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Abstract

Defective ribosome biogenesis (RiBi) underlies a group of clinically diverse human diseases
collectively known as the ribosomopathies, core manifestations of which include cytopenias
and developmental abnormalities that are believed to stem primarily from an inability to syn-
thesize adequate numbers of ribosomes and concomitant activation of p53. The importance
of a correctly functioning RiBi machinery for maintaining tissue homeostasis is illustrated by
the observation that, despite having a paucity of certain cell types in early life, ribosomopa-
thy patients have an increased risk for developing cancer later in life. This suggests that
hypoproliferative states trigger adaptive responses that can, over time, become maladaptive
and inadvertently drive unchecked hyperproliferation and predispose to cancer. Here we
describe an experimentally induced ribosomopathy in the mouse and show that a normal
level of hepatic ribosomal protein S6 (Rps6) is required for proper bile duct development
and preservation of hepatocyte viability and that its insufficiency later promotes overgrowth
and predisposes to liver cancer which is accelerated in the absence of the tumor-suppressor
PTEN. We also show that the overexpression of c-Myc in the liver ameliorates, while expres-
sion of a mutant hyperstable form of p53 partially recapitulates specific aspects of the hepa-
topathies induced by Rps6 deletion. Surprisingly, co-deletion of p53 in the Rps6-deficient
background fails to restore biliary development or significantly improve hepatic function.
This study not only reveals a previously unappreciated dependence of the developing liver
on adequate levels of Rps6 and exquisitely controlled p53 signaling, but suggests that the
increased cancer risk in ribosomopathy patients may, in part, stem from an inability to pre-
serve normal tissue homeostasis in the face of chronic injury and regeneration.
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Author summary

Ribosomopathies are a group of human diseases caused by mutations in genes that are
required for ribosome biogenesis (RiBi), the process by which ribosomes, the molecular
machines that synthesize all of the proteins in our bodies, are made. Here we show that
mice that lack sufficient levels of one such gene, ribosomal protein S6 (Rps6) as the liver
develops, fail to develop primary bile ducts resulting in disease reminiscent of North
American Indian childhood cirrhosis (NAIC), a liver-specific ribosomopathy caused by
mutations in a different RiBi gene, UTP4. Hepatocytes in Rps6-deficient livers also die
resulting in small, abnormal livers that are forced to regenerate and predisposed to
develop cancer. To determine the contribution of p53, a primary effector of the anti-pro-
liferative response that is often triggered by dysfunctional RiBi to the liver disease caused
by Rps6-deficiency, we find that forced activation of p53 inhibits bile duct development,
but that the disease in Rps6-deficient livers is not solely p53-dependent. This study reveals
a previously unappreciated vulnerability of the liver to defective RiBi or inappropriate
activation of p53 and implicates both as possible drivers of a subset of congenital biliary or
hepatic insufficiency syndromes for which there is currently no known etiology.

Introduction

The production of mature ribosomes, the protein synthesizing factories of the cell, is an essential
and highly conserved process that occurs in the nucleolus of every cell in the body. As a com-
plex, highly regulated process, ribosome biogenesis (RiBi) requires >200 factors to coordinate
the synthesis and processing of ribosomal RNA (rRNA) with the production and assembly of
ribosomal proteins (rps) into the large (60S) and small (40S) ribosomal subunits to ensure a con-
stant supply of ribosomes for maintaining proteostasis [1,2]. While the importance of this pro-
cess for sustaining growth and maintaining tissue homeostasis is exemplified by the Minutes, a
series of Drosophila melanogaster mutants that exhibit developmental delay and shortened bris-
tles due to mutations in rp genes [3], whole genome sequencing has identified a diverse set of
congenital human diseases collectively known as the ribosomopathies that are due to haploin-
sufficient mutations in ribosomal proteins or other essential RiBi factors that have the potential
to disrupt rRNA synthesis, rRNA processing or ribosomal subunit assembly or maturation [4-
6]. Ribosomopathies are characterized by developmental abnormalities and cytopenias that are
not only believed to reflect activation of the ribosomal or nucleolar stress response, a surveillance
mechanism that is triggered to prevent progression through the cell cycle when ribosomes are in
short supply [7], but also the collateral loss of extraribosomal functions that have been attributed
to many RiBi genes [8,9]. While bone marrow failure, skeletal and craniofacial defects are com-
mon across many of the ribosomopathies [6,10,11], developmental defects also occur in a variety
of other organs including the pancreas [12], spleen [13] and testes [14] illustrating the breadth
of the impact that RiBi dysfunction can have on organogenesis and tissue homeostasis.
Although stabilization of the tumor suppressor p53 has been identified as a key effector of
the nucleolar stress response [7,15,16], studies in experimental systems indicate that
p53-dependent and -independent mechanisms participate in driving cells into arrest or senes-
cence, or triggering apoptosis when RiBi is compromised [17-23]. Given the large number of
genes involved in orchestrating RiBi, the complexity of p53 signaling [24] and the broad range
of organs that are affected in the ribosomopathies, major challenges in the field are to deter-
mine why specific cell types are preferentially impacted by mutations in a particular RiBi gene
and to understand the extent to which acute and long-term responses that are triggered to mit-
igate these cellular deficiencies influence disease progression and outcomes. This is important
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in light of the fact that an undesirable long-term consequence of some ribosomopathies is an
elevated risk of developing cancer later in life [25-27]. While the molecular and cellular basis
for the increased cancer risk is poorly understood, the paradox in which hyperproliferative dis-
ease follows a hypoproliferative state is consistent with observations that haploinsufficient
ribosomal protein mutations in D. melanogaster and Danio rerio initially impair growth, but
later result in overgrowth phenotypes [28,29] or cancer [30-32], suggesting that the persistent
engagement of compensatory mechanisms that are triggered to re-balance cellular homeostasis
may inadvertently promote hyperplastic growth and/or tumor development.

Despite being one of the most quiescent organs in the body, the liver is unmatched in its abil-
ity to respond to unscheduled gains or losses in mass [33], making it ideal for studying the ribo-
somal stress-activated response when challenged with differing protein synthesis demands.
Previous studies have shown that acute ablation of ribosomal protein S6 (Rps6/eS6) prior to
70% hepatectomy in adult mouse liver blocks regeneration [34], demonstrating the exquisite
dependence of highly proliferative hepatocytes with a heightened demand for protein synthesis
on a fully functioning RiBi machinery. However, given that many ribosomopathy patients
display congenital defects that reflect the impact of RiBi dysfunction during development as
protein synthesis demands fluctuate, we wanted to determine the extent to which liver develop-
ment and homeostasis depends on adequate levels of Rps6. We did this by conditionally delet-
ing Rps6 at distinct times and in specific cell types; namely hepatoblasts of the embryonic liver
that give rise to mature hepatocyes and biliary cells that form the bile ducts, and in post-mitotic
hepatocytes of the adult liver. Our results show that both immature and adult hepatocytes
depend on Rps6 for survival and that the developmental timing of deletion profoundly impacts
the severity of liver disease. Moreover, we find that loss of Rps6 from hepatoblasts as they differ-
entiate into biliary cells inhibits bile duct development resulting in cholestasis and a near-fatal
hepatic failure that stunts neonatal growth and forces livers to regenerate via the proliferation of
Rps6-expressing cells, a subset of which demonstrate activation of mTOR. Chronic hepatic
Rpsé6 insufficiency also predisposed to hepatomegaly and spontaneous tumor development that
was accelerated by loss of the tumor suppressor Pten. Using additional strains of mice that
either overexpress or lack genes that are known to influence RiBi, we found that modest overex-
pression of c-Myc in the liver is sufficient to rescue the hepatocyte death caused by loss of Rps6,
and in doing so, alters the immediate-early, but not long-term hepatic response to Rps6-insuffi-
ciency. Moreover, using gain- and loss-of-function genetic approaches to investigate the role of
p53 in the phenotypes resulting from loss of hepatic Rps6, we find that hepatoblast-specific sta-
bilization of an Mdm2-resistant p53 mutant only partially mimics the liver disease in S6-defi-
cient livers, while the loss of p53 fails to improve disease induced by Rps6 deficiency indicating
that p53 is not the sole pathogenic driver in this model. These studies not only reveal a previ-
ously unappreciated dependence of biliary development and hepatocyte survival on adequate
levels of Rps6, but also implicate unscheduled activation of p53 in a subset of idiopathic cholan-
giopathies. Our data also suggest that the increased cancer risk in ribosomopathies may, in part,
reflect unstable tissue environments resulting from the persistent engagement of mechanisms
that are triggered to limit tissue damage while also promoting compensatory proliferation in an
attempt to re-establish cellular and functional homeostasis.

Results

Perinatal deletion of hepatic Rps6 stunts growth and induces severe
neonatal liver hypoplasia

To delete hepatic Rps6 prior to birth, mice harboring a conditional Rps6™"* allele [34]
were bred to mice expressing Albumin-Cre (Alb-Cre) which specifies gene targeting in
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hepatoblasts of the embryonic liver from ~E15 onwards [35,36]. Progeny with all of the geno-
types from matings of Rps6™*" mice to Rps6'*”"":Alb-Cre mice were born at the expected
Mendelian ratio indicating that targeted deletion of hepatic Rps6 prior to birth in Rp6'*/"**;
Alb-Cre mice (herein referred to as AS6 mice) did not cause embryonic lethality. However,
monitoring of post-natal body weight showed that AS6 mice were significantly smaller than
their wild-type (WT, Cre-) and $6'“/*"Alb-Cre littermates between ~2-6 weeks of age (Figs
1A, S1A, and S1B) and had livers that were disproportionately small in relation to body size
(S1C and S1D Fig). Analysis of the targeted Rps6*"°* allele (AS6””) in liver showed that
recombination was low at birth, but increased to maximal levels of ~50-60% by ~2 weeks of
age, coinciding with the onset of growth retardation and liver hypoplasia (S2A and S2B Fig).
Northern blotting (S2C and S2D Fig) and immunohistochemistry of AS6 livers at post-natal
day 15 (P15) (S2E Fig) confirmed that Rps6 deletion was incomplete, regional and varied
between mice with livers expressing 30-50% of the normal amount of Rps6 mRNA. Despite
being runted as neonates, AS6 body weight gradually increased suggesting that hepatic Rps6
deficiency was delaying, rather than permanently stunting growth (S1A and S1B Fig). Given
the hypoplastic nature of AS6 livers and the liver’s ability to re-establish functional tissue mass
through regeneration, we asked if the catch-up in body weight reflected improved liver func-
tion by performing liver function tests (LFTs) on plasma collected from WT and AS6 mice at
4-5 weeks of age when AS6 mice were at their most runted, and again at 8-9 weeks of age as
they neared normal weight. Analysis showed that while biliary function (Alk-Phos and T-Bil)
had improved within this period, markers of hepatocellular damage (ALT and AST) remained
elevated (S3 Fig) indicating that livers of AS6 mice remained functionally compromised well
into adulthood.

Hepatic Rps6 deficiency inhibits bile duct development and induces
cholestatic liver injury provoking regeneration

The perinatal/neonatal period constitutes the most dynamic period for the liver during which
bile duct development is nearing completion at a time when hepatic mass is increasing at its
fastest rate while also responding to the dramatic metabolic adaptations that occur at birth and
at weaning [37,38]. Given that hepatoblast-specific ablation of Rps6 has the potential to impact
hepatocytes and biliary cells, we analyzed AS6 livers from the perinatal period to ~10 weeks of
age to determine how loss of Rps6 impacted the liver at this crucial time as it transitioned from
an immature to fully mature functional organ. Gross inspection of AS6 livers revealed marked
yellowing by P7 (Fig 1B) consistent with jaundice. Histological evaluation of H&E stained sec-
tions of AS6 livers showed evidence of canalicular bile accumulation at P3 (panel c of Fig 1C)
and cholate stasis at P7 as determined by the presence of widespread feathery degeneration of
hepatocytes, a form of non-apoptotic inflammatory-induced cholestatic death characterized
by hepatocyte ballooning and flocculent cytoplasmic inclusions, akin to necroptosis [39] (pan-
els e and f of Fig 1C). Foci of dead hepatocytes or bile infarcts were also evident at P15 (panels
h and i of Fig 1C), consistent with toxic bile acid-mediated degeneration leading to confluent
hepatocyte necrosis. Examination of H&E stained liver sections from young adult mice also
indicated that liver architecture was dramatically altered in AS6 livers and that they appeared
to have fewer bile ducts than their WT counterparts (Fig 1D). To determine if Rps6-insuffi-
ciency was interfering with bile duct development or causing the loss of pre-existing bile ducts,
we performed IHC of WT and AS6 livers from E17, shortly after establishment of the ductal
plate, to P15 when biliary development and morphogenesis is complete [40]. Using an anti-
body specific for Sox9, a transcription factor that marks immature biliary cells and mature bile
ducts but not mature hepatocytes, we found that AS6 livers had fewer Sox9-positive cells
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] Liver: H&E |

Fig 1. Perinatal deletion of hepatic Rps6 retards growth and results in cholestatic liver disease. (A) A WT and
runted AS6 mouse at postnatal day 28 showing that hepatic Rps6- deficiency retards neonatal growth. (B) Gross
appearance of livers from a WT and a AS6 mouse at post-natal day 7 (P7). Severe yellowing of the AS6 liver is
indicative of cholestatic disease. (C) Photomicrographs of H&E stained sections of liver from WT mice at P3, P7 and
P15 (a, d and g) and age-matched AS6 mice (b-i). Canalicular accumulation of bile (yellow deposits, open arrowheads)
is evident in AS6 livers at P3 and P7 and feathery degeneration (fd) of hepatocytes is evident at P7. At P15, bile infarcts
(+) resulting from bile leakage due to canalicular or hepatocyte membrane rupture can be seen throughout the
parenchyma of AS6 livers (Original magnifications, a, b, d, e, g, h (x 125; 50y scale bars); ¢, fand i (x 375; 25y scale
bars). (D) Photomicrographs of H&E stained sections of liver from a WT mouse (a and b) and a AS6 littermate (c) at 4
weeks of age. In contrast to the WT liver (a and b) which shows an abundance of bile ducts (arrowheads), AS6 livers
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appear to either lack or have a paucity of bile ducts (c) while nodules (n) and areas of biliary hyperplasia (*) are
prominent indicating that Rps6 insufficiency has severely disrupted liver architecture. (Original magnifications, a and
¢ (x32.5); b (x 125)). Scale bars; all 50p.

https://doi.org/10.1371/journal.pgen.1010595.g001

surrounding the portal vein than WT livers by E17 (panels a and b of Fig 2A). Moreover, of
the few Sox9-positive cells that were visible, none became incorporated into structures resem-
bling bile ducts as biliary development progressed (panels c-j of Fig 2A), a finding that was
confirmed by performing THC with a pan-cytokeratin (CK) antibody that preferentially recog-
nizes biliary-type CKs (CK7/19) (Fig 2B) Quantitative analysis confirmed that AS6 livers had
only 25% and 21% of the normal number of Sox9-positive cells at E17 and P1 respectively (Fig
2C) and fewer still at P3 (panel f of Fig 2A), and had either 1 or no bile ducts per portal vein
(bds/PV) (mean, < 0.5 bds/PV) in contrast to livers of WT mice which had 1-3 (mean, 1.4
bds/PV) (Fig 2D). Finally, while Sox9- and pan-CK-positive cells that had not been incorpo-
rated into bile ducts were rare or absent in WT livers at P7 or P15 (panels g and i of Fig 2A and
panel e of Fig 2B), Sox9-expressing cells had begun to proliferate around and radiate out from
portal veins in AS6 livers (panels h and j of Fig 2A and panel f of Fig 2B) in a pattern that sug-
gested emergence of a nascent ductular reaction (dr) (panels h and j of Fig 2A), which is a hall-
mark of hepatic progenitor cell (HPC) activation in response to extreme hepatic injury [41].

Examination of AS6 livers as mice reached adulthood showed that despite the gradual nor-
malization of body weight, livers remained small and were discolored and uneven with a “cys-
tic-like” appearance (Fig 3A and 3B). Histological evaluation of livers at P28 revealed that in
contrast to the typical, well ordered lobular architecture of WT liver (Fig 3C), AS6 livers con-
tained an abundance of regenerative nodules comprised of cells that resembled immature
hepatocytes interspersed by cords of small oval-shaped cells that were attempting to organize
into ducts consistent with induction of a full-blown dr (Fig 3D, 3E and 3F) which can facilitate
secondary bile duct development [42]. IHC profiling of AS6 livers using a panel of antibodies
directed against proliferating cell nuclear antigen (PCNA) and a variety of liver cell markers
that are selectively expressed in mature and immature liver cells showed that nodules con-
tained highly proliferative immature hepatocytes (S4F Fig) that expressed abundant AFP (S4H
Fig) and HNF4a (S4] Fig). This was in contrast to the majority of ductular cells which
expressed a variety of biliary (HNF1, SOX9, (pan)-cytokeratin(CK)) (S4L, S4N and S4P Fig)
and HPC (TROP2 and EPCAM) (S4R and S4T Fig) markers, but not HNF4a or AFP. THC for
B-catenin, whose level of expression and sub-cellular localization is an indicator of wnt signal-
ing status, showed that although HPCs and immature nodular hepatocytes both expressed -
catenin, expression was significantly enriched in the ductular cell population compared to
nodular hepatocytes (S4V Fig). Moreover, retention of B-catenin at the membrane of nodular
hepatocytes, rather than cytoplasmic or nuclear localization (S4V Fig) and the absence of glu-
tamine synthetase expression (GLUL), a classical wnt target within nodules (S4X Fig), indi-
cated that hyperactive wnt signaling was not driving nodular growth in AS6 livers. Evaluation
of AS6 livers at ~8-10 weeks of age showed a marked reduction in the dr and restoration of
normal liver architecture (Fig 3G). However morphological and nuclear heterogeneity within
hepatocytes persisted indicating that AS6 livers remained compromised even after regenerat-
ing (Fig 3H). Taken together, these results show that hepatoblast-specific deletion of Rps6 pro-
foundly disrupts perinatal liver development by compromising hepatocyte survival and
interfering with bile duct development by limiting the pool of Sox9-expressing biliary precur-
sors within the ductal plate, all of which leads to a ribosomopathy-like phenotype characterized
by hepatic hypoplasia, sub-lethal hepatic failure and regeneration.
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Fig 2. Hepatic Rps6-deficiency inhibits bile duct development. (A) Photomicrographs of SOX9 IHC of WT (a, ¢, e,
g, 1) and AS6 (b, d, f, h, j) livers from E17 to P15 (Original magnifications, all x 125; 50 scale bars) (AEC chromogen
(red/orange), no counterstain). Note the gradual disappearance of SOX9-positive cells from the ductal plate in AS6
livers between E17-P3 and the abnormal position and expansion of SOX9-positive cells throughout the parenchyma
from P7 onwards. (B) Photomicrographs of pan-CK IHC of WT (a, ¢, e) and AS6 (b, d, f) livers from P1 to P7 showing
that the number of pan-CK-positive biliary cells in AS6 livers is also reduced at P1 and P3 (b and d) while their
expansion at P7 (f) mirrors the increase in the number of SOX9-positive cells (A (h)) signifying emergence of a nascent
ductular reaction. (Original magnifications, all x 250; 50y scale bars) (AEC chromagen (red/orange), no counterstain).
(C) Graph depicting quantitative analysis of the number of SOX9-positive cells around portal veins (PVs) in WT and
AS6 livers at E17 and P1. AS6 livers have 20-25% of the normal number of SOX9-positive cells (mean values 7.8 vs 30.7
at E17; P < .0001 and 9.8 vs 47.5 at P1; P < .0001); 2-tailed unpaired Student’s ¢-test. (D) Graph showing average
number of bile ducts per portal vein (PV) (bds/PV) in WT and AS6 livers at P1, P3, P7 and P15. While WT livers have
an average of 1-2 fully formed bds/PV, AS6 livers have an average of < 0.5. Data are mean + SEM; **** P < .0001;
2-tailed unpaired Student’s t-test.

https://doi.org/10.1371/journal.pgen.1010595.9002
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Fig 3. Perinatal deletion of hepatic Rps6 results in hypoplastic livers and triggers regeneration. (A) Gross
appearance of livers from a WT and AS6 mouse at postnatal day 28 (P28). The AS6 liver is smaller than the WT liver, is
discolored and has an uneven mottled appearance. (B) Close-up image of AS6 liver in a) highlighting “cystic-like”
nodules on the surface of the liver. (C-H) Photomicrographs of H&E stained sections of liver from a WT mouse (C)
and AS6 mice at P28 (D-F) and P65 (G and H). At P28, AS6 livers display an abundance of regenerative nodules (n)
and a prominent ductular reaction (dr) signifying dynamic regeneration in response to severe injury. By P65, the
absence of regenerative nodules indicates that the regenerative response has largely dissipated. However, hepatocyte
morphology is heterogeneous and remnants of the dr persist as seen by the presence of irregular luminal structures in
the vicinity of portal veins (g, h). (Original magnifications, C (x 112); D, G (x 32); E, H (x 125) and F (x 250)). Scale
bars correspond to 50y for C, E, F and H and 200y for D and G.

https://doi.org/10.1371/journal.pgen.1010595.9003
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Hepatic dysfunction in AS6 livers reflects loss of Rps6 in hepatocytes and
biliary cells

In addition to being a constituent of the 40S ribosomal subunit, Rps6 is unique among the rps
in that it is also a phospho-protein whose phosphorylation is regulated by the rapamycin-sen-
sitive branch of the mTOR/S6K signaling (mTORCI1) pathway, a conserved nutrient and
energy-sensing pathway that positively regulates metabolism, growth, proliferation and sur-
vival [43]. Given that Rps6 phosphorylation has been shown to be required for a diverse array
of physiological and pathological functions [44], we were interested in establishing the normal
distribution of Rps6 in WT liver and assessing its phosphorylation status in any Rps6-expres-
sing cell populations to determine if the loss of hepatocyte viability or the bile duct defect sim-
ply reflected cell-autonomous loss of Rps6 expression in each cell-type or whether they also
involved the loss of additional phosphorylation-dependent functions. We therefore performed
IHC with an antibody that recognizes Rps6 irrespective of its phosphorylation status (total
Rps6) and another that recognizes Rps6 only when phosphorylated on the mTOR-dependent
sites Ser”**?*¢ (phospho-Rps6). IHC with the total and phospho-specific Rps6 antibodies
showed that normal hepatocytes expressed cytosolic Rps6 protein in a decreasing periportal
(pp)-to-central vein (cv) gradient (panel a of S5A Fig), with the phospho-Rps6 antibody pre-
dominantly staining periportal hepatocytes consistent with the highest degree of phosphoryla-
tion being in periportal zone 1 (panel b of S5A Fig). This contrasted with bile ducts which,
despite expressing abundant Rps6 (panel c of S5A Fig), failed to demonstrate any phospho-
specific Rps6 staining (panel d of S5A Fig). This finding indicates that although Rps6 is
expressed in both functional compartments of the liver, both cell types differ with respect to
their Rps6 phosphorylation/mTOR activation status at least on Ser®**’®. Thus, while loss of
hepatocyte viability and the cholangiopathy in AS6 livers likely reflects the cell-autonomous
impact of Rps6 loss on each cell type, it is possible that the loss of phosphorylation-specific
functions of Rps6 also contribute to the hepatocyte, but not the biliary defect in AS6 livers.

