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Hepatocyte polyploidization is a tightly controlled process that is initiated at weaning and increases with age. The
proliferation of polyploid hepatocytes in vivo is restricted by the PIDDosome–P53 axis, but how this pathway is
triggered remains unclear. Given that increased hepatocyte ploidy protects against malignant transformation, the
evolutionary driver that sets the upper limit for hepatocyte ploidy remains unknown. Here we show that hepato-
cytes accumulate centrioles during cycles of polyploidization in vivo. The presence of excess mature centrioles
containing ANKRD26 was required to activate the PIDDosome in polyploid cells. As a result, mice lacking cen-
trioles in the liver or ANKRD26 exhibited increased hepatocyte ploidy. Under normal homeostatic conditions, this
increase in liver ploidy did not impact organ function. However, in response to chronic liver injury, blocking cen-
triole-mediated ploidy control leads to a massive increase in hepatocyte polyploidization, severe liver damage, and
impaired liver function. These results show that hyperpolyploidization sensitizes the liver to injury, posing a trade-
off for the cancer-protective effect of increased hepatocyte ploidy. Our results may have important implications for
unscheduled polyploidization that frequently occurs in human patients with chronic liver disease.
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The liver is one of the few mammalian tissues that toler-
ates polyploidy (Donne et al. 2021). Hepatocytes undergo
programmed polyploidization that is initiated after wean-
ing and gradually increases with age or in disease states.
While diploid hepatocytes proliferate faster in both mice
and humans (Wilkinson et al. 2018; Sladky et al. 2020a;
Heinke et al. 2022), increasing or decreasing hepatocyte
ploidy has no impact on basal liver function (Chen et al.
2012; Pandit et al. 2012; Miettinen et al. 2014; Dewhurst
et al. 2020; Lin et al. 2020; Sladky et al. 2020b). In the con-
text of hepatocarcinogenesis, a high degree of liver ploidy
has been repeatedly shown to protect against transfor-
mation (Kent et al. 2016; Zhang et al. 2018a,b; Sladky
et al. 2020a). On the other hand, highly polyploid hepato-
cytes have been suggested to promote tumorigenesis
when undergoing ploidy-reducing cell divisions that gen-
erate chromosomally unstable progeny (Duncan et al.
2010; Matsumoto et al. 2020, 2021).
Hepatocyte polyploidization is a tightly regulated pro-

cess initiated by insulin signaling, miR122, and E2F fam-
ilymembers (Celton-Morizur et al. 2009; Chen et al. 2012;
Pandit et al. 2012; Hsu et al. 2016). E2F transcription fac-

tors control a circuit that both facilitates cytokinesis fail-
ure and transiently up-regulates components of the
PIDDosome to limit the proliferative capacity of poly-
ploid hepatocytes (Chen et al. 2012; Pandit et al. 2012;
Sladky et al. 2020b). The PIDDosome is a multiprotein
complex, formed by the death domain-containing pro-
teins PIDD1 and RAIDD, and serves as an activation plat-
form for pro-Caspase-2 (Tinel and Tschopp 2004). Active
Caspase-2 proteolytically inactivates the E3 ligase
MDM2 to stabilize P53 and arrest the cell cycle (Oliver
et al. 2011; Fava et al. 2017). In the liver, the PIDDosome
has been shown to restrict polyploidy during development
and following regeneration upon partial hepatectomy
(Sladky et al. 2020b). How the PIDDosome is activated
in polyploid hepatocytes and the physiological benefit of
limiting hepatocyte ploidy remain unclear.
Polyploidization leads to the accumulation of both

DNA and centrioles. Centrioles are microtubule-based
structures that recruit a surrounding pericentriolar mate-
rial (PCM) to form centrosomes, which organize the
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interphasemicrotubule cytoskeleton of most animal cells
and form the poles of the mitotic spindle (Nigg and Hol-
land 2018). Centrioles can also be modified to act as basal
bodies,which template the formation of cilia and play cen-
tral roles in cellular signaling, fluid movement, and loco-
motion (Breslow and Holland 2019). Centriole copy
number is strictly controlled in cycling cells through
once per cycle duplication. Excessive numbers of centri-
oles can promote chromosomemissegregation that drives
tumor development in mice (Coelho et al. 2015; Gönczy
2015; Serçin et al. 2016; Levine et al. 2017). G1 cells con-
tain a younger centriole that lacks appendages and a ma-
ture centriole that is decorated with distal appendages
that are required for ciliogenesis (Nigg and Holland 2018;
Blanco-Ameijeiras et al. 2022). The presence of more
than one mature centriole with distal appendages has
been shown to trigger the activation of the PIDDosome
in cultured cells to signal a P53-dependent block to cell
proliferation (Holland et al. 2012; Fava et al. 2017). This
signalingdependson the tight clusteringof thematurepar-
ent centrioles and requires the recruitment of PIDD1 to
centrioles by the distal appendage proteinANKRD26 (Bur-
igotto et al. 2021; Evans et al. 2021). Whether centrioles
and ANKRD26 act upstream to activate the PIDDosome
in tissues in vivo has not been examined.

Mammalian centriole structure and function have been
widely studied in cultured cells, but little is known about
the cell type-specific roles of centrioles in vivo (Loncarek
and Bettencourt-Dias 2018; Breslow and Holland 2019).
Here, we investigate the role of centrioles in hepatocytes,
a polyploid and nonciliated cell type.We show that centri-
ole signaling is required to restrict the level of hepatocyte
polyploidy and plays a critical role inmaintaining liver in-
tegrity following chronic liver damage.

Results

Polyploid hepatocytes accumulate extra centrioles

Todefinewhether hepatocytes accumulate centrioles dur-
ing polyploidization, mouse hepatocytes were isolated
from 10-wk-old animals and analyzed for both ploidy and
centriole content. More than 90% of hepatocytes had ei-
ther a 4n or 8n DNA content, and the distribution of cen-
triole numbers tracked closely with these ploidy states
(Fig. 1A,B). To rule out artifacts from hepatocyte isolation,
we analyzed centrioles in tissue sections from the livers of
mice expressing Centrin1-GFP. Although hepatocyte cen-
trioles were frequently present in a single cluster, there
was an increase in the number of centriole clusters as cen-
triole number increased (Fig. 1C,D; Supplemental Fig.
S1A).Moreover, centriole number scaledwith total nucle-
ar area, a proxy for ploidy (Fig. 1J). The fraction of mature
parent centrioles marked by the distal appendage protein
CEP164was consistent at∼50%,which is the expected ra-
tio of mature to immature centrioles. This was indepen-
dent of the total number of centrioles or animal age (Fig.
1E,F; Supplemental Fig. S1B). Within each centriole clus-
ter, CEP164-positive centrioleswere usually in direct con-
tact (63.6%) or <1 µm apart (26.3%) (Fig. 1F,G). Thus,

polyploid hepatocytes fulfill the two known requirements
for centriole-dependent PIDDosome activation: (1) two or
moremature parent centrioleswith distal appendages, and
(2) centriole clustering with distal appendages in direct
contact (Fava et al. 2017; Burigotto et al. 2021; Evans
et al. 2021).

