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Uncovering the roles 
of dihydropyrimidine 
dehydrogenase in fatty‑acid 
induced steatosis using human 
cellular models
Kelly E. Sullivan1,3, Sheetal Kumar1,4, Xin Liu1,5, Ye Zhang1,5, Emily de Koning1,6, Yanfei Li2, 
Jing Yuan1,7 & Fan Fan1,8*

Pyrimidine catabolism is implicated in hepatic steatosis. Dihydropyrimidine dehydrogenase (DPYD) 
is an enzyme responsible for uracil and thymine catabolism, and DPYD human genetic variability 
affects clinically observed toxicity following 5-Fluorouracil administration. In an in vitro model of 
fatty acid-induced steatosis, the pharmacologic inhibition of DPYD resulted in protection from 
lipid accumulation. Additionally, a gain-of-function mutation of DPYD, created through clustered 
regularly interspaced short palindromic repeats associated protein 9 (CRISPR-Cas9) engineering, 
led to an increased lipid burden, which was associated with altered mitochondrial functionality in a 
hepatocarcionma cell line. The studies presented herein describe a novel role for DPYD in hepatocyte 
metabolic regulation as a modulator of hepatic steatosis.

Abbreviations
5-FU	� 5-Fluorouracil
CRISPR-Cas9	� Clustered regularly interspaced short palindromic repeats associated protein 9
DPYD	� Dihydropyrimidine dehydrogenase
FASN	� Fatty acid synthase
FXR	� Farsenoid X receptor
G0S2	� G0/G1 Switch Gene 2
HMGCS1	� 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1
HSD17B13	� Hepatic lipid droplet protein hydroxysteroid 17-beta dehydrogenase 13
MID1IP1	� MID1 interacting protein 1
NAFLD	� Nonalcoholic fatty liver disease
NASH	� Non-alcoholic steatohepatitis
PHH	� Primary human hepatocyte
PNPLA3	� Patatin Like Phospholipase Domain Containing 3
TXNIP	� Thioredoxin interacting protein 1
UPP1	� Uridine phosphorylase-1

Hepatic steatosis results from dysregulated energy homeostasis in the liver and an accumulation of lipids in the 
parenchyma1. Hepatic steatosis, or fatty liver, is the first stage of the nonalcoholic fatty liver disease (NAFLD) 
spectrum. Some individuals with steatosis may progress to non-alcoholic steatohepatitis (NASH), the stage at 
which excessive levels of triglycerides become cytotoxic and trigger an inflammatory and subsequent fibrotic 
response2. Non-alcoholic fatty acid disease progression impairs normal hepatic function and is quickly becoming 
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a global epidemic with nearly 30% of the population impacted3. NASH is a precursor stage to cirrhosis, and 
cirrhosis from fatty liver is increasingly becoming the leading reason for liver transplantation globally4. Cur-
rently there are no approved therapies for NASH or cirrhosis. Identifying novel protein targets of hepatic lipid 
accumulation is key to understanding and preventing disease pathogenesis5.

Pyrimidine catabolism has been implicated in liver lipid homeostasis. Transgenic mouse models identify the 
enzyme, uridine phosphorylase-1 (UPP1), as a key driver of pyrimidine catabolism and the salvage pathway, and 
a modulator of hepatic microvesicular steatosis6. An intermediate of pyrimidine catabolism, dihydrothymine, has 
been identified as a metabolic signature associated with pediatric NAFLD7. Daily uridine supplementation for 
two weeks improved liver lipid metabolism and weight loss in mice fed a high fat diet8 and reduced drug-induced 
liver lipid accumulation in mice following exposure to hepatotoxic drugs such as tamoxifen9, zalcitabine10 and 
fenofibrate11. However, chronic uridine administration for 16 weeks induced fatty liver and glucose intolerance 
in mice12. In addition, plasma uridine levels are regulated by fasting and feeding cycles in mice in an adipocyte 
dependent manner and uridine levels can directly influence energy homeostasis and thermoregulation13. These 
results suggest pyrimidine catabolism regulates metabolism and sensitive pharmacologic control of uridine levels 
may be a promising approach to treating metabolic disorders.

Uridine catabolism is accomplished through its reversible conversion to uracil via the UPP1 enzyme6. The 
enzyme dihydropyrimidine dehydrogenase (DPYD) is the rate limiting enzyme in uracil catabolism and there-
fore a major regulator of uracil and uridine levels in the liver14. DPYD expression levels are controlled in part by 
the farsenoid X receptor (FXR)15, a transcription factor known to regulate hepatic energy homeostasis. A high 
degree of genetic variability in DPYD has been highlighted in the human population through the development 
of the chemotherapeutic 5-Fluorouracil (5-FU) for the treatment of colorectal cancer. The majority of 5-FU is 
metabolized and cleared through the liver via DPYD, thus controlling the fraction of active metabolites present 
in the bloodstream. Loss-of-function carriers in DPYD demonstrate significant toxicity to 5-FU due to higher 
levels of circulating drug, whereby gain-of-function carriers demonstrate reduced responsiveness to treatment 
because of higher rates of clearance16. Chemotherapy associated simple steatohepatitis is an adverse side effect 
associated with 5-FU treatment and patients with lower DPYD mRNA levels demonstrate significantly higher 
rates of steatosis. It has yet to be determined whether this toxicity is due to higher levels of circulating 5-FU (due 
to reduced metabolism by DPYD)17. However, it has been demonstrated that pharmacological manipulation of 
DPYD through the small molecule inhibitor, Gimeracil, has, clinically, demonstrated the ability to increase the 
efficacy of 5-FU treatment18.

Whether genetic variability and/or pharmacologic perturbation of DPYD alters uracil and uridine homeo-
stasis, resulting in liver lipid accumulation and susceptibility to NAFLD, remains to be elucidated. Thus, these 
questions were explored using a variety of in vitro cell models. The results demonstrate that inhibition of DPYD 
results in a reduced lipid burden in the presence of free fatty acid exposure in primary human hepatocytes 
cultured in vitro. RNAseq and extracellular flux analysis revealed a reduction in lipogenesis and an increase 
in mitochondrial respiration likely due to increased beta-oxidation of fatty acids with exposure to the DPYD 
inhibitor, Gimeracil. A gain-of-function mutation in DPYD was engineered into a human hepatocarcinoma cell 
line using CRISPR-Cas9 homology-directed repair to assess whether increased DPYD activity altered the basal 
lipid profile of the cells and their response to stress. Mechanistic evaluation revealed a reduced lipid burden in a 
DPYD-knockout cell line and an increased lipid burden with the L310S homozygous gain of function mutation. 
Extracellular flux analysis demonstrated impaired mitochondrial respiration in the L310S line and improved 
functionality in the loss-of-function line. These human in vitro models of hepatic steatosis highlight how DPYD 
enzymatic activity significantly contributes to lipid homeostasis and demonstrate how pharmacologic inhibi-
tion of DPYD may be a potential treatment option for the mitigation of diet-induced microvesicular steatosis.

