity compared to DPYD wildtype pa-

tient during cycles 1 and 2 (OR (95% CI) = 0.53 (0.20–1.21)) or during the total treatment 

period (OR (95% CI) = 0.67 (0.31–1.36)) (Table S1). 

Table 1. Baseline demographics. 

 Total Population 

(N = 225) 

Patients with DPYD Variants 1 

(N = 45) 

Patients with No DPYD 

Variants 1 

(N = 180) 

Age (range) 62 (33–89) 63 (34–86) 62 (33–89) 

Sex, N (%)    

Male 107 (48) 21 (47) 86 (48) 

Female 118 (52) 24 (53) 94 (52) 

Tumor Site, N (%)    

Colorectal 119 (53) 23 (51) 96 (53) 

Gastric and esophagus 35 16) 7 (16) 28 (16) 

Pancreas 24 (11) 6 (13) 18 (10) 

Breast 12 (5) 3 (7) 9 (5) 

Figure 1. miR-27a overexpression inhibited DPYD mRNA expression. The relative expression of
(A) miR-27a and (B) DPYD mRNA in HepG2 cells after 48 h of exposure to a miR-27a mimic or
control (transfection reagents alone). Relative expression was calculated using the ∆∆CT method
with U6 siRNA and GAPDH as housekeeping genes for miR-27a and DPYD, respectively. Data are
shown as mean ± SEM, N = 4, * p < 0.05.

2.2. Study Population

Among the 225 patients, the median age was 62, 48% were male, and 53% had colorec-
tal cancer. DPYD variants were previously found in 45 patients, with 18, 9, and 18 patients
being carriers of c.2846A>T, c.1905+1G>A, and c.1236G>A, respectively. The minor allelic
frequency (MAF) of miR-27a rs895819 and rs11671784 were 0.36 and 0.016, respectively.
Baseline demographics are shown in Table 1. The initial dose of fluoropyrimidines were
52% and 90% of the ideal dose in patients with DPYD variants and without DPYD variants,
respectively. Similarly, the average fluoropyrimidine dose intensity rates were 54% and
87% in patients with and without DPYD variants, respectively (Table 2). Patients carrying
DPYD variants who had received a fluoropyrimidine dose adjustment were not at a greater
risk of fluoropyrimidine-associated toxicity compared to DPYD wildtype patient during
cycles 1 and 2 (OR (95% CI) = 0.53 (0.20–1.21)) or during the total treatment period (OR
(95% CI) = 0.67 (0.31–1.36)) (Table S1).

Table 1. Baseline demographics.

Total Population
(N = 225)

Patients with DPYD Variants 1

(N = 45)
Patients with No DPYD Variants 1

(N = 180)

Age (range) 62 (33–89) 63 (34–86) 62 (33–89)
Sex, N (%)

Male 107 (48) 21 (47) 86 (48)
Female 118 (52) 24 (53) 94 (52)

Tumor Site, N (%)
Colorectal 119 (53) 23 (51) 96 (53)

Gastric and esophagus 35 16) 7 (16) 28 (16)
Pancreas 24 (11) 6 (13) 18 (10)

Breast 12 (5) 3 (7) 9 (5)
Head and neck 9 (4) 2 (4) 7 (4)

Anal 8 (4) 1 (2) 7 (4)
Other 2 18 (8) 3 (7) 15 (8)

DPYD Genotype, N (%)
Wildtype 180 (80) 0 (0) 180 (100)

c.2846A>T 18 (8) 18 (40) 0 (0)
c.1905+1G>A 9 (4) 9 (20) 0 (0)

c.1679T>G 0 (0) 0 (0) 0 (0)
c.1236G>A 18 (8) 18 (40) 0 (0)
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Table 1. Cont.