We next sought to determine the role of centrioles in the
liver, as hepatocytes lack primary cilia and staining with α-
Tubulin showed that centrioles did not function as micro-
tubule-organizing centers in isolated hepatocytes (Supple-
mental Fig. S1C). To do this, we inactivated PLK4, the
master regulator of centriole biogenesis, by combining a
conditional Plk4 allele (Plk4f/f) with the liver-specific Alb-
Cre (referred to here as Plk4LKO). Plk4LKO mice had a dra-
matic reduction in centriole number,with∼70%ofhepato-
cytes lacking centrioles altogether (Fig. 1H,I). Moreover,
Plk4LKO hepatocytes lost the scaling of centriole number
with nuclear size (Fig. 1J). Strikingly, the loss of centrioles
had no impact on liver size, zonation, or architecture (Fig.
1K; Supplemental Fig S1D–F). Serum parameters for liver
integrity (ALT and AST) or function (albumin, total biliru-
bin, cholesterol, and triglycerides) were also unaffected by
the depletion of centrioles (Fig. 1L; Supplemental Fig.
S1G). Together, these data show that although hepatocytes
accumulate centrioles during polyploidization, centriole
depletion has no short-term impact on liver function.

Centrioles restrict hepatocyte polyploidization

Immunofluorescence imaging and histology indicated
that Plk4LKO hepatocytes were larger than in control
mice (Fig. 1H; Supplemental Fig. S1F). Todetermine the ef-
fect of centriole loss onhepatocyte ploidy,weanalyzed the
ploidy distribution of isolated hepatocytes from10-wk-old
Plk4f/f and Plk4LKOmice. Loss of centrioles resulted in in-
creased ploidy, highlighting a critical role of centrioles in
restricting polyploidization in the liver (Fig 2A,B; Supple-
mental Fig. S3A).

To specifically investigate the role of centriole distal ap-
pendages in controlling hepatocyte polyploidization, we
generated an Ankrd26−/− mouse lacking exons 23–30,
which contain the region of ANKRD26 required to bind
to PIDD1 and promote PIDDosome activation in cells
with extra centrioles (Supplemental Fig. S2A; Burigotto
et al. 2021; Evans et al. 2021). Deletion of exons 23–30 pro-
duced a frameshiftedAnkrd26mRNAthat underwent pre-
mature termination at amino acid 703 (Supplemental Fig.
S2B,C).Ankrd26−/−mouse embryonic fibroblasts failed to
cleave and activate pro-Caspase-2 following cytokinesis
failure, confirming that theAnkrd26−/− allele cannot sup-
port PIDDosome activation to restrict further polyploid-
ization (Supplemental Fig. S2D–F). Ankrd26−/− mice
gained weight faster than their heterozygous and wild-
type (wt) littermates (Supplemental Fig. S2G). This is con-
sistent with the phenotype reported in an Ankrd26 gene
trap mouse model that had impaired ciliary signaling in
POMC neurons, leading to hyperphagia and obesity (Bera
et al. 2008). To minimize confounding effects from differ-
ences in bodyweight,weusedmiceup to amaximumof 14
wk of age in our experiments and monitored body weight
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and serum cholesterol and triglyceride concentrations
(Supplemental Figs. S2I,J, S4D,E, S6J).
We analyzed the ploidy distribution of isolated hepato-

cytes from 10-wk-old wt and Ankrd26−/− mice. Loss of
ANKRD26 resulted in an increase in hepatocyte ploidy
that was very similar to that observed in Plk4LKO animals
(Fig. 2A,B; Supplemental Fig. S3A). This ploidy increase in
Ankrd26−/− and Plk4LKO mice began after weaning-in-
duced tetraploidization (24 d), mirroring the previously re-

ported phenotype in mice deficient for PIDDosome
components or P53 (Fig. 2C,D; Supplemental Fig. S3B;
Sladky et al. 2020b). Like Plk4LKO mice, the increased
ploidy inAnkrd26−/− livers had no effect on organ size, zo-
nation, or serum parameters that reflect liver function and
integrity (Fig. 2F–K; Supplemental Fig. S2H–J). Double
knockout of ANKRD26 and PLK4 (Ankrd26−/−; Plk4LKO)
increased the degree of polyploidy to an extent similar to
that of loss of ANKRD26 or PLK4 alone, confirming that
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Figure 1. Hepatocytes accumulate centrioles during polyploidization. (A) Flow cytometry analysis of hepatocyte ploidy distribution in
Centrin-GFPtg/tg mice. (B) Centriole number in primary hepatocytes from A. N= 5 mice, n= 40–130 cells per mouse, age 10 wk. (C ) Rep-
resentative liver section from Plk4f/f;Centrin-GFPtg/tg mice. Scale bar, 10 µm. (D) Number of centriole clusters per cell quantified in liver
sections.N =6mice, n =40–65 cells permouse. (E) The ratio of CEP164 foci over Centrin-GFP foci analyzed in the same liver sections as in
D. (F ) Representative image of centriole clusters showing examples of the orientation of distal appendages. Scale bar, 10 µm. (G) Quan-
tification of the distance between the two closest positioned CEP164-stained appendages in a centriole cluster. (H) Representative liver
section from a Plk4LKO; Centrin-GFPtg/tg mouse. Asterisk marks a nonhepatocyte cell containing centrioles. Scale bar, 10 µm. (I ) Centri-
ole number quantified by counting Centrin-GFP foci in sections from Plk4f/f; Centrin-GFPtg/tg (f/f) and Plk4LKO; Centrin-GFPtg/tg (LKO)
livers.N =6mice,n =31–65 cells permouse. (J) Graph showing the correlation between the number of Centrin-GFP foci and nuclear area in
Plk4f/f; Centrin-GFPtg/tg mice (Pearson R =0.45–0.84, P< 0.0006) and Plk4LKO; Centrin-GFPtg/tg mice (Pearson R =−0.23–0.29, P= 0.18–
0.86). Lines represent a linear regression calculated for each mouse. (K,L) Plk4f/f; Centrin-GFPtg/tg (f/f, n =6) and Plk4LKO; Centrin-
GFPtg/tg (LKO, n= 7) micewere analyzed for the liver to body weight ratio (LW/BW) (K ) and serum concentrations of alanine transaminase
(ALT), albumin, and total bilirubin (tBili) (L). All data are represented as mean±SEM. Unpaired two-tailed Student’s t-test was performed
to determine statistical significance in K and L. Only significant results are indicated.
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centrioles and ANKRD26 function in the same pathway
to restrict ploidy (Fig. 2A,B).

