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Over half of the mature hepatocytes in mice and humans are aneuploid and yet retain full ability to undergo 
mitosis. This observation has raised the question of whether this unusual somatic genetic variation evolved 
as an adaptive mechanism in response to hepatic injury. According to this model, hepatotoxic insults select 
for hepatocytes with specific numerical chromosome abnormalities, rendering them differentially resistant 
to injury. To test this hypothesis, we utilized a strain of mice heterozygous for a mutation in the homogen-
tisic acid dioxygenase (Hgd) gene located on chromosome 16. Loss of the remaining Hgd allele protects from 
fumarylacetoacetate hydrolase (Fah) deficiency, a genetic liver disease model. When adult mice heterozygous 
for Hgd and lacking Fah were exposed to chronic liver damage, injury-resistant nodules consisting of Hgd-
null hepatocytes rapidly emerged. To determine whether aneuploidy played a role in this phenomenon, array 
comparative genomic hybridization (aCGH) and metaphase karyotyping were performed. Strikingly, loss 
of chromosome 16 was dramatically enriched in all mice that became completely resistant to tyrosinemia-
induced hepatic injury. The frequency of chromosome 16–specific aneuploidy was approximately 50%. This 
result indicates that selection of a specific aneuploid karyotype can result in the adaptation of hepatocytes 
to chronic liver injury. The extent to which aneuploidy promotes hepatic adaptation in humans remains 
under investigation.

Introduction
Since all portal blood first passes through the liver, this organ is 
continuously exposed to nutritional challenges as well as xenobi-
otic insults (reviewed in refs. 1, 2). As a result, the liver has devel-
oped an amazing capacity for regeneration. Rats can survive up to 
7 sequential 50% hepatectomies, demonstrating a virtually inex-
haustible replicative capacity (3). Similarly, serial transplantation 
of mature hepatocytes in mice indicates their stem cell–like regen-
erative capacity (4).

In addition to the well-known regenerative capacity of the liver, 
polyploidy in the liver is extensively described in many verte-
brate species, including humans (5, 6), rats (7), and mice (8, 9).  
Polyploidization usually occurs by failed cytokinesis (7, 10), but 
cell fusion can also give rise to polyploid cells (11). Although 
polyploid hepatocytes were historically thought to have limited 
mitotic capacity, we (12, 13) and others (14) have shown that tet-
raploid and octaploid mouse hepatocytes are highly regenerative. 
Furthermore, we showed that polyploid hepatocytes could under-
go reductive divisions and generate diploid daughters (12, 15)  
both in vitro and in vivo (11). We termed this phenomenon the 
“ploidy conveyor.” When polyploid hepatocytes divide, multiple 
mitotic spindles are initially established. In most cases, these mul-
tiple spindles resolve in a single bipolar spindle, but multipolar 
mitoses also occur (12). Tripolar mitoses and double mitoses can 
produce 3 and 4 daughters with reduced ploidy in a single divi-
sion. These daughters are frequently highly aneuploid, displaying 
multiple chromosome gains and losses. However, even the bipo-
lar mitoses of polyploid hepatocytes often result in chromosome 

missegregation due to sorting errors caused by merotelic chromo-
some attachments (16). Since most hepatocytes become polyploid 
in the postnatal period when growth and regeneration are ongo-
ing, the overall result is that most hepatocytes of adult mice are 
aneuploid (12). Recently, we found that this is true for healthy 
human liver as well (17).

The observed hepatocyte aneuploidy appears random in healthy 
individuals, and gains and losses of whole chromosomes are seen. 
Extensive genetic heterogeneity is often beneficial in terms of pro-
viding a substrate for selection of the fittest phenotypes. While 
this concept has been eloquently demonstrated in yeast (18, 19), 
we wondered whether the liver could also utilize this mechanism 
to adapt to chronic injury. Gene expression is dosage sensitive, and 
chromosomes harboring susceptibility or resistance alleles for a 
particular injury could be selected for or against.