Total Population
(N = 225)

Patients with DPYD Variants 1

(N = 45)
Patients with No DPYD Variants 1

(N = 180)

miR-27a rs895819, N (%)
A/A 100 (44) 20 (44) 80 (44)
A/G 88 (39) 19 (42) 69 (38)
G/G 37 (16) 6 (13) 31 (17)

miR-27a rs11671784, N (%)
C/C 218 (97) 44 (98) 174 (97)
C/T 7 (3) 1 (2) 6 (3)
T/T 0 (0) 0 (0) 0 (0)

1 DPYD variants include c.2846A>T, c.1905+1G>A, c.1679T>G, and c.1236G>A; 2 includes appendix and small
bowel, genitourinary, hepatobiliary, and unknown primary sites.

Table 2. Chemotherapy characteristics.

Total Population
(N = 225)

Patients with DPYD Variants 1

(N = 45)
Patients with No DPYD Variants 1

(N = 180)

Regimen, N (%)
Capecitabine monotherapy 2 39 (17) 10 (22) 29 (16)
Capecitabine with radiation 36 (16) 8 (18) 28 (16)

Capecitabine with oxaliplatin 21 (9) 2 (4) 19 (11)
Capecitabine with other agents 3 16 (7) 3 (7) 13 (7)

FOLFOX 2 42 (19) 7 (16) 35 (19)
FOLFIRI/FOLFIRINOX 22 (10) 7 (16) 15 (8)

5-FU with cisplatin–carboplatin 26 (12) 4 (9) 22 (12)
5-FU with other agents 4 23 (10) 4 (9) 19 (11)

BSA, mean (SD) 5 1.88 (0.25) 1.85 (0.23) 1.90 (0.26)
Initial dose intensity, mean (SD) 6 82 (21) 52 (18) 90 (12)
Average dose intensity, mean (SD) 80 (18) 54 (14) 87 (13)
Treatment cycles, median (range) 7 5 (1–24) 5 (1–20) 4 (1–24)

1 DPYD variants include c.2846A>T, c.1905+1G>A, c.1679T>G, and c.1236G>A; 2 includes those with and without
biologic agents; 3 includes gemcitabine, lapatinib, temozolomide, docetxel, epirubicin, and mitomycin + radiation;
4 includes degramount, FEC-D, and FLOT regimens, in addition to mitomycin + radiation; 5 body surface area;
6 the percentage of ideal dose for each patient given their regimen and body surface area; 7 the number of
treatment cycles attempted in each patient, though some cycles were discontinued early due to adverse events.

2.3. Association of miR-27a SNVs and Fluoropyrimidine-Associated Toxicity in the Total
Patient Population

In the overall sample (DPYD wildtype and variant carriers), patients with one variant
allele of miR-27a rs895819 were at an increased risk of fluoropyrimidine-associated toxicity
during their total treatment period (OR (95% CI) = 2.38 (1.26–4.57)), while patients with two
variant alleles were not at an increased risk (OR (95%) = 1.49 (0.63–3.43)) (Table 3). Similarly,
during chemotherapy cycles 1 and 2, patients with one variant allele of miR-27a were at
an increased risk of fluoropyrimidine-associated toxicity (OR (95% CI) = 2.29 (1.14–4.71)),
while no association was found with two alleles (OR (95% CI) = 1.05 (0.37–2.75)) (Table 4).
Within the overall population, patients with one variant allele of miR-27a rs895819 had
increased severe gastrointestinal, myelosuppression, cardiac, and hand–foot syndrome
toxicities compared to wildtype patients. Additionally, they had higher discontinuation
of fluoropyrimidine treatment due to related toxicities (23%) compared to wildtype pa-
tients (16%) (Tables 5 and 6). miR27-a rs11671784 was not associated with an increase in
fluoropyrimidine-associated toxicity in the total population (OR (95%) = 0.33 (0.02–2.06))
(Table 3).
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Table 3. Severe fluoropyridine-related adverse events during total treatment period.