Regeneration in AS6 livers is mediated via the proliferation of 2 different
Rps6-expressing cell types: HPCs and mTOR-activated immature
hepatocytes

In light of incomplete Alb-Cre-mediated deletion of Rps6 during the perinatal period (52 Fig),
we performed THC with the same two Rps6-specific antibodies to determine if AS6 livers were
regenerating via the proliferation of residual Rps6-expressing cells or other cell types, and if so,
whether Rps6 was phosphorylated (and thus mTOR activated) in such cells. IHC with the
total-Rps6 antibody showed that regenerating AS6 livers contained two different Rps6-expres-
sing cell populations; namely Sox9-positive dr/HPC cells and AFP-positive nodular hepato-
cytes (panel e of S5A Fig). However, only nodular hepatocytes demonstrated phospho-Rps6
immunoreactivity indicating that both cell types differed with respect to their Rps6***'® phos-
phorylation status (panel f of S5A Fig). Immunoblotting confirmed that another mTOR target,
eIF4E binding protein 1 (4E-BP1), was also hyper-phosphorylated in AS6 livers (S5B Fig),
while Akt, an effector of PI3K signaling that lies upstream of mTOR failed to show any signifi-
cant increase in phosphorylation above basal levels, indicating that mTOR had been activated
in regenerating AS6 livers and that its activation was independent of PI3K/Akt. To definitively
show that Rps6 phosphorylation in nodular hepatocytes reflected mTOR activation, we treated
a cadre of AS6 mice with the mTOR inhibitor rapamycin and assessed total and phospho-Rps6
expression by IHC (S5C Fig) and immunoblotting (S5D Fig). As expected, livers of vehicle-
treated AS6 mice retained strong staining of nodular hepatocytes and dr cells with the total
Rps6 antibody reflecting Rps6 expression in both cell types irrespective of its phosphorylation
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status (panels a, ¢, and e of S5C Fig). However, rapamycin treatment of AS6 mice abolished
both total and phospho-Rps6 staining in all but a few solitary parenchymal cells, confirming
that all of the Rps6 in nodular hepatocytes was phosphorylated in an mTORC1-dependent
manner (panels b, d, and f of S5C Fig). This was in direct contrast to the Rps6-expressing duct-
ular cells whose staining was unaffected by rapamycin, consistent with the absence of a Ser**
36_phosphorylated form of Rps6 in these cells (panel fof S5A Fig). Thus, regeneration in AS6
livers is mediated by 2 different Rps6-expressing cell types; HPCs without mTOR activation
and mTOR-activated, AFP-expressing immature hepatocytes suggesting that Rps6-expression
confers a survival and/or proliferative advantage in the context of hepatic Rps6 deficiency.

Hepatic Rps6-deficiency activates p53, disrupts rRNA processing and
activates a transcriptional program indicative of de-differentiation/
regeneration, cell cycle arrest/senescence and inflammation

In light of previous reports documenting p53 stabilization and activation of the p53-dependent
checkpoint in other mouse models of Rps6 deficiency [34,45,46], we analyzed the p53 status of
AS6 livers. Immunoblotting of liver lysates from WT and AS6 livers with a p53-specific anti-
body showed that it recognized 2 proteins; a faster migrating, non-specific protein that was
present in all samples and a slower migrating protein representing bona fide p53 that was
abundant in AS6 livers and in A431 cells that express high levels of mutant p53, but which was
absent from WT livers and p53-deficient Saos2 cells confirming that p53 had been stabilized in
AS6 livers (S6A Fig). To establish the spatio-temporal pattern of p53 stabilization following
Alb-Cre-mediated deletion of Rps6, we performed IHC with the same p53-specific antibody
on sections of WT and AS6 livers at E17 and P7 after validating it on livers that express SV40
large T-Antigen (TAg) [47], an oncoprotein that binds and stabilizes p53 in the nucleus (panel
a of S6B Fig). While the paucity of biliary cells in AS6 livers precluded us from determining if
P53 had been stabilized in cholangiocytes, IHC showed abundant nuclear p53 in a subset of
hepatoblasts in AS6 livers at E17 (panels d and f of S6B Fig) and in the majority of hepatocytes
undergoing feathery degeneration and in neighboring hepatocytes at P7 (panels e and g of S6B
Fig) indicating that p53 had undergone rapid stabilization following Alb-Cre-mediated dele-
tion of Rps6.

As defective rRNA processing is a hallmark of ribosomal stress we also assessed the relative
abundance of rRNA intermediates in RNA isolated from WT and AS6 liver by Northern Blot-
ting using rRNA-specific radiolabeled probes homologous to regions within intervening
sequence 1 and 2 (ITS1 and ITS2) of the 47S rRNA. Hybridization with the ITS1-specific
probe showed accumulation of 30S rRNA and a corresponding decrease in the abundance of
21S rRNA in AS6 livers (S6C Fig) while hybridization with the ITS2-specific probe showed a
reduced abundance of 17S rRNA (S6C Fig) confirming that loss of Rps6 had disrupted rRNA
processing. Re-probing of both blots with an 18S rRNA-specific probe showed that the rRNA
processing defect was not sufficient to diminish steady state levels of 18S rRNA.

Finally, to obtain an unbiased overview of the transcriptional changes that occurred in
response to hepatic Rps6 deficiency, we performed gene expression microarray analysis using
mRNA isolated from livers of 5 week old WT and AS6 mice which showed that loss of Rps6
perturbed the expression of a large number of mRNAs (S7A Fig). Applying a > 8-fold up or
down cut-off for differential mRNA expression, we determined that Rps6-deficiency resulted
in the differential expression of 235 mRNAs, of which 184 were upregulated and 52 were
downregulated (S1 Table). While the most highly expressed mRNAs in AS6 livers included
oncofetal and imprinted genes (eg. H19, BexI and Igf2) or mRNAs that are known to be
expressed in immature hepatocytes or liver progenitor cells (eg. Afp, Nope, Cd24a, Tacstd1/
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Epcam, Sox9 and Krt19), mRNAs that were downregulated included mature liver genes such
as cytochrome P450s and major urinary proteins (Mups), consistent with a shift to a more de-
differentiated, immature liver. Classical p53 targets including the cell cycle inhibitor p21/
Cdknla, Sox4, a protein required for stabilization of p53 during checkpoint activation, and
Noxa and Peg3, which mediate p53-dependent cell cycle arrest and apoptosis respectively,
were also among the upregulated mRNAs. However, an additional group of mRNAs signifying
activation of innate immunity and the senescence-associated secretory phenotype or SASP
that included chemokines (Cxcl13, Cxcl14), damage associated molecular patterns or DAMPs
(510048, S100a9, S100a6, S100al11 and S100a14) and NF-kB-associated genes (Dmbt1, Tff3,
Mucl and Sprr2a) was also upregulated in AS6 livers. Bioinformatics analysis using Ingenuity
Pathway Analysis software identified signaling networks associated with cell cycle arrest/senes-
cence (p21/Cdknla, MAPK), regeneration (Jun/Sppl) and inflammation/innate immune sys-
tem activation (NF-xB) as the most prominent networks associated with altered gene
expression in AS6 livers (S7B Fig). These results confirm that loss of hepatic Rps6 activates p53
and disrupts rRNA processing and that regeneration in AS6 livers reflects an attempt to re-
establish homeostasis in the face of cell cycle arrest/senescence, injury and inflammation.

Rps6 is required for hepatocyte survival in adult liver

Our results showing that loss of Rps6 in normal non-regenerating hepatocytes compromised
cell viability contrasts with previous reports of Rps6-deficiency blocking hepatocyte prolifera-
tion post partial-hepatectomy [34] suggesting that the fate of Rps6-deficient hepatocytes is
context- or stimulus-dependent. Moreover, because hepatocytes can be irreversibly damaged
by the detergent action of hydrophobic unconjugated bile acids that accumulate in cholestatic
disease [48], it was important to determine if the robust hepatocyte death that occurred in neo-
natal AS6 livers reflected an intrinsic dependency on Rps6 for survival, bile-acid induced hepa-
totoxicity, or a combination of both. To eliminate bile-acid mediated hepatotoxicity as a key
mediator of hepatocyte death in AS6 livers, we adopted a strategy that allowed us to specifically
delete Rps6 in adult hepatocytes while sparing the neonatal period and bypassing biliary devel-
opment. This was done by breeding Rps6™°* mice to a line of bi-genic mice that co-expresses
a modified reverse tetracycline transactivator (rtTAyy,) [49] driven by the liver-specific regula-
tory elements of the ApoE gene [50] (ApoE-rtTA,;,) and Cre recombinase under control of the
minimal CMV promoter and tetracycline responsive elements (S8 Fig) such that Cre could be
activated in hepatocytes by providing mice with doxycycline (dox). Empirical determination
of the minimal dose of dox required to achieve efficient hepatocyte-specific recombination of
the Rps6'™"** allele (AS6“”') showed that inclusion of dox at a concentration of 200-250 pg/ml
in drinking water beginning at 5-6 weeks of age was sufficient to achieve 80-90% recombina-
tion in as little as 3-7 days, a significantly higher degree of recombination than had been
achieved with Albumin-Cre, although recombination decreased over time (Fig 4A and 4B).
Analysis of livers from WT and Rps6°*:ApoE-rt TA: TRE2-Cre mice (herein referred to as
AS6%°* mice) provided with drinking water without dox or supplemented with 200-250ug/ml
dox for various lengths of time showed that, without dox, livers of AS6° mice were mildly dis-
colored, but otherwise normal despite exhibiting a low level of “leaky” (dox-independent)

4% mice, which began to

recombination (Fig 4A and 4B). This was in contrast to livers of AS6
show evidence of cellular stress after just 7 days of dox treatment. While bile ducts were nor-
mal, hepatocytes appeared crowded due to the narrowing of sinusoidal spaces with some hepa-
tocytes also appearing to lack nuclei suggestive of apoptotic cell death (panel b of Fig 4C).
TUNEL analysis of livers from AS6%°* mice provided with dox for different lengths of time

confirmed that hepatocytes were indeed apoptotic with death peaking ~1 week post-dox
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Fig 4. Deletion of Rps6 in adult liver induces hepatocyte apoptosis and triggers regeneration. (A) Ethidium-stained
gel showing recombination of the AS6 allele in livers of AS6%°* mice with and without dox (250ug/ml) for different
lengths of time. (B) Graph of quantitation of % AS6 recombination from gel shown in A). While there is a low level of
recombination (~18%) in the absence of dox (lane 1), it increases to ~85% when mice are provided with 250pg/ml dox
representing loss of Rps6 in a majority of hepatocytes, the most abundant cell type in the liver (lanes 3-8). After ~3
weeks, the extent of recombination begins to decrease reflecting the loss of Rps6-deficient hepatocytes and their
replacement with Rps6-expressing cells (lanes 9-11) (see F below). Note that the degree of recombination achieved in
livers of Rps6'™"**: ApoE-rt TA: TRE-Cre mice (provided with dox) before widespread hepatocyte loss occurs (lanes 3-8)
is consistently greater than that achieved in livers of Rps6l°’d 10X Alb-Cre mice (lane 12). (C) Photomicrographs of H&E
staining (a and b) or TUNEL staining (c and d) on sections of AS69° livers provided with water (a, c) or water
containing 250pg/ml dox (b, d) for 7 days (Original magnifications, all x187; scale bars 50y1). While bile ducts are
present and appear normal in AS6°* livers (arrow heads), hepatocytes appear disordered, show mild vacuolization and
some lack nuclei (arrows). (D) Graph showing quantitation of number of TUNEL-positive cells/field in liver sections
of WT and AS6%°* mice provided with dox for different lengths of time. (E) Photomicrographs of H&E stained sections
of AS6%°* livers provided with water (a) or 250ug/ml dox for different lengths of time (b-f). After ~35 days on dox,
hepatocyte blebbing and focal drop-out is visible (b), followed by a full-blown regenerative response involving the
emergence of regenerative nodules (n) and a ductular reaction (dr) (c-e). Image in (e) is a higher magnification of the
area in (d) bounded by the dotted line (Original magnifications, a, ¢, d (x31.25); b, e (x125)). Scale bars: a), ¢) and d),
100y; b) and e), 50y. (F) Photomicrographs of IHC for PCNA, phospho-RPS6¢?**/®) and pan-cytokeratin (CK) on
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livers of AS6%* mice provided with dox for 54 days showing that regenerating nodules contain PCNA- and phospho-
RPS623¥)_positive immature hepatocytes while pan-CK-positive cells comprise the dr. Original magnifications, all
x125; scale bars, 50u.

https://doi.org/10.1371/journal.pgen.1010595.9004

initiation and continuing at a lower level thereafter (panel d of Fig 4C and Fig 4D). Despite the
low level of dox-independent recombination, livers of 8-9 week old AS6%°* mice without dox
remained normal (panel a of Fig 4E). This was in sharp contrast to livers of AS6°* mice pro-
vided with dox which showed extensive hepatocyte vacuolization and focal drop-out after ~5
weeks (panel b of Fig 4E), which triggered a full-blown regenerative response involving nodu-
lar growth (panel c of Fig 4E) and emergence of a dr (panel d of Fig 4E) that often co-existed
with the presence of ballooning hepatocytes and piecemeal necrosis consistent with ongoing
hepatocyte death (panel e of Fig 4E). Finally, to determine if the progressive decline in recom-
bination of the AS6" allele reflected repopulation of AS6%° livers with Rps6-expressing cells
to replace dying hepatocytes, we performed IHC with PCNA-, phospho®*"***®-Rps6- and pan-
CK-specific antibodies. Analysis showed that, like AS6 livers, regenerating AS6%°* livers also
contained nodules comprised of PCNA-positive and phospho®™>**#*¢-RpS6-positive hepato-
cytes and a dr composed of phospho-Rps6-negative oval cells (panels a, b, and ¢ of Fig 4F).
While these results show that neonatal and adult hepatocytes both require Rps6 for survival,
our results are consistent with the idea that the rapid and near-catastrophic hepatocyte death
in neonatal AS6 livers reflects Alb-Cre- mediated depletion of Rps6 from both functional com-
partments of the liver which compounds disease due to exacerbation of an intrinsic suscepti-
bility to death caused by exposure to toxic bile acids resulting from a failure to complete bile
duct development.

Chronic hepatic Rps6 deficiency predisposes to liver overgrowth and tumor
development

The transition from a hypoplastic, cytopenic state to a hyperplastic, cancerous state is a poorly
understood aspect of the ribosomopathies. However, ribosomal protein haploinsufficiencies in
model organisms have often resulted in overgrowth or cancer phenotypes indicating that
mechanisms that normally regulate tissue homeostasis are lost, overridden or actively disabled
in the context of chronic RiBi dysfunction. Because liver mass in the mouse is maintained at
~5% of body weight throughout adult life, we took advantage of this strict size control to deter-
mine if livers of AS6 mice overgrew or developed cancer as they aged. Analysis of liver mass in
cohorts of WT and AS6 mice at > 6 months showed that in contrast to WT mice, all of which
had livers that remained within normal % Liver/Body Weight (%L/BW) range, ~60% of livers
from AS6 mice displayed hepatomegaly ranging from mild to extreme (Fig 5A and 5B). In
most cases, AS6 livers were grossly misshapen due to the aberrant growth of one or more
lobes, many of which displayed nodular growth indicative of pre-malignant or malignant con-
version (Fig 5C). Histological analysis of enlarged AS6 livers revealed the presence of biliary
malformations such as bile duct hamartomas (panel b of Fig 5D) as well as adenomas that
almost invariably contained PCNA- and phospho-Rps6°*">**'®-positive cells (panels ¢, d, and e
of Fig 5D). However, most striking of all was our finding that malignant tumors, most of
which were moderately differentiated hepatocellular carcinomas (HCCs) with solid or trabecu-
lar growth patterns that stained strongly for PCNA and phospho-Rps6°2**'¢ (panels f, g, and
h of Fig 5D), developed in ~50% of AS6 livers by ~1 year of age (Fig 5E). Notably, although
hepatomegaly only developed in 2/14 (14%) of AS6%°* mice maintained on dox for longer than
15 weeks, both cases (%L/BWs of 6.7% and 8.1%) occurred in mice that had received continu-
ous dox treatment for 30 or 38 weeks respectively (Fig 5F) suggestive of a trend towards liver
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Fig 5. Rps6-deficient livers overgrow and are predisposed to spontaneous tumor development. (A) Graph of %
liver/body weights (% L/BW) in WT and AS6 mice at > 6 months of age showing that many AS6 livers have grown to
exceed normal size. Data are mean (+ SEM); **** P < .0001; 2-tailed unpaired Student’s t-test. (B) Graph showing % of
WT and AS6 mice at > 6 months of age with % L/BWs in normal range (3.5-6%) or larger than normal (> 6%). (C)
Photomicrographs of livers from 2 AS6 mice at ~8 months of age. Livers have grown to 2-3 times normal size and are
grossly misshapen due to abnormal nodular growth. (D) Photomicrographs of H&E stained slides and IHC of livers
from WT (a) or AS6 mice at > 6 months of age (b-h) showing bile duct hamartomas (b) and tumors with compact
nodular (c) or trabecular growth patterns (d). IHC for PCNA (d and g) and phospho—RPS6(Se'235/ © (e and h) show that
tumors are comprised of highly proliferative cells that display activation of mMTOR. AEC chromagen (red/brown);
hematoxylin counterstain (blue). Original magnifications; a, ¢, x 62.5; b, d-h, x 125 (scale bars, all 50y). (E) Kaplan-
Meier curve showing % of WT and AS6 mice that are tumor-free at > 6 months of age. 50% of AS6 mice have
developed at least 1 tumor by 372 days. P = .0008 (Log-rank (Mantel-Cox) test). (F) Graph of %L/BWs of WT and
AS6%% mice showing that some AS69 livers (2/7 (28.6%)) have also overgrown after being maintained on dox for >26
weeks of age. While none of the dox treatment durations result in significantly different % L/BWs between WT and
AS6%°* mice, there is a trend towards hepatomegaly in AS6%* mice with increasing time on dox (2-tailed unpaired
Student’s t-test). (G) Photomicrographs of livers from a WT mouse provided with 250ug/ml dox for 7 months (3.8% L/

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595 January 19, 2023 14/47


https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

BW; left), a AS6%°* mouse provided with water (no dox) for 6.5 months (3.6% L/BW; middle) and a AS6%°% mouse
provided with 250pg/ml dox for 7 months (8.1% L/BW; right (top of liver) and far right (underside of liver)) that shows
hepatomegaly and aberrant nodular growth extending out from a lobe.

https://doi.org/10.1371/journal.pgen.1010595.9005

overgrowth as a function of increasing age or continued depletion of Rps6. Moreover, tumors
developed in 6/14 (43%) of mice maintained on dox for >15 weeks, 4 (75%) of which devel-
oped in mice that had received dox for >26 weeks (Fig 5G). These results suggest that loss of
Rps6 from adult hepatocytes disrupts liver homeostasis and predisposes to overgrowth and
tumor development, the extent to which appears to depend on developmental context and tim-
ing of Rps6 depletion.

The hepatomegaly and spontaneous tumor development in AS6 livers prompted us to fur-
ther explore the idea that hepatic Rps6 deficiency was a priming event for tumor development.
We therefore lowered the threshold for malignant conversion in AS6 livers by co-opting the
Alb-Cre transgene used to delete Rps6 to also delete the tumor suppressor Pten, a mild, yet
reliable oncogenic stimulus, that by itself, results in delayed-onset liver tumor development in
mice by ~1 year of age [51,52]. Analysis of recombination of the Rps6'*/*** (AS6%") and Pten'™™
lox (APTEN) alleles in livers of WT, AS6, APTEN and doubly deficient AS6:APTEN mice dem-
onstrated that Alb-Cre transgene expression was not limiting for recombination of either allele
when both were present in the homozygous (lox/lox) state (S9A Fig). Western blotting of liver
lysates from each of the parental strains using phospho-Rps6°">**®- and phospho-Akt>"*7>-
specific antibodies also confirmed that mTOR, but not Akt, was activated in AS6 livers, Akt,
but not mTOR, was activated in APTEN livers and that both pathways were active in AS6:
APTEN livers (S9B and S9C Fig). Monitoring of cohorts of WT, AS6, APTEN and AS6:APTEN
mice up to ~1 year of age for signs of hepatomegaly or tumor development showed that, as pre-
viously documented, livers of AS6 mice that had initially been smaller than normal began to
grow and exceed normal size after ~30 weeks of age (Fig 6A and S2 Table). Conversely,
APTEN livers, which demonstrate PI3K/Akt driven metabolic changes that promote steatotic
hepatocyte hypertrophy, were consistently larger than normal from the outset. However, the
growth of AS6:APTEN livers began to diverge from each of the parental strains and accelerate
at ~8-12 weeks of age, at which time livers became peppered with pale colored nodules that
covered the surface (Fig 6B). Sampling of livers from mice of all genotypes at different ages
revealed that loss of both Rps6 and Pten accelerated tumor development relative to each of the
parental strains to the extent that 50% of AS6:APTEN livers had developed at least 1 tumor by
~20 weeks age (Fig 6C) with 1 mouse developing tumors as early as 8 weeks of age. AS6:
APTEN livers also displayed other hyperproliferative lesions and abnormalities including bile
duct hyperplasia and dysplasia, biliary hamartomas, duct ectasia, bile infarcts, altered hepatic
foci and fatty adenomas, many of which were present in mice <6 months of age (Fig 6D).
Notably, in contrast to AS6 livers which typically developed HCCs, AS6:APTEN livers devel-
oped a wider spectrum of tumors including cholangiocarcinomas and hepatocholangiocellu-
larcarcinomas (S3 Table and Fig 6D). Thus, Rps6-deficiency disrupts normal hepatic
homeostasis and primes the liver for malignant conversion and accelerates liver tumor devel-
opment in the context of hyperactivated PI3K/Akt-mediated growth factor signaling.