To test this hypothesis, we utilized a genetic liver disease model, 
hereditary tyrosinemia type I, caused by deficiency of fumarylace-
toacetate hydrolase (FAH) (ref. 20 and Figure 1A). We (21) and 
others (22) have previously shown that loss of enzymes upstream 
of FAH can be protective and prevent hereditary tyrosinemia 
type I. In fact, treatment of this disorder is based on pharmaco-
logical inhibition of hydroxy-phenylpyruvate dioxygenase (HPD) 
using the drug 2-(2-nitro-4-trifluoro- methylbenzoyl)-1,3-cyclo-
hexanedione (NTBC). Mice deficient in FAH, but heterozygous 
for a mutation in homogentisic acid dioxygenase (HGD), can 
develop revertant, healthy hepatocyte nodules that have lost the 
WT copy of Hgd (21). Although 25% of the reversions are due to 
point mutations of the WT Hgd locus (21), complete gene loss 
represents most of the events. Here, we demonstrate that adaptive 
aneuploidy with nonrandom loss of chromosome 16 accounts for 
the majority of the injury-resistant hepatocytes.
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Results
Proliferation by a subset of hepatocytes in Hgd+/–Fah–/– mice. To inves-
tigate the mechanism of stress-induced hepatocyte proliferation, 
we utilized mice with mutations in the tyrosine catabolic pathway. 
Mice heterozygous for Hgd and deficient for Fah were maintained 
with an NTBC-supplemented diet, which allows these mutants 
to survive and maintain normal liver function (Figure 1A and  
ref. 23). NTBC was removed for defined periods beginning at age 3 to  
4 months (Figure 1B). After 3 to 4 weeks of selection (i.e., without 
NTBC-supplemented diet), body weight was reduced by approxi-
mately 20% and animals appeared sickly (Figure 1C). In contrast, 
Hgd–/–Fah–/– controls looked healthy and maintained constant 
body weight. Although the majority of liver mass was pale, which 
is similar to tissue from Fah–/– mice, Hgd+/–Fah–/– livers were deco-
rated with red healthy looking hepatic nodules dispersed through-
out each lobe (Figure 1D). Consistent with previous results (21), 
livers from these mice were enriched for discrete regions of Ki67+ 
hepatocytes, indicating proliferation by clonal hepatic popula-
tions (Figure 1E). Additionally, 5%–10% of these nodules were 
associated with loss of genetic and chromosome markers, sug-
gesting clonal aneuploidy within the nodules (Supplemental 

Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI64026DS1). Following 2 to 3 months of selection, 
approximately 10% of Hgd+/–Fah–/– mice regained normal body 
weight (Figure 1C) and livers were repopulated 75% or more with 
healthy tissue (Figure 1F). Moreover, in transplantation experi-
ments, hepatocytes derived from injury-resistant Hgd+/–Fah–/– livers 
underwent extensive in vivo proliferation and restored liver func-
tion in Fah–/– recipients (data not shown).

Together, the data indicate that liver repopulation in Hgd+/–Fah–/– 
mice proceeds in a step-wise manner in response to tyrosinemia. 
First, the uninjured liver contains a subset of hepatocytes, which 
have the capacity for functional adaptation. Such cells are ran-
domly dispersed throughout the liver. Secondly, following chronic 
liver injury or stress (e.g., removal of NTBC) adapted hepatocytes 
maintain a functional and proliferative advantage, generating 
healthy nodules after several weeks. Finally, in response to contin-
ued hepatic injury, injury-resistant nodules continue to proliferate 
and restore the entire liver mass.