Staining for the core centriole protein CEP135 revealed
that centriole number scaled with nuclear size even in

highly polyploid Ankrd26−/− hepatocytes (Fig. 2L,M). As
in control animals, centriole clustering remained robust
but decreased with centriole number (Supplemental Fig.
S3C,D). In summary, these data show that centrioles
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Figure 2. Centrioles and ANKRD26 limit hepatocyte polyploidy without affecting liver function and integrity. (A) Representative his-
tograms show the DNA distribution in primary hepatocytes from 10-wk-old mice analyzed by flow cytometry. (B) Quantification of the
mean ploidy as measured in A. Plk4f/f; Centrin-GFPtg/tg (f/f,N=5), Plk4LKO; Centrin-GFPtg/tg (LKO,N=3), and C57BL/6J (wt,N=4) mice
served as congenic controls forAnkrd26−/− (A26−/−,N =3) andAnkrd26−/−; Plk4LKO (A26−/−; LKO,N=5) animals. For statistical analysis,
knockouts were compared with their relevant controls andwith each other. (C,D) Representative histograms (C ) and quantification of the
mean ploidy (D) of primary wt andAnkrd26−/− hepatocytes. Analysis was performed before weaning (18 d) and after weaning (24 d) when
polyploidization is induced. For wt 18 d, N= 3; 24 d, N= 3. For Ankrd26−/− 18 d, N =4; 24 d, N= 3. (E) The presence of clustered excess
mature centrioles triggers a proliferative arrest. The distal appendage protein ANKRD26 recruits PIDD1 to the centriole, which triggers
PIDDosome formation and pro-Caspase 2 activation. Activated Caspase-2 cleaves MDM2 to stabilize P53, resulting in a p21-dependent
cell cycle arrest. (F–I) Liver to body weight ratio (LW/BW) (F ) and serum concentrations of alanine transaminase (ALT) (G), albumin (H),
and total bilirubin (tBili) (I ) measured for wt (N=6) and Ankrd26−/− (N= 7) mice. (J,K ) Quantification of liver zonation on wt and
Ankrd26−/− liver sections immunostained for the pericentralmarker glutamine synthetase (GS, red) and the periportalmarker E-Cadherin
(cyan), as described in Supplemental Figure S1D. n=15–33 liver lobules analyzed in N=3 mice per genotype. Scale bar, 100 µm. (L) Liver
sections from the indicated genotypes immunostained for the centriole componentCEP135 (red) and ZO-1 (cyan) tomark cell boundaries.
Scale bar, 10 µm. (M ) Graph showing the correlation between the number of CEP135 foci and nuclear area inwt (PearsonR =0.52–0.72, P <
0.003) andAnkrd26−/− (Pearson R=0.72–0.87, P>0.0001) livers. Lines show a linear regression performed for each mouse.N=3 mice, n =
20–60 cells per mouse. All data are shown as mean±SEM. Statistical significance was assessed using an unpaired two-tailed Student’s t-
test (F–I ), one-way-ANOVAwith Sidak’smultiple comparisons test (B,D), or two-way-ANOVAwith Sidak’smultiple comparisons test (J).
Only significant results are indicated. (∗∗) P <0.01, (∗∗∗) P<0.001, (∗∗∗∗) P<0.0001.
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andANKRD26 restrict the proliferation of polyploid hepa-
tocytes. Strikingly, loss of this pathway did not affect the
function or integrity of the liver under normal homeostat-
ic conditions.

ANKRD26 limits liver injury in response to chronic
liver damage

Next,we tested the relevance of centriole-mediated ploidy
control in disease conditions. Previous work has shown
that PIDDosome- or P53-deficient livers showed amarked
increase in ploidy after recovery from a partial hepatecto-
my but displayed no difference in the overall regenerative
capacity of the liver (Sladky et al. 2020b). In contrast to an
acute formof liver injury,which induces a limited number
of cycles of proliferation, chronic liver disease is character-
izedby repeated cycles of cell death and compensatorypro-
liferation (Michalopoulos and Bhushan 2021). To model
chronic liver injury, wt andAnkrd26−/− mice were inject-
ed with CCl4 or corn oil twice per week for 4 wk and ana-

lyzed 3 d after the last injection (Fig. 3A).Cyp2E1, which is
critical for CCl4 breakdown and toxicity, was expressed
equally in wt and Ankrd26−/− livers (Supplemental Fig.
S4A). While wt mice experienced a modest injury follow-
ingCCl4 exposure,Ankrd26−/− animals exhibitedmassive
liver necrosis (Fig. 3B,C). The high degree of liver damage
was also reflected by strongly increased ALT and AST se-
rum concentrations and impaired liver function, as
marked by elevated total bilirubin concentration (Fig.
3D–F). Serum albumin levels remained unchanged (Sup-
plemental Fig. S4B). In accordance with the severe liver
damage, mice treated with CCl4 gained less weight over
the course of the treatment than corn oil-treated controls.
However, after a recovery period of 4 wk, both genotypes
reached the same body weight as age-matched untreated
animals (Supplemental Fig. S4C). Chronic CCl4 treatment
increased the liver to body weight ratio in Ankrd26−/−

mice, and there was a similar trend in wt animals (Fig.
3G). Although Ankrd26−/− mice were heavier than wt
mice of the same age, these mice were not obese, and

A

B

D E F G

C

Figure 3. ANKRD26 protects against liver damage from chronic CCl4 treatment. (A) Carbon tetrachloride (CCl4) treatment scheme: Six-
week-oldmalemicewere injected twice per weekwith 5mL/kgCCl4 for 4wk and analyzed 3 d after the last injection. (B) Liver injurywas
assessed by measuring the necrotic area in H&E-stained paraffin liver sections from wt (N=8) and Ankrd26−/− (A26−/−, N =9) mice. (C )
Representative H&E-stained liver sections from CCl4 or corn oil-treated wt and Ankrd26−/− mice. White dashed lines outline necrotic
regions. (D–F ) Serum concentrations of alanine transaminase (ALT) (D), aspartate transaminase (AST) (E), and total bilirubin (F ) measured
in corn oil-treated (Oil) or CCl4-treated wt and Ankrd26−/− mice. (G) Liver to body weight ratio (LW/BW) of the same animals. (D–G) For
wt control,N=5. For CCl4,N=9. ForAnkrd26−/− control,N=5. For CCl4,N=10. Data are shown as mean±SEM. Statistical significance
was assessed using an unpaired two-tailed Student’s t-test (B) or one-way-ANOVA with Sidak’s multiple comparisons test (D–G). Only
significant results are indicated. (∗∗) P <0.01, (∗∗∗) P<0.001, (∗∗∗∗) P<0.0001.
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serum triglyceride and cholesterol concentrations were
within a normal range (Supplemental Fig. S4C–E; Ull-
man-Culleré and Foltz 1999).

To further testwhether the increasedCCl4 sensitivity in
Ankrd26−/− mice is due to increased liver ploidy, we in-
duced chronic liver injury in Plk4LKO and control Plk4f/f

mice with CCl4 (Fig. 3A; Supplemental Fig. S4F–N). Of
note, while Ankrd26−/− mice were on a congenic C57BL/
6J background, Plk4f/f and Plk4LKO mice were maintained
on a mixed genetic background, which is known to affect
the response and susceptibility to CCl4-induced damage
(Shi et al. 1997;Walkin et al. 2013; Scholten et al. 2015). In-
deed, Plk4f/f and Plk4LKO mouse lines showed an overall
increased sensitivity to CCl4, which is in line with the
twofold higher Cyp2E1 mRNA levels compared with
C57BL6/J and Ankrd26−/− mice (Fig. 3B; Supplemental
Fig. S4A,F,H). Increases in relative liver weight were
morepronounced inCCl4-treatedPlk4

LKOmice compared
with Plk4f/f littermates (Supplemental Fig. S4I), while se-
rum concentrations of ALT, AST, and total bilirubin
were increased similarly in Plk4f/f and Plk4LKO animals
(Supplemental Fig. S4J–L). Similar to global ANKRD26
knockout, liver-specific loss of centrioles increased necro-
sis following chronic exposure to CCl4 (Supplemental Fig.
S4F,G). Furthermore, CCl4-treated Plk4LKO animals had
reduced serum albumin concentrations, indicating im-
paired liver function (Supplemental Fig. S4M). Together,
these data show that centriole and ANKRD26-dependent
signaling limits the severity of CCl4-induced chronic liver
injury.