Overexpression of Myc preserves hepatocyte viability and eliminates the
need for neonatal AS6 livers to regenerate but fails to prevent malignant
progression

Many studies have established bi-directional crosstalk between c-Myc and ribosomal proteins
in the regulation of ribosome biogenesis, cell growth and cancer [53-58]. Indeed, decreased
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Fig 6. Rps6-deficiency lowers the threshold for tumor development in PTEN-deficient livers. (A) Graph of %L/
BWs in WT, AS6, APTEN and AS6APTEN mice at different ages showing accelerated growth of ASSAPTEN livers from
~12 weeks of age. For mean %L/BWs and P values, please see S2 Table. (B) Gross appearance of WT, AS6, APTEN and
AS6APTEN livers at 4 and 8 weeks of age. Note the dramatic change in appearance of the ASSAPTEN liver between 4-8
weeks age as fatty nodules develop. (C) Kaplan-Meier curve showing % of liver tumor-free WT, AS6, APTEN and
AS6APTEN mice. Age at which 50% of AS6, APTEN and AS6APTEN mice develop at least 1 liver tumor is 367, 365 and
150 days respectively. ***, P = .0001; ****,P < .0001. (Log-rank (Mantel-Cox) test). (D) Photomicrographs of H&E
stained liver sections from a) a 3 month old AS6 mouse showing regenerative nodules and remnants of the dr, b) a 5.5
month old APTEN mouse showing typical pericentral steatosis, ¢) a 5.5 month old ASSAPTEN mouse showing a
nodule (n) compressing the parenchyma adjacent to an area displaying bile duct hamartomas (*), d) a 5.5 month old
AS6APTEN mouse with a bile duct hamartoma, e) a 10 week old ASSAPTEN mouse with fatty adenomas, f) an 8 week
old and g) a 3 month old AS6APTEN mouse with cholangiocarcinomas, and h) an 11 month old ASGAPTEN mouse
with a trabecular HCC (f). Dashed lines denote nodule boundaries. Original magnifications; a, b, ¢, d (x 62.5); e, f (x
56.25); g, h (x 125); Scale bars, all 50

https://doi.org/10.1371/journal.pgen.1010595.9006
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expression of c-Myc has been implicated as a driver of pancreatic hypoplasia in a mouse model
of Schwachman-Diamond Syndrome (SDS) (OMIM #260400) [59]. Because c-Myc is highly
expressed in fetal hepatoblasts of the developing liver yet drops to virtually undetectable levels
by birth [60], we were unable to determine if hypoplastic neonatal AS6 livers expressed less c-
Myc than their WT counterparts. However, array analysis did indicate that Myc mRNA was
elevated in AS6 livers during the regenerative phase despite failing to reach the 8-fold cut-off
to be included in the list of differentially regulated genes (S1 Table). Northern blotting con-
firmed that Myc was modestly elevated (~3-5-fold) in AS6 livers (S10A and S10B Fig), with
IHC with c-Myc-, pan-CK and Rps6-specific antibodies revealing the source of increased c-
Myc to be pan-CK-positive ductular cells rather than Rps6-expressing nodular hepatocytes
suggesting that nodular growth in regenerating AS6 livers was not being driven by an increase
in c-Myc (S10C and S10D Fig). Given c-Myc’s role in positively regulating ribosome biogene-
sis and that rp haploinsufficiency constrains Myc-dependent oncogenesis in vivo [53], we
asked how increasing the level of c-Myc in the liver altered its response to Rps6-deficiency
either during the early hypoplastic phase or the later tumor-prone phase. This approach
involved breeding AS6 mice to Albumin-c-Myc (Alb-c-Myc) transgenic mice [61] which
express a modest level of c-Myc (~8-fold above normal) in postnatal hepatocytes (S10A and
S10B Fig) that is sufficient to stimulate ribosome biogenesis and promote hepatocyte hypertro-
phy in livers of young mice, but unable to drive fully penetrant HCC development before 1
year of age. Analysis of progeny from matings arranged to generate $6*/'*:Alb-Cre:Alb-c-Myc
mice (herein referred to as AS6:c-Myc mice) confirmed that AS6:c-Myc mice were born at the
expected frequency. The first indication that elevated c-Myc was altering the liver’s response to
Rps6 deficiency came after analyzing recombination of the AS6%” allele which showed that it
had increased from ~50% in AS6 livers to ~80% in AS6:c-Myc livers (S11A Fig), an effect that
was not seen in livers of AS6G:APTEN mice (S11B Fig). Northern blotting confirmed that this
4l allele in AS6:c-Myc livers translated into a fur-
ther reduction in the level of Rps6 mRNA causing it to fall below the level required to sustain
normal levels of 18S rRNA (S11C Fig). Given that AS6:c-Myc livers expressed less Rps6 than
their AS6 counterparts, we expected neonatal AS6:c-Myc mice to be just as small, if not smaller

increase in abundance of the recombined AS6

than AS6 mice. However, to the contrary, AS6:c-Myc mice were visually indistinguishable
from their WT or Alb-c-Myc littermates (Figs 7A, and S12A and 5S4 Table). Moreover, livers of
young adult AS6:c-Myc mice were neither small nor mottled (Figs 7B and S12B) suggesting
that c-Myc was suppressing, rather than enhancing the neonatal growth defect and hepatic
dysfunction in AS6 mice. Histological evaluation of AS6:c-Myc livers at P7 showed the com-
plete absence of cholestatic hepatocyte degeneration indicating that c-Myc was exerting a
hepatoprotective effect by neutralizing the hepatocyte death caused by loss of Rps6 (Fig 7C).
Consequently, AS6:c-Myc livers no longer needed to regenerate as seen by the absence of
regenerative nodules or evidence of a ductular reaction (Fig 7C). Unexpectedly, we found that
in contrast to Rps6 mRNA levels which were decreased in AS6:c-Myc livers (S11D Fig), RPS6
protein levels remained unchanged (Fig 7D), suggesting that one mechanism by which c-Myc
could be neutralizing hepatocyte death in AS6 livers was by influencing the post-transcrip-
tional processing of Rps6, either at the level of splicing or translation. In searching for molecu-
lar correlates of c-Myc-dependent hepatoprotection, analysis showed that c-Myc blunted
Rps6-phosphorylation/mTOR activation (Fig 7D) and normalized the expression of mRNAs
associated with activation of NF-kB and induction of the innate immune response in AS6 liv-
ers (Figs 7E and S11D). However, it failed to normalize the expression of oncofetal genes such
as H19 or Igf2 or the classical p53-dependent targets p21/Cdknla and Sox4 (Figs 7E and
S11D). Finally, to determine if c-Myc overexpression altered progression to hepatomegaly or
malignancy in AS6 livers, we monitored cohorts of AS6:c-Myc mice at > 6 months of age.
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Fig 7. Overexpression of c-Myc rescues the growth defect and eliminates the requirement for AS6 livers to
regenerate by preserving hepatocyte viability. (A) Picture of a 28 day old WT, AS6, c-Myc and AS6:c-Myc mouse.
The AS6:c-Myc mouse (far right) is indistinguishable from the WT mouse (far left) in terms of size and lacks the
jaundiced (yellowed) coat of the AS6 mouse (second from left). (B) Gross appearance of livers from 28 day old WT,
AS6, c-Myc and AS6:c-Myc mice. Note the smooth and less jaundiced appearance of the AS6:c-Myc liver relative to the
AS6 liver. (C) Photomicrographs of H&E stained liver sections of 8 and 28 day old WT, AS6, c-Myc and AS6:c-Myc
mice showing the absence of feathery degeneration at P8 and lack of regenerative nodules or a dr at P28 in livers of
AS6:c-Myc compared to AS6 mice. Dotted lines depict nodule boundaries. Asterisks (*) denote characteristic regions of
hepatocyte hypertrophy in Alb-c-Myc livers (Original magnifications, x 62.5; scale bars 50y). (D) Western blot
showing that mMTOR-dependent phosphorylation of RPS6 is suppressed by overexpression of c-Myc in AS6:c-Myc
livers. GAPDH; protein load control. (E) Heat map showing that overexpression of c-Myc normalizes the innate
immunity molecular signature comprising NF-«B target genes and DAMPs (boxed areas), but not imprinted genes, in
AS6 livers.

https://doi.org/10.1371/journal.pgen.1010595.9007

Analysis showed that livers of AS6:c-Myc mice had a higher propensity to develop moderate to
severe hepatomegaly than their AS6 or Alb-c-Myc counterparts (S13A and S13B Fig) and that
tumors developed slightly earlier in AS6:c-Myc mice relative to each of the parental strains
(S13C Fig), but not as early as AS6:APTEN mice (Fig 6C). Thus, while a modest increase in c-
Myc alters the fate of neonatal hepatocytes in AS6 livers by preserving hepatocyte viability and
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eliminating the need for AS6 livers to regenerate, it is unable to overcome all of the derange-
ments caused by Rps6 insufficiency and fails to prevent liver overgrowth or tumor develop-
ment as mice age.

Hepatoblast-specific expression of p53%° mimics the biliary, but not the
hepatocyte defect in AS6 livers

Having confirmed that p53 had been stabilized in AS6 livers, we set out to address p53’s role in
the failure of AS6 livers to form bile ducts or maintain hepatocyte viability by generating mice
in which p53 is artificially stabilized in hepatoblasts of the developing liver. This was done
using a strain of mice that expresses a conditional (lox-stop-lox (LSL)) knock-in mutant allele
of Trp53 harboring substitutions at amino acids L25Q and W26S (p53LSL'Q25 526) that abolishes
binding to p53’s negative regulator Mdm?2 [62]. Although this mutant is hypomorphic for
transactivation of a select cadre of p53 target genes, it retains DNA binding capability [63] and
has been shown to be sufficient to phenocopy the pigmentation defects that develop in Dsk
mouse mutants harboring naturally occurring mutations in RpsI9 and Rps20 or genetically
engineered mice with keratinocyte-specific deletion of Rps6 [64]. Successive rounds of breed-
ing of p53"5-%%%52% mijce to Alb-Cre mice produced mice in which both copies of the p53
mutant were targeted to hepatoblasts in an otherwise p53-null background (herein referred to
as p53%° mice). Monitoring of litters from birth showed that female mice that were homozy-
gous for the mutant p53 allele irrespective of Alb-Cre status were underrepresented in litters,
consistent with previously reported lethality associated with trp53-nullizygosity in females
[65,66]. Male p53%° mice were, however viable and although body weights trended lower than
their WT counterparts, statistical significance was not reached indicating that hepatic expres-
sion of p53QS did not stunt neonatal growth (S14A Fig). IHC (Fig 8A) and immunoblotting
(Fig 8B) confirmed that p53%° was robustly expressed in >95% of hepatocytes, the majority of
which was localized to the nucleus with a smaller amount present in the cytoplasm reflecting
nucleo-cytoplasmic shuttling of p53 between both compartments. While gross inspection of
livers of neonatal p532° mice revealed discoloration indicative of mild jaundice, livers were
otherwise unremarkable in that they were neither small (S14B Fig) nor mottled. Moreover, his-
tological evaluation showed that in contrast to AS6 livers which were already losing hepato-
cytes by 2 weeks of age (panels ¢ and f of $14C Fig), p53%-expressing hepatocytes remained
viable (panels b and e of S14C Fig), with small bile-acid induced infarcts only appearing after
mice reached adulthood (panel d of Fig 8C and panel h of S14C Fig). Biochemical analysis of
liver function in p53?° mice revealed evidence of hepatocellular and biliary dysfunction at 4-5
weeks of age, both of which had improved, but not completely resolved by 7-9 weeks of age
(S15 Fig). In stark contrast to AS6 livers in which liver function had improved commensurate
with nodular growth and induction of a robust dr (panel i of S14C Fig), liver function in p53<°
improved without any histological evidence of a regenerative response suggesting that livers
were able to tolerate and adapt to p53%° expression much better than loss of Rps6 (panel h of
$14C Fig). In determining the basis for the biliary dysfunction in p53%° livers, we performed
Sox9 THC which showed that p53?° livers had fewer Sox9-expressing ductal plate cells at P8
and P15 than WT livers, and that of those that were visible, none were being incorporated into
bile ducts (S16A-S16C Fig). However, in contrast to AS6 livers which had already begun to
show signs of a nascent Sox9-positive dr by P15 (Fig 2A), this response was both delayed and
muted in p53% livers (S16D Fig).

Having found that p53?® expression generally mimicked the biliary defect, but was not able
to induce the robust or widespread hepatocyte loss that accompanied loss of Rps6, we contin-
ued to monitor p532° mice to determine how chronic stabilization of p53 impacted the liver as
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Fig 8. Hepatoblast-specific expression of p53? results in chronic liver failure preceded by induction of
senescence and innate immunity and activation of mTOR. (A) p53 IHC performed on liver sections from a WT
(left) and p53°® expressing mouse (right) showing robust nuclear expression of the p53%° mutant in hepatocytes.
Original magnifications, x125. (AEC Chromogen (orange/red), no counterstain). (B) Western blot of fractionated
cytoplasmic (C) and nuclear (N) proteins isolated from the livers of 2 WT mice (lanes 1, 2, 5 and 6) and 2 p53QS mice
(lanes 3, 4, 7 and 8) with a p53-specific antibody. Immunoblotting of the same lysates using antibodies specific for the
nuclear protein UBF (upstream binding factor) and the cytoplasmic protein GADPH confirm enrichment of nuclear
and cytoplasmic proteins after fractionation. (C) H&E stained sections of WT (a, b) and p53QS livers (c-h) showing
age-dependent progression of disease in p53<° livers. Regional hepatocyte vacuolization, evident at P11 (c) is followed
by focal hepatocyte necrosis (biliary infarcts, *) by ~5 weeks of age (d). After ~3 months, hepatocytes show increasing
heterogeneity across the lobule (e, f, g). Karyomegaly (enlarged nuclei (arrowheads, e and g)), regional hepatocyte
vacuolization and biliary dilatation (g, arrow) are common. By ~5 months of age, p53<° livers show evidence of
widespread parenchymal loss (h, necrotic areas bounded by dashed lines) signifying ongoing liver decompensation in
the absence of regeneration. Original magnifications; a, b, ¢, d, g, h and f, x62.5; e, x125. (D) Kaplan-Meier curve of
morbidity and mortality in WT and p5325/°%. Alb-Cre mice. Median survival of p5325°"°%: Alb-Cre mice; 147 days.
P < .0001 (Log Rank (Mantel Cox) test). (E) Ethidium-stained gels of Sq-PCR for p53, p21/Cdknla, Noxa,
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senescence markers (pI 5INKb and p16[N Kday and DAMPs (S100a8 and $100a9) in two 4-6 week old WT mice (lanes 1
and 2), two 4-6 week old p53QS mice with moderate disease (lanes 3 and 4) and two 4 month old p53QS mice with
advanced disease (lanes 4-6). (F) IHC with a phospho-RPS6523%/%)_specific antibody showing regional phospho-
RPS6"*®) staining in WT liver and pan-lobular staining in p532® livers. Original magnifications, x125. (AEC
Chromogen red, hematoxylin counterstain, blue). Scale bars for all images, 50

https://doi.org/10.1371/journal.pgen.1010595.9008
mice aged. While p53° livers showed evidence of mild hepatic dysplasia and focal necrosis at
~5-6 weeks of age (panel d of Fig 8C), livers became increasingly unstable over time as seen by
increasing hepatocyte heterogeneity in terms of size, nuclear morphology and degree of vacuo-
lization. Moreover, small foci of atrophic or dying hepatocytes that had been evident at 4-6
weeks continued to expand to encompass large swathes of the parenchyma suggesting that liv-
ers were beginning to fail (panels e, f, g, and h of Fig 8C). Indeed, all p53<° mice ultimately
became moribund, requiring euthanization at or before 6 months of age (median survival: 147
days. Fig 8D). Autopsies performed on three p53<° mice between 3-5 months of age revealed
hepatomegaly and abnormal liver growth with histological analysis showing that much of the
parenchyma had been replaced by small hepatoblast-like cells (panels a and b of S17 Fig). IHC
with the p53-specific antibody revealed that liver failure in p53?® mice was being driven by the
death of p53%-expressing hepatocytes with livers being repopulated by small immature cells
that failed to express the p53?® mutant (panels c and d of S17 Fig). Immunoprofiling of these
p53%-naive cells showed that all expressed MYC (panels e and f of S17 Fig), while a

subset also expressed EPCAM (panels g and h of S17 Fig) suggesting that p53<° livers were
being repopulated by maturation-arrested cells with immunoprofiles similar to, but distinct
from E9.5-E11.5 (EPCAM+) or E12-14 (EPCAM-) hepatoblasts.

The protracted viability of p53°-expressing hepatocytes together with the absence of any his-
tological evidence of regeneration in livers of young p53%° mice suggested the possibility that
hepatocytes were being driven into a state of cell-cycle arrest or senescence before livers failed. We
therefore performed Sq-PCR analysis of cell-cycle-, senescence- and apoptosis-associated genes
p21/Cdknla, p15/Ink4b, p16/Ink4a and Noxa in livers of mice at different ages and stages of dis-
ease to determine if this was the case and, if so, how changes in expression correlated with disease
as livers progressed from dysplasia to failure. Analysis showed that p21/Cdknla and Noxa were
elevated in p532° livers irrespective of age or stage of disease (Fig 8E), a finding that was unex-
pected given that the p53<® mutant is defective for transcriptional activation of both of these
genes [63]. p15/Ink4b and p16/Ink4a were also induced in p53% livers; however unlike p21/
Cdknla and Noxa, upregulation was only seen in end-stage livers containing immature p53%-
naive cells. In light of the fact that senescence can induce innate immunity and the SASP [67,68],
we analyzed mRNA expression of the DAMPs $100a8 and S100a9, both of which had been
induced in AS6 livers, and found that like Cdknla and Noxa, both were upregulated in p53<° liv-
ers independent of age or disease state (Fig 8E). Finally, given mTOR’s ability to promote senes-
cence and the SASP [69,70] we performed THC with the phospho-Rps6°*>****specific antibody
on sections of WT and dysplastic p53<° livers from 3 month old mice which revealed strong pan-
lobular phospho-Rps6 staining in p53?° liver indicating activation of mTOR/S6K signaling (Fig
8F). Taken together, these results show that while expression of p53%° mimics loss of Rps6 by
inhibiting bile duct development, hepatocytes tolerate p53%° much better than loss of Rps6 and
only die after a protracted period of cell-cycle arrest or senescence. Hepatocytes and biliary cells
thus diverge in their response to p53 stabilization or loss of Rps6.

Loss of p53 fails to improve liver disease in AS6 mice

Having determined that expression of p53%° mimicked the biliary, but not the hepatocyte
defect in AS6 livers, we sought to determine the extent to which each aspect of liver disease

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 21/47


https://doi.org/10.1371/journal.pgen.1010595.g008
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

depended on p53 by breeding Rps6™*/"*:Alb-Cre mice to p53-/- mice to generate mice with liv-
ers that were deficient for Rps6 and p53 (herein referred to as AS6:Ap53 mice). In setting
benchmarks that would be used to determine the impact of p53 loss on AS6-associated hepato-
cyte death, we turned to AS6:c-Myc mice as our rescue paradigm given that augmentation of
c-Myc in AS6 livers had preserved hepatocyte viability and corrected other hallmarks of
Rps6-insufficiency by restoring normal liver mass and neonatal growth, suppressing the
inflammatory signature and normalizing mTOR (Fig 7). Genotyping of progeny from the
appropriate matings designed to generate AS6:Ap53 mice showed that mice lacking both cop-
ies of p53 were again underrepresented in litters irrespective of Rps6 status. Body weight analy-
sis of WT, AS6 and AS6Ap53 mice between the ages of 4-6 weeks showed that AS6:Ap53 mice
remained underweight indicating that the loss of p53 did not correct the neonatal growth defi-
cit (Fig 9A). Moreover, although liver weights of half of the AS6:Ap53 mice remained within
the normal range, the mean liver weight of the group was not significantly different from either
AS6 mice or WT mice, suggesting that the impact of p53-nullizygosity on AS6-associated liver
hypoplasia was mixed (Fig 9A). Moreover, because %L/BW is a function of body weight and
liver weight, the skewing of AS6Ap53 liver weights towards normal coupled with their lower
body weights translated into %L/BW values that were normal, precluding us from reaching a
definitive conclusion as to whether loss of p53 impacted AS6-associated liver hypoplasia. In
light of this ambiguity, we turned to LFT's to determine if loss of p53 improved hepatic func-
tion in AS6 livers. Of the 4 biochemical markers used to assess function, only alkaline phospha-
tase, a marker of cholestasis, showed a modest improvement in the absence of p53, while total
bilirubin levels remained elevated and ALT and AST levels increased further indicating that
loss of p53 was exacerbating hepatocyte dysfunction, rather than improving it (S18 Fig). Histo-
logical evaluation of AS6:Ap53 livers also confirmed that loss of p53 failed to confer the level of
hepatoprotection afforded by c-Myc as livers were still being forced to regenerate (Fig 9B).
However, nodules were smaller and appeared less distinct than in AS6 livers (panels g and h of
Fig 9B), in large part due to lack of a robust dr that had accentuated nodule boundaries in AS6
livers (panels e and f of Fig 9B). Indeed, Sox9 IHC showed that while the cord-like streaming
and duct-forming properties of Sox9-positive cells in AS6 livers (panel b of S19A Fig) clearly
signified induction of a classical HPC-mediated-dr as a precursor to secondary bile duct devel-
opment [42], none of the Sox9-positive cells in AS6:Ap53 livers were becoming incorporated
into ductular structures (panels ¢ and d of S19A Fig). Biliary malformations in the form of
cysts in peri-portal areas (panel g of Fig 9B) and a paucity of normal Sox-9-expressing bile
ducts indicated that loss of p53 was failing to correct the biliary defect (S19A Fig). Analysis
showed that immature hepatoblast-like cells had also begun to accumulate in AS6:Ap53 livers
by 4-5 months of age, which in some cases, were either proliferating in distinct clusters or had
expanded to become the dominant cell-type (S19B Fig). Finally, sq-PCR analysis of p21/
Cdknla, Noxa and S100a9 mRNAs, all of which had been upregulated in AS6 livers and nor-
malized by c-Myc, showed that all remained elevated in AS6Ap53 livers (Fig 9C), while immu-
noblotting showed that loss of p53 also failed to blunt Rps6 phosphorylation (Fig 9D). By
showing that loss of p53 fails to significantly improve liver disease in AS6 mice, these results
indicate that liver disease in AS6 is either p53-independent, or that p53 is but one arm of a
much broader ribosomal stress response that drives disease in Rps6-deficient livers.

