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after partial hepatectomy. Furthermore, patients with sepsis had high levels of hepatocyte cfDNA, which correlated with
levels of liver enzymes aspartate aminotransferase (AST) and alanine aminotransferase (ALT). Duchenne muscular
dystrophy patients, in which elevated AST and ALT derive from damaged muscle rather than liver, did not have elevated
hepatocyte cfDNA. We conclude that measurements of hepatocyte-derived cfDNA can provide specific and sensitive
information on hepatocyte death, for monitoring human liver dynamics, disease, and toxicity.
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Introduction
The clinical standard to assess liver damage is serum measurement of alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST), reflecting hepatocyte injury leading to release of these enzymes into the 
blood. While in extensive clinical use, these tests do have important limitations. First, the enzymes are not abso-
lutely hepatocyte specific. AST is expressed in cardiac and skeletal muscle, kidney, brain, pancreas, lung, leu-
kocytes, and erythrocytes (1), while ALT is primarily present in the liver and kidneys, with low amounts in the 
heart and skeletal muscle (2). Second, liver enzymes do not always reflect the full burden of disease and in vari-
ous hepatic pathologies have been shown to be insufficient (3–6). A possible reason for this is that the enzymes 
could be released from dying as well as reversibly injured cells, and therefore do not indicate the exact nature of  
damage to the liver, nor the number of injured cells. Third, ALT and AST have long half-lives (approximately 47 
and 17 hours, respectively) (2), which limits the ability to monitor rapid changes in liver damage.

Short-lived fragments of  DNA released from dying cells are emerging as a valuable biomarker. Cell-
free DNA (cfDNA) analysis is used as a liquid biopsy to detect DNA derived from fetal cells, cancer 
cells, or transplanted organs, based on genetic differences between the host and the tissue of  interest 
(7–11). We and others have recently used tissue-specific DNA methylation patterns to determine the 
tissue origins of  cfDNA, allowing the identification of  cell death in specific tissues even if  they carry a 
genome that is identical to that of  the host (12–14). Here we describe the application of  this approach for 
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the detection of  cfDNA derived from hepatocytes. We characterized hepatocyte-specific DNA methyla-
tion patterns, and used these as specific biomarkers to detect hepatocyte-derived cfDNA in the plasma 
of  healthy individuals and in people with an injured liver. Our results support the potential utility of  
hepatocyte-specific DNA methylation markers for minimally invasive, specific and sensitive detection 
and monitoring of  hepatocellular death.

Results
Identification of  hepatocyte-specific DNA methylation markers. By comparing publicly available human tis-
sue methylomes we selected 3 genomic loci, adjacent to the ITIH4, IGF2R, and VTN genes, which were 
unmethylated in the liver compared with other tissues and cell types (Figure 1A and Supplemental Figure 1; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.120687DS1). 
Moreover, 2 of  the markers (IGF2R and ITIH4) were methylated in cholangiocytes, indicating cell-type 
specificity (Supplemental Figure 1). Experiments with genomic DNA extracted from a panel of  human 
tissues indicated that the sequence of  each of  these loci includes 4–7 cytosine-guanine dinucleotides (CpG 
sites), which are fully unmethylated in hepatocytes and methylated in all other tissues (Figure 1B and 
Methods). We then spiked human liver DNA into human leukocyte DNA in different proportions and 
quantified unmethylated ITIH4, IGF2R, and VTN molecules. We found excellent correlation between the 
measured methylation signal and the input material, and were able to detect a liver signal even when liver 
DNA was diluted 1:1,000 in leukocyte DNA (Figure 1C). Thus, we have defined short sequences of  DNA, 
whose methylation status constitutes an epigenetic signature unique to hepatocytes relative to blood cells 
and other tissues, allowing detection of  hepatocyte-derived DNA in mixed samples.

Hepatocyte-derived cfDNA in healthy individuals. We measured the frequency of  unmethylated ITIH4, 
IGF2R, and VTN molecules in plasma, reasoning that the presence of  hepatocyte-derived genomic DNA 
fragments would reflect the rate of  hepatocyte death in an individual. We prepared cfDNA from plasma 
samples, and performed bisulfite conversion, PCR amplification, and massively parallel sequencing, as 
previously described, to assess how many copies of  each marker were present in plasma (12). Healthy indi-
viduals had on average 30 hepatocyte genomes/ml plasma, reflective of  basal liver turnover (Figure 2, A 
and B and Supplemental Figure 2, A and B).