Chromosome 16 is lost by injury-resistant livers. Our group previously 
showed that approximately 25% of regenerating hepatic nodules 
in Hgd+/–Fah–/– mice acquired point mutations within the WT Hgd 

Figure 1
Spontaneous liver repopulation in response to liver injury. (A) Diagram of the tyrosine catabolic pathway. Critical components are highlighted in 
red. Fah deficiency leads to accumulation of fumarylacetoacetate and toxic metabolites. Fah deficiency is ameliorated by NTBC therapy or loss of 
Hgd. (B) Hgd+/–Fah–/– mice were subjected to selection by NTBC withdrawal and regenerating livers analyzed following partial and approximately 
complete repopulation. (C) During NTBC selection, Hgd+/–Fah–/– mice (black lines; n = 3) lost approximately 20% of their starting weight over  
1 month and then achieved preselection weight in the subsequent 1 to 2 months. Hgd–/–Fah–/– mice (red lines; n = 3) maintained a constant weight. 
(D and E) Following 3 to 4 weeks of selection, hepatic nodules were dispersed randomly throughout livers from Hgd+/–Fah–/– mice. Nodules main-
tained a healthy appearance (D, arrows, inset is enlarged 250%) (n = 18) and were positive for the proliferation marker Ki67 (E, asterisks) (n = 6).  
Scale bar: 1 mm. (F) Following approximately complete repopulation, livers had normal coloration (left panel) and were confluent with large nod-
ules (n = 5), which are best observed macroscopically after exsanguination (right panel).
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gene, leading to loss of function (21). Lack of functional HGD 
therefore blocked tyrosine catabolism at the level of homogentisic 
acid (Figure 1A), allowing these hepatocytes to survive and pro-
liferate during selection. Based on the high degree of aneuploidy 
in the murine liver (12), we hypothesized that hepatic aneuploidy 
could contribute to the adaptive response by Hgd+/–Fah–/– mice. 
The genomic sequence encoding Hgd is located centrally in the 
qB3 region of chromosome 16. As Hgd heterozygotes have a single 
functional copy of Hgd per diploid genome, aneuploid hepatocytes 
lacking chromosome 16 with the functional gene product would 
be completely devoid of HGD activity.

To test whether chromosome 16 loss contributed to liver adapta-
tion, we first determined the baseline degree of aneuploidy by karyo-
typing hepatocytes from different ages of WT mice (Figure 2A).  

Females and males were included in this survey, so the analysis 
was restricted to autosomes only. Gains of each individual auto-
some were detected in hepatocytes from every age group: young 
20- to 21-day-old mice (0.6%, range 0%–3%), adult 4- to 5-month-
old mice (3%, range 0%–7%), and senior 10- to 15-month-old 
mice (5%, range 2%–9%). Similarly, losses of each autosome were 
also detected in hepatocytes from every group: young mice (3%, 
range 0%–7%), adults (8%, range 3%–12%), and seniors (9%, range 
5%–14%). In adults, for example, gain of chromosome 3 was seen 
in 3% of hepatocytes, whereas chromosome 3 loss was observed 
in 9% of hepatocytes. Next, we karyotyped hepatocytes from 
Hgd+/–Fah–/– mice that were highly repopulated (≥75%) after NTBC 
withdrawal and resistant to injury. Aneuploidy was detected for 
each autosome. Compared with WT hepatocytes, the frequency of 