ANKRD26-mediated ploidy control restricts hepatocyte
hyperpolyploidization during chronic liver injury

In addition to necrosis, we noticed thatAnkrd26−/− hepa-
tocytes appeared larger following chronic CCl4 treatment.
We quantified the number of hepatocytes per field of view
(cell density) as an inverse readout for cell size.While there
was no change in the density of hepatocytes in corn oil-
treated animals or CCl4-treated wt and Plk4f/f mice,
Ankrd26−/− and Plk4LKO animals exhibited reduced cell
density 3 d after the last CCl4 injection (Fig. 4A,B; Supple-
mental Fig. S5A). This level of cell densitywasmaintained
after a recovery period of 28 d (Fig. 4A,B). The comparable
number of proliferating Ki67+ hepatocytes and infiltrating
leukocytes in untreated and regenerated wt and
Ankrd26−/− livers indicated that regeneration was com-
plete at 4 wk (Supplemental Fig. S5B,C,F,G). Liver zona-
tion was modestly altered with a reduced midzone in
both regenerated wt andAnkrd26−/− livers (Supplemental
Fig. S5D,E). To directly assess hepatocyte ploidy, wemea-
sured the DNA content in isolated hepatocytes from wt
and Ankrd26−/− mice that had recovered from chronic
CCl4 treatment. The degree of polyploidy in recovered
wt livers was unchanged compared with age-matched un-
treated controls. In contrast, loss ofANKRD26 led to an in-
crease in liver ploidy thatwas exacerbatedby chronicCCl4
treatment, resulting in massive hyperpolyploidization
with ∼5% of hepatocytes ≥64n (Fig. 4C,D; Supplemental
Fig. S5H). Remarkably, despite the high polyploidy in re-

coveredAnkrd26−/− livers, these animals showed no signs
of impaired liver function or integrity as measured by se-
rum concentrations of ALT, AST, or total bilirubin (Sup-
plemental Fig. S6G–I).

To determine howANKRD26 deficiency leads to hyper-
polyploidization following chronicCCl4 treatment,we ex-
amined histological sections. Ankrd26−/− and Plk4LKO

livers had an increased number of mitotic figures at 3 d af-
ter the lastCCl4 treatment (Fig. 4E; Supplemental Fig. S5I).
This is in accordancewith the higher degree of liver injury
and indicates ongoing regeneration. Interestingly,∼60%of
mitoses in Ankrd26−/− hepatocytes showed abnormali-
ties, including multipolar spindles, multiple spindles in a
single cell, lagging chromosomes, and DNA bridges (Fig.
4F,G). The number of spindle poles increased in larger he-
patocytes of both genotypes, suggesting that centriole
clustering efficiency decreases with increased mitotic
cell size (Fig. 4H). This explains the prevalence of large he-
patocytes with more than two or multilobed nuclei ob-
served in CCl4-treated Ankrd26−/− livers (Fig. 4A,G;
Supplemental Fig. S5J). Therefore, the elevated centriole
number andDNAcontent in highly polyploid hepatocytes
increases the risk for mitotic errors and thus further
polyploidization.

Hyperpolyploidy sensitizes the liver to injury

Ankrd26−/− livers have normal morphology and function
and thus represent a valuable model to study the physio-
logical consequence of increases in hepatocyte ploidy. To
examine the effect of ploidy on the susceptibility to
CCl4-induced cell death, isolatedhepatocyteswere treated
withCCl4 invitro and cell deathwasmonitored by live im-
aging. A cell-permeable DNA dye was used to measure
nuclear intensity as a proxy for hepatocyte ploidy (Supple-
mental Fig. S6A). To separate the effects of increased ploi-
dy from ANKRD26 function per se, we examined 35-wk-
old wt mice with a ploidy distribution similar to that of
14-wk-old Ankrd26−/− animals (Supplemental Fig. S6D–

F). Higher ploidy states did not render hepatocytes more
sensitive to CCl4-induced cell death, suggesting that this
is unlikely to cause the increased injury inAnkrd26−/− liv-
ers (Supplemental Fig. S6B,C).

To assess the effect of polyploidy on the susceptibility
to CCl4 injury in vivo, we analyzed the acute effect of
CCl4 inwt andAnkrd26−/− hepatocytes of different ploidy
degrees. First, 14-wk-old mice were injected with a single
dose of CCl4 and analyzed 17 h later (Fig. 5A). Despite the
overall higher ploidy levels in Ankrd26−/− hepatocytes,
there was no difference in the injured area in wt and
Ankrd26−/− livers (Figs. 4B–D, 5B–D), although serum
ALT and AST concentrations were more highly elevated
in Ankrd26−/− mice after a single CCl4 injection (Supple-
mental Fig. S6G). To generate hyperpolyploid hepato-
cytes, we performed 4 wk of chronic CCl4 treatment in
wt and Ankrd26−/− mice and allowed 4 wk for the livers
to fully recover. Reinjection with a single CCl4 dose re-
sulted in significantly higher liver injury in Ankrd26−/−

animals (Fig. 5E,F). Ankrd26−/− hepatocytes in the affect-
ed region were, on average, more than twice the size of wt
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hepatocytes (Fig. 5G–I). Thus, the death of the same num-
ber of hepatocytes generates a substantially larger dam-
aged area in Ankrd26−/− livers. Serum ALT, AST, and
total bilirubin were elevated in reinjectedAnkrd26−/− an-
imals, indicating compromised liver function (Supple-
mental Fig. S6H,I).
Taken together, these results suggest that low- and

high-ploidy hepatocytes have a similar intrinsic sensitiv-
ity to CCl4-induced cell death. However, hyperpolyploid
hepatocytes are larger, and thus their death results in
the loss of a larger fraction of functional parenchyma
(Fig. 5J,K). This reveals that centriole-mediated ploidy
control has a critical role in limiting hepatocyte hyperpo-
lyploidization and improving liver robustness.