Discussion

The number of disparate human diseases that comprise the ribosomopathies illustrates the
breadth of the impact that dysfunctional ribosome biogenesis (RiBi) can have on almost every
organ system in the body. Using a conditional approach to delete the Rps6 gene in hepatoblasts
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Fig 9. Loss of p53 does not rescue the AS6-associated growth defect or hepatic dysfunction. (A) Graphs of body
weights, liver weights and % liver/body weights of 32-40 day old WT, AS6 and AS6Ap53 mice. P values: *P < .05, **P
<.01. NS; not significant (2-tailed unpaired Student’s ¢-test). (B) Photomicrographs of H&E stained sections of livers
from 4-5 week old WT, AS6, Ap53 and AS6Ap53 mice showing normal architecture and the presence of bile ducts in
WT (a, b) and Ap53 (c, d) livers and well defined nodules and a prominent dr in the AS6 liver (e, f). Note moderate
hepatocyte vacuolation in Ap53 livers (d). In the AS6Ap53 liver (g, h), nodules are present but are less defined due to
the absence of a prominent dr which accentuates nodular boundaries in AS6 livers. Normal bile ducts are absent and
biliary malformations are evident (arrow heads). Original magnifications; a, ¢, e and g (x 31.25; scale bars 100y), b, d, f
and h (x 250; scale bars 25p). (C) Ethidium stained gels of sq-PCR performed on cDNA prepared from individual WT,
AS6, Ap53 and AS6Ap53 livers. Note that loss of p53 fails to normalize the expression of any of the mRNAs induced in
AS6 livers including p21/Cdknla. (D) IHC of livers of WT (a), AS6 (b), AS6:c-Myc (c) and AS6Ap53 (d) mice with a
phospho-RPS65¢™23*/%)_specific antibody showing that mTOR activation in AS6 livers is suppressed by overexpression
of c-Myc, but not by loss of p53. Original magnifications; a, ¢, d (x62.5; scale bars, 100p), b (x125; scale bar 50y). (AEC
chromagen, red; hematoxylin counterstain, blue).

https://doi.org/10.1371/journal.pgen.1010595.9009

of the embryonic liver or mature hepatocytes of the adult liver, we show that Rps6 is required
for establishing and maintaining hepatic homeostasis and that during the perinatal period, a
significant reduction, but not total loss of Rps6 is sufficient to induce a ribosomopathy-like
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phenotype that manifests as severe neonatal hepatic hypoplasia and cholestasis with a predis-
position for tumor development. Moreover, deleting hepatic Rps6 prior to birth resulted in
significantly greater hepatic dysfunction than deleting it in adult liver, a result that likely
reflects a higher demand for RiBi during the first 4 weeks after birth; an energetically demand-
ing period whereby liver mass increases at its fastest rate as the neonate adapts to shifting met-
abolic demands that occur at birth and at weaning [71] as they transition to solid food while
bile duct development is being completed.

Our finding that hepatocytes are unable to survive without Rps6 contrasts with a previous
study showing that loss of Rps6 inhibits hepatocyte proliferation during regeneration [34].
However, this result is consistent with reports of hepatocyte degeneration and increased cell
turnover in livers lacking other RiBi-associated genes such as Dkc! (dyskerin) [72] or Sbds [73]
even though loss of Rps6 proved to be far more deleterious to the liver than loss of either Dkcl
or Sbds. Given that experimental phenotypes resulting from the loss of different RiBi genes
reflect their spatio-temporal expression as well as the choice of Cre driver [74] the differences
between our studies and those of Volarevic et al. [34] and Finch et al. [73] can, in part, be rec-
onciled by the fact that liver-specific Cre drivers that target genes in mature hepatocytes but
not biliary cells were used, precluding assessment of the potential impact of their loss on the
biliary compartment. As Rps6 is abundantly expressed in hepatocytes and biliary cells, our use
of Alb-Cre to delete Rps6 in hepatoblasts eliminated expression from both cell types, which
likely compounded disease by exposing Rps6-deficient hepatocytes that were already intrinsi-
cally sensitized to death to hepatotoxic levels of bile acids which had accumulated as a conse-
quence of the failure of AS6 livers to complete bile duct development. Importantly however,
the ductopenia and cholestasis in AS6 livers contrasts sharply with the absence of any biliary
abnormalities and relatively mild hepatic dysfunction observed in mice with Alb-Cre-medi-
ated depletion of Dkcl which, like Rps6, also activates p53 and disrupts rRNA processing [72].
As Alb-Cre has the potential to also extinguish expression of Dkcl in hepatoblasts, one possi-
ble explanation for the reported lack of biliary disease and generally milder phenotype in
Dkcl-deficient livers is that it is expressed in hepatocytes, but not in biliary cells such that loss
of hepatic Dkcl perturbs hepatocyte turnover, but is of no consequence for the biliary com-
partment. However, disparate phenotypes could also reflect the collateral loss of functions of
individual genes beyond their roles in RiBi. For instance, dyskerin is both a component of
small nucleolar ribonucleoprotein complexes and a constituent of the telomerase complex [75]
while Rps6 is a constituent of the 40S ribosome and a phosphorylation-dependent signaling
effector for several protein kinase cascades, most notably the rapamycin-sensitive S6K branch
of mTOR [44]. Given that the bulk of Rps6 in the majority of hepatocytes is phosphorylated,
we have yet to rule out the possibility that functions that depend on post-translational modifi-
cation of Rps6 downstream or independent of mTOR/S6K contribute to the loss of hepatocyte
viability in AS6 livers [44,76-79].

To our knowledge, inhibition of bile duct development has not been reported in any other
mouse models of genetically induced RiBi dysfunction. However, biliary disease in AS6 livers
is highly reminiscent of the neonatal intrahepatic cholestasis and jaundice that is seen in
patients with North American Indian Childhood Cirrhosis (NAIC) (OMIM #604901), a rare
autosomal recessive ribosomopathy associated with homozygous missense mutations
(R565W) in the Cirhinl1A-encoding gene CIRHIA/UTP4 [80]. Classification of NAIC as a
ribosomopathy is based on functional studies showing that the CIRHIA mutation disrupts
ribosome biogenesis by interfering with its ability to bind to NOL11, a component of the
human ribosomal small subunit (SSU) processome [81,82]. While a pathognomonic role for
the CIRHIA R565W mutation has yet to be formally demonstrated in vivo, compelling evi-
dence that bile duct development is indeed sensitive to perturbations in a subset of RiBi genes
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comes from experiments showing that morpholino-based depletion of CirhinlA in zebrafish
results in biliary defects and cholestasis secondary to failed maturation of the intrahepatic bile
ducts [83]. Although the mechanistic basis for the bile duct defect in AS6 livers remains to be
determined, we note that, unlike hepatocytes, none of the Rps6 that is expressed in biliary cells
is phosphorylated on Ser235/6 suggesting that the ductopenia is unlikely to reflect loss of
Rps6’s phosphorylation-dependent functions. However, the paucity of Sox9-expressing biliary
precursors and mature bile ducts in AS6 livers is strikingly similar to other models of RiBi dys-
function in which abnormal organ development stems from a deficiency of specific progenitor
cell types due to aberrant translation of critically required transcription factors or signaling
effectors that are normally translated at or near threshold levels [64,84,85]. Liver disease in
NAIC overlaps with the hepatic component of Alagille syndrome (AGS; OMIM #118450), an
autosomal dominant disease caused by mutations in the notch signaling effectors JAGI or
NOTCH?2 [86-88] or the transcription factor HNFI1B [89]. Overlap in hepatic phenotypes is
also seen between AS6 mice and mice harboring loss-of-function alleles in genes encoding
notch pathway signaling components [42,90-93] or certain liver-expressed transcription fac-
tors [40]. Given that bile duct development requires the highly coordinated and dynamic inter-
play between spatially-restricted transcription factors and signaling effectors of the notch,
TGEF-B, wnt and Hippo/YAP pathways [40], further work would determine if the cholangiopa-
thy in AS6 livers stems from the cell-autonomous impact of Rps6 loss on presumptive cholan-
giocytes as they transition from hepatoblasts, or reflects a broader disruption of pan-hepatic
gene expression or architecture such that the hepatic environment is no longer permissive for
bile duct development.

That AS6 livers were disproportionately small-for-size during the neonatal period, yet over-
grew and developed tumors as mice aged is reminiscent of the hypo- to hyper-proliferative
transition that precedes tumor development in a subset of human ribosomopathies [25-
27,94,95] and other experimental models of RiBi dysfunction [28,30,31,96-98]. While the fit-
ness constraint imposed by dysfunctional RiBi is known to trigger compensatory mechanisms
that not only limit the tissue damage caused by the death or senescence of cells exhibiting
nucleolar or proteotoxic stress, but also stimulate cell proliferation, this can lead to replica-
tional stress and inadvertently facilitate transformation as observed in DBA and SDS [99,100].
In considering what features of AS6 livers could render them tumor-prone, we were struck by
the fact that that 80% of the adenomas/tumors that we surveyed not only expressed Rps6 but
also demonstrated strong immunoreactivity for phospho-Rps6°">**'® relative to adjacent liver.
Given that mTOR activation and loss of p53 have both been reported to bypass or overcome
ribosomopathy-induced cell cycle arrest or apoptosis [101-103], a logical question is whether a
subset of tumors that develop in AS6 livers originate from Rps6-expressing/mTOR-activated
cells that persist after the regenerative phase and gain a growth advantage [101,104]. Experi-
mental evidence for mTOR being a driving force for malignant progression in AS6 and AS6:
APTEN livers comes from studies showing that chronic activation of mTOR is sufficient to
promote HCC in mice [105,106] and accelerates liver tumorigenesis in conjunction with
hyperactivated PI3K/Akt [107]. Moreover, studies using Rps6” "~ mice have shown that Rps6
phosphorylation facilitates Kras-dependent pancreatic cancer initiation [108] and Akt-driven
pancreatic B-cell tumorigenesis [109], suggesting that Rps6 phosphorylation may also contrib-
ute to tumor development in AS6 livers, together with, or independent of the broader pro-
oncogenic mTOR network.

A second feature of AS6 livers that we consider relevant for tumor development is the
inflammatory environment as indicated by the many cytokines and DAMPs that were upregu-
lated at the mRNA level. This signature implicated NF-xB and MAPK, both of which have pre-
viously been reported as being induced in several ribosomopathies [110-113] as mediators of
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inflammation, innate immunity activation and senescence. Inflammation is an established
driver of many cancers including those of the liver [114-118] and NF-«xB has been shown to
promote HCC in the setting of cholestatic-induced liver injury akin to that seen in AS6 livers
[119] as well as in the setting of Rpl22-deficiency via induction of the pluripotency factor
Lin28b [120]. NF-xB and MAPK can also indirectly facilitate tumor growth by inducing senes-
cence and the senescence-associated secretory phenotype or SASP [121-123] which stimulates
the production of mitogenic growth factors within the microenvironment [124,125].

The paradox of the hypo- to hyper-proliferative switch in ribosomopathies poses a problem
for physicians in that it remains to be seen if therapeutic regimens that are used to boost cell
proliferation or prevent death as a means to manage hypoplastic disease in young patients will
have unintended consequences later in life. Indeed, since L-Leucine was first shown to be
effective at mitigating ribosomopathy-associated growth defects in animal models [126,127],
this powerful mTOR activator has been considered as a possible therapeutic treatment for sev-
eral ribosomopathies [128-130] even though inhibition of mTOR has also been shown to alle-
viate ribosomopathy-associated proteotoxic stress [131]. Analogous to the idea of activating
mTOR to boost cell growth in ribosomopathies, our finding that a very modest overexpression
of c-Myc ameliorated many of the deleterious effects of Rps6-insufficiency in the liver suggests
that c-Myc augmentation may be yet another option for improving ribosomopathy-associated
cytopenias. However, given that the same level of c-Myc that provided hepatoprotection to
AS6 livers during the early phase of disease also accelerated tumor development in aged AS6:c-
Myc mice, further work is needed to determine the extent to which c-Myc’s hepatoprotective
or tumor-promoting activities are influenced by other factors that are impacted by Rps6 insuf-
ficiency such as mTOR activation [132] or inflammation [133]. Careful monitoring of any reg-
imens that rely on the activation of powerful growth stimulators such as mTOR or c-Myc will
likely be necessary to ensure that any therapeutic benefit is tilted in favor of “physiological”
growth promotion rather than oncogenic stimulation during the different phases of a
ribosomopathy.

The key question regarding stabilization of p53 in AS6 livers is to what extent it drives hepa-
tobiliary disease. Although p53 has occupied center stage as a major effector of the ribosomal
stress response [7,134], accumulating evidence indicates that that p53-dependent and -inde-
pendent mechanisms contribute to ribosomopathy-associated pathogenesis [17,21-23,135-
142]. Using a gain-of-function approach to investigate the role of p53 in AS6-associated liver
disease, we found that hepatoblast-specific stabilization of p53?® generally mimicked the cho-
langiopathy in AS6 livers but was unable to trigger the rapid or robust hepatocyte death that
drove neonatal AS6 livers towards near-catastrophic failure. Indeed hepatocytes tolerated
expression of p532° much better than loss of Rps6 and survived for several months longer
than their Rps6-deficient counterparts. While this contrasts with a study showing that p53<®
precisely phenocopies pigmentation defects caused by ribosomal protein mutations in vivo
[64], studies continue to reveal increasing complexity in the mechanisms by which p53 influ-
ences cell fate at the level of autocrine and paracrine signaling [143-148] meaning that the abil-
ity of p53 activation to mimic phenotypes induced by Rp-insufficiencies is likely to be highly
cell- and context-dependent. An example of this is seen in the liver whereby hepatocyte-spe-
cific depletion of p53’s negative regulator Mdm?2 induces widespread hepatocyte loss via apo-
ptosis, necrosis and senescence [149], while biliary-specific inactivation of Mdm2 induces
hepatocyte senescence via a paracrine mechanism involving hepatocyte-specific induction of
p21 and TGF-P [150]. This not only demonstrates how different cell types within a single tissue
can differ in their response to p53 stabilization but shows how the liver constantly senses the
p53 status of hepatocytes and biliary cells to relay autocrine or paracrine signals to the cell-
cycle or apoptotic machineries as a means to regulate hepatic homeostasis. While there is a
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clear distinction between the aforementioned Mdm2-deletion studies that describe phenotypes
stemming from stabilization of wild-type p53 in either hepatocytes or biliary cells of the adult
liver, and this study in which a hypomorphic p53 mutant is targeted to hepatoblasts of the
embryonic liver, all provide valuable insight into how inappropriate activation of p53 might
drive hepatobiliary disease while also indicating what arms of the p53 response might be
involved. Indeed, the very different fates of Mdm2-deficient hepatocytes which undergo rapid
death [149] and p53%°-expressing hepatocytes which do not, indicate that functions of p53
that are compromised in the p53<® mutant are important for determining whether hepatocytes
are driven towards arrest/senescence or die. Moreover, even though p53® is compromised for
transcriptional activation of p21 and noxa [62,63,151], both were upregulated in p53QS livers
suggesting that certain aspects of the phenotype are p53-independent. Future studies involving
the selective targeting of hypomorphic p53 mutants to either hepatocytes or cholangiocytes
will not only be important for determining how cell-autonomous and/or paracrine mecha-
nisms related to p53 signaling drive hepatic dysfunction, but should also help to establish
which arms of the p53 network are important for effecting arrest, senescence or death in each
cell type, information that will undoubtedly be useful for furthering our understanding of the
pathogenic underpinnings of liver disease.

Our results showing that loss of p53 not only failed to provide any major benefit to AS6 liv-
ers, but exacerbated certain aspects of liver dysfunction contrasts with reports of p53 deletion
rescuing other phenotypes driven by Rps6-haploinsufficiency in mice [45,46] or Cirhinl1A-
deficiency in zebrafish [83]. While we acknowledge that p53 likely mediates some aspect(s) of
AS6-associated liver dysfunction, we propose that rather than it being the sole driver, it is but
one arm of a broader stress response to Rps6-insufficiency such that the impact of p53 ablation
in the liver is masked. Indeed, although loss of p53 extends the viability of Rps6""/%* embryos,
it fails to correct the proliferative defect that is seen in the liver of these embryos [45] suggest-
ing that the liver may favor p53-independent mechanisms to limit cell proliferation or induce
death when RiBi is compromised. Furthermore, in reconciling why loss of p53 rescues hepatic
Cirhin1A- but not Rps6-deficiency, we note that hepatic dysfunction in Cirhin1A-deficient liv-
ers was confined to the biliary compartment even though Cirhin1A is reported to be expressed
in cholangiocytes and hepatocytes suggesting that hepatocytes do not require CirhinlA for
survival. Moreover, rRNA processing was disrupted in Rps6- but not Cirhin1A-deficient livers,
a difference that can perhaps be reconciled by the fact that processing of 30S pre-RNA requires
Rps6 phosphorylation [152] which is likely compromised in neonatal AS6 livers. Notwith-
standing the loss of RiBi-related and phosphorylation-dependent signaling functions of Rps6
[44,103], what effectors or mechanisms could be acting in concert with p53 to mediate
AS6-associated liver disease? On the basis of our results showing that overexpression of c-Myc
blocked hepatocyte death in AS6 livers and that down regulation of c-Myc contributes to hypo-
plastic disease in other models of RiBi dysfunction [59], downregulation of c-Myc may be a
possible mediator of the neonatal liver hypoplasia. Others include NF-xB which was not only
deemed activated in AS6 livers but which has emerged as a hub for orchestrating the nucleolar
stress response [153], and proteotoxic stress which promotes apoptosis as a consequence of
overwhelming the protein degradation machinery [131,154].

Lastly, we propose that intrinsic cell- and tissue-specific functions of p53 unrelated to ribo-
somal stress have the potential to influence the extent to which p53-nullizygosity can rescue
abnormalities caused by dysfunctional RiBi. For instance, although livers of young p53-/- mice
appear normal with respect to bile duct development, liver mass and lobular architecture,
hepatocytes become increasingly dysplastic as mice age. Moreover, as reported over 20 years
ago [155], almost all of the p53-null livers that we analyzed contained immature hepatoblast-
like cells suggesting that p53 may not only be required for restricting their unscheduled
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expansion in the adult liver, but may also regulate their differentiation. Other studies have also
identified a previously unappreciated hepatoprotective role for p53 by showing that p53-null
livers are more, not less susceptible to drug- or metabolic-induced injury [156-158]. Given
that the liver’s ability to respond to acute or chronic injury depends on the successful execution
of a regenerative program that can reconstitute functional hepatocytes and biliary cells in a
timely manner, rendering AS6 livers null for p53 could hamper their ability to fully repair the
damage caused by loss of Rps6, providing a plausible explanation as to why its loss not only
fails to rescue the AS6 phenotype, but as we saw, exacerbated it.

Our results suggest that future investigations into the role of RiBi in mammalian hepatobili-
ary development and disease are warranted. Although NAIC currently stands as the only ribo-
somopathy known to affect the liver, a subset of SDS patients present with persistent
cholestasis, biliary hamartomas or other indicators of hepatic disease [159-161]. Moreover,
Sbds-deficiency not only induces atrophy of the pancreas, but also of the liver [139], suggesting
that the liver may be more vulnerable in some of the ribosomopathies than previously appreci-
ated. A complete picture of the requirement for a fully functioning RiBi machinery in mamma-
lian hepatobiliary development and the consequences of its dysfunction for liver disease will
require a comprehensive analysis of RiBi gene expression in cholangiocytes and hepatocytes
coupled with conditional liver-specific targeting strategies that can drive expression down to a
sufficiently low level in one or both hepatic compartments in vivo or in organoids. Existing rp-
haploinsufficient mutants may also be useful for determining if livers are more susceptible to
drug-induced or metabolic stress; information that could help determine whether certain die-
tary or life-style factors or pharmacological interventions used in the clinical management of
ribosomopathy patients increase their risk of developing liver disease. Finally, although p53
has traditionally been viewed through the prism of tumor suppression, the fascinating new
area of research that has begun to implicate aberrant activation of p53 in a number of develop-
mental syndromes [143,162,163] raises the tantalizing question of whether defective RiBi or
unscheduled p53 activation accounts for any cholangiopathies that are currently without a
known etiology. The myriad of genes involved in the minting of ribosomes, together with the
ease of generating CRISPR-induced mutations, and advances in ribosome profiling and quan-
tifying protein synthesis in vivo lends itself to a virtually limitless number of experiments with
the potential to yield new insight into these fascinating diseases.

Materials and methods
Ethics statement

All experiments were conducted in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and with approval of the University of Texas
Southwestern Medical Center Institutional Animal Care and Use Committee (IACUC).

Mouse strains

6lox/lox LSL-Q25S26

Conditional Rps mice, Albumin-c-Myc mice and conditional Trp53 mice were
generously provided by George Thomas (Catalan Institute of Oncology, Barcelona, Spain),
Eric Sandgren (University of Wisconsin, Madison) and Laura Attardi (Stanford University)
respectively. Albumin-Cre (Speer6-ps1™8A1b-cral2IMen ok # 003574), Pten'™/"* (Pten™ ",
Stock # 004597) and p53-/- (Trp53tm1Tyj, Stock # 002101) mice were purchased from The Jack-
son Laboratory (Bar Harbor, ME). ApoE-rtTA:TRE2-Cre transgenic mice were generated as
described in S8 Fig. Mixed hybrid strain (C57Bl6/129/SJL) male and female mice were used
for all studies unless otherwise stated. Mice were housed in a conventional colony under stan-

dard 12 hour light/dark cycles and allowed access to water and chow ad libitum.
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Genotyping of mice and analysis and quantitation of recombination

Oligonucleotide sequences and conditions for PCR-genotyping of mouse strains and assess-
ment of Cre-mediated recombination of the loxp-flanked Rps6 and Pten alleles are shown in
S5 Table. Ethidium stained gels showing recombination were imaged using Image J software
[164]. To determine the % Rps6 recombination in livers, the intensity signal values for the
imaged Rps6'* (upper) band and the recombined AS6?*' (lower) band were added together to
produce an arbitrary value of 100%. The extent of recombination was determined by repre-
senting the signal value of the AS6% (lower) band as a percentage of the total.

Analysis of liver function

Peripheral blood was collected from the retro-orbital sinus using a heparinized glass capillary
tube. Biochemical analysis of liver function (ALT, AST, T-Bil and Alk-Phos) was performed by
UT Southwestern Medical Center’s Metabolic Phenotyping Core using a Vitros 250 bioanaly-
zer. Plasma was isolated from >3 individual mice/group.