Results
Following exposure to free fatty acids (FFAs), PHHs demonstrated a dose-dependent increase in neutral lipid 
accumulation (Fig. 1A,B). In addition, markers of pathways associated with adipogenesis, fatty acid biosynthe-
sis, unfolded protein response and production of NOS and ROS in macrophages were significantly influenced 
by the exposure to FFAs. Markers of beta-alanine metabolism were markedly altered following FFA exposure 
(Fig. 1C). Significant disruptions in expression of mRNA transcripts associated with maintenance of metabolic 
homeostasis, including upregulation of SLC25A47, APOA4, APOA5, MFSD2A, and ABCB4, and downregulation 
of ABCG1 were observed (Fig. 1D). Finally, a significant increase in basal oxygen consumption rate as measured 
by extracellular flux analysis was observed following FFA exposure (Fig. 1E).

UPB1, a gene encoding for the enzyme beta-ureidopropionase, was downregulated following exposure to 
FFAs (fold change − 0.22777 and adjusted p-value 0.025117). Beta-ureidopropionase is responsible for the final 
step of pyrimidine catabolism through its conversion of N-carbamyl-beta-alanine to beta alanine. The differential 
expression of this gene in our model system highlights the significance of pyrimidine catabolism in hepatocyte 
metabolic homeostasis.

Functional characterization of DPYD inhibition in an in  vitro primary human hepatocyte 
model of steatosis.  With a characterized, in vitro model of steatosis, we next assessed how pharmacologi-
cal inhibition of DPYD influenced uracil degradation and the accumulation of lipids in cells. The concentration 
of uracil in the media of PHHs increased with increasing concentrations of DPYD inhibitor Gimeracil (IC50 of 
56 nM), as evident by the quantification using mass spectrometry (Fig. 2A), in good agreement with the crucial 
role played by DPYD in mediating the degradation of uracil. PHHs demonstrated reduced neutral lipid accu-
mulation in a dose-dependent manner following Gimeracil exposure in the presence of FFAs; an IC50 value of 
247.8 nM (Fig. 2B,C). This difference in lipid burden due to DPYD inhibition was not an artifact of either cell 
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density (Fig. 2D) or viability (Fig. 2E). The ability of Gimeracil to prevent hepatocyte lipid burden was observed 
across three different lines of PHHs (data not shown), indicating this was not an artifact of a particular donor 
line, but a true biological phenomenon.

The seahorse assay demonstrated that, in the presence of fatty acids, DPYD inhibition increased basal oxygen 
consumption with a maximal difference observed at 200 nm (adjusted p-value 0.0017) (Fig. 3A). At this dose level 
of Gimeracil, the mitochondrial stress test revealed increases in maximal respiration (adjusted p-value < 0.0001), 
spare respiratory capacity (adjusted p-value = 0.0008) and ATP production (adjusted p-value = 0.0002) (Fig. 3C) 
relative to 200 µM fatty acid exposure in the absence of Gimeracil. Thus, these results suggest perturbation of the 
pyrimidine catabolism pathway enhances mitochondrial functionality and fatty acid oxidation.

RNAseq analysis revealed minimal changes to the transcriptome as a result of DPYD inhibition, but those 
genes with differential transcript expression levels (Fig. 4A) are key regulators of metabolic pathways, glycolysis, 
fatty acid degradation and glycerolipid metabolism (Fig. 4B). For example, the only differentially expressed tran-
scripts, following exposure to 400 nM Gimeracil treatment in the presence of free fatty acids, were HSD17B13, 
G0S2, MID1IP1, HMGCS1, CYP2B7P1, C19orf80, SLC25A47, and MALAT1 (Fig. 4A and all raw data were 
deposited to the Gene Expression Omnibus repository, GEO access number GSE201169).

Fatty acid synthase (FASN) mRNA expression significantly decreased following Gimeracil exposure in both 
the presence and absence of FFAs (Table 1), with the most significant decrease observed for the highest dose 
of Gimeracil, (adjusted p-value 0.0123 and < 0.0001 for vehicle and FFA exposure, respectively). While FASN 
mRNA expression decreased following FFA exposure in the absence of Gimeracil, the change was not signifi-
cant (adjusted p-value 0.0607; Table 1). The G0/G1 Switch Gene 2 (G0S2), a master regulator of hepatic lipid 
content through its inhibition of lipolysis19, mRNA expression increased following exposure to FFAs (adjusted 
p-value = 0.0016, Table 1) and decreased following exposure to Gimeracil (at the highest dose of 400 nM) in 
both the presence and absence of FFAs (adjusted p-value of 0.0123 and 0.0095, respectively; Table 1). 3-Hydroxy-
3-Methylglutaryl-CoA Synthase 1 (HMGCS1), a rate-controlling enzyme in cholesterol biosynthesis, mRNA 
expression increased following exposure to FFA (adjusted p-value of 0.005; Table 1) and decreased in the pres-
ence of FFA at both the 200 and 400 nM dose of Gimeracil (adjusted p-value of 0.0001 and < 0.0001, respectively; 
Table 1). The hepatic lipid droplet protein hydroxysteroid 17-beta dehydrogenase 13 (HSD17B13) mRNA expression 
was significantly down-regulated at all dose levels of Gimeracil, in both the presence (adjusted p-values ≤ 0.0212 
for all three dose groups; Table 1) and absence (adjusted p-values < 0.001 for all three dose groups; Table 1), of 
FFA treatment. MID1 interacting protein 1 (MID1IP1) regulates hepatocyte lipogenesis through its regulation of 
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Figure 1.   Characterization of human in vitro model of steatosis. (A) PHHs treated with 200 µM FFAs 
demonstrate a significant increase in neutral lipid content as demonstrated by LipidTox stain (green) (scale bar 
100 µM). (B) LipidTox Sum intensity significantly correlates with FFA concentration (R2 = 0.9469) (C) RNAseq 
enrichment analysis highlights key pathways disturbed following FFA treatment with fatty acid metabolic 
process being the most significantly impacted pathway. (D) A volcano plot describes the most significantly up 
(red) and down regulated (green) genes following exposure to FFAs. Dashed horizontal line indicates adjusted 
p-value of 0.05 while the dashed vertical lines represent twofold up and down regulation. ABCG1 is the most 
significantly upregulated gene and SLC25A47 is the most significant down regulated gene. (E) Mitochondrial 
stress test on the seahorse instrument highlights an increase in oxygen consumption rate in the presence of 
200 µM fatty acids. Mitochondrial stress test involves the addition of oligomycin A (2.0 µM, time interval A), 
FCCP (2.0 µM, time interval B) and Rotenone Antimycin A (0.5 µM, time interval C).
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Acetyl-CoA carboxylase 1 and MID1IP1 mRNA was significantly down regulated with FFA exposure (adjusted 
p-value of 0.0005; Table 1). Expression levels of MID1IP1 mRNA were also reduced with DPYD inhibition 
(Table 1), with a more dramatic dose responsive effect observed in the absence of FFA treatment (adjusted 
p-values of 0.0048 and p < 0.0001 for 200 and 400 nM Gimeracil exposure, respectively). However, in the presence 
of FFAs, MID1IP1 mRNA expression also significantly decreased at the highest dose level of Gimeracil (adjusted 
p-value 0.0114; Table 1). Also, significantly down-regulated with DPYD inhibition, in both the presence and 
absence of FFA treatment (adjusted p-values ≤ 0.0066 and ≤ 0.0177, respectively), was Patatin Like Phospholipase 
Domain Containing 3 (PNPLA3); PNPLA3 is another lipid droplet associated protein. Finally, thioredoxin interact-
ing protein 1 (TXNIP) mRNA expression, a critical regulator of hepatic glucose production20, was significantly 
reduced as a function of Gimeracil treatment in the presence and absence of FFAs (adjusted p-values ≤ 0.0017 
and 0.0101, respectively). Taken together, these results demonstrate the significant effect of Gimeracil on altering 
the metabolic profile of hepatocytes at the transcript level.