Discussion

Here, we show that centrioles accumulate during hepato-
cyte polyploidization but do not function in their canoni-
cal roles as organizers of the centrosome or cilium.
Instead, in hepatocytes, centrioles serve as signaling plat-
forms that control polyploidization and ensure organ ro-
bustness in response to chronic liver damage.
Despite a clear role in limiting hepatocyte polyploidiza-

tion, the trigger for PIDDosome activation in the liver was
unknown. Here, we demonstrate that the centriole distal
appendage protein ANKRD26 is essential to limit poly-
ploidy both in juvenile development and during regenera-
tion from CCl4-driven chronic liver injury. We show that

A

G H
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D E F

Figure 4. ANKRD26 restricts hepatocyte polyploidy during acute and chronic CCl4 exposure. (A) H&E-stained liver sections from regen-
erated wt andAnkrd26−/− mice 28 d after the last CCl4 injection. Scale bar, 100 µm. (B) Cell density was assessed by hepatocyte count on
H&E-stained liver sections. Mice were sacrificed 3 d (CCl4) or 28 d (Reg) after 4 wk of chronic CCl4 exposure, or 3 d after chronic corn oil
treatment (Oil). Forwt, oil,N=5; CCl4,N=9; Reg,N=3mice. ForAnkrd26−/−, oil,N= 5; CCl4,N=10; Reg,N= 3mice. (C ) Flow cytometry
analysis of the DNA content of hepatocytes isolated from mice of the indicated genotypes after 28 d of regeneration from chronic CCl4
treatment (Reg) or untreated age-matched controls (U). (D) Quantification of the ploidy distribution described inC for wt andAnkrd26−/−

(A26−/−).N=3mice per condition and genotype. (E) The number ofmitotic hepatocytes analyzed 3 d after 4wk of chronic CCl4 treatment.
Mitotic hepatocytes were counted per area and normalized to the cell density of the respective sample. For wt,N=9. ForAnkrd26−/−,N=
10. (F ) Mitotic hepatocytes quantified in E were grouped based on mitosis morphology, with examples shown in G. (Gray) Bipolar, (blue)
multipolar, (yellow) other. “Other” includes hepatocytes with multiple spindles per cell, lagging chromosomes, and/or DNA bridges.
Scale bar, 10 µm. (H) Graph showing the correlation between the size of mitotic hepatocytes and the number of spindle poles for each
genotype. For wt, Pearson R= 0.47, P <0.003. For Ankrd26−/−, Pearson R =0.58, P<0.0001. Gray dots show individual cells, and colored
dots represent the average of different animals with the means shown as a line. The red line shows a linear regression. Statistical analysis
was performed on all cells. For wt, N =9 mice, n =39 cells. For Ankrd26−/−, N=10, n =177. Data in B–F are represented as mean±SEM.
Statistical significance was assessed using an unpaired two-tailed Student’s t-test (E,H, wt), one-way-ANOVA (B,H, Ankrd26−/−), or
two-way-ANOVA (F ) with Sidak’s multiple comparisons test. Only significant results are indicated. (∗) P<0.05, (∗∗) P<0.01, (∗∗∗) P<
0.001, (∗∗∗∗) P <0.0001.
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polyploid hepatocytes fulfill all the known requirements
for ANKRD26-PIDDosome activation, including the pres-
ence of two or more centrioles with distal appendages and
centriole clustering with distal appendages in direct con-

tact (Fig. 1A–G) (Fava et al. 2017; Burigotto et al. 2021; Ev-
ans et al. 2021). In addition, loss of centrioles (Plk4LKO),
ANKRD26deficiency, or both (Ankrd26−/−;Plk4LKO) phe-
nocopy the increased polyploidy observed in mice lacking

A
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F G H
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Figure 5. Massive ploidy increases sensitize the liver to injury. (A) Treatment scheme for single injection: Fourteen-week-oldmalemice
were injected with a single dose of 5mL/kg CCl4 and analyzed after 17 h. (B,C ) The injured area (B) and cell density in this region (C ) were
quantified in H&E-stained wt and Ankrd26−/− (A26−/−) liver sections. N =3 mice per genotype. (D) Representative close-ups of H&E-
stained liver sections show healthy and affected liver tissue separated by dashed lines. Yellow arrows mark dying hepatocytes. Scale
bar, 10 µm. (E) Treatment scheme reinjection: Six-week-old male mice were injected biweekly with 5 mL/kg CCl4 for 4 wk. Following
28 d of recovery, themicewere reinjected with a single dose of 5mL/kgCCl4 and the livers were harvested after 17 h. (F,G) Quantification
of the affected area (F ) and the cell densitywithin the injured region (G) performed onH&E-stained liver sections also shown inH and I. For
wt,N = 6. ForAnkrd26−/−,N = 5. (H) Close-ups of wt andAnkrd26−/− livers. Dashed lines separate normal and injured tissue, and yellow
arrows indicate dying hepatocytes. Scale bar, 10 µm. (I ) Tissue overview of wt andAnkrd26−/− livers treated as shown in E. Scale bar, 100
µm. (#) Intact tissue, (+) affected tissue. (J,K ) Model summarizing how centriole-directed ploidy control maintains a low degree of poly-
ploidy during development and chronic injury cycles. The absence of this pathway results in hyperpolyploidy overmultiple cycles of com-
pensatory proliferation. (K ) Additional injury targeting the same number of cells impacts the hyperpolyploid liver to a greater extent. (CV)
Central vein, (PV) portal vein. All data are shown asmean±S.E.M and statistical significancewas determined using an unpaired two-tailed
Student’s t-test. Only significant results are indicated. (∗∗) P <0.01, (∗∗∗) P <0.001, (∗∗∗∗) P <0.0001.
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PIDDosomecomponents, P53, or P21 (Sheahan et al. 2004;
Kurinna et al. 2013; Fava et al. 2017; Sladky et al. 2020b).
This strongly suggests that centriole-directed PIDDosome
activation restricts hepatocyte polyploidization. Further
supporting these findings, a recent study showed that
P53-deficient mice generate giant hepatocytes following
chronic CCl4 treatment, resembling our findings in chron-
ically injured centriole-depleted (Plk4LKO) or ANKRD26
knockout livers (Figs. 3–5; Supplemental Figs. S4, S5;
Humpton et al. 2022).
Like ANKRD26 knockout mice, liver-specific centriole

depletion increased the degree of liver injury and impaired
liver function following chronic CCl4 treatment (Supple-
mental Fig. S4). This suggests that the increased liver dam-
age upon CCl4 exposure is due to the loss of ANKRD26-
based centriole signaling in the liver. The only known
function of ANKRD26 outside of PIDDosome activation
is its role in ciliary gating (Bera et al. 2008; Yan et al.
2020). Since hepatocytes do not produce cilia, loss of
ANKRD26 offers a convenient means to study the effects
of liver hyperpolyploidy without impacting the cell cycle
machinery or E2F transcriptional circuits (Chen et al.
2012; Dewhurst et al. 2020; Lin et al. 2020). In addition,
Ankrd26−/− mice possess normal centriole numbers, and
additional functional roles of the PIDDosome in the liver
remain intact (Kim et al. 2018, 2021).
Our results show that the “unleashed” cycling of poly-