Genotype Grade ≥ 3 Toxicity 1 during
Total Treatment Period N, (%)

OR (95% CI)
(Adjusted) p-Value

miR-27a rs895819

Total Population
A/A 25 (25) 1.0 (reference)
A/G 38 (43) 2.38 (1.26 to 4.57) 0.0079
G/G 12 (32) 1.49 (0.63 to 3.43) 0.3588

DPYD Wildtype
A/A 22 (28) 1.0 (reference)
A/G 30 (43) 1.99 (1.00 to 3.99) 0.0507
G/G 11 (35) 1.44 (0.58 to 3.49) 0.4278

DPYD Variant Carriers 2
A/A 3 (15) 1.0 (reference)
A/G 8 (42) 8.10 (1.16 to 86.21) 0.0497
G/G 1 (17) 3.87 (0.12 to 90.67) 0.3879

miR-27a rs11671784

Total Population C/C 74 (34) 1.0 (reference)
C/T 1 (14) 0.33 (0.02 to 2.06) 0.3155

DPYD Wildtype C/C 63 (36) - -
C/T 0 (0)

DPYD Variant Carriers 2 C/C 11 (25) - -
C/T 1 (100)

1 Grade ≥ 3 based on the Common Terminology Criteria for Adverse Events (version 5.0); 2 DPYD variants
include c.2846A>T, c.1905+1G>A, c.1679T>G, and c.1236G>A.

Table 4. Severe fluoropyridine-related adverse events during cycles 1 and 2.

Genotype
Grade ≥ 3 Toxicity 1 during

Cycles 1 and 2
N, (%)

OR (95% CI)
(Adjusted) p-Value

miR-27a rs895819

Total Population
A/A 18 (18) 1.00 (reference)
A/G 28 (32) 2.29 (1.14 to 4.71) 0.0219
G/G 7 (19) 1.05 (0.37 to 2.75) 0.9206

DPYD Wildtype
A/A 15 (19) 1.00 (reference)
A/G 24 (35) 2.30 (1.09 to 4.97) 0.0310
G/G 7 (23) 1.21 (0.41 to 3.27) 0.7209

DPYD Variant Carrier 2
A/A 3 15)

- -A/G 4 (21)
G/G 0 (0)

miR-27a rs11671784

Total Population C/C 52 (24) 1.00 (reference)
C/T 1 (14) 0.56 (0.03 to 3.54) 0.6029

DPYD Wildtype C/C 46 (26) - -
C/T 0 (0)

DPYD Variant Carrier 2 C/C 6 (14) - -
C/T 1 (100)

1 Grade ≥ 3 based on the Common Terminology Criteria for Adverse Events (version 5.0); 2 DPYD variants
include c.2846A>T, c.1905+1G>A, c.1679T>G, and c.1236G>A.
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Table 5. Number of severe fluoropyridine-related adverse events during the total treatment period.

miR-27a rs895819
Grade ≥ 3 Adverse Events 1 during Total Treatment Period Discontinued

Treatment 3 Death 4
GI MS Cardiac HFS Other 2

Total
Population

A/A 8 (8) 10 (10) 1 (1) 2 (2) 11 (11) 16 (16) 0 (0)
A/G 13 (15) 19 (22) 3 (3) 4 (5) 7 (8) 20 (23) 1 (1)
G/G 3 (8) 5 (14) 1 (3) 0 (0) 6 (16) 6 (16) 0 (0)

DPYD
Wildtype

A/A 7 (9) 7 (9) 1 (1) 2 (3) 10 (13) 12 (15) 0 (0)
A/G 9 (13) 16 (23) 3 (3) 2 (3) 6 (9) 14 (20) 1 (1)
G/G 2 (6) 5 (16) 1 (3) 0 (0) 6 (19) 6 (19) 0 (0)

DPYD
Variant

Carriers 5

A/A 1 (5) 3 (15) 0 (0) 0 (0) 1 (5) 4 (20) 0 (0)
A/G 4 (21) 3 (16) 0 (0) 2 (11) 1 (5) 6 (32) 0 (0)
G/G 1 (17) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Abbreviations: GI, gastrointestinal; MS, myelosuppression; HFS, hand–foot syndrome; 1 grade ≥ 3 based on
the Common Terminology Criteria for Adverse Events (version 5.0); 2 other grades with ≥ 3 adverse events
(including fatigue, infections, neurotoxicity, and laboratory abnormalities); 3 the discontinuation of treatment due
to fluoropyrimidine-related adverse events of any grade; 4 at least one fluoropyrimidine-related adverse event
contributed significantly to death; 5 DPYD variants include c.2846A>T, c.1905+1G>A, c.1679T>G, and c.1236G>A.