To help characterize the functions of DPYD variants, DPYD mutant forms were generated by site directed 
mutagenesis. As protein degradation was observed for both wild type and L310S mutant forms of DPYD, the 
concentration of the active protein was calculated based on the intensity of the ~ 130 kDa band as a fraction 
of the total intensity of all bands on SDS-PAGE (Fig. 5A). The active protein concentrations were used for the 
determination of kinetic parameters of DPYD. The kinetic measurements of DPYD were carried out by varying 
concentrations of uracil. The obtained data fit best with a substrate inhibition model, yielding kcat values of 65 ± 4 
and 99 ± 5 min−1 for wild type and L310S mutant forms of DPYD (Fig. 5B).

Screening of hepatocarcinoma cell lines based on their expression levels of both UPP1 and DPYD mRNA 
transcript demonstrated that the SNU449 cell line had the optimal mRNA expression levels of both enzymes as 
measured by their relative ratio of 1, whereas PHHs demonstrated a ratio of 1.1 (Fig. 6A). This cell line responded 
to FFA exposure with an increase in lipid content and Gimeracil treatment significantly reduced lipid accumu-
lation in a dose-responsive manner as well (R2 = 0.8560 and IC50 of 19.74 nM) (Fig. 6B,C). Next-Generation 
sequencing revealed successful generation of a homozygous L310S DPYD mutant line and a homozygous, PAM-
edit only, control line through homology directed repair (Fig. 7). In addition, employing NHEJ methodology, 
a heterozygous knock-out mutant line was generated with allele A possessing a D308_F309delinsV mutation 
and allele B possessing a S306_K307_delinsL* mutation. PROVEAN predicted allele A would be functionally 
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Figure 2.   DPYD inhibition reduces lipid burden in an in vitro model of steatosis. (A) The inhibition of DPYD 
led to increased uracil levels in media collected from treated PHHs with an IC50 of 56 nM. (B) While an 
increase in LipidTox signal intensity is observed in the presence of 200 µM FFAs, this effect is diminished in 
the presence of 250 nM Gimeracil, a DPYD inhibitor. Scale bar represents 100 µM. (C) Quantification of lipid 
droplet accumulation in the hepatocytes with an Operetta Harmony image analysis pipeline (spot area per 
cell area) highlights a more than twofold increase in lipid droplet area with exposure to FFAs (square) relative 
to vehicle treatment (circle). Gimeracil exposure significantly reduces lipid droplet accumulation in both the 
FFA and vehicle control conditions in a dose responsive fashion. The degree to which Gimeracil inhibits lipid 
accumulation in the presence of fatty acids is represented by an IC50 value of 247.8 nM with an R2 of 0.8481. 
(D) Cell viability is not significantly impacted by either FFA exposure (200 µM) or DPYD inhibitor up to a 
concentration of 500 nM as measured by a calcein AM stain confluence quantified by the Incucyte Zoom 
analysis software. (E) Neither 200 µM FFA exposure or DPYD inhibition in the range of 50–500 nM is cytotoxic 
as measured by Ethidium homodimer-1 staining and quantification of confluence with the Incucyte Zoom 
analysis software.
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Figure 3.   Extracellular flux analysis demonstrates enhanced mitochondrial functionality in PHHs treated 
with Gimeracil. Mitochondrial stress test involves the addition of oligomycin A (2.0 µM, time interval A) 
FCCP (2.0 µM, time interval B) and Rotenone Antimycin A (0.5 µM, time interval C). * indicates adjusted 
p-value < 0.05 and ** indicates adjusted p-value < 0.0001. (A) PHHs treated with increasing concentrations of 
the Gimeracil in the presence of 200 µM palmitic and oleic acid demonstrate a significant increase in oxygen 
consumption rate (OCR) at 50 nM (adjusted p-value 0.0173), 200 nM (adjusted p-value 0.0017) and 400 nM 
(adjusted p-value 0.0754). The increased observed at 1000 nM is not statistically significant (adjusted p-value 
0.0754). (B) OCR normalized to total cellular protein demonstrates FFA treatment (light gray square) increased 
OCR and 200 nM Gimeracil (dark gray triangle) further increased OCRrelative to no treatment (black circle). 
(C) Basal oxygen consumption increased with both FFA treatment (light gray, adjusted p-value 0.0064) and 
FFA and Gimeracil treatment (dark gray, adjusted p-value < 0.0001). Maximal respiration, spare respiratory 
capacity and ATP production increased with FFA treatment (adjusted p-value < 0.0001 for all three metrics) and 
increased further with Gimeracil treatment (adjusted p-value < 0.0001 for all three metrics).

Figure 4.   Gimeracil inhibition of DPYD perturbs metabolic processes related to cholesterol and lipid 
biosynthesis. (A) A volcano plot describing the key genes with differential expression levels in the presence of 
400 nM Gimeracil and 200 µM free fatty acids relative to Vehicle control with 200 µM free fatty acids. Log2 fold 
change and − log10 adjusted p values were plotted for the detected genes. HSD17B13 is the most differentially 
regulated gene, followed by TXNIP, G0S2, and MID1IP1. (B) Pathway analysis reveals significant disruption 
in pathways associated with lipid, cholesterol and coenzyme metabolic processes in cells treated with 400 nM 
Gimeracil and 200 µM FFAs relative to vehicle control and 200 µM FFAs. N = 3 samples per condition.
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Gene Full name Gimeracil (nM) FFA (µM)