ploid Ankrd26−/− hepatocytes results in self-propagating
polyploidy through the formation of unresolved multipo-
lar mitotic spindles. Similar observations were made in
polyploidDrosophila neuroblasts and human cancer cells,
where the high DNA content forms a physical barrier to
the coalescence of multiple poles into a pseudobipolar
spindle for proper chromosome segregation (Goupil et al.
2020). Consequently, these cells undergo mitotic slippage
or fail to complete cytokinesis, resulting in further poly-
ploidization. It has been proposed that the in vivo tissue
context facilitates centrosome clustering in the liver,
and consequently, most multipolar spindles coalesce
into a pseudobipolar spindle before chromosome segrega-
tion in anaphase (Knouse et al. 2018). Although our results
on chronically injured wt livers support these findings
(Fig. 4H), ANKRD26-deficient hyperpolyploid hepato-
cytes showed frequent multipolar mitotic spindles and
hepatocytes with three or more nuclei (Fig. 4F–H; Supple-
mental Figs. S4G, S5J). This suggests that there is a specif-
ic centriole and ploidy threshold beyond which centriole
clustering is inefficient and successful cell division be-
comes unlikely (Supplemental Figs. S1A, S3C,D). In pa-
tient-derived liver organoids, CRISPR–Cas9-mediated
knockout of P53 resulted in a high frequency ofmultipolar
mitotic spindles and increased polyploidy, corroborating
the importance of the centriole–P53 axis in humans (Arte-
giani et al. 2020).
The physiological and pathological consequences of he-

patocyte polyploidy are not fully understood. E2f7/8−/−

livers that are largely diploid develop spontaneous liver
cancer at a young age and are less proficient in adaption
to tyrosinemia (Kent et al. 2016; Wilkinson et al. 2019).
In contrast, increased polyploidy was shown to confer a

cancer-protective effect without impairing liver function
(Zhang et al. 2018a; Lin et al. 2020). In linewith these stud-
ies, Plk4LKO mice and ANKRD26-deficient animals with
increased ploidy exhibit normal liver function (Figs. 1L,
2H,I). This raises the question ofwhy the extent of hepato-
cyte ploidy is limited if it offers a tumor protective func-
tion. Our data show that centriole–ANKRD26 signaling
dampens hepatocyte polyploidization to ensure stable,
modest liver polyploidy in normal conditions and in re-
sponse tochronic injury.Lossof centriole signalingexacer-
bated hepatic polyploidy following chronic liver damage.
The resultant hyperpolyploid liver was more vulnerable
to CCl4-induced damage, as the loss of an equal number
of cells generates more damage when the cells are larger
(Fig. 5J,K).This effect canbeexacerbatedby injury-induced
inflammation, which further promotes hepatocyte cell
death (Huby 2021; Tiegs 2022). However, hyperpolyploid
Ankrd26−/− livers did not show signs of increased inflam-
mation (Supplemental Fig. S5F,G), as has been reported
when ploidy was increased by liver-specific knockout of
CDK1 (Dewhurst et al. 2020). Together, our findings
show that a liver comprised of larger, hyperpolyploid cells
ismorevulnerable to liver damage, posing a trade-off to the
protection that polyploidy offers frommalignant transfor-
mation (Kent et al. 2016; Zhang et al. 2018a,b; Sladky et al.
2020a).
A previous study used a transient knockdown of Anilin

to generate livers with increased ploidy but did not ob-
serve differences in CCl4-induced injury (Zhang et al.
2018b; Lin et al. 2020). While Anilin depletion increases
baseline polyploidy in the liver, it leaves centriole-mediat-
ed ploidy control intact, thus preventing hepatocyte
hyperpolyploidization. Our data suggest that the severity
of liver injury increases with the degree of polyploidy, and
this is most apparent in a hyperpolyploid liver with an av-
erage DNA content of ≥12n–16n per hepatocyte.
Our findings may have important implications for pa-

tients suffering from ploidy-modulating chronic liver dis-
ease. This includes two of the main etiologies underlying
hepatocellular carcinoma, nonalcoholic fatty liver disease
(NAFLD), and hepatitis B virus infection, where ploidy
has been shown to increase during disease progression
(Toyoda et al. 2005; Gentric et al. 2015; Younossi et al.
2018; Paik et al. 2020; Donne et al. 2021; Sladky et al.
2021). Although chronic liver diseases can be managed
clinically (Powell et al. 2021), increases in polyploidy sus-
tained from chronic injurymight sensitize the organ to fu-
ture insults. With the global burden of chronic liver
disease rising, it will be important to define the effect of
increased polyploidy on organ robustness in patients.

Materials and methods

Mice

Plk4f/f andAnkrd26−/−micewere generated using CRISPR/Cas9.
Amixof30ng/µLCas9protein (PNABio), 0.6μMtracrRNA(Dhar-
macon), 0.6 μM crRNA (IDT), and 10 ng/µL ssDNA oligonucleo-
tide (IDT) was diluted in RNase-free injection buffer (10 mM
Tris-HCl at pH 7.4, 0.25 mM EDTA) and used for pronuclear
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injection of one-cell embryos. These embryos were transplanted
into pseudopregnant ICR females. Injections and transplantation
were performed by the Johns Hopkins University Transgenic
Core. sgRNAs were chosen based on the location of the available
PAMsites and aminimalnumberof predictedoff-target sites (http
://crispor.tefor.net).
To generate Ankrd26−/− mice, two sgRNAs and a DNA repair

template were coinjected into C57Bl/6J embryos to delete exons
23–30. This led to a frameshift terminating the protein at amino
acid 703. The following sgRNAs and repair template were
used: 5′ sgRNA (5′-GCCACACATCCAGGGTCGAG-3′) and
3′ sgRNA (5′-GAAAGCTGTGGTATTCACGC-3′). DNA repair
template: 5′-ATGTATGGTGATGTATGCCACTTAGCTCAGC
ATTGCCCCTCGGATCCCGCAGGGGACCTGGCAGACCCG
CCTCTTCCCTGTGTTGCTG-3′.
Primers used for genotyping and sequencing to characterize the

offspring were as follows: Ankrd26 wt fw (5′-CACCCACACACA
CACTGGAT-3′), Ankrd26 wt rev (5′-CACCCACACACACACT
GGAT-3′), Ankrd26 KO fw (5′-AAAGTGCCTCCTTCTGCT
TG-3′), and Ankrd26 KO rev (5′-CCCCAAAATCTCAGGAAT
GA-3′).
Pathological assessment by a board-certified veterinary pathol-

ogist (Johns Hopkins University Phenotyping and Pathology
Core) revealed no obvious abnormalities, aside from the obesity
at older age, previously reported for Ankrd26 gene trap animals
(Bera et al. 2008). Ankrd26−/− mice were maintained on a
C57BL/6J background.
To generate Plk4f/f mice, B6SJL/F2 embryos were coinjected

with two sgRNAs and a ssDNA repair template spanning exon
5. The repair template introduced loxP sites into introns 4 and 5
of Plk4 and had 72- or 100-bp homology arms. Primerswere as fol-
lows: Plk4 sgRNA1 (5′-AAGCTAGGACTTTAATACTC-3′) and
Plk4 sgRNA2 (5′-CTGCATGTAGAGGGAAGCTG-3′). Primers
used for genotyping and allele characterization were as follows:
976 Plk4_F (5′-TCTTGAGGGGAATTAGATAGCA-3′), 979
Plk4_R (loxP) (5′-CTCACTCAGCCCCAGATAAC-3′), and 981
Plk4_R (5′-TGCAATATGCCATGAGAATGA-3′).
Plk4f/f and Ankrd26−/− mice are available from the Jackson