To assess how dynamic the levels of  hepatocyte-derived cfDNA are in healthy individuals, we mea-
sured hepatocyte-derived cfDNA as a function of  fasting and food intake. Twelve healthy individuals were 
sampled after a 12-hour fast, and 30 minutes and 2 hours after a meal. Individual donors had distinct levels 

Figure 1. Liver-specific markers. (A) Structure of the 
3 loci (adjacent to the ITIH4, IGF2R, and VTN genes) 
used as hepatocyte biomarkers. Lollipops represent 
CpG sites. Red indicates CpG sites represented in the 
Infinium HumanMethylation450K BeadChip. Arrows 
mark positions of PCR primers. Markers are defined by 
the methylation status of CpG sites between prim-
ers. (B) Methylation status of ITIH4, IGF2R, and VTN in 
DNA from multiple tissues. Shown is the percentage of 
molecules in which all CpG sites were unmethylated. (C) 
Spike-in experiments. Human liver DNA was mixed with 
human leukocyte DNA in the indicated proportions (0 to 
20%), and the percentage of fully unmethylated hepato-
cyte markers was determined.
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of  hepatocyte cfDNA, and these levels did not differ between the time points (Figure 2C and Supplemental 
Figure 2, C and D), suggesting that the level of  hepatocyte cfDNA is an individual, relatively stable trait. 
More studies will be required to substantiate and understand this interesting phenomenon. The baseline 
measurements of  AST and ALT did not correlate with baseline hepatocyte cfDNA. Furthermore, we found 
no correlation between basal hepatocyte cfDNA and body mass index or age (Figure 2D).

Hepatocyte cfDNA following liver transplantation. To validate the hepatocyte cfDNA assay in a setting 
where massive hepatocyte death is expected, we examined serum samples from 18 patients that underwent 
liver transplantation. We recorded low levels of  hepatocyte cfDNA before transplantation and a very strong 
signal shortly after reperfusion of  the transplant, which declined dramatically in the days that followed 
(Figure 3A and Supplemental Figure 3). Hepatocyte cfDNA correlated with the liver enzymes ALT and 
AST, providing another level of  validation to the cfDNA assay (Figure 3B).

We further examined serum samples from 6 liver transplant recipients that were sampled periodically 
after transplantation, including episodes of  acute rejection. All 6 sets of  samples showed a similar pattern 
of  hepatocyte cfDNA: low levels before the procedure, and high levels following transplantation, which 

Figure 2. Liver-derived cfDNA in healthy 
individuals. (A) Concentration in genome 
equivalents (Geq)/ml of hepatocyte-
derived cfDNA in the plasma of healthy 
donors. Green, red, and blue indicate the 
estimation for VTN, ITIH4, and IGF2R 
markers, respectively. The concentration 
was measured by multiplying the fraction 
of hepatocyte cfDNA by the concentra-
tion of total cfDNA (Supplemental Figure 
2). (B) Estimation of the concentration of 
hepatocyte-derived cfDNA in the plasma 
of healthy donors, averaging the values 
for all markers. Each data point repre-
sents one individual donor. Dashed line 
indicates average + 2 standard deviations. 
(C) Estimation of the concentration of 
hepatocyte-derived cfDNA in the plasma 
of healthy donors (n = 12) at 3 time points. 
T0, after a 12-hour fast; T30, half an hour 
after a meal; T120, two hours after a meal. 
(D–G) Lack of correlation between hepa-
tocyte cfDNA in healthy donors and ALT 
levels (D), AST levels (E), BMI (F), and age 
(G) of the same donors.
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declined to baseline by day 45 after transplantation. In 5 of  6 patients the hepatocyte cfDNA signal was 
elevated during biopsy-proven rejection; strikingly, in 3 patients we recorded elevated hepatocyte cfDNA 
prior to clinically detectable rejection (Figure 3C).

Hepatocyte-derived cfDNA following liver donation. Next, we examined the levels of  hepatocyte cfDNA after 
partial hepatectomy. We examined 14 sets of  serum samples from healthy individuals who donated part 
of  their liver. Patients were sampled prior to partial hepatectomy, and 12, 30, and 95 days after, where liver 
regeneration should have been complete. We observed abnormally high hepatocyte cfDNA 12 days after sur-
gery, which later declined (Figure 4 and Supplemental Figure 4). Strikingly, by day 12 after surgery the levels 
of  ALT and AST were already back within the normal range, but still above the baseline of  each individual. 
These findings suggest that hepatocyte cfDNA measurement might be a more sensitive indicator of  liver 
damage than enzyme measurements, at least under some circumstances.