Figure 2
Whole chromosome aneuploidy in hepatocytes. (A) Hepatocytes isolated from healthy WT mice were karyotyped. The percentages of hepatocytes 
with chromosome-specific gains (gray bars) and losses (black bars) are indicated for young mice (ages 20 to 21 days; n = 3), adult mice (ages 4 to 
5 months; n = 5), and senior mice (ages 10 to 15 months; n = 6). Percentages were derived from pooled data within each group. (B) Hepatocytes 
from fully repopulated Hgd+/–Fah–/– mice were karyotyped (n = 4); a representative profile is shown. (C) Karyotypes were also determined for 
hepatocytes from Fah–/– mice that were off NTBC. Percentages were derived from pooled data (n = 4). (D) Chromosome 16 aneuploidy is indicated 
for all mice karyotyped. Data are shown as mean ± SEM. *P <0.005; **P = 0.03.
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chromosome-specific gains (12%, range 5%–20%) and losses (19%, 
range 5%–50%) was slightly elevated (Figure 2B), which is consis-
tent with increased aneuploidy following extensive repopulation 
(15). Strikingly, chromosome 16 loss in repopulated Hgd+/–Fah–/– 
mice was approximately 2- to 3-fold higher than that of any other 
autosome (Figure 2B). To exclude the possibility that the high 
degree of chromosome 16 aneuploidy was simply a consequence 
of Fah deficiency, hepatocytes from Fah–/– mice off NTBC for 6 
to 9 weeks were karyotyped (Figure 1C). Chromosome gains and 
losses were equivalent to frequencies observed in adult/senior WT 
mice, indicating that Fah deficiency alone does not promote chro-
mosome abnormalities. Overall, nearly half of hepatocytes from 
repopulated Hgd+/–Fah–/– mice displayed chromosome 16 aneuploi-
dy, which was significantly higher than the degree of chromosome 
16 aneuploidy observed in WT or Fah–/– mice (Figure 1D). The 
strong enrichment for specific loss of chromosome 16 indicates 
that aneuploidy contributes to hepatic functional adaptation in 
chronically injured Hgd+/–Fah–/– mice.

Genomic analysis of injury-resistant hepatocytes. A major advantage 
of metaphase karyotyping is elucidation of chromosome identity 
and copy number at the single cell level. One of the disadvantages, 
however, is interrogation of a relatively small sample size; typically, 
20 karyotypes are determined per sample. Therefore, we performed 
array comparative genomic hybridization (aCGH) to analyze copy 
number variation from thousands of cells. This approach also 
enables high resolution mapping of chromosomal changes. Popu-
lations of liver cells enriched for hepatocytes were isolated from 
nonrepopulated and repopulated mice. Both females and males 
were used. Hepatic DNA was mixed with sex-mismatched refer-
ence DNA derived from WT splenocytes and subsequently hybrid-
ized to aCGH microarrays containing approximately 180,000 
probes evenly dispersed throughout the genome (Supplemental 
Table 1). Variations in chromosome copy number are presented 
as a log2 ratio (Figure 3). A ratio of 0 indicates equivalent relative 
copy number between the hepatic and reference DNA. A ratio of 
–1 or 1 indicates loss or gain, respectively, within the entire popula-

Figure 3
Copy number variation in pools of hepatocytes. Alterations in chromosome copy number were assessed by aCGH analysis using populations 
enriched for hepatocytes isolated from WT mice (n = 2), Hgd–/–Fah–/– mice off NTBC (n = 2) and highly repopulated Hgd+/–Fah–/– mice off NTBC (n = 4).  
Hybridization intensity for hepatic chromosomes is plotted as log2 ratio versus sex-mismatched diploid chromosomes (derived from splenocytes). 
The log2 of –1 indicates chromosome loss (e.g., loss of the X chromosome in mouse 1), whereas log2 of 1 indicates chromosome gain (e.g., gain 
of the X chromosome in mouse 2). Copy number changes in the Y chromosome due to gender mismatch were detected but not shown in the plots.
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tion of hepatic DNA. For instance, copy number variation was not 
detected for autosomes in mouse 1 (WT, male); however, “loss” 
of the X chromosome was reported because of the sex-mismatch 
hybridization (Figure 3).