Table 6. Number of severe fluoropyridine-related adverse events during cycles 1 and 2.

miR-27a rs895819
Grade ≥ 3 Adverse Events 1 during Total Treatment Period Discontinued

Treatment 3 Death 4
GI MS Cardiac HFS Other 2

Total
Population

A/A 8 (8) 6 (6) 1 (1) 1 (1) 8 (8) 9 (9) 0 (0)
A/G 11 (13) 16 (18) 2 (2) 3 (3) 4 (5) 11 (13) 0 (0)
G/G 2 (5) 4 (11) 1 (3) 0 (0) 2 (5) 4 (11) 0 (0)

DPYD
Wildtype

A/A 7 (8) 3 (4) 1 (1) 1 (1) 7 (9) 5 (6) 0 (0)
A/G 9 (13) 14 (20) 2 (3) 2 (3) 3 (4) 10 (14) 0 (0)
G/G 2 (6) 4 (13) 1 (3) 0 (0) 2 (6) 4 (13) 0 (0)

DPYD
Variant

Carriers 5

A/A 1 (5) 3 (15) 0 (0) 0 (0) 1 (5) 4 (20) 0 (0)
A/G 2 (11) 2 (11) 0 (0) 1 (5) 1 (5) 1 (5) 0 (0)
G/G 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Abbreviations: GI, gastrointestinal; MS, myelosuppression; HFS, hand–foot syndrome; 1 grade ≥ 3 based on
the Common Terminology Criteria for Adverse Events (version 5.0); 2 other grade with ≥ 3 adverse events
(including fatigue, infections, neurotoxicity, and laboratory abnormalities); 3 the discontinuation of treatment due
to fluoropyrimidine-related adverse events of any grade; 4 at least one fluoropyrimidine-related adverse event
contributed significantly to death; 5 DPYD variants include c.2846A>T, c.1905+1G>A, c.1679T>G, and c.1236G>A.

2.4. Association of miR-27a SNVs and Fluoropyrimidine-Associated Toxicity in Patients’ Wildtype
for DPYD

Previous studies have suggested that miR-27a SNVs were only associated with
fluoropyrimidine-related toxicities in patients also harboring a DPYD variant and not
wildtype patients [30]. As such, we looked at the association with miR-27a SNVs in these
separate groups. An increased risk of fluoropyrimidine-associated toxicity during to-
tal treatment was seen in DPYD wildtype patients who were heterozygous for miR-27a
rs895819 (OR (95% CI) = 1.99 (1.00–3.99)), while no difference was seen in patients ho-
mozygous for miR-27a rs895819 (OR (95% CI) = 1.44 (0.58–3.49)) during the total treatment
period (Table 3). Similarly, in patients who were wild-type for DPYD, an association with
fluoropyrimidine-related toxicities during cycles 1 and 2 was found in patients heterozy-
gous for miR-27a rs895819 (OR (95% CI) = 2.30 (1.09–4.97)), but not those homozygous for
the variant (OR (95%) = 1.21 (0.41–3.27)) (Table 4). Furthermore, patients heterozygous for
miR-27a rs895819 saw an increase in gastrointestinal and myelosuppression severe toxici-
ties compared to wildtype patients, as well as higher rates of treatment discontinuation
(Tables 5 and 6).
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2.5. Association of miR-27a SNVs and Fluoropyrimidine-Associated Toxicity in DPYD
Variant Carriers