Hepatocyte-derived cfDNA in sepsis patients. Sepsis often involves massive liver damage, in addition to 
cell death in multiple additional tissues. To examine how liver damage in this complex setting is reflect-
ed in hepatocyte-derived cfDNA, we analyzed 56 plasma samples obtained during sepsis. The amount 
of  hepatocyte-derived cfDNA was significantly higher in sepsis patients compared with healthy controls 
(Figure 5 and Supplemental Figure 5). Hepatocyte cfDNA values were in good correlation with the 

Figure 3. Hepatocyte cfDNA in liver transplant 
recipients. (A) Hepatocyte-derived DNA in the 
serum of 18 liver transplant recipients. Each 
patient was sampled at 4 time points as indi-
cated. Graph shows the average values of the 3 
liver markers in each sample. Dashed line indi-
cates average + 2 standard deviations of healthy 
controls. (B) Pearson’s correlation between 
hepatocyte cfDNA levels and circulating liver 
enzymes in liver transplant recipients. (C) 
Hepatocyte-derived DNA in the serum of 6 liver 
transplantation patients who had an episode 
of graft rejection. Each patient was examined 
at the 6 time points indicated. Graph shows 
the average values of the fraction of the 3 liver 
markers in each sample. Each line represents 
the values for 1 patient.
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levels of  liver enzymes ALT and AST measured in the same patients (Figure 5), supporting specificity 
of  hepatocyte cfDNA measurements even in the background of  extensive cell death in multiple tissues.

Hepatocyte-derived cfDNA in Duchenne muscular dystrophy patients. Patients with Duchenne muscular dys-
trophy (DMD) and other muscle dystrophies often present with high levels of  ALT and AST, which are 
derived from damaged muscle rather than from the liver (15–17). We examined whether our hepatocyte-
specific methylation markers are elevated in this setting. We tested plasma samples of  10 DMD patients 
who had elevated levels of  ALT and AST. In all samples the concentration of  hepatocyte-derived cfDNA 
was in the normal range (Figure 6), consistent with a non-liver origin of  AST and ALT and further support-
ing specificity of  the hepatocyte cfDNA assay.

A digital droplet PCR assay for measurement of  hepatocyte cfDNA. The experiments described above were 
performed using massively parallel sequencing, requiring access to a next generation sequencer and the 
application of  a bioinformatics pipeline to interpret sequencing results. To simplify the method, we devel-
oped a PCR-based version of  the assay that alleviates the need for sequencing. We designed primers for 
digital droplet PCR (ddPCR) after bisulfite conversion of  cfDNA, and probes that recognize blocks of  
unmethylated CpGs in the amplified marker regions. We focused on the VTN and IGF2R markers, which 
had multiple CpGs in close proximity.

ddPCR using both amplicons showed no signal in leukocyte DNA and a strong signal in hepatocyte 
DNA (Figure 7A). We then examined 6 sets of  plasma samples from 6 patients before and after liver 
transplantation (the same samples used in Figure 2). Similar to the sequencing results, the ddPCR assay 
revealed a strong and transient elevation of  hepatocyte cfDNA in plasma shortly after transplantation, 
which declined thereafter, strongly suggesting validity of  the assay (Figure 7B).

Discussion
We described here a highly specific, sensitive, and quantitative assay for the detection of  human hepatocyte 
cfDNA, reflecting hepatocyte death in healthy individuals as well as patients with liver disease. We char-
acterized 3 genomic loci that are unmethylated specifically in hepatocytes, compared with a large panel of  
human tissues and cell types, and used these as biomarkers. We note that the selection of  these markers 
was rather arbitrary. All 3 loci were unmethylated in hepatocytes, highly methylated in other tissues and 
cell types, and each had multiple adjacent CpG sites that behaved similarly within the same molecule. The 
latter feature (also termed methylation haplotype block; refs. 12, 18) increases the signal-to-noise ratio 
between hepatocyte and non-hepatocyte DNA. Importantly, our computational analysis indicates that the 
genome contains hundreds of  additional sequences harboring clusters of  adjacent CpG sites with hepato-
cyte-specific methylation patterns. Such loci could also be used as hepatocyte biomarkers. Multiplexing 
several such markers can in principle increase the sensitivity of  the assay without compromising specificity, 
potentially far exceeding current methods.