Copy number variation was determined using hepatocyte 
genomic DNA purified from WT mice, Hgd–/–Fah–/– mice (off 
NTBC), and injury-resistant Hgd+/–Fah–/– mice. First, analysis 
of WT mice revealed no changes in hepatic chromosome num-
ber among the autosomes (Figure 3; mice 1, 2). The threshold 
for reliably detecting whole chromosome aneuploidy by aCGH 

is approximately 30% mosaicism. In other words, in a hetero-
geneous population, whole chromosome aneuploidy is only 
reliably detected when present in 30% or more of the cells. This 
limited sensitivity explains why heterogeneous chromosome-
specific aneuploidy observed by karyotyping (Figure 2A), which 
affects chromosomes at less than 15%, is undetectable by aCGH. 
Secondly, Hgd–/–Fah–/– mice were maintained without NTBC for 
3 months prior to DNA isolation. Livers from these mice were 
refractory to tyrosinemia (Figure 1C); therefore, a dominant aneu-
ploid karyotype was not expected. As anticipated, copy number 

Figure 4
Loss of chromosome 16 in injury-resistant livers from Hgd+/–Fah–/– mice. (A) Copy number variation from aCGH analysis is shown specifically for 
chromosome 16. Hybridization intensity for hepatic chromosomes is plotted as log2 ratio versus sex-mismatched diploid chromosomes derived 
from splenocytes. Green dots indicate log2 ratio of less than 0, and red dots indicate log2 ratio of more than 0. The extent of chromosome loss is 
indicated along each plot (shaded purple). (B) Illustration of mosaicism for copy number loss in a heterogeneous population of cells as detected 
by aCGH. Whole chromosome loss and terminal deletion events are indicated. (C) Summary showing the maximum extent of chromosome 16 
loss, which includes the Hgd locus.
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variation within autosomes was not seen for these mice (Figure 3;  
mice 3, 4). This result also proves that there is no specific loss 
of chromosome 16 associated with this genotype. Finally, aCGH 
analysis of hepatocytes from Hgd+/–Fah–/– mice, which were highly 
repopulated by revertant hepatocytes (≥75%) and resistant to inju-
ry, revealed a single dominant autosomal alteration. Mosaicism 
for copy number loss involving chromosome 16 was detected in 
each sample (Figure 3; mice 5–8). Copy number variations were 
not observed in any other chromosomes.

Detailed analysis of chromosome 16 revealed 2 distinct types 
of aneuploidy in hepatocytes from injury-resistant Hgd+/–Fah–/– 
mice: terminal deletion and whole chromosome loss (Figure 4, A 
and B). Pools of hepatocytes contained a terminal deletion with 
a breakpoint in the qB2 region of chromosome 16 (Figure 4A;  
mice 5–8). The log2 ratios in the deleted region were –0.33 to 
–0.40, indicating terminal deletion in 40%–50% of the cells from 
these mice. Importantly, whole chromosome loss was detected 

in 3 of 4 samples (Figure 4A; mice 5, 6, 8). The log2 ratios for 
the proximal segment of chromosome 16 were between 0 and 
–0.25, indicating whole chromosome loss in less than 30% of 
hepatocytes. Failure to detect the deletion event by karyo-
type analysis or to differentiate whole chromosome loss and  
rearrangement leading to the deletion reflects a limitation of 
the metaphase cytogenetic approach. Karyotypes are only avail-
able for cells that reach metaphase following short-term expan-
sion in vitro, and the chromosome makeup of nonproliferating 
cells is not determined. Identification of both whole chromo-
some loss and deletion events in heterogeneous populations of 
cells is a major advantage of aCGH technology.

Hepatic aneuploidy to date has been characterized in terms of 
gain and loss of whole chromosomes (12, 17). Deletion of the ter-
minal region of chromosome 16 in hepatocytes from these mice 
is the first deletion identified by our group. We speculate that the 
mutagenic effects resulting from Fah deficiency contributed to 