Histopathology and immunohistochemistry (IHC)

Small pieces (~1cm x 1cm) of freshly harvested liver were immersion fixed in 10% neutral-
buffered formalin for 24-48 hours and processed to paraffin for sectioning at 5 microns for
routine H & E staining or IHC as previously described [165]. Primary and secondary antibod-
ies and reagents and conditions used for IHC are listed in S6 Table. Antigen retrieval (Retrie-
vagen A pH 6.0, BD Pharmingen) was performed in a microwave at 95°C for 10 minutes for
phospho-S6, total S6 and pan-CK, 20 minutes for p53 and 50 minutes for c-Myc IHC. All pri-
mary antibody incubations were performed overnight at 4°C except for c-Myc which was per-
formed for 48 hours at 4°C. All secondary antibody incubations were performed at room
temperature for 1-2 hours and slides were incubated with streptavidin horseradish peroxidase
(HRP) conjugate at room temperature for 20-60 minutes. 3-Amino-9-Ethylcarbazole (AEC)
chromagen was prepared as recommended by the manufacturer. After color development, sec-
tions were either immediately cover-slipped (no counterstain) or counterstained with Hema-

toxylin QS.

Analysis of apoptosis

Liver cell apoptosis was determined using the DeadEnd Colorimetric TUNEL System (Pro-
mega, Catalog #G7360) applied to de-paraffinized liver sections as recommended by the man-
ufacturer. For quantitation of the number of TUNEL-positive hepatocytes, at least 30-fields
per liver section were counted. Livers from at least three mice per genotype and age were
evaluated.

Bile duct and biliary epithelial cell (BEC) quantitation

To quantify the number of patent bile ducts per portal vein (bds/PV) in H&E stained sections,
10 portal veins (sampled from three or more animals for each genotype and age) were scored.
To quantify the number of Sox9+ biliary epithelial cells (BECs), livers from three mutant ani-
mals and three controls were examined and positive cells scored from at least ten portal tracts
per animal. Portal veins were identified by the presence of five or more biliary cells in the peri-
vascular region and associated bile ducts were counted. P values were calculated by Student’s
I-test.
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RNA isolation, Northern blotting and probe labeling

Total liver RNA was prepared using RNA STAT 60 (Fisher Scientific, Catalog # CS-111) as
previously described [165]. For Northern blotting, 12ug of total RNA was denatured at 50°C
with glyoxal before separating on a 1.5% agarose-formaldehyde gel using a vertical gel appara-
tus. Fractionated RNA was transferred to Hybond-N* membranes (GE Healthcare) overnight
and hybridized to [o-**P]dCTP radiolabeled cDNA probes prepared using a Random Primed
DNA labeling kit (Sigma, 11004760001). The following day membranes were washed and
exposed to Blue Lite Film (ISC BioExpress, F-9024) film with intensifying screens at -80°C for
8-24 hours, after which they were stripped and re-probed with a radiolabeled oligonucleotide
probe specific for 18S rRNA (5 GCCGTGCGTACTTAGACATGCATG 3’ corresponding to
nucleotides 50-73 of the rat ribosomal RNA gene) end-labeled with [y-**P]JATP using T4 poly-
nucleotide kinase (Fisher, Pittsburgh, PA) or a cyclophilin A-specific cDNA probe for assess-
ment of RNA loading. The 840bp cDNA probe for Rps6 was obtained by Notl/Sall digestion of
plasmid pCMV-Sport6 containing mouse Rps6 cDNA (ATCC Product # 10538869). The
4.8kb cDNA probe for mouse Myc was isolated and purified by digesting plasmid pSV-c-Myc-
1 (ATCC # 41029) with BamHI and Xbal. The 721bp mouse Ppia/cyclophilin A-specific probe
was obtained from Ambion (AM 7375).

mRNA expression analysis by semi-quantitative (sq) RT-PCR

1ul of cDNA synthesized from DNase 1-treated total liver RNA was used as a template for sq
PCR amplification using TAq Polymerase (Qiagen) and primers and conditions listed in S7
Table. Confirmation of differential expression was obtained by running half of the PCR prod-
uct on an agarose gel and quantifying relative band intensities using Image J software.

Analysis of rRNA processing

Pre-rRNA processing was analyzed by Northern blotting using 2 synthetic radiolabeled oligo-
nucleotide probes: ITS1 (5 CTCTCACCTCACTCCAGACACCTCGCTCCA 3'), which is
homologous to nucleotides 5977-6006 and ITS2 (5 ACCCACCGCAGCGGGTGACGC-
GATTGATCG 3') which is homologous to nucleotides 7036-7065 of the mouse 45S pre-ribo-
somal RNA (NCBI Ref. Seq. NR_046233.2). Blots were stripped and re-probed with a
radiolabeled oligonucleotide probe specific for 18S rRNA.

Preparation of proteins and immunoblotting

Preparation of total protein lysates was performed as previously described [47]. Nuclear and
cytoplasmic proteins were fractionated as follows; ~ 250mg of freshly isolated or previously
frozen (-80°C) liver was homogenized in 2.5 mls of ice-cold homogenization buffer (20mM
Tris-Cl (pH7.4), 2mM MgCl,, 0.25M sucrose, 10mM EDTA, 10mM EGTA, 0.2mM Na;VOy,,
1mM NaO,P,.10H,0, 10mM NaF containing protease inhibitors (cOmplete Protease Inhibitor
cocktail (Millipore Sigma, Catalog #11697498001), 0.4uM Microcystin LR (Millpore Sigma,
Catalog # 475815), 0.2uM Okadaic Acid (Enzo Life Sciences, Catalog # ALX-350-003-C100)
and 30ug/ml PMSF Millipore Sigma, Catalog # 10837091001) using a Dounce tissue grinder
and centrifuged at 1000 x g for 5 mins at 4°C. The supernatant and pellet were then processed
as follows. The supernatant was removed and re-centrifuged at 100,000 x g for 1 hour at 4°C,
after which the pellet was discarded and the supernatant (cytosolic fraction) aliquoted, snap
frozen in liquid N, and stored at -80°C. The pellet generated by the 1000 x g centrifugation
was washed and gently resuspended in 3 mls of homogenization buffer and re-centrifuged at
1000 x g for 5 minutes at 4°C. After discarding the supernatant, the pellet was gently re-
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suspended in 200ul of ice-cold nuclear extract buffer (20mM HEPES (free acid) NaOH
(pH7.6), 2.5% glycerol, 0.42M NaCl, 1.5mM MgCl,, ImM EDTA, ImM EGTA, 0.2mM
Na;VO,, 1mM NaO,P,.10H,0, 10mM NaF containing protease inhibitors (cOmplete Roche
Protease Inhibitor Cocktail), 0.5uM Microcystin LR, 0.25uM Okadaic acid and 30mg/ml
PMSF) and incubated at 4°C with gentle rocking for 45 minutes. Following centrifugation at
100,000 x g for 30 minutes at 4°C, the supernatant containing nuclear proteins was removed
and aliquoted, snap-frozen in liquid N, and stored at -80°C. Immunoblotting was conducted
as previously described [165]. 100 micrograms of protein (or 50 micrograms in the case of
abundant housekeeping proteins such as GADPH) was loaded per lane. Antibodies used for
immunoblotting are listed in S8 Table.

Imaging and quantitation

Ethidium bromide-stained gels, Northern blot and immunoblot films were imaged using
Image ] software. mRNA and protein levels were quantified by determining fold-changes after
normalizing signal intensities to cyclophilin A for sq-PCR cDNA analysis, 18S rRNA or cyclo-
philin A for Northern Blot analysis and GAPDH for immunoblot analysis.

Rapamycin treatment

5-6 week old WT and AS6 mice received 6 intrapertioneal (i.p) injections of rapamycin (Cal-

biochem, Catalog # 553210) (2.5mg/kg body weight) or vehicle (DMSO/saline) on day 1, 3, 5,

7,10 and 12. On day 13, mice were sacrificed and livers harvested for histology, IHC process-

ing and protein lysate preparation. 4 mice (2 WT and 2 AS6 mice) received vehicle and 6 mice
(3 WT and 3 AS6) mice received rapamycin.

Microarray analysis and bioinformatics

Microarray analysis of WT and AS6 livers was performed using cDNA generated from pooled
total liver RNA isolated from 3 individual WT and 3 individual AS6 male mice at 5 weeks of
age. cDNA was hybridized to Affymetrix Mouse 430 v2.0 GeneChips and data normalized
using the RMA procedure [166], followed by quantile normalization [167]. 235 differentially
expressed genes (up or downregulated >8 fold) were identified in AS6 livers. Gene association
network enrichment was performed using Ingenuity Pathway Analysis (IPA) (Ingenuity Sys-
tems, Inc. Redwood City, CA). The top 4 networks activated in AS6 liver (Cdknla, Jun/Sppl,
NF-kB and MAPK; S7 Fig) were obtained from the 235 differentially expressed genes with an
enrichment score of 38 to 36. Colored shapes (red: over-expression, green: under-expression)
represent genes within the differential gene list while open shapes represent genes are not on
the significant gene list but are associated with the network. Arrows represent positive regula-
tion of gene expression, with solid arrows indicating direct regulation, and broken arrows
indicating indirect regulation.

Supporting information

S1 Fig. Deletion of hepatic Rps6 stunts post-natal growth and causes neonatal hepatic
hypoplasia. (A-D) Graphs of post-natal body weights, liver weights and %Liver/Body weights
(%L/BWs) in WT and AS6 mice. In graphs (A and B) body weight values from post-natal day
1-15 (P1-P15) include male and female mice. From P21-24 onwards, graph A) represents val-
ues for males only while graph (B) represents values for females only. Gray boxes indicate ages
at which body weight in AS6 mice differs significantly from WT. For males (A), P values range
from .041 at P33-37 to .004 at P25-28. For females (B), P values range from .036 at P33-37 to <
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.0001 at P25-28. At P15, P =.0003; 2-tailed unpaired Student’s ¢ test. (C and D) Graphs of liver
weight (C) and %L/BW (D) in male WT and AS6 mice from P7-8 to P39. Gray boxes indicate
ages at which liver weight and %L/BW values in AS6 mice differ significantly from WT. For
liver weights (C), P values range from .016 at P21-25 to < .0001 at P15. For %L/BWs (D), P val-
ues range from .029 at P21-25 to .0028 at P27-32; 2- tailed unpaired Student’s -test.

(TIF)

S2 Fig. Incomplete Albumin-Cre-mediated deletion of Rps6 results in mosaicism for RPS6
expression across the neonatal liver. (A) Ethidium stained agarose gel showing PCR analysis
of recombination of the AS6“* allele (lower band) in control (WT) (Rp56l°x/ loxy (lane 1) and
AS6 (86" Alb-Cre) livers (lanes 2—11) at different ages from P1 to P37. Recombination
increases to a maximal level of ~50-60% by P37. (B) Graph showing quantitation of the gel
shown in A) representing the % of the recombined AS6% allele (lower band) relative to the
total signal in each lane (sum of the recombined (lower) AS6% band plus the non-recombined
$6'* allele (upper band)). (C) Northern blotting of 12 pg of total liver RNA from WT (lanes 1
and 2) and AS6 livers (lanes 3-6) with a p>*-radiolabeled Rps6-specific probe. After stripping,
the blot was incubated with a p>*-radiolabeled 18S rRNA probe. (D) Graph showing quantita-
tion of the Northern blot shown in (C) demonstrating that Rps6é mRNA levels are decreased by
50-60% in AS6 livers relative to WT. (E) IHC of a P15 WT liver (a) and 2 individual AS6 livers
(b and c) with an antibody that recognizes total RPS6 protein. RPS6 is expressed across the lob-
ule in WT liver at P15 (a), but becomes more restricted to periportal zone 1 as the liver
matures. Residual RPS6 protein is visible in the AS6 livers indicating that Alb-Cre-mediated
deletion is incomplete and regional across individual livers and varies between mice. A bile
infarct (*) is visible in the AS6 liver in (b). Original magnifications, all x 62.5. Scale bars; 100
AEC chromagen (red), hematoxylin counterstain (blue).

(TIF)

S3 Fig. Neonatal AS6 livers display hepatic dysfunction that only partially resolves with
age. Liver function tests (LFTs) performed on heparin-treated plasma isolated from > 4 con-
trol (Rps6’°x/ loxy and 4 AS6 (Rps6lox/ lox, Alb-Cre) mice at P32-36 and P57-60. While markers of
hepatocellular (ALT and AST) and biliary (Alk-Phos and T-Bil) dysfunction are all markedly
elevated in AS6 mice at P32-P36, hepatocellular dysfunction persists, while biliary function
improves as mice age (ALT, alanine aminotransferase; AST, aspartate aminotransferase; Alk-
Phos, alkaline phosphatase; T-Bil, total bilirubin). ****P < .0001, ***P.<0005, **P < .005, *P <
.05. (2-tailed unpaired Student’s -test).

(TIF)

S4 Fig. IHC profiling of AS6 livers identifies immature hepatocytes and HPC/oval cells as
constituents of regenerating nodules and the ductular reaction (dr) respectively. (A-D)
Photomicrographs of H & E stained WT and AS6 livers between P35-P42 at low (A, B) and
high (C, D) magnification showing regenerative nodules (n), (bounded by dotted lines) and
the ductular reaction (dr) in AS6 livers. E-X) Photomicrographs of P35-P42 WT and AS6 livers
after performing IHC for PCNA (e, f) and variety of markers known to be expressed in a cell-
type or location-dependent manner within the liver. IHC profiling confirms that nodules are
composed of highly proliferative AFP", HNF4B" immature hepatocytes (F, H), in contrast to
cells within the dr, which are HNF1B*, SOX9", pan-CK", TROP2" and EPCAM" (L, N, P, R,
T) consistent with an oval cell/HPC identity. Retention of f-catenin/CTNNBI at the mem-
brane of nodular hepatocytes (V) and the absence of staining of the hepatic -catenin target
GLUL (glutamine synthetase) in nodules (X) suggests that wnt signaling is not driving nodular
growth in AS6 livers. AEC Chromagen (red), hematoxylin counterstain (blue). Original
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magnifications: A, B (x75); C,D, O, P (x 112); E, F, W, X (x 62.5); G-N and Q-T (x 125); U, V
(x 250). Scale bar; 50
(TIF)

S5 Fig. Analysis of total and phosphorylated RPS6 protein in WT liver and regenerating
AS6 liver reveals differential mTOR activity in hepatocytes and biliary cells and that
RPS6-expressing cells participate in regeneration in AS6 livers. (A) IHC of WT (a-d) and
AS6 liver (e, f) with an antibody that recognizes total RPS6 irrespective of its phosphorylation
status (a, ¢, e) and one that recognizes RPS6 only when phosphorylated on the mTOR-depen-
dent Ser235/236 sites (b, d, f). In WT liver, although RPS6 is highly expressed in bile ducts (bd,
arrowhead) and throughout the parenchyma in a decreasing periportal-pericentral gradient (a,
<), phosphorylated—RPS6(Ser235 0 i largely restricted to periportal hepatocytes and is absent
from bile ducts (b, d). In AS6 liver, immature hepatocytes in nodules (n) and dr cells both
express abundant RPS6 (e), yet it is only phosphorylated in nodular hepatocytes (f). Original
magnifications: a, b, e, and f (x 112); c and d (x 225). Scales bars, 50y. (B) Western blot of pro-
teins isolated from WT (lanes 1 and 2) and AS6 livers (lanes 3 and 4) showing that mTOR sig-
naling to 4E-BP1 and RPS6 is hyper-activated in AS6 livers, while Akt signaling is not. The
absence of a visible p-RPS6°">**'® signal in W'T livers reflects a level of Ser235/6 phosphoryla-
tion in regenerating AS6 livers (lanes 3 and 4) that is much higher than in WT liver (lanes 1
and 2) necessitating a short exposure that is not sufficient to visualize the p-RPS6 signal in WT
liver. Phosphorylation of the mTOR target 4E-BP1 is indicated by an increase in the abun-
dance of the higher molecular weight (y) form of the protein in AS6 livers. (C and D). IHC (C)
and Western Blotting (D) of livers with the total (a-d) and phospho-RPS6(ser235/6) antibodies
(e, f) in vehicle (DMSO) (a, ¢, ) and rapamycin-treated (b, d, f) AS6 mice showing that RPS6
phosphorylation in nodules of AS6 livers is mMTOR-dependent. The residual signal in cells of
the dr in rapamycin-treated livers reflects the presence of RPS6 protein that is not phosphory-
lated on Ser235/6 (b, d). AEC chromagen (red), hematoxylin counterstain (blue). Original
magnifications: a, b, e and f (x 62.5); c and d (x 125). PV, portal vein; CV, central vein. Scale
bars, 50

(TIF)

S6 Fig. Rps6-deficiency induces p53 and disrupts rRNA processing. (A) Immunoblot of
total protein lysates prepared from 2 WT (lanes 1 and 2) and 2 AS6 livers (lanes 3 and 4),
p53-null Saos 2 cells (lane 5) and A431 cells that express high levels of mutant p53 (lane 6)
with a p53-specific antibody and a GAPDH-specific antibody for load control. Abundant p53
protein is visible in AS6 livers (upper band, lanes 3 and 4) and A431 cells (lane 6). A faster
migrating non-specific band (*) is present in all samples. (B) Photomicrographs of IHC of liver
sections from an adult SV40 T-antigen (SV40-TAg) transgenic mouse (a) and from WT (b, ¢)
and AS6 livers (d-g) at E17 and P7 incubated with a p53-specific antibody. p53 is stabilized in
the nuclei of hepatocytes expressing SV40-TAg (a) and in a subset of hepatoblasts in AS6 livers
in response to depletion of Rps6 (d-g). AEC chromogen (orange); no counterstain. Original
magnifications; a, d, e (x 125; scale bars, 50); b, ¢, f, g (x 250; scale bars, 25p). (C) Left: North-
ern blot of liver RNA from WT and AS6 mice hybridized to a radiolabeled ITS1 probe homolo-
gous to nucleotides 5977-6006 of the mouse 45S pre-ribosomal RNA (left) showing that Rps6
deficiency causes an rRNA processing defect that results in the accumulation of 30S rRNA and
a decrease in the amount of 21S rRNA, both of which are precursors of the mature 18S rRNA.
Right: Northern blot analysis of the same RNAs hybridized to a radiolabeled ITS2 probe
homologous to nucleotides 7026-7065 of the mouse 45S pre-ribosomal RNA showing
decreased abundance of 17S rRNA. Graphs were generated using Image ] to estimate fold-
changes in the abundance of rRNA species in AS6 livers relative to WT (assigned an arbitrary

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 33/47


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s006
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

value of 1).
(TIF)

S7 Fig. Hepatic Rps6-deficiency alters the expression of a large number of mRNAs. (A)
Scatter plot of the microarray data. (B) Ingenuity pathway analysis (IPA) of the microarray
data showing that loss of Rps6 activates hepatic gene expression programs associated with cell
cycle arrest/senescence (cdknla, MAPK), regeneration (jun/sppl) and inflammation/activa-
tion of innate immunity (NF-xB).

(TIF)

S8 Fig. Schematic of ApoE-rtTA and TRE-Cre transgenes used to generate ApoE-rtTA-
TRE-Cre transgenic mice. A 764bp fragment encoding the reverse tetracycline transactivator
rtTA-M2 cDNA was subcloned into the Mun I-Cla I sites of plasmid pLIV11 containing the
promoter, intron 1 and hepatic control region (HCR) of the human ApoE gene [50,168]. The
resulting 10.5kb ApoE-rtTA transgene was excised from unwanted vector sequences by diges-
tion with Sal I and Spe I. The TRE-Cre transgene was generated by subcloning a 1.1kb frag-
ment encoding the Cre recombinase into the BamHI-Xba 1 sites of plasmid TRE2 containing
the reverse tetracycline response element and minimal CMV promoter. The 2.8kb transgene
was excised from the plasmid by digestion with Xho I and Sap I. Both transgenes were co-
injected into one-cell embryos to generate ApoE-rtTA-TRE2-Cre bigenic mice in which liver-
specific expression of Cre is induced in hepatocytes following doxycycline administration.
(TIF)

S9 Fig. Analysis of recombination and mTOR and PI3K-dependent signaling in
AS6APTEN livers. (A) Ethidium stained agarose gel showing that the efficiency of recombina-
tion of either the AS6” or APTEN alleles is unaffected by the presence of the other in livers of
mice doubly deficient for Rps6 and PTEN. (B) Western blots of proteins prepared from livers
of 6-11 month old WT (lanes 1-3), AS6 (lanes 4-6), APTEN (lanes 7-9) and AS6APTEN
(lanes 10-12) mice with antibodies specific for total and phospho-specific forms of RPS6 and
AKT, PTEN and GAPDH (for load control). While RPS6, but not AKT is hyperphosphory-
lated in AS6 livers and AKT, but not RPS6, is hyperphosphorylated in APTEN livers, both are
hyperphosphorylated in AS6APTEN livers indicating co-activation of both mTOR and PI3K.
(C) Graphs showing Image ] quantitation of phospho-RPS65%**'®), phospho-AKT®***”® and
PTEN protein levels from western blots shown in (B).