Our experiments with serum and plasma samples were designed to provide proof of  concept that hepato-
cyte cfDNA can be detected, and is reflective of  liver damage based on clinical parameters or circulating liver 
enzymes. Indeed, the assay was able to detect the expected elevation in hepatocyte cfDNA shortly after liver 
transplantation, during acute rejection of  a liver transplant, after partial hepatectomy, and in patients with 
sepsis. We note 2 insights into liver dynamics that can already be gained from the data. First, the detection 

Figure 4. Identification of hepatocyte-derived 
cfDNA after partial hepatectomy. Hepatocyte-
derived DNA in the serum of 14 liver donors after 
partial hepatectomy. Each patient was sampled 
at 4 time points as indicated. Graph shows the 
average values of the 3 liver markers in each sample 
(genome equivalents/ml) as well as AST and ALT 
values. Dashed line indicates average + 2 standard 
deviations of healthy controls.
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of hepatocyte cfDNA in plasma suggests that at least some of  the DNA from dying hepatocytes is cleared 
through blood, and not through other routes such as bile secretion or complete digestion by Kupffer cells. 
Second, different healthy individuals had typical levels of  hepatocyte cfDNA, which did not change following 
overnight fast or after a meal, raising the possibility that baseline hepatocyte turnover is a personal, stable trait.

Measurements of  hepatocyte cfDNA have several distinct features compared with standard enzyme 
assays, which may find utility in research and eventually in clinical settings. First, hepatocyte specificity of  the 
cfDNA assay may prove useful in ambiguous conditions, where damage may have happened in tissues that 
express classic liver markers; one example for such a situation is DMD. Second, elevation of  serum AST/
ALT indicates liver damage that could result from either cell death or a transient leak. The cfDNA signal, 
involving cleavage and release of  genomic DNA, is more likely to reflect actual hepatocyte death. Third, it 
is hard to infer the number of  damaged cells from levels of  circulating liver enzymes; in contrast, the cfDNA 
assay, counting individual DNA molecules in plasma, can in principle report on the exact number of  dying 

Figure 5. identification of liver-derived cfDNA 
in sepsis. (A) Hepatocyte cfDNA in the plasma 
of patients with sepsis. P value determined by 
2-tailed Mann-Whitney test. (B) Pearson’s cor-
relation between hepatocyte cfDNA levels and 
circulating AST and ALT in septic patients.

Figure 6. Identification of hepatocyte-derived cfDNA in Duchenne 
muscular dystrophy (DMD). Hepatocyte-derived cfDNA and transami-
nases in the plasma of 10 DMD patients. Dashed line indicates cutoff 
for healthy individuals.
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hepatocytes. Lastly, the short half-life of  cfDNA (estimated at 15–60 minutes) (19) compared with the slow 
clearance of  liver enzymes provides a near real-time indication of  liver damage, which can be important in 
dynamic settings.

The hepatocyte cfDNA assay may find utility in many areas of  liver biology and disease. For exam-
ple, determination of  hepatocyte death in non-alcoholic steatohepatitis (NASH) at present requires a 
liver biopsy, which can theoretically be replaced by cfDNA (3, 4, 6). Another important case is autoim-
mune hepatitis, in which measurements of  liver enzymes often fail to disclose ongoing liver damage (5). 
In these situations, liver disease may silently progress to cirrhosis without marked elevations in either 
AST or ALT. Elevations of  hepatocyte cfDNA may also prove informative for early detection of  liver 
transplant rejection, for assessing hepatotoxicity of  drugs, for diagnosis and monitoring of  hepatocellu-
lar carcinoma, and for studies of  human liver dynamics in physiological settings. Testing these possibili-
ties will require large, blinded clinical trials, made possible with the biomarkers and methods described 
here. We also note that in pathologies involving damage to multiple cell types, combining cfDNA mea-
surements of  hepatocytes and other cells, for example specific immune cell types or cholangiocytes, may 
increase the diagnostic power of  the cfDNA approach.

Methods
Study approval. All clinical studies were approved by the ethics committees of  the University of  Pennsylvania 
and Hadassah Medical Center.

Biomarkers. Tissue-specific methylation biomarkers were selected after a comparison of  publicly avail-
able genome-wide DNA methylation data sets generated using the Illumina Infinium HumanMethyl-
ation450K BeadChip array. The comparison included in addition the methylome of  human cholangio-
cytes, generated locally by sorting dissociated liver tissue. The analysis of  the cholangiocyte methylome 
(and cholangiocyte cfDNA biomarkers) will be reported elsewhere.