DPYD variant carriers (DPYD c.1905+1G>A, c.2846A>T, c.1679T>G, and c.1236G>A)
who were given a dose adjustment were at an 8.10 times higher risk of fluoropyrimidine-
associated toxicity with one allele of miR-27a rs895819 (OR (95%) = 8.10 (1.16–86.21)) but
not two alleles (OR (CI 95%) = 3.87 (0.12–90.67)) (Table 3). Due to the small sample size of
this study, we were unable to determine the risk of toxicity during cycles 1 and 2 (Table 4).
DPYD variant carriers that were heterozygous for miR-27a rs895819 had an increase in
gastrointestinal and hand–foot syndrome severe toxicity during fluoropyrimidine treatment.
Additionally, DPYD variant carriers that also had a miR-27a rs895819 variant had an
increase in the discontinuation of fluoropyrimidine treatment due to related toxicities (32%)
compared to patients with a DPYD variant alone (20%) (Tables 5 and 6).

3. Discussion

The predictive role of deleterious DPYD on fluoropyrimidine toxicity has been well
established; however, known DPYD SNVs are unable to account for the majority of
fluoropyrimidine-associated toxicity. In this study, we were able to show that miR-27a
can regulate DPYD expression in vitro. As well as in vivo, the common rs895819 SNV was
predictive of fluoropyrimidine-associated toxicity during genotype-guided dose reduction.
Importantly, we have shown for the first time that patients harboring a DPYD variant
(DPYD c.1905+1G>A, c.2846A>T, c.1679T>G, and c.1236G>A) that received a genotype-
guided dose reduction were still at risk for increased toxicity if they were also a carrier of
miR-27a rs895819 SNV.

miR-27a has previously been shown to directly regulate DPYD expression in vitro [27,28].
We have confirmed that overexpression of miR-27a inhibited DPYD mRNA expression in
HepG2 cells. Similarly, previous studies demonstrated that DPYD protein and mRNA ex-
pression were inhibited after treatment with a miR-27a mimic [27,28]. miR-27a is predicted to
bind to the 3′UTR region of DPYD and directly affect its expression [27]. Therefore, the role of
miR-27a in the regulation of DPYD may have a significant effect on the expression and total
activity of DPD, and may subsequently influence fluoropyrimidine metabolism and toxicity.
Furthermore, using the miRDB database (http://www.mirdb.org (accessed on 21 August
2023)) for miRNA-mRNA predictions, no other enzymes in the fluoropyrimidine metabolism
pathway were predicted to be targets of hsa-miR27A-3p, other than DPYD. However, the
clinical relevance of miR-27a plasma levels as a predictor of DPYD-induced fluoropyrimidine
toxicity remains to be known.

In this study, we show that the common miR-27a rs895819 SNV (MAF = 0.36) was
associated with increased fluoropyrimidine toxicity in DPYD wildtype and variant carriers
even after appropriate dosing among variant carriers. Previous studies of DPYD variant car-
riers, not pre-emptively dose-adjusted, show an increased risk of fluoropyrimidine-toxicity
between 4.6–7.4 times higher in carriers of the rs895819 SNV than wildtype patients [29–31].
To the best of our knowledge, the current study is the first to demonstrate an association
with the rs895819 genotype and the increased risk of fluoropyrimidine toxicity among
DPYD variant carriers who had received appropriate genotype-guided reduction (OR (95%)
= 8.10 (1.16–86.21)). DPYD variant carriers in this study had, on average, 48% and 46%
reduction in initial and average dose over the treatment period, respectively, resulting
in similar fluoropyrimidine toxicity rates between DPYD variant carriers and wildtype
patients (27% versus 35%, respectively). Therefore, the pre-emptive genotype-guided dose
reduction in patients with DPYD variants is not a sufficient reduction if patients also harbor
the miR-27a rs895819 SNV. Thus, an additional dose adjustment on top of the current DPYD
recommendations may be necessary for 30% of DPYD carriers also harboring the miR-27a
rs895819 SNV.