Laboratory (Plk4f/f strain 037549, RRID:IMSR_JAX:037549 and
Ankrd26−/− strain 037529, RRID:IMSR_JAX:037529).
Plk4LKO mice were generated by crossing Plk4f/f animals with

EGFP-Centrin1 mice (the Jackson Laboratory strain 029363;
RRID:IMSR_JAX:029363) and albumin-Cre mice (the Jackson
Laboratory strain 003574; RRID:IMSR_JAX:003574) (Postic et al.
1999; Hirai et al. 2016). EGFP-Centrin1 mice were previously
crossed to a deleter strain to achieve constitutive transgene ex-
pression. Plk4f/f; EGFP-Centrin1tg/tg; AlbCretg mice were main-
tained on a mixed SJL/C57BL/6J background. AlbCre-negative
littermate controls were used for all experimentswith thismouse
line.Ankrd26−/−;Plk4f/f;AlbCretgmicewerekeptonamixedSJL/
C57BL/6J background. Both Plk4f/f; EGFP-Centrin1tg/tg and
C57BL/6J were included to serve as controls for this line.
Mice were housed under standard conditions in an AAALAC-

accredited facility. All animal experiments were approved
by the Johns Hopkins University Institute Animal Care and
Use Committee (MO21M300). For experiments involving
CCl4 treatment, only male animals were used. In all other ex-
periments, age-matched mice were used in a sex-balanced
manner.

CCl4 treatment

To induce liver damage, mice were intraperitoneally injected
with CCl4 (carbon tetrachloride; Sigma-Aldrich 270652) diluted
1:4 (v/v) in corn oil (Sigma-Aldrich C8267) at a dose of 5 mL/

kg. For chronic liver injury, 6-wk-old mice were injected twice
per week for 4 wk and analyzed 3 or 28 d later. Corn oil injec-
tions served as a control. Mice injected with a single dose of 5
mL/kg CCl4 were harvested after 17 h to assess the acute in-
jury phase. All animals were closely monitored during the
treatment period. Only male mice were used for experiments
with CCl4.

Generation and culture of mouse embryonic fibroblasts

Embryos were isolated at E12.5–E14.5 and the embryo bodies
were digested overnight at 4°C in 0.05% Trypsin-EDTA (Gibco
25300062). Following a 5-min incubation at 37°C, MEF cells
were dissociated by pipetting. MEFs were cultured in DMEM
(Corning 10-017-CV) containing 10% FBS (Corning 35-010-CV),
penicillin, streptomycin (Gibco 10378016), and 0.1 mM β-mer-
captoethanol at 37°C in 5% CO2 and 3% O2 atmosphere. To in-
duce cytokinesis failure, MEFs were treated with DMSO
(control) or 10 µg/mL Cytochalasin B for 48 h.

Serum parameters

All serum parameters were measured by the Johns Hopkins Uni-
versity Phenotyping and Pathology Core using a DIASYS
respons910 automated clinical chemistry analyzer.

Histology

Histological assessment was performed on 4-µm H&E-stained
sections of paraffin-embedded liver tissue. The sections were im-
aged using a Zeiss Axiovert.Z1 slide scanner (Zeiss).

Hepatocyte isolation

Primary mouse hepatocytes were isolated by a retrograde two-
step collagen perfusion as described previously (Grompe et al.
1992; Sladky et al. 2020b). Briefly, the animals were anesthetized
(avertin, i.p.), and the vena cava was canulated. Following an inci-
sion in the portal vein, the vena cava was constricted below the
heart for perfusion of the liver at 37°Cwith 70mL of EGTA buffer
(0.14 MNaCl, 6.7 mMKCl, 10 mMHEPES, 0.1 mM EGTA at pH
7.4) and 40 mL of liberase TL solution (66.7 mM NaCl, 6.7 mM
KCl, 4.7 mM CaCl2∗2H2O, 10 mM HEPES, at pH 7.45, 25 mg/
mL Liberase TL [Roche 05401020001]). Hepatocytes were re-
leased by disrupting the liver inDMEM (Corning 10-017-CV) con-
taining 10% FCS, 2 mM L-glutamine, penicillin, and
streptomycin (Gibco 10378016). Viable hepatocytes were en-
riched by low-speed centrifugations (three times at 30g for 3
min) in the same medium. After assessing purity and quality by
lightmicroscopy, hepatocytes were fixed in 70% ice-cold ethanol
for flow cytometry. Additionally, the cells were allowed to adhere
for 3.5 h onto collagen-coated coverslips or tissue culture dishes
(0.36 mg/mL rat tail collagen; Corning 3542360).

Flow cytometry

Ethanol-fixed cells werewashed twice in 1× PBS and stained with
40 µL/mL propidium iodide in the presence of RNase A (Sigma-
Aldrich R6148) in PBS for 15 min at room temperature. The
DNA content was measured on a BD FACSCalibur flow cytome-
ter (BD Biosystems) and analyzed using FlowJo (v10.7.2, BD
Biosystems).
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Hepatocyte live imaging

Freshly isolated hepatocytes were seeded in collagen-coated 12-
well plates in DMEM supplemented with 10% FCS, 2 mM L-glu-
tamine, penicillin, and streptomycin. After 3.5 h, when hepato-
cytes were adherent, the medium was replaced with William’s
E medium (Gibco 12551032) containing 2 mM L-glutamine, pen-
icillin, and streptomycin. Cells were treated with 4mMCCl4 (di-
luted in DMSO) or DMSO as control, and DNAwas stained using
the cell-permeable dye NucSpot Live 488 (Biontium 40081). The
cells were imaged every 1.5 h for 24 h using a CellCyte X live-im-
aging system (Cytena, 10× objective, 0.345 µm/pixel, HeartOS
v5.0.0 software) in a tissue culture incubator at 37°C with 5%
CO2.

Immunofluorescence

Fresh tissue was embedded and frozen in TissueTek O.C.T. com-
pound (Sakura Finetek). Twenty-micrometer sections were cut
on a Leica CM1950 cryostat and collected on Superfrost Plus mi-
croscope slides (Thermo Fisher Scientific). Hepatocytes on colla-
gen-coated coverslips or sectioned tissues were fixed for 4 min
each in 1.5% paraformaldehyde (Electron Microscopy Sciences
15714) and in −20°C cold methanol. The samples were blocked
in 2.5% FBS, 200 mM glycine, and 0.1% Triton X-100 in PBS
for 1 h and incubated with the respective primary antibodies in
the same buffer. After washing three times with PBS containing
0.5% TritonX-100, the samples were incubated with the second-
ary antibodies (Invitrogen) and DAPI. Samples were washed three
times and mounted in Prolong Gold antifade (Life Technologies
P36930). Primary antibodies used were CEP164 (rabbit polyclon-
al; 1:500; EMD Millipore Corp. ABE2621), ZO-1 (rat monoclonal
antibody; 1:500; eBioscience 14-9776-82), α-Tubulin (rat mono-
clonal antibody [YL1/2]; 1:1000; Invitrogen MA1-80017),
CEP135 (rabbit polyclonal; 1:500; Alexa555-conjugated; home-
made), CD45.2 (mouse monoclonal, 106 [RUO]; 1:1000; FITC-
conjugated; BD Biosciences 561874), glutamine synthetase (rab-
bit polyclonal; 1:1000; Abcam ab49873), and E-Cadherin (goat
polyclonal; 1:500; R&D Systems AF7480).
Images of tissue sections were acquired on an SP8 confocal mi-

croscope (Leica Microsystems) using a Leica 40× 1.30 NA oil ob-
jective at 0.2-μm z-sections. For imaging of liver zonation and
CD45+ cells, a Leica 20× 0.75 NA oil objective at 1-µm z-sections
was used. Adherent hepatocyteswere imaged using aDeltaVision
Elite system (GE Healthcare) with an Olympus 60× 1.42 NA oil
objective at 0.2-µm z-sections.