Figure 5
Models of aneuploidy-mediated adaptation and hepatocyte expansion. (A) Mechanism for adaptation to tryosinemia in Hgd+/–Fah–/– mice. Hgd 
heterozygotes have KO and WT alleles. Loss of WT Hgd promotes resistance to Fah deficiency and occurs by mutation of the WT allele, aneu-
ploidy (i.e., loss chromosome 16 with the WT gene), or a combination of mutation and aneuploidy. Drawings represent diploid Fah–/– hepatocytes 
and illustrate chromosome 16 copy number and Hgd status. (B) Model showing hepatocyte adaptation in response to chronic liver injury. Early 
in life, livers are primarily diploid and have the expected numbers of chromosomes (single black nuclei). During aging, hepatocytes polyploidize 
(binucleated cells) and become aneuploid (red, blue, green nuclei). Random aneuploidy affects nearly half of hepatocytes in mice and humans. 
Chronic liver injury can have multiple effects leading to either hepatocellular carcinoma (cells with white nuclei) or expansion injury-resistant 
hepatocytes (cells with red nuclei).
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tion to chronic liver injury, just as we demonstrated with the  
Hgd+/–Fah–/– model. Indeed, studies have shown that chronic liver 
damage induced by hepatitis C infection gave rise to nonmalig-
nant nodules of liver tissue (31–33). Analysis of X inactivation in 
tissue from female patients revealed up to 50% of these nodules 
were clonal, indicating expansion from a single injury-resistant 
cell (32). Experiments are underway to elucidate the extent to 
which hepatic aneuploidy contributes to stress-induced liver 
adaptation in humans.

Note that mouse and human chromosomes are nonsyntenic, 
indicating that loci on a given chromosome in one species are 
not always linked in the other species (34). For instance, Hgd 
is found on chromosome 16 in mice and chromosome 3 in 
humans. Therefore, caution must be observed when interpret-
ing the functional impact of chromosome-specific aneuploidy 
between species.

In conclusion, although clonal aneuploidy in cirrhosis has tradi-
tionally been interpreted as a premalignant event, our results indi-
cate that this may not necessarily be the case. Specific gains and 
losses of chromosomes harboring injury-resistance alleles in nor-
mal, nontransformed hepatocytes may render them differentially 
resistant to chronic insults such as viral hepatitis as well as alco-
hol- and fat-induced hepatitis. We propose that it is time to revisit 
the question of clonal evolution in human liver cirrhosis with an 
eye toward proadaptive and protective aneuploidy. Perhaps aCGH 
will become a diagnostic and prognostic tool for hepatologists in 
the future, as it is in oncology today.

Methods
Mouse strains and animal husbandry. Inbred mouse strains were used: WT 
(C57BL/6, 129S4), transgenic Rosa26-lacZ (C57BL/6 and 129S4) (35), 
Fah–/– (C57BL/6 and 129S4) (36), and Hgd–/– (37, 38). Fah–/–, Hgd+/– and 
transgenic Rosa26-lacZ mice were crossed to obtain the desired genotypes. 
All mutant animals were maintained on NTBC (4 mg/l) until age 3 to  
4 months, at which time NTBC was removed. Livers from Hgd+/–Fah–/– mice 
were harvested following either 3 to 4 weeks or 2 to 3 months of NTBC 
withdrawal. Livers from Fah–/– mice were harvested after 2 to 3 sessions of 
NTBC withdrawal of 3 weeks per session.

Cell isolation. Primary hepatocytes were isolated by 2-step collagenase 
perfusion (23). For karyotype studies, cell suspensions were washed 2 times  
in DMEM/F12 (Invitrogen) and 0.5% FBS (Hyclone) using low-speed cen-
trifugation (50 g × 1 minute) to enrich for hepatocytes, which are larger 
and heavier than nonparenchymal cells. Additional hepatocyte purifica-
tion was performed for aCGH experiments. Populations of cells enriched 
for hepatocytes were isolated with an InFlux flow cytometer (BD) using a 
150-μm nozzle. Cells adhering to each other (i.e., doublets) were eliminat-
ed on the basis of pulse width. Nonparenchymal cells were excluded based 
on expression of CD45 (APC), Mac-1 (PE), and CD133 (APC) using anti-
bodies from eBioscience. Dead cells were excluded on the basis of 5 μg/ml  
propidium iodide (Invitrogen) incorporation. Hepatocyte populations 
were gated according to size and granularity. Splenocytes were isolated 
from 2-month-old C57BL/6 mice (male and female); erythrocytes were 
removed using RBC Lysis Buffer (eBioscience).