Gene expression relative to 
0 nM Gimeracil

Gene expression relative 
to 0 µM FFA

Role in hepatic pathwaysFold change p value Fold change p value

FASN Fatty acid synthase

0

0

1.0 –

1.0 –

Regulates hepatocyte lipogenesis

50 0.7 0.1132

200 0.6 0.0478*

400 0.6 0.0123*

0

200

1.0 –

0.6 0.0607
50 0.7 0.0135*

200 0.6 0.0017*

400 0.4  < 0.0001**

G0S2 G0/G1 Switch Gene 2

0

0

1.0 –

1.0 –

Regulator of hepatic lipid content

50 1.0 0.9902

200 0.7 0.085

400 0.6 0.0316*

0

200

1.0 –

1.6 0.0016*
50 1.0 0.9492

200 1.1 0.7747

400 0.7 0.0095*

HMGCS1 3-Hydroxy-3-Methylglutaryl-CoA 
Synthase 1

0

0

1.0 –

1.0 –

Rate-controlling enzyme in choles-
terol biosynthesis

50 0.8 0.5000

200 1.0 0.9922

400 0.8 0.2491

0

200

1.0 –

1.7 0.0005*
50 0.8 0.0748

200 0.5 0.0001*

400 0.4  < 0.0001**

HSD17B13 Hydroxysteroid 17-Beta Dehydroge-
nase 13

0

0

1.1 –

1.1 –

Regulates lipid droplet

50 0.3  < 0.0001**

200 0.2  < 0.0001**

400 0.1  < 0.0001**

0

200

1.0 –

1.4 0.2418
50 0.7 0.0142*

200 0.7 0.0212*

400 0.3  < 0.0001**

MID1IP1 MID1 interacting protein 1

0

0

1.0 –

1.0 –

Regulates hepatocyte lipogenesis

50 0.8 0.3379

200 0.5 0.0048*

400 0.3  < 0.0001**

0

200

1.0 –

0.4 0.0005*
50 0.9 0.4074

200 1.0 0.9968

400 0.7 0.0114*

PNPLA3 Palatin Like Phospholipase Domain 
Containing 3

0

0

1.0 –

1.0 –

Regulates lipid droplet

50 0.6 0.0119*

200 0.6 0.0167*

400 0.6 0.0177*

0

200

1.0 –

0.9 0.9920
50 0.7 0.0066*

200 0.5 0.0002*

400 0.5  < 0.0001**

TXNIP Thioredoxin interacting protein 1

0

0

1.0 –

1.0 –

Regulator of hepatic glucose produc-
tion

50 0.6 0.0101*

200 0.5 0.0081*

400 0.4 0.0002*

0

200

1.0 –

1.4 0.1421
50 0.6 0.0017*

200 0.5  < 0.0001**

400 0.4  < 0.0001**
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deleterious with a score of − 17.28922 and the premature stop codon on allele B yields a nonsense mutation 
(Fig. 7B). Western blot analysis revealed almost total ablation of DPYD protein expression in the KO mutant 
line (Fig. 7C).

The L310S mutant line also appeared to have reduced expression relative to the control line. Functional 
characterization of the three lines revealed, relative to the control, a significant increase in lipid burden in the 
L310S mutant line at baseline (adjusted p-value 0.0130) and a significant reduction in lipid level in the KO line 
(adjusted p-value 0.0213) (Fig. 8). Following exposure to FFAs, all three cell lines exhibited an increase in lipid 
burden, with the L310S demonstrating the highest LipidTox signal intensity as measured by spot area per cell 
area (with an adjusted p-value < 0.0001 relative to control line treated with fatty acids) (Fig. 8).

Mitochondrial function was compared across these mutant lines (Fig. 9). Extracellular flux analysis revealed 
a significant reduction in the rate of glycolysis in the KO line (adjusted p-value < 0.0001) (Fig. 9A) and a signifi-
cantly lower rate of oxygen consumption in the L310S line (adjusted p-value 0.0083) (Fig. 9B). A mitochondrial 
stress test revealed an increase in the spare respiratory capacity in the KO line (adjusted p-value 0.0377) (Fig. 9C) 
and a decrease in maximal respiration rate in the L310S line (adjusted p-value 0.0201) (Fig. 9D). These results 
highlight that, relative to the control cell line, the loss-of-function line had a positive change in energy utilization 
and improved mitochondrial capacity, whereas the gain-of-function mutation showed impaired mitochondrial 
function, likely due, impart, to increased lipid burden.

We then assessed whether the gain and loss-of-function mutant SNU449 lines had differential expression of 
genes involved in lipogenesis, lipolysis, and gluconeogenesis, which had been previously implicated in the PHH 
cultures treated with Gimeracil (Fig. 10). Relative to the control line, FASN mRNA expression was significantly 
reduced in the KO line (adjusted p-value 0.0044) under basal conditions, but this difference was not maintained 
in the presence of FFAs (Fig. 10). G0S2 mRNA expression was significantly increased in both the L310S and KO 
mutant lines, in both the presence and absence of FFAs (adjusted p-values < 0.0001). There was no change in 
the mRNA expression of G0S2 in the control line following FFA treatment. In the presence of FFA, HSD17B13 
mRNA expression was significantly increased in the KO line (adjusted p-values ≤ 0.0150); no significant change 
was detected in the control line. While PNPLA3 mRNA expression also did not change significantly in the control 
line following FFA treatment, PNPLA3 expression was significantly reduced in the KO line in the absence of 
FFAs (adjusted p-value 0.0093) and significantly increased in the L310S line in the presence of FFAs (adjusted 
p-value 0.0101). TXNIP mRNA expression was significantly upregulated following FFA treatment in the control 
line (adjusted p-value < 0.0001), and even further increased in the KO line relative to the control under both 
basal conditions as well as following exposure to FFA (adjusted p-values < 0.0001). Additionally, relative to the 
control line, the L310S gain-of-function line also demonstrated an increase in TXNIP mRNA expression under 
basal conditions (adjusted p-value 0.0261). Again, compared to the control line, UPP1 mRNA expression was 

Table 1.   Validation of RNAseq differentially expressed genes through quantitative PCR. Fold change 
expression levels were calculated via delta delta Ct method relative to a.) 0 nM Gimeracil either in the presence 
or absence of FFA or b.) 200 µM FFA treatment relative to 0 µM FFA in the absence of Gimeracil. Significant 
differences in fold change expression level are denoted in bold with * indicating adjusted p value < 0.05 and ** 
indicating p < 0.0001. The role of each gene in hepatic metabolism is summarized in the right column of the 
table.
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Figure 5.   Purification and the activity assay of the recombinant DPYD. (A) The visualization of purified wild 
type and L310S mutant forms of DPYD by western blot. Lanes 1 & 4, molecular ladder (Thermo Scientific 
PageRuler Plus Prestained Protein Ladder); Lane 2, wild type DPYD; Lane 3, L310S mutant form of DPYD. 
This is an uncropped image of the gel. (B) Steady state kinetic measurement of wild type (filled circle) and 
L310S mutant (down filled triangle) forms of DPYD. Enzymatic activities were measured in 100 mM potassium 
phosphate, pH 7.0, at 50 µM NADPH. The curves were fits of data to the steady state substrate inhibition21.
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significantly increased in the KO line under both basal conditions as well as following FFA exposure (adjusted 
p-values ≤ 0.0244). These results highlight how the metabolic phenotype of the hepatocarcinoma cell line SNU449 
are altered as a function of genetic perturbation of DPYD.

Discussion
The pharmacologic and genetic perturbation of DPYD enzymatic activity described herein reveal its role in 
regulating a hepatocyte’s metabolic phenotype in vitro. DPYD inhibition prevented uracil degradation and ame-
liorated lipid accumulation in an in vitro model of fatty acid-induced steatosis in a dose dependent manner; the 
observed difference in lipid phenotypes corresponded with an enhanced rate of mitochondrial respiration and 
decreased expression of genes associated with de novo lipogenesis, lipolysis, lipid storage, and gluconeogenesis. A 
gain-of-function mutation in DPYD in a hepatocarcinoma cell line resulted in increased lipid burden, impaired 
mitochondrial respiration, and increased mRNA expression of several genes associated with lipid storage. A 
loss-of-function mutation in DPYD resulted in a decreased rate of glycolysis and increased mRNA expression 
of genes associated with gluconeogenesis and decreased mRNA expression of genes associated with lipogenesis 
and lipid storage. As no human genetic association between DPYD and NASH has so far been identified, it is 
possible that compensatory mechanisms maintain hepatic energy homeostasis in the context of mutant DPYD 
enzymatic activity. However, it is possible that pharmacologic perturbation of DPYD activity may be a promis-
ing therapeutic strategy for the amelioration of steatosis and the prevention of NASH. It is important to note 
that conclusions drawn regarding rates of glycolysis were gathered from the Seahorse Mitochondrial stress test. 
More accurate quantification of glycolysis may be measured through additional Seahorse assays including the 
Glycolysis stress test assay.