(TIF)

S10 Fig. HPC/oval cells are the source of elevated c-Myc in AS6 livers. (A) Northern blot of
total liver RNA (12ug/lane) from WT (lanes 1 and 2) and AS6 mice (lanes 3-6) and an Albu-
min-c-Myc transgenic mouse. The blot was first incubated with a p>*-radiolabeled c-Myc-spe-
cific cDNA probe, followed by stripping and re-probing with an p**-radiolabeled cyclophilin
A-specific cDNA probe. Note that the size of the endogenous Myc transcript differs from that
transcribed from the Albumin-c-Myc transgene. (B) Graph of quantitation of relative Myc
mRNA levels in Northern Blot shown in A). With Myc expression in WT liver set at an arbi-
trary value of 1, Myc mRNA is elevated ~4-5-fold in AS6 livers, slightly less than that expressed
in livers of Albumin-c-Myc transgenic mice (~7-8-fold increase). (C) IHC with a c-Myc-spe-
cific antibody showing that MYC protein is undetectable in normal hepatocytes and biliary
cells (arrowheads) in WT liver (a, b), but is abundantly expressed in HPCs within the ductular
reaction (dr), but not regenerating nodules (n) of AS6 livers (c, d). Original magnifications; a,
¢ x125; scale bars 50y; b, d x312; scale bars, 25y (D) IHC of AS6 livers showing that MYC and
pan-cytokeratin (pan-CK) are specifically expressed in and co-localize to HPCs within the dr.
Original magnifications; a, b x 62.5; scale bars, 50u. For all IHC, AEC Chromagen (red) with
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hematoxylin counterstain (blue).
(TIF)

S11 Fig. Overexpression of c-Myc preserves hepatocyte viability, reduces injury and sup-
presses the expression of mRNAs associated with induction of NF-kB/innate immunity
signaling in AS6 livers. (A) Ethidium-stained agarose gels showing PCR genotyping of mice
(top 3 panels) and recombination of the AS6% allele (lower panel) in livers of WT, AS6, Alb-c-
Myc and AS6:c-Myc mice. By preserving hepatocyte viability, c-Myc overexpression inadver-
tently increases recombination of the AS6% allele from ~50% in AS6 mice (lanes 3 and 4) to
~80% in AS6:c-Myc mice (lanes 7 and 8). (B) Ethidium-stained agarose gel and graph of quan-
titation showing that the efficiency of recombination in AS6 livers (lanes 1-3) is augmented by
c-Myc overexpression (AS6:Myc livers, lanes 4-6) but not by loss of PTEN (AS6:APTEN livers,
lanes 7-10). (C) Northern Blot of 12ug of total RNA isolated from WT, AS6, Alb-c-Myc and
AS6:c-Myc livers with p**-radiolabeled probes specific for Rps6 (top panel), c-Myc (second
panel), 18S rRNA (third panel) and Ppia/cyclophilin A (bottom panel). Note that Rps6 mRNA
levels are lower in AS6:Myc livers (lanes 7 and 8) than in AS6 livers (lanes 3 and 4) reflecting
the higher number of Rps6-negative hepatocytes in AS6:c-Myc livers as a consequence of c-
Myc preserving hepatocyte viability. Note that the lower level of Rps6 in AS6:c-Myc livers has
also become limiting for 18S rRNA production. Quantitation of relative mRNA levels for Rps6
and 18S rRNA are shown in the graph below the blot. (D) Semi-quantitative (sq)-PCR of
cDNA prepared from WT, AS6, Alb-c-Myc and AS6:c-Myc liver. c-Myc normalizes the expres-
sion of a specific subset of mRNAs related to activation of NF-kB and innate immunity and
HPC-activation induced in response to loss of S6, but not classical p53 targets or imprinted
genes. Results reflect sq-PCR conducted on cDNA synthesized from total RNA isolated from
the livers of >3 individual mice of each genotype. (HPC, hepatic progenitor cell associated
genes; imp, imprinted genes).

(TIF)

$12 Fig. Overexpression of c-Myc rescues the neonatal growth defect and liver hypoplasia
in AS6 mice. (A) Graphs of body weights of male (top 2 graphs) and female (bottom 2 graphs)
WT, AS6, Alb-c-Myc (c-Myc) and AS6:c-Myc mice at different ages showing that body weights
of AS6:c-Myc mice are indistinguishable from WT mice between ~3 and 5.5 weeks of age, the
age at which AS6 mice show the greatest degree of growth retardation. (B) Graphs of % Liver/
body weights in males and females showing that overexpression of c-Myc in AS6 livers also res-
cues the liver hypoplasia associated with Rps6-insufficiency. Significance was calculated using
the 2-tailed unpaired Student’s t-test. Additional body weight analysis for one extra time point
for both males and females is shown in accompanying S4 Table.

(TIF)

$13 Fig. Overexpression of c-Myc in AS6 livers does not prevent overgrowth or tumor
development. (A) Graph of %L/BWs of WT, AS6, Alb-c-Myc and AS6:c-Myc mice at > 6
months of age showing that livers of AS6, Alb-c-Myc and AS6:c-Myc mice are all predisposed
to overgrow as they age. Mean %L/BWs (+/- SEM) (number of mice): WT (4.5 +/0.15)
(n=29); AS6 (7.8 +/- 0.59) (n = 34); Alb-c-Myc (9.1 (+/- 0.92) (n = 56); AS6:c-Myc (17.0 +/-
2.19) (n = 19). The statistical difference in %L/BWs between AS6:Myc and AS6 mice; P<

.0001, and between AS6:c-Myc mice and Alb-c-Myc mice; P = .002 (2 tailed unpaired Student’s
t-test). (B) Graph showing the % of WT, AS6, Alb-c-Myc and AS6:c-Myc mice at > 6 months
of age with % L/BWs in normal range (3.5-6%) or larger than normal (> 6%). Note that nearly
70% of AS6:c-Myc mice have %L/BWs of >10% indicative of moderate to extreme hepatomeg-
aly. The numbers at the top of each bar denote the % of mice of each genotype with livers
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within the indicated size ranges (data derived from %/L/BW values in A). (C) Kaplan-Meier
curve of tumor latency (% tumor-free mice) in WT, AS6, Alb-c-Myc and AS6:c-Myc mice. Age
at which 50% of mice of develop at least 1 tumor: AS6, 374 days; Alb-c-Myc, 373 days; AS6:
Alb-c-Myc; 334 days. AS6:c-Myc mice show a modest, but statistically significant decrease in
tumor latency relative to AS6 (P =.022) or Alb-c-Myc (P =.0003) mice (Log-rank (Mantel-
Cox) test).

(TIF)

S14 Fig. Hepatoblast-specific expression of p532° does not stunt neonatal growth or
induce liver hypoplasia and results in mild hepatic dysfunction that is not sufficient to
trigger regeneration. (A) Graph of body weights in WT and p53<° male mice from post-natal
day 8 (P8) to ~19 weeks showing that, in contrast to loss of Rps6, hepatoblast-specific expres-
sion of p532° does not stunt growth. P values range from .06 t0.79; 2-tailed unpaired Student’s
t-test. (B) Graph of %L/BW values in WT and p53<® male mice from P8 to ~18 weeks showing
that p53<® does not induce neonatal hepatic hypoplasia. p53%° livers do however demonstrate
a trend towards hepatomegaly as mice age, the extent to which varies between mice. P values
range from .08 to .71, except for P41-47 where P = .02 *; 2-tailed unpaired Student’s ¢-test. (C)
Photomicrographs of H&E stained livers from neonatal and young adult WT, p53<® and AS6
mice. At P7 and P15, p532° livers remain relatively normal and fail to demonstrate any of the
early pathophysiological signs of hepatic dysfunction seen in age-matched AS6 livers such as
feathery degeneration (fd) of hepatocytes (c) or biliary infarcts (*) (f). Evidence of biliary dys-
function, however, becomes apparent in p53%° livers as mice reach adulthood (bile infarcts, *)
(h), but unlike loss of Rps6 (i), it is not sufficient to trigger nodular regenerative growth (n) or
a dr. Original magnifications; all x 112.5; scale bars, 50.

(TTF)

S15 Fig. Partial resolution of liver dysfunction in p532° mice in the absence of an obvious
regenerative response. Liver function tests (LFTs) performed on plasma isolated from > 3
WT and p53?° mice at P28-35 and P49-60. While markers of hepatocellular (ALT and AST)
and biliary (Alk-Phos and T-Bil) dysfunction are all elevated in p532° mice at 4-5 weeks, all
show significant improvement by ~7-9 weeks of age despite the absence of an obvious regen-
erative response. P values were calculated using a 2-tailed unpaired Student’s ¢-test.

(TIF)

$16 Fig. Hepatoblast-specific expression of p532° inhibits bile duct development. (A)
SOX9 THC of livers from WT and p53<° mice at P8 and P15. p53?° livers have fewer SOX9-
positive cells and fail to form recognizable patent bile ducts (arrows). While at least 1 bile duct
is visible adjacent to the portal vein in WT liver at P8 and P15, only ductal plate remnants
remain in p53<® livers by P15 (arrowheads). Original magnifications; a,b x 125; scale bars, 50y;
¢,d x 250; scale bars, 25y; d,e x 78; scale bars, 50t). AEC chromagen, red; no counterstain. (B)
Graph showing quantitation of the number of SOX9-positive cells/portal vein (PV) in WT and
p53% livers at P8 and P15. Mean +/- SEM. p53?° livers have ~ 50% of the normal number of
SOX9-positive cells at P8 (22.5 vs 11.4; P < .0001) and at P15 (13.4 vs 7.5 P < .0001); 2 tailed
unpaired Student’s ¢-test). (C) Graph showing quantitation of the number of fully formed bile
ducts/PV in WT and p53% livers at P8 and P15. In contrast to WT livers which have an aver-
age of 1-2 fully formed bile ducts/PV at P8 and P15, p532® livers have <0.5 (P < .0001); 2
tailed unpaired Student’s ¢ test. Bars represent mean +/- SEM. (D) SOX9 IHC of 3 month old
age-matched WT (a) and p53<° livers (b-d) showing the abnormal expansion of SOX9-positive
cells around portal veins that are extending out into the parenchyma and attempting to form
bile ducts. Arrows indicate possible bile ducts in p53%° livers although they are small and
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barely patent. Hepatocyte heterogeneity is also evident with some hepatocytes having grossly
enlarged nuclei (arrowheads). Original magnifications, all x 125; scale bars 50y (inset in (a), x
250; scale bar, 25u). AEC chromagen, red; hematoxylin counterstain, blue.

(TIF)

$17 Fig. Liver failure in p53? mice is due to the loss of p53%-expressing hepatocytes with
livers becoming repopulated with immature liver cells that fail to express the p53%°
mutant. Photomicrographs of H&E stained sections (a, b) and IHC (c-h) of a p53QS liver from
a 4 month old mouse showing repopulation of the liver with immature liver cells that do not
express the p53%° mutant. In (a), the dashed lines represent borders between the immature
cells (small tightly packed cells with high nuclear:cytoplasmic ratio) and residual hepatocytes
adjacent to an area of hepatocyte necrosis (*). (b) Higher magnification of the immature cells
with a high nuclear to cytoplasmic ratio and “tiled” arrangement resembling E12-14 hepato-
blasts. (c) Low power image of p53 IHC of a p53%° liver that has lost most of its p53<® express-
ing hepatocytes that is being repopulated with immature cells that do not express the p53%°
mutant (arrows indicate several clusters of residual hepatocytes that still express abundant
p53% (dark staining nuclei)). (d) High power image of a p53%° liver showing p53%°-express-
ing hepatocytes (right of the dashed line) juxtaposed with small crowded p53<®-naive imma-
ture cells (left of the dashed line). Low (e and g) and high (f and h) power images of the same
p53% liver shown in a-d stained with an antibody specific for MYC (e, f) or EPCAM (g, h).
While virtually all of the immature cells show abundant nuclear expression of MYC (e, f), only
a subset show membrane expression of EPCAM (g, h) suggesting that livers are being repopu-
lated by immature hepatic cells that have most likely been stalled at various stages of differenti-
ation. Original magnifications; a) x 62.5, b) x 250, ¢, e, g) x 32.5, d, f, h) x 375. Scale bars; a)
100y, b) 50y, ¢, e, g) 200y, d, £, h) 25u. AEC chromagen, red/brown; hematoxylin counterstain,
blue.

(TIF)

S18 Fig. Co-deletion of p53 fails to significantly improve and even exacerbates liver dys-
function in AS6 livers. Liver function tests (LFTs) performed on heparin-treated plasma iso-
lated from 32-40 day old WT, AS6 and AS6:Ap53 mice (n = >5). Values represent mean +/-
SEM. While markers of biliary dysfunction either improved slightly (Alk-Phos) or remained
the same (T-Bil), deletion of p53 exacerbated hepatocellular dysfunction in AS6 livers as seen
by hyper-elevation of ALT and AST. **** P < .0001; all other P values as stated; 2-tailed
unpaired Student’s ¢-test.

(TIF)

S19 Fig. Loss of p53 does not restore bile duct development in Rps6-deficient livers. (A)
IHC of livers from ~5 week old WT (a), AS6 (b) and AS6Ap53 (c and d) mice with a SOX9-spe-
cific antibody. Normal bile ducts in WT liver (a) are indicated (arrow heads), while an active
ductular reaction (dr) composed of SOX9-positive cells attempting to form bile ducts is evi-
dent in regenerating AS6 livers (b). In AS6Ap53 livers, abundant SOX9-positive cells in the
vicinity of portal veins radiate out into the parenchyma, but do not appear to be attempting to
form bile ducts or ductules (c and d). AEC Chromagen (red/orange); no counterstain. Original
magnifications, all x 112.5. All scale bars, 50p. (B) H & E stained liver sections from a 4 month
old (a and b) or 5 month old (c and d) AS6Ap53 mouse showing re-population of the paren-
chyma with immature hepatoblast-like cells. Original magnifications, x 62.5 (a and c); x 250 (b
and d). Scale bars, 100u (a and c); 50y (b and d).

(TIF)
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$20 Fig. Hepatobiliary disease induced by Rps6 insufficiency is rescued by increasing the
level of hepatic c-Myc but not by loss of p53 and is only partially mimicked by liver-specific
expression of p53%°. (A) Schematic showing that Albumin-Cre-mediated deletion of Rps6 in
the liver stabilizes p53, delays neonatal growth and results in hypoplastic liver development by
inhibiting bile duct development and inducing hepatocyte death. Despite being severely
runted and jaundiced as neonates, biliary function improves and livers regenerate allowing
adult AS6 mice to reach normal size. With age, however, AS6 livers are predisposed to over-
grow and develop tumors, which is accelerated by loss of the tumor-suppressor PTEN. While
the neonatal growth defect and hepatobiliary disease are both significantly improved by bol-
stering the level of c-Myc in AS6 livers, loss of p53 fails to ameliorate and even exacerbates
aspects of AS6-associated liver disease. (B) Schematic showing that Albumin-Cre-mediated
expression of an MDM2-resistant p53 mutant (p532°) mimics the bile duct defect but not the
hepatocyte defect in AS6 livers resulting in a normal rate of post-natal growth and normal
sized livers. In contrast to Rps6-deficient heptocytes which die, p53?° expressing hepatocytes
remain viable but enter a prolonged period of cell cycle arrest/senescence that later results in
liver failure due to the eventual loss of p53%°-expressing hepatocytes.

(TIF)
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(XLSX)

§3 Table. Incidence of prominent histopathology features of ASGAPTEN mice.
(XLSX)

S4 Table. Body weights of WT AS6 c-Myc & AS6:c-Myc mice.

(XLSX)

S5 Table. Oligonucleotide Primers for Genotyping.
(XLSX)

S6 Table. Antibodies reagents and IHC Conditions.
(XLSX)

S$7 Table. Primers for sq-RT-PCR.

(XLSX)

S8 Table. Antibodies used for Immunoblotting.
(XLSX)

§9 Table. Raw Datasets for Figs 1-9 Graphs.
(XLSX)

$10 Table. Raw Datasets for S1-S20 Figs Graphs.
(XLSX)

Acknowledgments

lox/lox

We sincerely thank Dr. George Thomas for providing Rps6
for providing Trp53-St-Q25526l0x/lox e We also thank Dr. Owen Sampson (Beatson Institute,
Glasgow, UK) for sharing c-Myc IHC protocols and John Shelton and UTSW’s Histopathology
Core Facility for tissue processing, instruction and valuable discussions.

mice and Dr. Laura Attardi

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 38/47


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s020
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s021
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s022
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s023
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s024
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s025
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s026
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s027
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s028
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s029
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010595.s030
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

Author Contributions

Conceptualization: Sarah A. Comerford, Robert E. Hammer.

Formal analysis: Sarah A. Comerford, Yidong Chen, Robert E. Hammer.

Funding acquisition: Robert E. Hammer.

Investigation: Sarah A. Comerford, Elizabeth A. Hinnant, Yidong Chen, Robert E. Hammer.
Methodology: Sarah A. Comerford, Robert E. Hammer.

Project administration: Sarah A. Comerford, Robert E. Hammer.

Resources: Sarah A. Comerford, Elizabeth A. Hinnant.

Software: Yidong Chen.

Supervision: Sarah A. Comerford, Robert E. Hammer.

Visualization: Sarah A. Comerford, Yidong Chen.

Writing - original draft: Sarah A. Comerford.

Writing - review & editing: Sarah A. Comerford, Yidong Chen, Robert E. Hammer.

References

1. Bassler J, Hurt E. Eukaryotic Ribosome Assembly. Annu Rev Biochem. 2019; 88:281-306. https://doi.
org/10.1146/annurev-biochem-013118-110817 PMID: 30566372

2. Bohnsack KE, Bohnsack MT. Uncovering the assembly pathway of human ribosomes and its emerg-
ing links to disease. EMBO J. 2019; 38(13):e100278. https://doi.org/10.15252/embj.2018100278
PMID: 31268599

3. Lambertsson A. The minute genes in Drosophila and their molecular functions. Adv Genet. 1998;
38:69-134. https://doi.org/10.1016/s0065-2660(08)60142-x PMID: 9677706

4. Freed EF, Bleichert F, Dutca LM, Baserga SJ. When ribosomes go bad: diseases of ribosome biogen-
esis. Mol Biosyst. 2010; 6(3):481-93. https://doi.org/10.1039/b919670f PMID: 20174677

5. Mills EW, Green R. Ribosomopathies: There’s strength in numbers. Science. 2017; 358(6363). https://
doi.org/10.1126/science.aan2755 PMID: 29097519

6. Narla A, Ebert BL. Ribosomopathies: human disorders of ribosome dysfunction. Blood. 2010; 115
(16):3196—205. https://doi.org/10.1182/blood-2009-10-178129 PMID: 20194897

7. Fumagalli S, Thomas G. The role of p53 in ribosomopathies. Semin Hematol. 2011; 48(2):97-105.
https://doi.org/10.1053/j.seminhematol.2011.02.004 PMID: 21435506

8. KangJ, Brajanovski N, Chan KT, Xuan J, Pearson RB, Sanij E. Ribosomal proteins and human dis-
eases: molecular mechanisms and targeted therapy. Signal Transduct Target Ther. 2021; 6(1):323.
https://doi.org/10.1038/s41392-021-00728-8 PMID: 34462428

9. Warner JR, Mclntosh KB. How common are extraribosomal functions of ribosomal proteins? Mol Cell.
2009; 34(1):3—11. https://doi.org/10.1016/j.molcel.2009.03.006 PMID: 19362532

10. Ruggero D, Shimamura A. Marrow failure: a window into ribosome biology. Blood. 2014; 124
(18):2784-92. https://doi.org/10.1182/blood-2014-04-526301 PMID: 25237201

11. Trainor PA, Merrill AE. Ribosome biogenesis in skeletal development and the pathogenesis of skeletal
disorders. Biochim Biophys Acta. 2014; 1842(6):769-78. https://doi.org/10.1016/j.bbadis.2013.11.010
PMID: 24252615

12. Warren AJ. Molecular basis of the human ribosomopathy Shwachman-Diamond syndrome. Adv Biol
Regul. 2018; 67:109-27. https://doi.org/10.1016/j.jbior.2017.09.002 PMID: 28942353

13. Giriffin JN, Sondalle SB, Robson A, Mis EK, Giriffin G, Kulkarni SS, et al. RPSA, a candidate gene for
isolated congenital asplenia, is required for pre-rRNA processing and spleen formation in Xenopus.
Development. 2018; 145(20). https://doi.org/10.1242/dev.166181 PMID: 30337486

14. McElreavey K, Jorgensen A, Eozenou C, Merel T, Bignon-Topalovic J, Tan DS, et al. Pathogenic vari-
ants in the DEAH-box RNA helicase DHX37 are a frequent cause of 46,XY gonadal dysgenesis and
46,XY testicular regression syndrome. Genet Med. 2019. https://doi.org/10.1038/s41436-019-0606-y
PMID: 31337883

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 39/47


https://doi.org/10.1146/annurev-biochem-013118-110817
https://doi.org/10.1146/annurev-biochem-013118-110817
http://www.ncbi.nlm.nih.gov/pubmed/30566372
https://doi.org/10.15252/embj.2018100278
http://www.ncbi.nlm.nih.gov/pubmed/31268599
https://doi.org/10.1016/s0065-2660%2808%2960142-x
http://www.ncbi.nlm.nih.gov/pubmed/9677706
https://doi.org/10.1039/b919670f
http://www.ncbi.nlm.nih.gov/pubmed/20174677
https://doi.org/10.1126/science.aan2755
https://doi.org/10.1126/science.aan2755
http://www.ncbi.nlm.nih.gov/pubmed/29097519
https://doi.org/10.1182/blood-2009-10-178129
http://www.ncbi.nlm.nih.gov/pubmed/20194897
https://doi.org/10.1053/j.seminhematol.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21435506
https://doi.org/10.1038/s41392-021-00728-8
http://www.ncbi.nlm.nih.gov/pubmed/34462428
https://doi.org/10.1016/j.molcel.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19362532
https://doi.org/10.1182/blood-2014-04-526301
http://www.ncbi.nlm.nih.gov/pubmed/25237201
https://doi.org/10.1016/j.bbadis.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24252615
https://doi.org/10.1016/j.jbior.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28942353
https://doi.org/10.1242/dev.166181
http://www.ncbi.nlm.nih.gov/pubmed/30337486
https://doi.org/10.1038/s41436-019-0606-y
http://www.ncbi.nlm.nih.gov/pubmed/31337883
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Deisenroth C, Zhang Y. Ribosome biogenesis surveillance: probing the ribosomal protein-Mdm2-p53
pathway. Oncogene. 2010; 29(30):4253-60. https://doi.org/10.1038/onc.2010.189 PMID: 20498634

Zhang Y, Lu H. Signaling to p53: ribosomal proteins find their way. Cancer Cell. 2009; 16(5):369-77.
https://doi.org/10.1016/j.ccr.2009.09.024 PMID: 19878869

Donati G, Montanaro L, Derenzini M. Ribosome biogenesis and control of cell proliferation: p53 is not
alone. Cancer Res. 2012; 72(7):1602—7. https://doi.org/10.1158/0008-5472.CAN-11-3992 PMID:
22282659

Hamabata T, Umeda K, Kouzuki K, Tanaka T, Daifu T, Nodomi S, et al. Pluripotent stem cell model of
Shwachman-Diamond syndrome reveals apoptotic predisposition of hemoangiogenic progenitors. Sci
Rep. 2020; 10(1):14859. https://doi.org/10.1038/s41598-020-71844-8 PMID: 32908229

James A, Wang Y, Raje H, Rosby R, DiMario P. Nucleolar stress with and without p53. Nucleus. 2014;
5(5):402—26. https://doi.org/10.4161/nucl.32235 PMID: 25482194

Narla A, Payne EM, Abayasekara N, Hurst SN, Raiser DM, Look AT, et al. L-Leucine improves the
anaemia in models of Diamond Blackfan anaemia and the 5g- syndrome in a TP53-independent way.
Br J Haematol. 2014; 167(4):524-8. https://doi.org/10.1111/bjh.13069 PMID: 25098371

Russo A, Russo G. Ribosomal Proteins Control or Bypass p53 during Nucleolar Stress. Int J Mol Sci.
2017;18(1).