Histology and immunocytochemistry. Histological analyses (39) and FAH 
immunocytochemistry (15) were previously reported. Images of whole 
tissue sections were stitched together using AxioVision 4.7 software (Carl 
Zeiss) from individual tiles acquired on a Zeiss MRc color camera mounted 
on a Zeiss AxioObserver with motorized stage control.

Karyotypes. First, freshly isolated primary hepatocytes were seeded at 
5,000–7,500 cells/cm2 on Primaria tissue culture plastic (BD) and incu-

chromosome 16 breakage (24). Nevertheless, Hgd was lost in cases 
of whole chromosome loss and terminal deletion (Figure 4C). 
Thus, similar to our karyotyping experiments, hepatocytes mono-
somic for chromosome 16 made up a substantial fraction of livers 
from injury-resistant Hgd+/–Fah–/– mice.

Discussion
A vast body of literature on the detrimental effects of aneuploidy 
exists. During human development, chromosomal imbalances 
almost always cause birth defects (reviewed in refs. 25, 26). Simi-
larly, chromosome instability (CIN) has long been thought to be 
a cause of cancer (27). For this reason, it came as a surprise to find 
that a highly regenerative tissue such as the liver contains a large 
percentage of aneuploid cells (12, 15, 17), even in very young indi-
viduals. Since liver cancer is rare in children, the pervasive pres-
ence of aneuploid hepatocytes challenges the notion of a causal 
connection between aneuploidy and cancer. The finding further-
more raises a very different question: can aneuploidy be benefi-
cial and proadaptive? Recent studies in budding yeast strongly 
suggest that aneuploidy, in fact, can greatly accelerate adaptive 
evolution (18, 19).

To test whether adaptive evolution occurs in the liver, we uti-
lized the Fah–/– model of hereditary tyrosinemia (Figure 1A).  
Loss of Fah leads to accumulation of fumarylacetoacetate 
and associated toxic metabolites, resulting in liver failure and 
death. Liver function can be maintained by blocking the path-
way upstream of FAH by treatment with NTBC or loss of HGD. 
Previous studies showed that when Hgd+/–Fah–/– mice were chal-
lenged by NTBC withdrawal, revertant healthy nodules rapidly 
emerged with the capacity to repopulate the entire liver (21). 
Furthermore, approximately 25% of these nodules contained 
spontaneous mutations in Hgd, effectively rendering the nod-
ules Hgd null (Figure 5A). Here, we showed that aneuploidy also 
promotes adaptation to tyrosinemia-induced liver stress. Livers 
repopulated with reversion hepatocytes were markedly enriched 
for chromosome 16 aneuploidy (e.g., either whole chromosome 
loss or terminal deletion). In Hgd+/–Fah–/– mice, loss of chromo-
some 16 containing functional Hgd leads to complete loss of 
HGD activity, producing hepatocytes resistant to tyrosinemia 
(Figure 5A). It is important to emphasize the rapid kinetics of 
this phenomenon: Hgd-deficient revertant nodules are seen at 
the earliest time points after NTBC withdrawal. This is consis-
tent with our previous observations that aneuploidy is present 
in healthy liver. Thus, the loss of chromosome 16 is not caused 
by the injury, but simply reflects selection/expansion of preex-
isting injury-resistant hepatocytes.