As the rate limiting enzyme in uracil catabolism, DPYD regulates the metabolism of uracil into beta-alanine, 
which is further metabolized into a key energy source of the cell, Acetyl CoA. Acetyl CoA is the primary substrate 
of the Krebs cycle wherein its carbon atoms are oxidized for energy production23. Other sources of Acetyl CoA 
include β-oxidation of fatty acids and oxidative decarboxylation of pyruvate following glycolysis24. The abun-
dance of Acetyl CoA not only reflects the energy state of the cell, but also regulates the acetylation profiles of 
various proteins including histones, which influence energy metabolism, autophagy and mitosis through direct 
and epigenetic gene regulation25. In the presence of the DPYD inhibitor, Gimeracil, the hepatic abundance of 
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Figure 6.   Selection of SNU449 cell line for modeling DPYD gain and loss of function mutations. (A) Digital 
droplet PCR was performed to assess the relative expression levels of UPP1 and DPYD normalized as a 
percentage of the geometric mean of GAPDH, UBC and RSP20. The ratio of their normalized expression was 
calculated and compared to primary human hepatocytes (PHH). The relative ratio of UPP1:DPYD in PHH 
(BioIVT lot WWQ) was 1.1, which was most closely represented by the SNU449 line with a ratio of 1.0. (B) 
LipidTox signal intensity increased with 100 µM free fatty acid exposure. DPYD inhibition decreased the 
LipidTox spot area per cell area in a dose responsive manner (IC50 of 19.74 nM and R2 of 0.865) suggesting 
DPYD inhibition is protective against free fatty acid-induced neutral lipid accumulation in SNU449 cell line. (C) 
Representative images of SNU449 cell line treated with fatty acids in the presence and absence of 100 nM DPYD 
inhibitor demonstrate a significant increase in lipid accumulation (represented by the LipidTox stain) with FFA 
treatment that is further reduced in the presence of 100 nM DPYD inhibitor. Scale bar represents 100 µM.
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Acetyl CoA was presumably decreased, representing a “fasted” state in which fatty acids are oxidized to replen-
ish mitochondrial Acetyl CoA levels. The increase in fatty acid oxidation was reflected by the increased rate of 
mitochondrial respiration measured through extracellular flux analysis (Fig. 3B,C), the reduction of neutral 
lipids in the cytosol (Fig. 2B,C), and decreased mRNA expression of G0S2 (Table 1), a gene encoding a protein 
which inhibits lipolysis19. With a decreased lipid burden, mRNA expression of genes encoding proteins associated 
with lipid metabolism, such as HSD17B13 and PNPLA3, are significantly down regulated (Table 1). In addition, 
lipogenesis, or the synthesis of fatty acids from Acetyl CoA, is reduced with DPYD inhibition as demonstrated 
by the decreased mRNA expression of FASN and MID1IP1 (Table 1). DPYD inhibition also decreased the mRNA 
expression of genes encoding enzymes required for glucose production such as, TXNIP; possibly a result of 
reduced stores of Acetyl CoA. Finally, DPYD inhibition decreased the mRNA expression of HMGCS1, a gene 
encoding a rate limiting enzyme in the synthesis of cholesterol from Acetyl CoA26, further providing supporting 
evidence that DPYD regulates energy stores of the cell likely in an Acetyl-CoA-dependent manner. Together, 
these in vitro results highlight the critical role DPYD plays in hepatic metabolic homeostasis, through its regula-
tion of a central metabolite, Acetyl CoA, in its catabolism of uracil.

While DPYD mediated catabolism of uracil impacts cellular Acetyl CoA levels, it also directly influences 
plasma uridine levels. Uridine administration improves glucose tolerance in aging and diet-induced animal 
models of insulin resistance13, while also preventing lipid accumulation in drug-induced cell models of hepatic 
steatosis9. It has been demonstrated that adipocyte lipolysis, impacted by Xbps1 overexpression, is dependent 
on uridine synthesis, suggesting that driving adipocyte-mediated synthesis of uridine could be a promising 
treatment option for the mitigation of obesity27. While the mechanism by which uridine production triggers 
systemic weight loss in mice is still unknown, it is understood that plasma uridine levels influence thermoregu-
lation during fasting and feeding cycles13, and that a uridine-driven decrease in body temperature correlates 
with greater lipid oxidation and oxygen consumption28. Therefore, the protective effect of DPYD inhibition in 
an in vitro model of fatty acid-induced steatosis is likely two-fold; (i) by increasing hepatic uridine levels, DPYD 
inhibition promotes glucose tolerance and lipolysis and (ii) by decreasing a major metabolite of the cell, Acetyl 
CoA, DPYD inhibition promotes utilization of existing energy stores.

Given the human genetic variability that exists in DPYD (exemplified by the toxicity to the chemotherapeutic 
5-FU), it is important to consider whether gain-of and loss-of-function mutations in DPYD regulate differences 
in the metabolic phenotype of hepatocytes. In vitro cell culture models provide a controlled environment to 
interrogate the proximal effects of DPYD mutations in a specific cellular population while minimizing second-
ary, compensatory mechanisms present in whole tissues and organ systems. We identified a gain-of-function 
mutation in DPYD that drives an increased lipid burden in a hepatocarcinoma cell line; this altered phenotype 
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with allele B (S306_K307_delinsL*). (C) Western blotting describes loss-of DPYD protein expression in KO 
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Full images are available in Supplementary Information file.
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coincided with mitochondrial dysfunction and increased expression of genes associated with lipid storage. In 
contrast, a loss-of-function mutation in DPYD demonstrated a reduced lipid burden under basal conditions 
with corresponding reduced rates of glycolysis and increased expression of genes associated with gluconeogen-
esis. Interestingly, both mutations drive not only a significant increase in the expression of G0S2 mRNA, which 
thereby inhibits lipolysis under fasting conditions, but also an increased response to endoplasmic reticulum (ER) 
stress29. Therefore, it is possible that the increased level of G0S2 mRNA expression is impacted by differential 
mechanisms in the two DPYD mutant lines. One possible explanation may be that the significant accumulation 
of lipids in the gain-of-function mutant DPYD line give rise to an increase in reactive oxygen species and ER 
stress, leading to increased G0S2 expression as a compensatory mechanism to minimize cellular stress through 
the prevention of lipolysis. However, in the loss-of-function DPYD line, there is a reduction in energy stores 
in the cell as demonstrated by decreased glycolysis and increased expression of mRNA for genes involved in 
glucose production. Increased G0S2 expression in the loss-of-function line may inhibit lipolysis in this “fasting” 
state to conserve energy stores30.