In patients with no known DPYD variants, we showed an association of fluoropy-
rimidine toxicity in carriers of rs895819 (OR (95% CI) = 1.99 (1.00–3.99)). This is similar to
Meulendijks et al. [31] who showed a small but significant association of toxicity in patients
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carrying the miR-27a rs895819 SNV (OR (95%) = 1.5 (1.00–2.14)), in contrast to the decreased
risk of toxicity shown by Amstutz et al. [30] (OR (95%) 0.73 (0.56–0.97)). Therefore, this
demonstrates that the effect of miR-27a is not exclusive to only DPYD variant carriers, and
the consideration of miR-27a to fluoropyrimidine therapy may be beneficial to all patients.
We note however that we did not account for additional DPYD variants, including rare
variants or c.1601G>A in our DPYD “wildtype” populations. Interestingly, Meulendijks
et al. found that DPYD c.1601G>A, in combination with miR-27a SNVs (rs895819 and/or
rs11671784), increased their risk of severe fluoropyrimidine toxicity [31]. Thus, some of
the effects seen in our DPYD wildtype patients may be partly due to the presence of other
DPYD variants.

The miR-27a rs11671784 SNV is much less common than rs895819, with a minor allele
frequency of 0.016 in our cohort. In this study, we found no association with fluoropyrimi-
dine toxicity in the carriers of rs11671784 SNV. However, due to the low frequency, we only
found seven carriers of the gene and we were unable to stratify further into DPYD wildtype
and variant carriers. Similarly, previous reports showed no association of rs11671784 with
fluoropyrimidine toxicity [30,31]. Furthermore, Amstutz et al. reported sex differences in
the effect of rs11671784 SNV, suggesting that it is protective in female patients only and
not males [30]. Unfortunately, due to the small sample size, we were unable to investigate
this in our cohort. Previous studies have suggested that the rs11671784 SNV results in
a decrease in miR-27a expression [32,33]; thus, this could lead to an increase in DPD ex-
pression and activity. Interestingly, these papers report an allele frequency of rs11671784
SNV to be much higher in their Chinese cohorts compared to ours and previous Caucasian
cohorts [30,31]. Further studies on the effect of the rs11671784 SNV on the regulation of
DPYD and any potential sex or ethnicity differences are needed.

Both rs895819 and rs11671784 are located in the terminal loop of the pre-microRNA,
four nucleotides apart. As these SNVs are present in the miR-27a hairpin loop, they do
not interfere with the binding site of the mature miR-27a to DPYD [27]. The presence of
the rs11671784 SNV has been previously shown to decrease the expression of miR-27a
expression [33,34]. However, the mechanism of the rs895819 SNV and its effect on its
expression is unknown. Previous studies suggested that the rs895819 SNV alters the sta-
bility and/or processing of miR-27a; however, these results are conflicting, with some
studies showing increased miR-27a expression [13,34], others showing decreased miR-
27a expression [27,35,36], and one showing no effect of the rs895819 SNV on miR-27a
expression [37]. Similarly, conflicting studies have shown a decrease, an increase, and no as-
sociation between carriers of the rs895819 SNV and the risk of various cancers [16–18,25,38].
Interestingly, differences in the risk of cancer susceptibility with the rs895819 SNV are sug-
gested due to ethnicity differences, with Asian carriers of rs895819 having an increased
risk, but there has been no association seen in Caucasian populations [16,18,38]. Similarity
ethnicity-specific effects of the rs895819 SNV are seen in other conditions, such as recurrent
spontaneous abortions [39] and type II diabetes [40]. We were unable to examine ethnicity
differences relating to the effects of the rs895819 SNV in our study due to >95% of our
patients being of Caucasian descent.

4. Materials and Methods
4.1. Cell Culture

Human embryonic kidney type T (HEK293T) cells were obtained from American
Type Culture Collection (Manassas, VA, USA). Cells were cultured at 37 ◦C, with 5% CO2,
in Dulbecco’s Modified Eagle Medium (DMEM; Thermo Scientific, Waltham, MA, USA)
containing 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 2 mM L-glutamine
(Invitrogen, Waltham, MA, USA).