Karyotypic adaptive evolution could be a common mechanism 
in many human liver diseases. Recent work from our group 
showed that approximately half of hepatocytes from healthy 
human donors were aneuploid, and each chromosome was 
equally affected (17). Thus, selective proliferation by subsets of 
aneuploid hepatocytes could yield divergent effects (Figure 5B). 
On the one hand, hepatic aneuploidy could have pathological 
consequences. Aneuploidy has been extensively described in 
hepatocellular carcinoma (28–30), but it is unknown whether 
tumors arose from preexisting aneuploid hepatocytes or sim-
ply became aneuploid during tumorigenesis. It is intriguing 
that whole chromosome gains/losses were reported in doz-
ens of lesions (28). On the other hand, preexisting aneuploid 
hepatocytes could have beneficial effects, such as adapta-
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the measured probe signals is different from the expected value of 0 by 
more than a given threshold. “Fuzzy Zero” and “Centralization” default 
algorithms of DNA Analytics were utilized. To minimize the detection 
of nonrelevant variants, data analyses were performed using threshold 
6.0 and changes detected by less than 150 probes (<300 kb) were fil-
tered. Data were also analyzed using ADM2 with threshold 3.0 and using 
algorithm ADM1 with or without filters, which detected no additional 
low-level mosaicism of aneuploidy. Raw data files (GEO GSE38963) are 
available via GEO.

Statistics. Statistical significance (Figure 2D) was determined using 
2-sided Student’s t test. P values of less than 0.05 were considered signifi-
cant. Statistical analysis of aCGH data was described above.

Study approval. The Institutional Animal Care and Use Committee of 
Oregon Health and Science University approved all mouse experiments.
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bated in DMEM/F12 (Invitrogen), 0.5% FBS (Hyclone), ITS Supplement 
(contains 5 μg/ml insulin, 5 μg/ml transferrin and 5 ng/ml sodium sel-
enite; Invitrogen), 15 mM HEPES, and antibiotic-antimycotic (Cellgro).  
After 4 hours, cells were washed once with DMEM/F12 to remove non-
adherent cells and provided fresh culture medium supplemented with 
50 ng/ml human epidermal growth factor (Invitrogen) and 1.0 μM 
3,3′,5-Triiodo-L-thyronine sodium salt (T3) (Sigma-Aldrich). Second, 
after approximately 40 hours, hepatocytes were treated with 30 ng/ml 
KaryoMax Colcemid Solution (Invitrogen) for 3 hours and harvested 
by trypsinization. Third, after extensive washing, cells were incubated 
for 15 minutes in 75 mM KCl and fixed with methanol/acetic acid  
(3:1 ratio). Finally, chromosomes from approximately 20 metaphase-
arrested hepatocytes per sample were G-banded with a standard tryp-
sin/Wright’s stain protocol. Photographs were taken using CytoVision 
software from Applied Imaging.

Array CGH. Genomic DNA from hepatocyte and splenocyte samples 
was isolated using DNeasy Blood and Tissue Kit (QIAGEN). Array CGH 
was performed using Agilent 180K SurePrint G3 Mouse Microarray (cat. 
no. G4826A-027411, NCBI Build 37) with 1.8 kb overall median probe 
spacing. DNA digestion, labeling, and hybridization were performed 
according to the manufacturer’s instructions, with slight modifica-
tions as described (40). Briefly, 1 μg of genomic DNA from test (i.e., 
hepatocytes) and 1 μg of reference (i.e., splenocytes) samples were 
digested with AluI and RsaI (Promega) at 37°C for 2 hours and labeled 
by cyanine 5-dCTP (for the test sample) or cyanine 3-dCTP (for the ref-
erence sample) (PerkinElmer) at 37°C for 2 hours using the Bioprime 
CGH Labeling Module (Invitrogen). Labeled DNA of the test samples 
and gender-mismatched Microarray image files were quantified using 
Agilent Feature Extraction software (version 9.5), and text file outputs 
were imported into Agilent Genomic Workbench software (version 6.5). 
To identify chromosomal aneuploidy and genomic copy number varia-
tions, data were analyzed using the Aberration Detection Method 2 
(ADM2) statistical algorithm, which uses an iterative procedure to iden-
tify all genomic regions for which the weighted average by log2 ratio of 
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