While the loss-of-function DPYD mutant line demonstrated reduced lipid burden under basal conditions, 
this phenotypic difference was not maintained in the presence of free fatty acids, as lipid accumulation was not 
significantly reduced relative to the control line. This observation contradicts the pharmacological experiments 
in the wild-type SNU449 line wherein DPYD inhibition reduced lipid accumulation following FFA exposure. 
Therefore, it is possible that the loss-of-function mutation is not protective against FFA induced lipid accumula-
tion due to compensatory mechanisms which regulate energy homeostasis in the absence of DPYD enzymatic 
activity. For example, under basal conditions, the loss-of-function line demonstrates a phenotype consistent with 
energy conservation through its reduced rate of glycolysis, inhibition of lipolysis and induction of gluconeogen-
esis. The addition of a new energy source in the form of FFAs may not initiate a rapid shift in the cells’ metabolic 
profile from a state of energy conservation to consumption. Future work assessing the metabolic phenotype of the 
loss-of-function line over a time course longer than 24 h as well as varying concentrations of fatty acid exposure 
may reveal new insights into the functional consequence of a DPYD loss of function mutation.

As the conclusions drawn from this body of work were based on data collected from human in vitro cell model 
systems, a future effort should be dedicated to assessing the functional effects of DPYD inhibition in a rodent 
model of hepatic steatosis. Due to both the a.) biological diversity between humans and rodents, as well as b.) the 
increased complexity of the in vivo setting, it is possible that DPYD-inhibition in vivo may not have a functional 
consequence on hepatic lipid accumulation. However, a body of preclinical work demonstrates uridine levels 
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Figure 8.   Mutant SNU449 phenotypic characterization. (A) LipidTox neutral lipid stain reveals that under 
basal conditions, mutant SNU449 CRSIPR-Cas9 engineered cell lines show altered lipid burdens. The L310S 
line demonstrates an increased lipid burden and the KO line shows a reduced lipid burden. Under 25 µM free 
fatty acid treatment, all three lines demonstrate an increased lipid burden, with the L310S line demonstrating 
the greatest signal intensity for LipidTox neutral lipid stain. Scale bar represents 100 µM in all images, except 
for inlays where the scale bar represents 50 µM. Image thresholding was optimized for both vehicle and fatty 
acid conditions to highlight differences across lines. Within a treatment condition, image thresholding is 
constant. (B) Quantitative image analysis demonstrates a significant increase in LipidTox spot area per cell area 
in the L310S line relative to control (adjusted p-value of 0.0130). The KO line shows a significantly reduced 
lipid burden under basal conditions as measured by a significant decrease in neutral lipid spot area per cell 
area relative to control (adjusted p-value of 0.0213). Upon free fatty acid exposure the L310S line demonstrates 
a significant increase in lipid accumulation as measured by LipidTox spot area per cell area (adjusted 
p-value < 0.0001).
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influence hepatic lipid accumulation, providing scientific rationale for DPYD inhibition as a significant driver 
of liver lipid levels and a potential clinical target for mitigating hepatic steatosis. Our application of human cell 
model systems overcomes the limitations associated with previous preclinical models by demonstrating pyrimi-
dine catabolism influences human hepatic steatosis in vitro. Thus, employing both pharmacologic and genetic 
perturbation methods in both human cell lines and human primary cells, we identified a novel role for DPYD in 
human hepatic lipid homeostasis. Since the DPYD inhibitor, Gimeracil, is already deemed safe and tolerable in 
the clinic when delivered in combination with the chemotherapeutic 5-FU for the treatment of various cancers, 
Gimeracil may be a promising therapeutic for the alleviation of hepatic steatosis.

Materials and methods
Functional characterization of DPYD inhibition in an in vitro PHH model of steatosis.  Col-
lagen I coated plates were used for all cell culture experiments described herein. Primary human hepatocytes 
(PHHs, BioIVT, lot WWQ) were overlaid with 0.25 mg/mL Matrigel. 24 h after seeding, cells were treated with 
free fatty acids (FFAs) consisting of a 1:1 ratio of BSA-conjugated Oleic acid and Palmitic acid (100, 150, 200 and 
250 µM) with concurrent treatment with Gimeracil (50, 100, 150, 175, 200, 250, 300, 750, 1500 nM). 48 h after 
seeding, cells were fixed, stained with LipidTox (ThermoFisher, H34475), imaged on a Perkin-Elmer Operetta 
and analyzed with a Harmony image analysis pipeline identifying nuclei count, LipidTox sum intensity/cell and 
LipidTox spot area/cell area. Experiments were repeated with additional lines of PHHs (BioIVT, lots JEL and 
RVQ). Additional samples were assessed for viability with a Live/Dead assay (ThermoFisher, L3224) 24 h after 
treatment with 200 µM FFAs and DPYD inhibitor bromovinyl uracil (50, 100, 250 and 500 nM). Cells were 
imaged and analyzed on an Incucyte Zoom.
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Figure 9.   Evaluation of mitochondrial functionality in the CRISPR-Cas9 engineered cell lines through 
extracellular flux analysis with a mitochondrial stress test involving the addition of oligomycin A (2.5 µM) 
indicated at time interval A, addition of FCCP (2.0 µM) at time interval B and addition of Rotenone Antimycin 
A (0.5 µM) at time interval C. Black (circle) indicates control, light gray (square) indicates L310S line and dark 
gray (triangle) indicates KO line. * indicates p-value < 0.05. (A) Extracellular acidification rate (mpH/min/
µg) (ECAR) is a measurement of glycolysis in the mitochondrial stress test. The KO loss of function DPYD 
line demonstrates a significant reduction in the rate of glycolysis relative to the control and L310S line at all 
measured time intervals (adjusted p-value ≤ 0.0065). (B) Oxygen consumption rate (pmol/min/µg) (OCR) 
is a measure of mitochondrial respiration and L310S demonstrates a reduced rate of oxygen consumption at 
baseline and no increase in oxygen consumption with the addition of FCCP. The KO line demonstrates similar 
rates of oxygen consumption and responsiveness to too compounds, with the exception of the addition of FCCP. 
The KO line responds more rapidly to FCCP addition with a more significant increase in OCR. (C) There is no 
significant difference in coupling efficiency (Coupling Eff) across the three lines, but the KO line demonstrates 
a more significant increase in spare respiratory capacity (Spare Resp Cap) relative to the control line (adjusted 
p-value 0.0377). (D) The L310S line has a reduced basal OCR (adjusted p-value 0.0083) and a reduced rate of 
maximal respiration (Max Resp) (adjusted p-value 0.0201) relative to control.



12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14109  | https://doi.org/10.1038/s41598-022-17860-2

www.nature.com/scientificreports/

For the mitochondrial respiration assays, the Agilent Seahorse XFe96 Analyzer was used with the Mito Stress 
Test assay according to the manufacturer’s recommended protocol. PHHs were seeded onto XF96 cell culture 
microplates. 24 h after seeding, cells were treated with Gimeracil (50, 200, 400 and 1000 nM). 24 h later, cell 
media was changed to Krebs–Henseleit buffer (pH7.4) containing 2.5 mM glucose, 0.5 mM carnitine and 5 mM 
HEPES. 30 µL of Palmitate-BSA or BSA control was added to the microplates immediately prior to loading onto 
the instrument. All data was normalized to protein content with a BCA assay.