Sample preparation and DNA processing. Blood samples were collected in EDTA-containing plasma-prep-
aration tubes and centrifuged for 10 minutes at 1,500 g and 4°C. The supernatant was transferred to a fresh 
15-ml conical tube without disturbing the cellular layer and centrifuged again for 10 minutes at 3,000 g and 
4°C. The supernatant was collected and stored at –80°C.

Cell-free DNA was extracted from 1–4 ml of  plasma using the QIAsymphony liquid-handling robot 
(Qiagen) and treated with bisulfite (Zymo Research). DNA concentration was measured using Qbit double-
strand molecular probes (Invitrogen). Bisulfite-treated DNA was PCR amplified using primers specific for 
bisulfite-treated DNA but independent of  methylation status at monitored CpG sites.

Figure 7. Digital droplet PCR for the identification of liver-derived cfDNA. (A) Hepatocyte and leukocyte DNA examined using ddPCR. (B) Hepatocyte-
derived DNA in the plasma of 6 liver transplant recipients. Each patient was sampled at 4 time points as indicated. Graph shows the average values of 
the 2 liver markers in each sample.

https://doi.org/10.1172/jci.insight.120687
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Primers were barcoded, allowing the mixing of  samples from different individuals when sequencing 
products. Sequencing was performed on PCR products using MiSeq Reagent Kit v2 (MiSeq, Illumina 
method) or NextSeq 500/550 v2 sequencing reagent kits. Sequenced reads were separated by barcode, 
aligned to the target sequence, and analyzed using custom scripts written and implemented in MATLAB 
(MathWorks). Reads were quality filtered based on Illumina quality scores. Reads were identified by hav-
ing at least 80% similarity to target sequences and containing all the expected CpGs in the sequence. CpGs 
were considered methylated if  “CG” was read and were considered unmethylated if  “TG” was read. The 
efficiency of  bisulfite conversion was assessed by analyzing the methylation of  non-CpG cytosines.

ddPCR. We established a procedure for ddPCR, in which bisulfite-treated cfDNA is interrogated 
using methylation-sensitive TaqMan probes. The limited length of  probes (up to 30 bp) dictated that 
they could cover only 2 to 4 informative CpG sites. In the IGF2R locus 4 CpGs were covered. How-
ever, in the VTN = locus, only 2 CpGs were covered by a probe predicting a relatively high frequency 
of  noise (positive droplets) in DNA from non-liver tissue. In the sequencing-based assay we addressed 
this problem by documenting the methylation status of  5 adjacent cytosines (Figure 1A), which greatly 
increased specificity. To implement this concept in the ddPCR platform we designed 2 TaqMan probes, 
each recognizing lack of  methylation in a different cluster of  cytosines (each containing 2 CpG sites) 
within the same amplified 100-bp fragment from the VTN locus. Each probe was labeled with a differ-
ent fluorophore, such that we could identify droplets in which both probes found a target. Such droplets 
would be interpreted as containing a VTN cfDNA fragment in which all 4 targeted cytosines were 
unmethylated. This resulted in a ddPCR assay with the improved specificity afforded by interrogating 
multiple cytosines on the same DNA molecule.

Each 20-μl volume reaction mix consisted of  ddPCR Supermix for Probes (No dUTP) (Bio-Rad), 900 
nM primer, 250 nM probe, and 2 μl of  sample. The mixture and droplet generation oil were loaded onto 
a droplet generator (Bio-Rad). Droplets were transferred to a 96-well PCR plate and sealed. The PCR was 
run on a thermal cycler as follows: 10 minutes of  activation at 95°C, 47 cycles of  a 2-step amplification 
protocol (30 seconds at 94°C denaturation and 60 seconds at 56°C), and a 10-minute inactivation step at 
98°C. The PCR plate was transferred to a QX100 Droplet Reader (Bio-Rad), and products were analyzed 
with QuantaSoft (Bio-Rad) software. Discrimination between droplets that contained the target (positives) 
and those that did not (negatives) was achieved by applying a fluorescence amplitude threshold based on 
the amplitude of  reads from the negative template control.

Statistics. To assess the significance of  differences between groups, we used a 2-tailed Mann–Whitney 
test. P less than 0.05 was considered significant.
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