4.2. miR-27a mimic Transfection

A miR-27a-3p mimic (Thermo Fisher, Waltham, MA, USA, Assay Id MC10939) was
transfected into HepG2 24 h after plating. Reverse transfection was performed by adding
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RNAiMAX lipofectamine (Thermo Fisher) and the miR-27a-3p mimic (final concentration
40 nM) to 24-well plates for 15 min before the addition of cells. After 48 h, the cells were
harvested for RNA extraction.

4.3. Real-Time RT-PCR

Total RNA was extracted from HEK293T cells 48 h after transfection with a miR-27a
mimic using the TRIZOL method, as previously described [41]. For miRNA levels, reverse
transcription was performed with the TaqMan MicroRNA Reverse Transcription Kit, ac-
cording to manufacturer’s instructions, followed by real-time PCR using TaqMan assays
(miR-27a: assay ID 000408 and U6 SNRNA assay ID 001973). To determine mRNA levels of
DPYD and GAPDH, cDNA was created using the iScript reverse transcription kit (BioRAD).
Real-time PCR was performed using SYBR green reagents and specific primers (DPYD
forward: GGTGGTGATGTCGTTGGTTT, DPYD reverse: GCAGAAACGGAAGCTCCATA,
GAPDH forward: ACCACAGTCCATGCCATCAC, GAPDH reverse: TCCACCACCCT-
GTTGCTGTA). All real-time PCR was performed using a Viia7 Real-Time PCR machine
(ThermoFisher). Relative expression was calculated using the ∆∆CT method, with U6
siRNA and GAPDH used as housekeeping genes for miR-27a and DPYD, respectively.

4.4. Study Design

A subset of previously published patients who were pre-emptively genotyped for
DPYD variants c.1905+1G>A, c.2846A>T, c.1679T>G, and c.1236G>A prior to dosing with
fluoropyrimidines were used [42]. Fluoropyrimidine-guided dose reduction was performed
according to previously published methods using TaqMan genotyping [42]. Severe adverse
events (AEs) included grade ≥3 toxicities, according to the National Cancer Institutes’
Common Terminology Criteria for Adverse Events (CTCAE) (version 5.0). The study
was approved by the Institutional Review Board at Western University. Written informed
consent was obtained from all individuals participants in the study.

4.5. Genotyping and Sequencing of miR-27a

Whole blood samples were collected, and DNA was extracted using a MagNA Pure
Compact instrument (Roche). Genotyping of miR-27a variants rs895819 and rs11671784
was completed using Sanger sequencing due to the proximity of variants [43]. PCR was
performed for miR-27a using primers 5′-GTCCCCAAATCTCATTACCTCCTT-3′ (forward)
and 5′-GGTCTGATTCTGAGTCCTCATCTC-3′ (reverse) with AmpliTaq Gold DNA Poly-
merase (Thermo Scientific), and an annealing temperature of 58 ◦C for 35 cycles. Sanger
sequencing was performed with the same primers as listed above. A representative image
of Sanger sequencing results showing a homozygous wildtype, a homozygous variant, and
a heterozygote for miR-27a rs895819 is shown in Figure S1.

4.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9 with Student’s t-tests used
for the in vitro analysis. For the association of miR-27a SNVs with toxicities, a logistic
regression model adjusting for age, sex, treatment type (5-fluorouracil or capecitabine), and
DPYD genotype (total population and DPYD variant carrier analyses only) was used. Odds
ratios and 95% confidence intervals were shown compared to the wildtype genotype as the
reference group. A p-value of less than 0.05 was considered statically significant.

5. Conclusions

In summary, we demonstrate new findings to support an important role of the miR-
27a rs895819 SNV as a predictor of toxicity, even among DPYD variant carriers who
receive appropriate fluoropyrimidine dose reduction. Furthermore, we report that DPYD
wildtype patients are at an increased risk of fluoropyrimidine toxicity if they carry rs895819.
Therefore, our findings suggest that, in addition to DPYD, patients may benefit from miR-
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27a genotyping to guide fluoropyrimidine dosing; thus, the clinical impact of miR-27a
expression, regulation, and SNVs warrant additional studies.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms241713284/s1.
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