For RNAseq experiments, PHHs were treated with Gimeracil (50, 200, and 400 nM) for 24 h and then treated 
with FFAs. 24 h after FFA exposure, RNA was isolated from cells with the Qiagen RNeasy kit according to 
manufacturer’s protocol. Sequencing was performed by Novogene and sequencing reads were aligned to human 
transcriptome reference (GRCh38.p12) and gene counts were quantified via STAR after quality control on fastq 
files. The differential expression analysis was conducted with DESeq2 R package and pairwise comparisons 
were made between groups. The significant criteria are padj < 0.05 and |log2(FoldChange)|> 1. The differentially 
expressed genes were then applied to clusterProfiler for Gene Ontology (GO) enrichment analysis with default 
settings. GO terms with padj < 0.05 were considered significantly enriched by differential expressed genes. In 
addition, clusterProfiler was also used to test the statistical enrichment of differential expression genes in KEGG 
pathways. KEGG terms with padj < 0.05 are considered as significant enrichment31.

Quantitative PCR was performed to validate RNA Sequencing results (Taqman primers in Supplemental 
Table 3). Following reverse transcription with Superscript Vilo IV kit, RT-PCR was performed with QuantStu-
dio 5 instrument. The geometric mean of three housekeeping genes (GAPDH, β-actin and UBC) was used to 
normalize the data. The delta delta Ct method was used to calculate fold change in expression relative to DMSO 
treatment (0 nM Gimeracil) with and without 200 µM FFA exposure. BSA was used as the vehicle control for 
FFA treatment.

Quantification of uracil levels in media collected from PHHs treated with Gimeracil.  PHHs 
(BioIVT, Lot WWQ) were cultured as described preciously and cells were treated with Gimeracil solubilized in 
DMSO, and diluted to the following concentrations 5, 10, 20, 50, 75, 100, 200, and 500 nM. DMSO was delivered 
as vehicle control. 48 h after seeding (24 h after treatment), media and cell pellets were extracted for analysis.

Protein precipitation was used for small molecule extraction from cells or media with methanol. Isotopically 
labelled uracil (Uracil-2-13C15N2, Sigma) was spiked in as internal standard. Calibrating solutions were prepared 
in blank media or untreated cell lysates with concentration range of 50 to 5000 ng/mL and 100 to 5000 ng/mL 
respectively. Quality control (QC) samples were prepared separately from standard solutions for the calibration 
curves.

All samples were analyzed using the Acquity UPLC System coupled to the API 6500 QTRAP LC/MS/MS 
system. For chromatographic separation of the analytes, a Waters Acquity HSS T3 column (1.8 µm, 2.1 × 50 mm) 
was used. The mobile phases for chromatographic separation consisted of water with 0.1% formic acid (solvent 
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Figure 10.   qPCR demonstrates differential gene expression across three DPYD CRISPR-Cas9 engineered cell 
lines; control (black), L310S (light gray) and KO (dark gray). (A) Under basal conditions, in the absence of 
FFA exposure, DPYD, HMGCS1, HSD17B13, and MID1IP1 expression is consistent across the three cell lines. 
FASN expression is significantly downregulated in the L310S line relative to control (adjusted p-value 0.0044). 
G0S2 is significantly upregulated in both the KO and L310S line relative to control (adjusted p-value < 0.0001 
for both lines). PNPLA3 expression is significantly decreased in the KO line *adjusted p-value 0.0093). TXNIP 
expression is significantly increased in the L310S line (adjusted p-value 0.0261) and the KO line relative to 
control (adjusted p-value < 0.0001). UPP1 expression is significantly increased in the KO line relative to control 
(adjusted p-value 0.0244). (B) Following exposure to FFAs, DPYD, FASN, HMGCS1, and MID1IP1 expression 
remains consistent across lines. G0S2 expression significantly increased in both the L310S and the KO line 
relative to control (adjusted p-value < 0.0001). HSD17B13 expression significantly increases in the KO line 
relative to control (adjusted p-value of 0.0105). PNPLA3 expression significantly increases in the L310S line 
relative to control (adjusted p-value of 0.0101). TXNIP and UPP1 expression significantly increased in the KO 
line relative to control (adjusted p-values < 0.0001).
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A) and acetonitrile with 0.1% formic acid (solvent B). The total analysis time was 2 min per injection. The flow 
rate was 0.6 mL/min, and the gradient was started at 100% solvent A(0.25 min). Within 1.25 min, the ratio was 
changed linearly to 90% solvent A and 10% solvent B. Within the next 0.05 min, the ratio was changed to 10% 
solvent A and 90% solvent B, and kept stable for 0.2 min. Finally, the gradient returned to the starting condi-
tions for the last 0.5 min. The column temperature was kept at 55 °C during all measurements, while the sample 
temperature was kept at 5 °C.

Samples were ionized with 150 °C source temperature. Multiple reaction monitoring (MRM) analysis was 
carried out. The transitions from precursor ions to product ions monitored in the positive ion mode for uracil 
and IS were 113- > 70 and 116- > 70, respectively.

In vitro functional characterization of human DPYD mutants.  Two gene block fragments coding 
for DPYD (Supplemental Table 1) were inserted into a pET28a( +) expression vector using the In-Fusion HD 
Cloning kit. Site directed mutagenesis (Agilent’s QuickChange II kit) was performed using mutagenesis primers 
detailed in Supplemental Table 1. DHα5 cells were transformed with mutant expression vectors and confirmed 
through Sanger sequencing at Genewiz (Cambridge, MA).

WT and mutant vectors were used to transform BL21(DEC3)pLysS cells in Luria–Bertani broth medium 
containing kanamycin (50 µg/ml). After the overnight growth, the starter culture was used to inoculate 200 ml 
of culture medium containing 50 µg/ml kanamycin, 100 µM uracil, 10 µM of sodium sulfide, 10 µM ammonium 
ferric citrate, 10 µM of flavin adenine dinucleotide, and 10 µM flavin mononucleotide. When the culture reached 
an optical density at 600 nm, (8 to 10 h at 30 °C), 0.5 M final IPTG was added. Cells were harvested and stored 
at − 80 °C.

Purification steps were carried out at 4 °C. The cell paste was suspended in BugBuster solution (Millipore 
70921) that was buffered in 25 mM Tris–Cl, containing 250 mM NaCl, 0.2 mg/ml lysozyme, 0.1 mM phenyl-
methylsulfonyl fluoride, 0.05 mg/ml Benzonase I, 1.25 mM DTT and 0.2% Tween 20, pH 8.0 (buffer A). The 
resuspended cell pellet was incubated on ice and underwent ultra-centrifugation for 15 min at 40,000g. The 
supernatant was collected and loaded onto a PD 10 column (pre-equilibrated with buffer A) that was prepacked 
with 2 ml slurry cobalt beads following the manufacture’s instruction and then eluted with 10 volumes buffer 
A, followed by another 10 volumes of the same buffer with additional 0.5 M NaCl. Subsequently, another 10 
volumes of buffer A with an additional 10 mM imidazole was used to elute the column. Finally, 2 volumes of 
buffer A with 0.3 mM imidazole, followed by another 2 volumes of buffer A with 0.5 mM imidazole was applied. 
The fractions of the imidazole elution were pooled together and concentrated using an Amicon ultra centrifugal 
filters (MWCO = 15,000 Da). After removal of the precipitated protein by centrifugation, concentration was 
assessed via Nanodrop.