Image analysis

All imaging analysis was performed blinded using ImageJ (v2.1.0/
1.53c, National Institutes of Health, http://imagej.net).

Histology Cell density was measured by counting the number of
hepatocytes per area. Each region selected for counting spanned
all three liver zones. Three to five regions with 200–250 cells
each were counted per mouse. In the CCl4 condition in Figure
4B, cell density analysis was performed excluding necrotic re-
gions. For Figure 5, B and E, cell density was assessed in the in-
jured area only. Necrosis or injury was analyzed relative to the
total area, excluding blood vessels. For every mouse, mitotic fig-
ures were analyzed in 18 frames of 250,000 µm2 that covered all
liver zones.

Immunofluorescence For tissue sections, immunofluorescence
images were lightning-processed using LAS X software (Leica,
v3.5.6.21594). Centriole marker quantification was performed

on unprojected z-stacks (16 bit). Centrioles were considered to
be in one cluster if the largest distance between them was <2.5
µm. Nuclear area was measured in the image showing the largest
cross-section. Hepatocytes were included in the analysis only if
the top and bottom of the cell lay within the z-stack. Liver zona-
tion was assessed on lightning-processed, maximum intensity-
projected images. In a liver lobule, the GS+, GS−; E-Cadherin−,
and E-Cadherin+ fractions between the central vein and portal
vein were measured, as shown in Supplemental Figure S1D. Cen-
triole number in isolated hepatocytes was assessed on decon-
volved 2D maximum intensity projections (16 bit).

Live imaging analysis DNA content was measured by subtracting
the background signal from nuclear intensity at time point 0
h. Specifically, signal intensity was determined by drawing a cir-
cular region of interest (ROIS) around all nuclei of a cell, and a
larger circular ROI (ROIL) around the ROIS. The signal in ROIS
was calculated using the formula IS− [(IL− IS)/(AL−AS) ×AS],
where A is area and I is integrated intensity. To correct for varia-
tions in DNA dye distribution, the nuclear intensity was normal-
ized to the median value of each frame. Cell death was analyzed
using phase-contrast images and defined as membrane blebbing
or detachment. Only cells that were healthy and fully attached
at 0 h were included in the analysis.

Protein extraction and immunoblotting

Cell pellets were homogenized in RIPA lysis buffer (150 mM
NaCl, 50 mM Tris, 1% NP-40, 0.5% sodium deoxycholate 1%
SDS, one tablet EDTA-free protease inhibitors), and protein con-
tent was determined using a Pierce BCA protein assay (Thermo
Fisher Scientific 23227). Protein (50–100 µg) was separated by
SDS-PAGEand transferred to a 0.45-µmnitrocellulosemembrane
(Santa Cruz Biotechnology sc-3724) using a wet transfer system
(Bio-Rad). The membranes were probed for CASP2 (rat monoclo-
nal [11B4]; 1:500; EMD Millipore MAB3507) and HSP90 (mouse
monoclonal; 1:2000; Santa Cruz Biotechnology sc-13119), and
HRP-conjugated secondary antibodies were used for detection
(antirat IgG; 1:5000; Cell Signaling Technologies 7077; and anti-
mouse IgG; 1:5000; Cell Signaling Technologies 7076).

RNA extraction and quantitative real time PCR

Total RNA was extracted from homogenized liver tissue using
TRIzol reagent (Thermo Fisher Scientific 15596026). SuperScript
IV reverse transcriptase (Thermo Fisher Scientific 18090050) was
used to generate cDNAwith oligo-dT primers. Quantitative real-
time PCR was performed in technical triplicates using Ssoad-
vanced Universal SYBR (Bio-Rad 1725271) on a QuantStudio 6
Flex real-time PCR system (Thermo Fisher Scientific) and ana-
lyzed with the QuantStudio real-time PCR software.
Relative expression levels were calculated using the 2−ΔΔCt

method normalized to GAPDH. The following primers were
used to characterize the Ankrd26mRNA in Supplemental Figure
S2B: fragment i (Ankrd26_Nt-F: 5′-CCTTGGAAAAAGTGGC
GTGA-3′ and Ankrd26_Nt-R: 5′-ATCACATTTGGATCGGCC
CC-3′), fragment ii (Ankrd26_qPCR-F: 5′-TTCCGAGAGCATTT
TGTGTG-3′ and Ankrd26_wt-R: 5′-CCATCCGACCTTTTC
ATGTT-3′), fragment iii (Ankrd26_del-F: 5′-GTACGAGAACGA
GAAAGCCGA-3′ and Ankrd26_del-R: 5′-GTGTACAGCCTCT
CTGTGTTGA-3′), fragment iv (Ankrd26_qPCR-F: 5′-TTCCGAG
AGCATTTTGTGTG-3′ andAnkrd26_KO-R: 5′-TGGGATATCC
ATTTCAAGGTG-3′), and fragment v (Ankrd26_Ct-F: 5′-AAAG
CAATTGGAGCAGGAGGT-3′ and Ankrd26_Ct-R: 5′-TCTGA
CTTCTAACCGAAGCGT-3′). The following primers were used
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to determine the expression of GAPDH and Cyp2E1 mRNAs:
mGADPH Fwd: 5′-AATGTGTCCGTCGTGGATCTGA-3′,
mGADPH Rev: 5′-TGGGAGTTGCTGTTGAAGTCG-3′,
Cyp2E1 Fwd: 5′-TTTCTGCAGGAAAGCGCG-3′, and Cyp2E1
Rev: 5′-CTGCCAAAGCCAATTGTAACAG-3′ (Wilkinson et al.
2018). Fragment iv was PCR-amplified, purified, and character-
ized by Sanger sequencing using the same primers (Supplemental
Fig. S2C).

Statistical analysis

Statistical analysis was performed using GraphPad Prism (v9.0.0,
GraphPad software, LLC). Two-tailed, unpaired Student’s t-test
was used for comparison of two groups. One-way ANOVA or
two-way ANOVA with Sidak’s multiple comparisons test was
used for three or more groups. For correlations, Pearson’s correla-
tion coefficients were calculated. The significance levels and
tests performed are stated in the figure legends. Only statistically
significant results are indicated in the graphs. “N” represents the
number of animals and “n” refers to the number of cells analyzed
per mouse. Each mouse was considered as a biological replicate.
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