Singh SA, Goldberg TA, Henson AL, Husain-Krautter S, Nihrane A, Blanc L, et al. p53-Independent
cell cycle and erythroid differentiation defects in murine embryonic stem cells haploinsufficient for Dia-
mond Blackfan anemia-proteins: RPS19 versus RPL5. PLoS One. 2014; 9(2):e89098. https://doi.org/
10.1371/journal.pone.0089098 PMID: 24558476

Watt KEN, Neben CL, Hall S, Merrill AE, Trainor PA. tp53-dependent and independent signaling
underlies the pathogenesis and possible prevention of Acrofacial Dysostosis-Cincinnati type. Hum Mol
Genet. 2018; 27(15):2628-43. https://doi.org/10.1093/hmg/ddy172 PMID: 29750247

Boutelle AM, Attardi LD. p53 and Tumor Suppression: It Takes a Network. Trends Cell Biol. 2021; 31
(4):298-310. https://doi.org/10.1016/j.tcb.2020.12.011 PMID: 33518400

De Keersmaecker K, Sulima SO, Dinman JD. Ribosomopathies and the paradox of cellular hypo- to
hyperproliferation. Blood. 2015; 125(9):1377-82. https://doi.org/10.1182/blood-2014-10-569616
PMID: 25575543

Luft F. The rise of a ribosomopathy and increased cancer risk. J Mol Med (Berl). 2010; 88(1):1-3.
https://doi.org/10.1007/s00109-009-0570-0 PMID: 20012593

Sulima SO, Kampen KR, De Keersmaecker K. Cancer Biogenesis in Ribosomopathies. Cells. 2019; 8
(8). https://doi.org/10.3390/cells8030229 PMID: 30862070

Stewart MJ, Denell R. Mutations in the Drosophila gene encoding ribosomal protein S6 cause tissue
overgrowth. Mol Cell Biol. 1993; 13(4):2524-35. https://doi.org/10.1128/mcb.13.4.2524-2535.1993
PMID: 8384310

Torok I, Herrmann-Horle D, Kiss |, Tick G, Speer G, Schmitt R, et al. Down-regulation of RpS21, a
putative translation initiation factor interacting with P40, produces viable minute imagos and larval
lethality with overgrown hematopoietic organs and imaginal discs. Mol Cell Biol. 1999; 19(3):2308-21.
https://doi.org/10.1128/MCB.19.3.2308 PMID: 10022917

Amsterdam A, Sadler KC, Lai K, Farrington S, Bronson RT, Lees JA, et al. Many ribosomal protein
genes are cancer genes in zebrafish. PLoS Biol. 2004; 2(5):E139. https://doi.org/10.1371/journal.pbio.
0020139 PMID: 15138505

Lai K, Amsterdam A, Farrington S, Bronson RT, Hopkins N, Lees JA. Many ribosomal protein muta-
tions are associated with growth impairment and tumor predisposition in zebrafish. Dev Dyn. 2009;
238(1):76-85. https://doi.org/10.1002/dvdy.21815 PMID: 19097187

Maclnnes AW, Amsterdam A, Whittaker CA, Hopkins N, Lees JA. Loss of p53 synthesis in zebrafish
tumors with ribosomal protein gene mutations. Proc Natl Acad Sci U S A. 2008; 105(30):10408—13.
https://doi.org/10.1073/pnas.0805036105 PMID: 18641120

Stanger BZ. Cellular homeostasis and repair in the mammalian liver. Annu Rev Physiol. 2015;
77:179-200. https://doi.org/10.1146/annurev-physiol-021113-170255 PMID: 25668020

Volarevic S, Stewart MJ, Ledermann B, Zilberman F, Terracciano L, Montini E, et al. Proliferation, but
not growth, blocked by conditional deletion of 40S ribosomal protein S6. Science. 2000; 288
(5473):2045-7. https://doi.org/10.1126/science.288.5473.2045 PMID: 10856218

Postic C, Shiota M, Niswender KD, Jetton TL, Chen Y, Moates JM, et al. Dual roles for glucokinase in
glucose homeostasis as determined by liver and pancreatic beta cell-specific gene knock-outs using
Cre recombinase. J Biol Chem. 1999; 274(1):305-15. https://doi.org/10.1074/jbc.274.1.305 PMID:
9867845

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 40/ 47


https://doi.org/10.1038/onc.2010.189
http://www.ncbi.nlm.nih.gov/pubmed/20498634
https://doi.org/10.1016/j.ccr.2009.09.024
http://www.ncbi.nlm.nih.gov/pubmed/19878869
https://doi.org/10.1158/0008-5472.CAN-11-3992
http://www.ncbi.nlm.nih.gov/pubmed/22282659
https://doi.org/10.1038/s41598-020-71844-8
http://www.ncbi.nlm.nih.gov/pubmed/32908229
https://doi.org/10.4161/nucl.32235
http://www.ncbi.nlm.nih.gov/pubmed/25482194
https://doi.org/10.1111/bjh.13069
http://www.ncbi.nlm.nih.gov/pubmed/25098371
https://doi.org/10.1371/journal.pone.0089098
https://doi.org/10.1371/journal.pone.0089098
http://www.ncbi.nlm.nih.gov/pubmed/24558476
https://doi.org/10.1093/hmg/ddy172
http://www.ncbi.nlm.nih.gov/pubmed/29750247
https://doi.org/10.1016/j.tcb.2020.12.011
http://www.ncbi.nlm.nih.gov/pubmed/33518400
https://doi.org/10.1182/blood-2014-10-569616
http://www.ncbi.nlm.nih.gov/pubmed/25575543
https://doi.org/10.1007/s00109-009-0570-0
http://www.ncbi.nlm.nih.gov/pubmed/20012593
https://doi.org/10.3390/cells8030229
http://www.ncbi.nlm.nih.gov/pubmed/30862070
https://doi.org/10.1128/mcb.13.4.2524-2535.1993
http://www.ncbi.nlm.nih.gov/pubmed/8384310
https://doi.org/10.1128/MCB.19.3.2308
http://www.ncbi.nlm.nih.gov/pubmed/10022917
https://doi.org/10.1371/journal.pbio.0020139
https://doi.org/10.1371/journal.pbio.0020139
http://www.ncbi.nlm.nih.gov/pubmed/15138505
https://doi.org/10.1002/dvdy.21815
http://www.ncbi.nlm.nih.gov/pubmed/19097187
https://doi.org/10.1073/pnas.0805036105
http://www.ncbi.nlm.nih.gov/pubmed/18641120
https://doi.org/10.1146/annurev-physiol-021113-170255
http://www.ncbi.nlm.nih.gov/pubmed/25668020
https://doi.org/10.1126/science.288.5473.2045
http://www.ncbi.nlm.nih.gov/pubmed/10856218
https://doi.org/10.1074/jbc.274.1.305
http://www.ncbi.nlm.nih.gov/pubmed/9867845
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Sparks EE, Huppert KA, Brown MA, Washington MK, Huppert SS. Notch signaling regulates formation
of the three-dimensional architecture of intrahepatic bile ducts in mice. Hepatology. 2010; 51(4):1391—
400. https://doi.org/10.1002/hep.23431 PMID: 20069650

Nakagaki BN, Mafra K, de Carvalho E, Lopes ME, Carvalho-Gontijo R, de Castro-Oliveira HM, et al.
Immune and metabolic shifts during neonatal development reprogram liver identity and function. J
Hepatol. 2018; 69(6):1294-307. https://doi.org/10.1016/j.jhep.2018.08.018 PMID: 30171870

Ober EA, Lemaigre FP. Development of the liver: Insights into organ and tissue morphogenesis. J
Hepatol. 2018; 68(5):1049-62. https://doi.org/10.1016/j.jhep.2018.01.005 PMID: 29339113

Woolbright BL, Antoine DJ, Jenkins RE, Bajt ML, Park BK, Jaeschke H. Plasma biomarkers of liver
injury and inflammation demonstrate a lack of apoptosis during obstructive cholestasis in mice. Toxicol
Appl Pharmacol. 2013; 273(3):524-31. https://doi.org/10.1016/j.taap.2013.09.023 PMID: 24096036

Lemaigre FP. Development of the Intrahepatic and Extrahepatic Biliary Tract: A Framework for Under-
standing Congenital Diseases. Annu Rev Pathol. 2020; 15:1-22. https://doi.org/10.1146/annurev-
pathmechdis-012418-013013 PMID: 31299162

Desmet V, Roskams T, Van Eyken P. Ductular reaction in the liver. Pathol Res Pract. 1995; 191
(6):513—-24. https://doi.org/10.1016/s0344-0338(11)80870-8 PMID: 7479372

Falix FA, Weeda VB, Labruyere WT, Poncy A, de Waart DR, Hakvoort TB, et al. Hepatic Notch2 defi-
ciency leads to bile duct agenesis perinatally and secondary bile duct formation after weaning. Dev
Biol. 2014; 396(2):201—13. https://doi.org/10.1016/}.ydbio.2014.10.002 PMID: 25446530

Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing and disease. Nat Rev Mol Cell
Biol. 2020; 21(4):183-203. https://doi.org/10.1038/s41580-019-0199-y PMID: 31937935

Meyuhas O. Ribosomal Protein S6 Phosphorylation: Four Decades of Research. Int Rev Cell Mol Biol.
2015; 320:41-73. https://doi.org/10.1016/bs.ircmb.2015.07.006 PMID: 26614871

Panic L, Montagne J, Cokaric M, Volarevic S. S6-haploinsufficiency activates the p53 tumor suppres-
sor. Cell Cycle. 2007; 6(1):20—4. https://doi.org/10.4161/cc.6.1.3666 PMID: 17245121

Sulic S, Panic L, Barkic M, Mercep M, Uzelac M, Volarevic S. Inactivation of S6 ribosomal protein
gene in T lymphocytes activates a p53-dependent checkpoint response. Genes Dev. 2005; 19
(24):3070-82. https://doi.org/10.1101/gad.359305 PMID: 16357222

Comerford SA, Schultz N, Hinnant EA, Klapproth S, Hammer RE. Comparative analysis of SV40 17kT
and LT function in vivo demonstrates that LT’s C-terminus re-programs hepatic gene expression and
is necessary for tumorigenesis in the liver. Oncogenesis. 2012; 1:e28. https://doi.org/10.1038/oncsis.
2012.27 PMID: 23552841

Li MK, Crawford JM. The pathology of cholestasis. Semin Liver Dis. 2004; 24(1):21-42. https://doi.org/
10.1055/s-2004-823099 PMID: 15085484

Baron U, Gossen M, Bujard H. Tetracycline-controlled transcription in eukaryotes: novel transactiva-
tors with graded transactivation potential. Nucleic Acids Res. 1997; 25(14):2723-9. https://doi.org/10.
1093/nar/25.14.2723 PMID: 9207017

Simonet WS, Bucay N, Lauer SJ, Taylor JM. A far-downstream hepatocyte-specific control region
directs expression of the linked human apolipoprotein E and C-1 genes in transgenic mice. J Biol
Chem. 1993; 268(11):8221-9. PMID: 7681840

Horie Y, Suzuki A, Kataoka E, Sasaki T, Hamada K, Sasaki J, et al. Hepatocyte-specific Pten defi-
ciency results in steatohepatitis and hepatocellular carcinomas. J Clin Invest. 2004; 113(12):1774-83.
https://doi.org/10.1172/JCI20513 PMID: 15199412

Stiles B, Wang Y, Stahl A, Bassilian S, Lee WP, Kim YJ, et al. Liver-specific deletion of negative regu-
lator Pten results in fatty liver and insulin hypersensitivity [corrected]. Proc Natl Acad Sci U S A. 2004;
101(7):2082—7. https://doi.org/10.1073/pnas.0308617100 PMID: 14769918

Barna M, Pusic A, Zollo O, Costa M, Kondrashov N, Rego E, et al. Suppression of Myc oncogenic
activity by ribosomal protein haploinsufficiency. Nature. 2008; 456(7224):971-5. https://doi.org/10.
1038/nature07449 PMID: 19011615

Challagundla KB, Sun XX, Zhang X, DeVine T, Zhang Q, Sears RC, et al. Ribosomal protein L11
recruits miR-24/miRISC to repress c-Myc expression in response to ribosomal stress. Mol Cell Biol.
2011; 31(19):4007-21. https://doi.org/10.1128/MCB.05810-11 PMID: 21807902

Dai MS, Lu H. Crosstalk between c-Myc and ribosome in ribosomal biogenesis and cancer. J Cell Bio-
chem. 2008; 105(3):670-7. https://doi.org/10.1002/jcb.21895 PMID: 18773413

Kim S, Li Q, Dang CV, Lee LA. Induction of ribosomal genes and hepatocyte hypertrophy by adenovi-
rus-mediated expression of c-Myc in vivo. Proc Natl Acad Sci U S A. 2000; 97(21):11198-202. https:/
doi.org/10.1073/pnas.200372597 PMID: 11005843

van Riggelen J, Yetil A, Felsher DW. MYC as a regulator of ribosome biogenesis and protein synthe-
sis. Nat Rev Cancer. 2010; 10(4):301-9. https://doi.org/10.1038/nrc2819 PMID: 20332779

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 41/47


https://doi.org/10.1002/hep.23431
http://www.ncbi.nlm.nih.gov/pubmed/20069650
https://doi.org/10.1016/j.jhep.2018.08.018
http://www.ncbi.nlm.nih.gov/pubmed/30171870
https://doi.org/10.1016/j.jhep.2018.01.005
http://www.ncbi.nlm.nih.gov/pubmed/29339113
https://doi.org/10.1016/j.taap.2013.09.023
http://www.ncbi.nlm.nih.gov/pubmed/24096036
https://doi.org/10.1146/annurev-pathmechdis-012418-013013
https://doi.org/10.1146/annurev-pathmechdis-012418-013013
http://www.ncbi.nlm.nih.gov/pubmed/31299162
https://doi.org/10.1016/s0344-0338%2811%2980870-8
http://www.ncbi.nlm.nih.gov/pubmed/7479372
https://doi.org/10.1016/j.ydbio.2014.10.002
http://www.ncbi.nlm.nih.gov/pubmed/25446530
https://doi.org/10.1038/s41580-019-0199-y
http://www.ncbi.nlm.nih.gov/pubmed/31937935
https://doi.org/10.1016/bs.ircmb.2015.07.006
http://www.ncbi.nlm.nih.gov/pubmed/26614871
https://doi.org/10.4161/cc.6.1.3666
http://www.ncbi.nlm.nih.gov/pubmed/17245121
https://doi.org/10.1101/gad.359305
http://www.ncbi.nlm.nih.gov/pubmed/16357222
https://doi.org/10.1038/oncsis.2012.27
https://doi.org/10.1038/oncsis.2012.27
http://www.ncbi.nlm.nih.gov/pubmed/23552841
https://doi.org/10.1055/s-2004-823099
https://doi.org/10.1055/s-2004-823099
http://www.ncbi.nlm.nih.gov/pubmed/15085484
https://doi.org/10.1093/nar/25.14.2723
https://doi.org/10.1093/nar/25.14.2723
http://www.ncbi.nlm.nih.gov/pubmed/9207017
http://www.ncbi.nlm.nih.gov/pubmed/7681840
https://doi.org/10.1172/JCI20513
http://www.ncbi.nlm.nih.gov/pubmed/15199412
https://doi.org/10.1073/pnas.0308617100
http://www.ncbi.nlm.nih.gov/pubmed/14769918
https://doi.org/10.1038/nature07449
https://doi.org/10.1038/nature07449
http://www.ncbi.nlm.nih.gov/pubmed/19011615
https://doi.org/10.1128/MCB.05810-11
http://www.ncbi.nlm.nih.gov/pubmed/21807902
https://doi.org/10.1002/jcb.21895
http://www.ncbi.nlm.nih.gov/pubmed/18773413
https://doi.org/10.1073/pnas.200372597
https://doi.org/10.1073/pnas.200372597
http://www.ncbi.nlm.nih.gov/pubmed/11005843
https://doi.org/10.1038/nrc2819
http://www.ncbi.nlm.nih.gov/pubmed/20332779
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Zhou X, Hao Q, Liao JM, Liao P, Lu H. Ribosomal protein S14 negatively regulates c-Myc activity. J
Biol Chem. 2013; 288(30):21793-801. https://doi.org/10.1074/jbc.M112.445122 PMID: 23775087

Tourlakis ME, Zhang S, Ball HL, Gandhi R, Liu H, Zhong J, et al. In Vivo Senescence in the Sbds-Defi-
cient Murine Pancreas: Cell-Type Specific Consequences of Translation Insufficiency. PLoS Genet.
2015; 11(6):€1005288. https://doi.org/10.1371/journal.pgen.1005288 PMID: 26057580

Schmid P, Schulz WA. Coexpression of the c-myc protooncogene with alpha-fetoprotein and albumin
in fetal mouse liver. Differentiation. 1990; 45(2):96—102. https://doi.org/10.1111/j.1432-0436.1990.
tb00462.x PMID: 1711487

Sandgren EP, Quaife CJ, Pinkert CA, Palmiter RD, Brinster RL. Oncogene-induced liver neoplasia in
transgenic mice. Oncogene. 1989; 4(6):715-24. PMID: 2543942

Johnson TM, Hammond EM, Giaccia A, Attardi LD. The p53QS transactivation-deficient mutant
shows stress-specific apoptotic activity and induces embryonic lethality. Nat Genet. 2005; 37(2):145—
52. https://doi.org/10.1038/ng1498 PMID: 15654339

Brady CA, Jiang D, Mello SS, Johnson TM, Jarvis LA, Kozak MM, et al. Distinct p53 transcriptional pro-
grams dictate acute DNA-damage responses and tumor suppression. Cell. 2011; 145(4):571-83.
https://doi.org/10.1016/j.cell.2011.03.035 PMID: 21565614

McGowan KA, Li JZ, Park CY, Beaudry V, Tabor HK, Sabnis AJ, et al. Ribosomal mutations cause
p53-mediated dark skin and pleiotropic effects. Nat Genet. 2008; 40(8):963—70. https://doi.org/10.
1038/ng.188 PMID: 18641651

Armstrong JF, Kaufman MH, Harrison DJ, Clarke AR. High-frequency developmental abnormalities in
p53-deficient mice. Curr Biol. 1995; 5(8):931-6. https://doi.org/10.1016/s0960-9822(95)00183-7
PMID: 7583151

Delbridge ARD, Kueh AJ, Ke F, Zamudio NM, EI-Saafin F, Jansz N, et al. Loss of p53 Causes Sto-
chastic Aberrant X-Chromosome Inactivation and Female-Specific Neural Tube Defects. Cell Rep.
2019; 27(2):442-54 e5. https://doi.org/10.1016/j.celrep.2019.03.048 PMID: 30970248

Birch J, Gil J. Senescence and the SASP: many therapeutic avenues. Genes Dev. 2020; 34(23—
24):1565-76. https://doi.org/10.1101/gad.343129.120 PMID: 33262144

Hoare M, Narita M. Transmitting senescence to the cell neighbourhood. Nat Cell Biol. 2013; 15
(8):887-9. https://doi.org/10.1038/ncb2811 PMID: 23907191

Herranz N, Gallage S, Gil J. TORn about SASP regulation. Cell Cycle. 2015; 14(24):3771-2. https://
doi.org/10.1080/15384101.2015.1105694 PMID: 26697828

Laberge RM, Sun Y, Orjalo AV, Patil CK, Freund A, Zhou L, et al. MTOR regulates the pro-tumorigenic
senescence-associated secretory phenotype by promoting IL1A translation. Nat Cell Biol. 2015; 17
(8):1049-61. https://doi.org/10.1038/ncb3195 PMID: 26147250

Girard J. Metabolic adaptations to change of nutrition at birth. Biol Neonate. 1990; 58 Suppl 1:3—15.
https://doi.org/10.1159/000243294 PMID: 2265217

Ge J, Rudnick DA, He J, Crimmins DL, Ladenson JH, Bessler M, et al. Dyskerin ablation in mouse liver
inhibits rRNA processing and cell division. Mol Cell Biol. 2010; 30(2):413-22. https://doi.org/10.1128/
MCB.01128-09 PMID: 19917719

Finch AJ, Hilcenko C, Basse N, Drynan LF, Goyenechea B, Menne TF, et al. Uncoupling of GTP
hydrolysis from elF6 release on the ribosome causes Shwachman-Diamond syndrome. Genes Dev.
2011; 25(9):917-29. https://doi.org/10.1101/gad.623011 PMID: 21536732

Kondrashov N, Pusic A, Stumpf CR, Shimizu K, Hsieh AC, Ishijima J, et al. Ribosome-mediated speci-
ficity in Hox mRNA translation and vertebrate tissue patterning. Cell. 2011; 145(3):383-97. https://doi.
org/10.1016/j.cell.2011.03.028 PMID: 21529712

Garus A, Autexier C. Dyskerin: an essential pseudouridine synthase with multifaceted roles in ribo-
some biogenesis, splicing, and telomere maintenance. RNA. 2021; 27(12):1441-58. https://doi.org/
10.1261/rna.078953.121 PMID: 34556550

Bohlen J, Roiuk M, Teleman AA. Phosphorylation of ribosomal protein S6 differentially affects mRNA
translation based on ORF length. Nucleic Acids Res. 2021; 49(22):13062—74. https://doi.org/10.1093/
nar/gkab1157 PMID: 34871442

Chauvin C, Koka V, Nouschi A, Mieulet V, Hoareau-Aveilla C, Dreazen A, et al. Ribosomal protein S6
kinase activity controls the ribosome biogenesis transcriptional program. Oncogene. 2014; 33(4):474—
83. https://doi.org/10.1038/onc.2012.606 PMID: 23318442

Ruvinsky I, Sharon N, Lerer T, Cohen H, Stolovich-Rain M, Nir T, et al. Ribosomal protein S6 phos-
phorylation is a determinant of cell size and glucose homeostasis. Genes Dev. 2005; 19(18):2199—
211. https://doi.org/10.1101/gad.351605 PMID: 16166381

Valvezan AJ, Manning BD. Molecular logic of mTORC1 signalling as a metabolic rheostat. Nat Metab.
2019; 1(3):321-38. https://doi.org/10.1038/s42255-019-0038-7 PMID: 32694720