Initial velocities of the DPYD reaction were assayed fluorometrically by monitoring the depletion of NADPH 
at Ex/Em = 340/460 nM at 25 °C in a 384-well plate using SpectroMax. Continuous measurement was carried out 
for 30 min. The extinction coefficient of NADPH was determined by the Ex/Em = 340/460 read out of NADPH, 
which was serially diluted from 50 µM to 50 nM. The standard reaction contains 100 mM potassium phosphate at 
pH 7.0, 0.5 mM dithiothreitol (DTT), 0.1 mM NADPH, varying concentrations of uracil (i.e., 16 nM to 20 µM), 
and 2–6 nM enzyme, in a total volume of 12 µL. The kinetic data was fit into a Michaelis–Menten or a substrate 
inhibition model21.

Screening of hepatocarcinoma cell lines.  Hepatocarcinoma cell lines were selected for their gene 
expression levels of DPYD and UPP1 enzymes: HUH7 (JCRB0403), Skhep1 (HTB-52), SNU387 (CRL-2237), 
SNU449 (CRL-2234), and SNU475 (CRL-2236) (all purchased from the ATCC, except HUH7 purchased from 
Xenotech). RNA was extracted from cell pellets with the Qiagen RNeasy mini isolation kit, reverse transcribed 
with the VILO IV reverse transcription kit and quantified gene expression levels of GAPDH, B-actin, RSP-20, 
UPP1 and DPYD through digital droplet PCR (ddPCR) (Supplemental Table 3).

Cell lines were seeded in RPMI media containing 10% FBS and changed to serum-free RPMI after 24 h. 48 h 
after seeding, cells were treated with FFAs and bromovinyl uracil (50, 100 ad 250 nM). Exposure to FFAs above 
100 µM was cytotoxic. Plates were fixed and stained with LipidTox and imaged following the same protocol as 
outlined for PHHs.

Generation of gain and loss‑of‑function DPYD mutant SNU449 lines with CRISPR‑Cas9 homol‑
ogy directed repair and non‑homologous end joining.  Two guide RNAs were designed to target 
the DPYD L310S locus32. These guide RNAs were generated with the Precision GuideRNA synthesis kit with 
primers ordered from IDT (Supplemental Table 1). Single strand DNA oligos were designed with phosphooro-
thioate linkages to promote intracellular stability (Supplemental Table 1). Guide RNA quality and quantity was 
determined with both a Small RNA bioanalyzer kit and Broad Range RNA Qubit kit. Optimal concentrations 
of guide RNA, Cas9 enzyme and ssDNA oligo (10 µg of guide RNA, 5 µg of Cas9 enzyme and 10 µg of ssDNA 
oligo) were combined to maximize both non-homologous end joining (NHEJ) and homology directed repair 
(HDR) efficiency. Guide RNA, Cas9 enzyme and ssDNA oligo were combined in SF solution and incubated on 
ice for 20 min. Cas9 enzyme and the control Nucleofector GFP plasmid were incubated together in SF solution 
as a control.

The SNU449 cell line was pelleted (200,000 cells per reaction) and resuspended in SF solution containing 
guide RNA, Cas9 enzyme and ssDNA oligo. Nucleofection (96 well Nucleofector plate, 20uL) was performed 
according to the manufacturer’s suggested protocol for HepG2 cells. Following nucleofection, cells were resus-
pended in 10% FBS in RPMI media. Half of the cells were genotyped and the remaining were expanded. Genomic 
DNA was extracted with directPCR lysis buffer and Proteinase K (0.4 mg/mL). Proteinase K was inactivated at 
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95˚C and DNA was genotyped with a ddPCR-based assay (primers/probes outlined in Supplemental Table 1). 
Thermocycling conditions were performed according to the manufacturer’s instructions for the probe supermix 
containing no dUTP. Guide 1 was selected for future experiments as NHEJ editing efficiencies were superior at 
98% efficiency.

HDR efficiencies for the generation of the L310S mutation were estimated at 9%. The bulk population was 
then expanded for one passage, seeded at single cell density and expanded for 3 weeks in culture. Approxi-
mately 30% of seeded wells propagated and underwent ddPCR genotyping. Only cultures which demonstrated 
a homozygous L310S mutation, PAM edit only mutation and homozygous NHEJ mutations were expanded up 
to a T-75 flask and cryopreserved.

Next generation sequencing libraries were generated according to published protocol33 and first and sec-
ond round primers are detailed in Supplemental Table 2. Libraries were pooled together, diluted to 4 nM, and 
denatured in NaOH according to the Illumina Miseq protocol. Libraries were further diluted to 6.25 pM and 
spiked with 6 pM denatured PhiX at a ratio of 3:1. Samples were run with an Illumina Micro V2 kit with single 
read processing and generated over 300,000 reads per sample. NGS sequencing identified a homozygous L310S 
mutant line, a control, homozygous PAM edit only line and a heterozygous NHEJ line with an allele with a 19 
base pair deletion and a premature stop codon (S306_K307_delinsL*) and an allele with a three base-pair dele-
tion, D308_F309delinsV. The functional consequence of this mutation was assessed with PROVEAN analysis 
software22.

Cell lysate was isolated with RIPA buffer containing protease inhibitor cocktail and quantified with a BCA 
assay. Protein lysate underwent electrophoresis (4–12% Bis–Tris NuPage gradient gel in MOPS buffer) and was 
transferred to a nitrocellulose membrane (NuPage Transfer buffer with 20% methanol). The blot was blocked 
in 5% Milk in tris-buffered saline with 0.1% Tween 20 (TBST) and then incubated in 5% Milk TBST containing 
mouse anti-DPYD (Sigma, WH0001806M1) and rabbit anti-β-actin (Cell Signaling, 4967S) primary antibodies. 
Blot was rinsed in TBST, incubated with donkey anti-mouse IgG cross-adsorbed DyLight 800 (ThermoFisher, 
SA5-10172), and goat anti-rabbit IgG cross-adsorbed DyLight 680 secondary antibodies (ThermoFisher, 35568), 
rinsed in TBST and imaged on a Li-Cor imager.

Mutant cell lines were thawed following genotyping with Illumina Miseq instrument and cultured for three 
passages. Cells were seeded in 10% FBS in RPMI. 24 h after seeding, cell media was changed to serum free RPMI. 
For the seahorse assay, after 24 h in serum free media, cells were analyzed with the mitochondrial seahorse assay 
as described for PHHs. For imaging and mRNA analysis, after 24 h in serum free media, cells were treated with 
25 µM FFAs. 24 h after treatment, the 96 well plate was fixed, stained with LipidTox and imaged on the Oper-
etta as described previously. RNA was isolated, reverse transcribed and mRNA levels quantified with Taqman 
primers via qPCR as described previously. Data was normalized to the geometric mean of three housekeeping 
genes (β-actin, GAPDH and HPRT1). The delta-delta ct method was used to calculate fold change relative to the 
control, PAM-edit only mutant line with or without free fatty acid exposure.

Statistical analysis.  All data presented in figures represent mean + / − standard deviation. Imaging, sea-
horse mitochondrial assay and quantitative PCR data were analyzed with a two-way analysis of variance with an 
alpha of 0.05 and Tukey’s post-hoc testing for multiple comparisons. For dose response curves, a 3 parameter, 
non-linear fit model was used (log(inhibitor) vs response) (Prism). The default Benjamini–Hochberg method 
was used to control False Discovery Rate (FDR) of the DESeq2 identified deferential expressed genes.

Data availability
The entire RNAseq data were deposited to the Gene Expression Omnibus repository, GEO access number 
GSE201169.
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