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 42/47


https://doi.org/10.1074/jbc.M112.445122
http://www.ncbi.nlm.nih.gov/pubmed/23775087
https://doi.org/10.1371/journal.pgen.1005288
http://www.ncbi.nlm.nih.gov/pubmed/26057580
https://doi.org/10.1111/j.1432-0436.1990.tb00462.x
https://doi.org/10.1111/j.1432-0436.1990.tb00462.x
http://www.ncbi.nlm.nih.gov/pubmed/1711487
http://www.ncbi.nlm.nih.gov/pubmed/2543942
https://doi.org/10.1038/ng1498
http://www.ncbi.nlm.nih.gov/pubmed/15654339
https://doi.org/10.1016/j.cell.2011.03.035
http://www.ncbi.nlm.nih.gov/pubmed/21565614
https://doi.org/10.1038/ng.188
https://doi.org/10.1038/ng.188
http://www.ncbi.nlm.nih.gov/pubmed/18641651
https://doi.org/10.1016/s0960-9822%2895%2900183-7
http://www.ncbi.nlm.nih.gov/pubmed/7583151
https://doi.org/10.1016/j.celrep.2019.03.048
http://www.ncbi.nlm.nih.gov/pubmed/30970248
https://doi.org/10.1101/gad.343129.120
http://www.ncbi.nlm.nih.gov/pubmed/33262144
https://doi.org/10.1038/ncb2811
http://www.ncbi.nlm.nih.gov/pubmed/23907191
https://doi.org/10.1080/15384101.2015.1105694
https://doi.org/10.1080/15384101.2015.1105694
http://www.ncbi.nlm.nih.gov/pubmed/26697828
https://doi.org/10.1038/ncb3195
http://www.ncbi.nlm.nih.gov/pubmed/26147250
https://doi.org/10.1159/000243294
http://www.ncbi.nlm.nih.gov/pubmed/2265217
https://doi.org/10.1128/MCB.01128-09
https://doi.org/10.1128/MCB.01128-09
http://www.ncbi.nlm.nih.gov/pubmed/19917719
https://doi.org/10.1101/gad.623011
http://www.ncbi.nlm.nih.gov/pubmed/21536732
https://doi.org/10.1016/j.cell.2011.03.028
https://doi.org/10.1016/j.cell.2011.03.028
http://www.ncbi.nlm.nih.gov/pubmed/21529712
https://doi.org/10.1261/rna.078953.121
https://doi.org/10.1261/rna.078953.121
http://www.ncbi.nlm.nih.gov/pubmed/34556550
https://doi.org/10.1093/nar/gkab1157
https://doi.org/10.1093/nar/gkab1157
http://www.ncbi.nlm.nih.gov/pubmed/34871442
https://doi.org/10.1038/onc.2012.606
http://www.ncbi.nlm.nih.gov/pubmed/23318442
https://doi.org/10.1101/gad.351605
http://www.ncbi.nlm.nih.gov/pubmed/16166381
https://doi.org/10.1038/s42255-019-0038-7
http://www.ncbi.nlm.nih.gov/pubmed/32694720
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

Chagnon P, Michaud J, Mitchell G, Mercier J, Marion JF, Drouin E, et al. A missense mutation
(R565W) in cirhin (FLJ14728) in North American Indian childhood cirrhosis. Am J Hum Genet. 2002;
71(6):1443-9. https://doi.org/10.1086/344580 PMID: 12417987

Freed EF, Baserga SJ. The C-terminus of Utp4, mutated in childhood cirrhosis, is essential for ribo-
some biogenesis. Nucleic Acids Res. 2010; 38(14):4798-806. https://doi.org/10.1093/nar/gkq185
PMID: 20385600

Freed EF, Prieto JL, McCann KL, McStay B, Baserga SJ. NOL11, implicated in the pathogenesis of
North American Indian childhood cirrhosis, is required for pre-rRNA transcription and processing.
PLoS Genet. 2012; 8(8):1002892. https://doi.org/10.1371/journal.pgen.1002892 PMID: 22916032

Wilkins BJ, Lorent K, Matthews RP, Pack M. p53-mediated biliary defects caused by knockdown of
cirh1a, the zebrafish homolog of the gene responsible for North American Indian Childhood Cirrhosis.
PLoS One. 2013; 8(10):e77670. https://doi.org/10.1371/journal.pone.0077670 PMID: 24147052

Khajuria RK, Munschauer M, Ulirsch JC, Fiorini C, Ludwig LS, McFarland SK, et al. Ribosome Levels
Selectively Regulate Translation and Lineage Commitment in Human Hematopoiesis. Cell. 2018; 173
(1):90-103 e19. https://doi.org/10.1016/j.cell.2018.02.036 PMID: 29551269

Ludwig LS, Gazda HT, Eng JC, Eichhorn SW, Thiru P, Ghazvinian R, et al. Altered translation of
GATAT1 in Diamond-Blackfan anemia. Nat Med. 2014; 20(7):748-53. https://doi.org/10.1038/nm.3557
PMID: 24952648

Kamath BM, Bauer RC, Loomes KM, Chao G, Gerfen J, Hutchinson A, et al. NOTCH2 mutations in
Alagille syndrome. J Med Genet. 2012; 49(2):138—44. https://doi.org/10.1136/jmedgenet-2011-
100544 PMID: 22209762

Li L, Krantz ID, Deng Y, Genin A, Banta AB, Collins CC, et al. Alagille syndrome is caused by muta-
tions in human Jagged1, which encodes a ligand for Notch1. Nat Genet. 1997; 16(3):243-51. https:/
doi.org/10.1038/ng0797-243 PMID: 9207788

Oda T, Elkahloun AG, Pike BL, Okajima K, Krantz ID, Genin A, et al. Mutations in the human Jagged1
gene are responsible for Alagille syndrome. Nat Genet. 1997; 16(3):235—42. https://doi.org/10.1038/
ng0797-235 PMID: 9207787

Pinon M, Carboni M, Colavito D, Cisaro F, PeruzziL, Pizzol A, et al. Not only Alagille syndrome. Syn-
dromic paucity of interlobular bile ducts secondary to HNF1beta deficiency: a case report and literature
review. ltal J Pediatr. 2019; 45(1):27.

Andersson ER, Chivukula IV, Hankeova S, Sjoqvist M, Tsoi YL, Ramskold D, et al. Mouse Model of
Alagille Syndrome and Mechanisms of Jagged1 Missense Mutations. Gastroenterology. 2018; 154
(4):1080-95. https://doi.org/10.1053/j.gastro.2017.11.002 PMID: 29162437

Lozier J, McCright B, Gridley T. Notch signaling regulates bile duct morphogenesis in mice. PLoS
One. 2008; 3(3):e1851. https://doi.org/10.1371/journal.pone.0001851 PMID: 18365007

McCright B, Lozier J, Gridley T. A mouse model of Alagille syndrome: Notch2 as a genetic modifier of
Jag1 haploinsufficiency. Development. 2002; 129(4):1075-82. https://doi.org/10.1242/dev.129.4.
1075 PMID: 11861489

Vanderpool C, Sparks EE, Huppert KA, Gannon M, Means AL, Huppert SS. Genetic interactions
between hepatocyte nuclear factor-6 and Notch signaling regulate mouse intrahepatic bile duct devel-
opment in vivo. Hepatology. 2012; 55(1):233—43. https://doi.org/10.1002/hep.24631 PMID: 21898486

Aspesi A, Ellis SR. Rare ribosomopathies: insights into mechanisms of cancer. Nat Rev Cancer. 2019;
19(4):228-38. https://doi.org/10.1038/s41568-019-0105-0 PMID: 30670820

Kampen KR, Sulima SO, Vereecke S, De Keersmaecker K. Hallmarks of ribosomopathies. Nucleic
Acids Res. 2019.

Lin JI, Mitchell NC, Kalcina M, Tchoubrieva E, Stewart MJ, Marygold SJ, et al. Drosophila ribosomal
protein mutants control tissue growth non-autonomously via effects on the prothoracic gland and ecdy-
sone. PLoS Genet. 2011; 7(12):e1002408. https://doi.org/10.1371/journal.pgen.1002408 PMID:
22194697

Morgado-Palacin L, Varetti G, Llanos S, Gomez-Lopez G, Martinez D, Serrano M. Partial Loss of
Rpl11 in Adult Mice Recapitulates Diamond-Blackfan Anemia and Promotes Lymphomagenesis. Cell
Rep. 2015; 13(4):712-22. https://doi.org/10.1016/j.celrep.2015.09.038 PMID: 26489471

Watson KL, Konrad KD, Woods DF, Bryant PJ. Drosophila homolog of the human S6 ribosomal pro-
tein is required for tumor suppression in the hematopoietic system. Proc Natl Acad Sci U S A. 1992; 89
(23):11302-6. https://doi.org/10.1073/pnas.89.23.11302 PMID: 1454811

Challen GA, Goodell MA. Clonal hematopoiesis: mechanisms driving dominance of stem cell clones.
Blood. 2020; 136(14):1590-8. https://doi.org/10.1182/blood.2020006510 PMID: 32746453

Tsai FD, Lindsley RC. Clonal hematopoiesis in the inherited bone marrow failure syndromes. Blood.
2020; 136(14):1615-22. https://doi.org/10.1182/blood.2019000990 PMID: 32736377

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 43/47


https://doi.org/10.1086/344580
http://www.ncbi.nlm.nih.gov/pubmed/12417987
https://doi.org/10.1093/nar/gkq185
http://www.ncbi.nlm.nih.gov/pubmed/20385600
https://doi.org/10.1371/journal.pgen.1002892
http://www.ncbi.nlm.nih.gov/pubmed/22916032
https://doi.org/10.1371/journal.pone.0077670
http://www.ncbi.nlm.nih.gov/pubmed/24147052
https://doi.org/10.1016/j.cell.2018.02.036
http://www.ncbi.nlm.nih.gov/pubmed/29551269
https://doi.org/10.1038/nm.3557
http://www.ncbi.nlm.nih.gov/pubmed/24952648
https://doi.org/10.1136/jmedgenet-2011-100544
https://doi.org/10.1136/jmedgenet-2011-100544
http://www.ncbi.nlm.nih.gov/pubmed/22209762
https://doi.org/10.1038/ng0797-243
https://doi.org/10.1038/ng0797-243
http://www.ncbi.nlm.nih.gov/pubmed/9207788
https://doi.org/10.1038/ng0797-235
https://doi.org/10.1038/ng0797-235
http://www.ncbi.nlm.nih.gov/pubmed/9207787
https://doi.org/10.1053/j.gastro.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29162437
https://doi.org/10.1371/journal.pone.0001851
http://www.ncbi.nlm.nih.gov/pubmed/18365007
https://doi.org/10.1242/dev.129.4.1075
https://doi.org/10.1242/dev.129.4.1075
http://www.ncbi.nlm.nih.gov/pubmed/11861489
https://doi.org/10.1002/hep.24631
http://www.ncbi.nlm.nih.gov/pubmed/21898486
https://doi.org/10.1038/s41568-019-0105-0
http://www.ncbi.nlm.nih.gov/pubmed/30670820
https://doi.org/10.1371/journal.pgen.1002408
http://www.ncbi.nlm.nih.gov/pubmed/22194697
https://doi.org/10.1016/j.celrep.2015.09.038
http://www.ncbi.nlm.nih.gov/pubmed/26489471
https://doi.org/10.1073/pnas.89.23.11302
http://www.ncbi.nlm.nih.gov/pubmed/1454811
https://doi.org/10.1182/blood.2020006510
http://www.ncbi.nlm.nih.gov/pubmed/32746453
https://doi.org/10.1182/blood.2019000990
http://www.ncbi.nlm.nih.gov/pubmed/32736377
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

Bezzerri V, Vella A, Calcaterra E, Finotti A, Gasparello J, Gambari R, et al. New insights into the
Shwachman-Diamond Syndrome-related haematological disorder: hyper-activation of mMTOR and
STAT3 in leukocytes. Sci Rep. 2016; 6:33165. https://doi.org/10.1038/srep33165 PMID: 27658964

Kennedy AL, Myers KC, Bowman J, Gibson CJ, Camarda ND, Furutani E, et al. Distinct genetic path-
ways define pre-malignant versus compensatory clonal hematopoiesis in Shwachman-Diamond syn-
drome. Nat Commun. 2021; 12(1):1334. https://doi.org/10.1038/s41467-021-21588-4 PMID:
33637765

Tiu GC, Kerr CH, Forester CM, Krishnarao PS, Rosenblatt HD, Raj N, et al. A p53-dependent transla-
tional program directs tissue-selective phenotypes in a model of ribosomopathies. Dev Cell. 2021; 56
(14):2089-102 e11. https://doi.org/10.1016/j.devcel.2021.06.013 PMID: 34242585

Revy P, Kannengiesser C, Fischer A. Somatic genetic rescue in Mendelian haematopoietic diseases.
Nat Rev Genet. 2019; 20(10):582-98. https://doi.org/10.1038/s41576-019-0139-x PMID: 31186537

Bhat M, Sonenberg N, Gores GJ. The mTOR pathway in hepatic malignancies. Hepatology. 2013; 58
(2):810-8. https://doi.org/10.1002/hep.26323 PMID: 23408390

Menon S, Yecies JL, Zhang HH, Howell JJ, Nicholatos J, Harputlugil E, et al. Chronic activation of
mTOR complex 1 is sufficient to cause hepatocellular carcinoma in mice. Sci Signal. 2012; 5(217):
ra24. https://doi.org/10.1126/scisignal.2002739 PMID: 22457330

Kenerson HL, Yeh MM, Kazami M, Jiang X, Riehle KJ, Mclintyre RL, et al. Akt and mTORC1 have dif-
ferent roles during liver tumorigenesis in mice. Gastroenterology. 2013; 144(5):1055-65. https://doi.
org/10.1053/j.gastro.2013.01.053 PMID: 23376645

Khalaileh A, Dreazen A, Khatib A, Apel R, Swisa A, Kidess-Bassir N, et al. Phosphorylation of ribo-
somal protein S6 attenuates DNA damage and tumor suppression during development of pancreatic
cancer. Cancer Res. 2013; 73(6):1811-20. https://doi.org/10.1158/0008-5472.CAN-12-2014 PMID:
23361300

Wittenberg AD, Azar S, Klochendler A, Stolovich-Rain M, Avraham S, Birnbaum L, et al. Phosphory-
lated Ribosomal Protein S6 Is Required for Akt-Driven Hyperplasia and Malignant Transformation, but
Not for Hypertrophy, Aneuploidy and Hyperfunction of Pancreatic beta-Cells. PLoS One. 2016; 11(2):
€0149995.

Bibikova E, Youn MY, Danilova N, Ono-Uruga Y, Konto-Ghiorghi Y, Ochoa R, et al. TNF-mediated
inflammation represses GATA1 and activates p38 MAP kinase in RPS19-deficient hematopoietic pro-
genitors. Blood. 2014; 124(25):3791-8. https://doi.org/10.1182/blood-2014-06-584656 PMID:
25270909

Danilova N, Bibikova E, Covey TM, Nathanson D, Dimitrova E, Konto Y, et al. The role of the DNA
damage response in zebrafish and cellular models of Diamond Blackfan anemia. Dis Model Mech.
2014; 7(7):895-905. https://doi.org/10.1242/dmm.015495 PMID: 24812435

Schneider RK, Schenone M, Ferreira MV, Kramann R, Joyce CE, Hartigan C, et al. Rps14 haploinsuf-
ficiency causes a block in erythroid differentiation mediated by S100A8 and S100A9. Nat Med. 2016;
22(3):288-97. https://doi.org/10.1038/nm.4047 PMID: 26878232

Varney ME, Melgar K, Niederkorn M, Smith M, Barreyro L, Starczynowski DT. Deconstructing innate
immune signaling in myelodysplastic syndromes. Exp Hematol. 2015; 43(8):587—98. https://doi.org/
10.1016/j.exphem.2015.05.016 PMID: 26143580

Elsharkawy AM, Mann DA. Nuclear factor-kappaB and the hepatic inflammation-fibrosis-cancer axis.
Hepatology. 2007; 46(2):590—7. https://doi.org/10.1002/hep.21802 PMID: 17661407

Matsumoto T, Takai A, Eso Y, Kinoshita K, Manabe T, Seno H, et al. Proliferating EpCAM-Positive
Ductal Cells in the Inflamed Liver Give Rise to Hepatocellular Carcinoma. Cancer Res. 2017; 77
(22):6131-43. https://doi.org/10.1158/0008-5472.CAN-17-1800 PMID: 28951464

Nikolaou K, Sarris M, Talianidis |. Molecular pathways: the complex roles of inflammation pathways in
the development and treatment of liver cancer. Clin Cancer Res. 2013; 19(11):2810-6. https://doi.org/
10.1158/1078-0432.CCR-12-1961 PMID: 23549874

Taniguchi K, Karin M. NF-kappaB, inflammation, immunity and cancer: coming of age. Nat Rev Immu-
nol. 2018; 18(5):309-24.

Yang YM, Kim SY, Seki E. Inflammation and Liver Cancer: Molecular Mechanisms and Therapeutic
Targets. Semin Liver Dis. 2019; 39(1):26—42. https://doi.org/10.1055/s-0038-1676806 PMID:
30809789

Pikarsky E, Porat RM, Stein I, Abramovitch R, Amit S, Kasem S, et al. NF-kappaB functions as a
tumour promoter in inflammation-associated cancer. Nature. 2004; 431(7007):461-6. https://doi.org/
10.1038/nature02924 PMID: 15329734

Rao S, Lee SY, Gutierrez A, Perrigoue J, Thapa RJ, Tu Z, et al. Inactivation of ribosomal protein L22
promotes transformation by induction of the stemness factor, Lin28B. Blood. 2012; 120(18):3764-73.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 44147


https://doi.org/10.1038/srep33165
http://www.ncbi.nlm.nih.gov/pubmed/27658964
https://doi.org/10.1038/s41467-021-21588-4
http://www.ncbi.nlm.nih.gov/pubmed/33637765
https://doi.org/10.1016/j.devcel.2021.06.013
http://www.ncbi.nlm.nih.gov/pubmed/34242585
https://doi.org/10.1038/s41576-019-0139-x
http://www.ncbi.nlm.nih.gov/pubmed/31186537
https://doi.org/10.1002/hep.26323
http://www.ncbi.nlm.nih.gov/pubmed/23408390
https://doi.org/10.1126/scisignal.2002739
http://www.ncbi.nlm.nih.gov/pubmed/22457330
https://doi.org/10.1053/j.gastro.2013.01.053
https://doi.org/10.1053/j.gastro.2013.01.053
http://www.ncbi.nlm.nih.gov/pubmed/23376645
https://doi.org/10.1158/0008-5472.CAN-12-2014
http://www.ncbi.nlm.nih.gov/pubmed/23361300
https://doi.org/10.1182/blood-2014-06-584656
http://www.ncbi.nlm.nih.gov/pubmed/25270909
https://doi.org/10.1242/dmm.015495
http://www.ncbi.nlm.nih.gov/pubmed/24812435
https://doi.org/10.1038/nm.4047
http://www.ncbi.nlm.nih.gov/pubmed/26878232
https://doi.org/10.1016/j.exphem.2015.05.016
https://doi.org/10.1016/j.exphem.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/26143580
https://doi.org/10.1002/hep.21802
http://www.ncbi.nlm.nih.gov/pubmed/17661407
https://doi.org/10.1158/0008-5472.CAN-17-1800
http://www.ncbi.nlm.nih.gov/pubmed/28951464
https://doi.org/10.1158/1078-0432.CCR-12-1961
https://doi.org/10.1158/1078-0432.CCR-12-1961
http://www.ncbi.nlm.nih.gov/pubmed/23549874
https://doi.org/10.1055/s-0038-1676806
http://www.ncbi.nlm.nih.gov/pubmed/30809789
https://doi.org/10.1038/nature02924
https://doi.org/10.1038/nature02924
http://www.ncbi.nlm.nih.gov/pubmed/15329734
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Chien Y, Scuoppo C, Wang X, Fang X, Balgley B, Bolden JE, et al. Control of the senescence-associ-
ated secretory phenotype by NF-kappaB promotes senescence and enhances chemosensitivity.
Genes Dev. 2011; 25(20):2125-36.

Lin AW, Barradas M, Stone JC, van Aelst L, Serrano M, Lowe SW. Premature senescence involving
p53 and p16 is activated in response to constitutive MEK/MAPK mitogenic signaling. Genes Dev.
1998; 12(19):3008-19. https://doi.org/10.1101/gad.12.19.3008 PMID: 9765203

Rovillain E, Mansfield L, Caetano C, Alvarez-Fernandez M, Caballero OL, Medema RH, et al. Activa-
tion of nuclear factor-kappa B signalling promotes cellular senescence. Oncogene. 2011; 30
(20):2356—66. https://doi.org/10.1038/onc.2010.611 PMID: 21242976

Campisi J, Andersen JK, Kapahi P, Melov S. Cellular senescence: a link between cancer and age-
related degenerative disease? Semin Cancer Biol. 2011; 21(6):354-9. https://doi.org/10.1016/j.
semcancer.2011.09.001 PMID: 21925603

Coppe JP, Desprez PY, Krtolica A, Campisi J. The senescence-associated secretory phenotype: the
dark side of tumor suppression. Annu Rev Pathol. 2010; 5:99—118. https://doi.org/10.1146/annurev-
pathol-121808-102144 PMID: 20078217

Jaako P, Debnath S, Olsson K, Bryder D, Flygare J, Karlsson S. Dietary L-leucine improves the ane-
mia in a mouse model for Diamond-Blackfan anemia. Blood. 2012; 120(11):2225-8. https://doi.org/10.
1182/blood-2012-05-431437 PMID: 22791294

Payne EM, Virgilio M, Narla A, Sun H, Levine M, Paw BH, et al. L-Leucine improves the anemia and
developmental defects associated with Diamond-Blackfan anemia and del(5qg) MDS by activating the
mTOR pathway. Blood. 2012; 120(11):2214-24. https://doi.org/10.1182/blood-2011-10-382986
PMID: 22734070

Boultwood J, Yip BH, Vuppusetty C, Pellagatti A, Wainscoat JS. Activation of the mTOR pathway by
the amino acid (L)-leucine in the 5g- syndrome and other ribosomopathies. Adv Biol Regul. 2013; 53
(1):8—17. hitps://doi.org/10.1016/j.jbior.2012.09.002 PMID: 23031788

Pospisilova D, Cmejlova J, Hak J, Adam T, Cmejla R. Successful treatment of a Diamond-Blackfan
anemia patient with amino acid leucine. Haematologica. 2007; 92(5):e66—7. https://doi.org/10.3324/
haematol.11498 PMID: 17562599

Yip BH, Vuppusetty C, Attwood M, Giagounidis A, Germing U, Lamikanra AA, et al. Activation of the
mTOR signaling pathway by L-leucine in 5g- syndrome and other RPS14-deficient erythroblasts. Leu-
kemia. 2013; 27(8):1760-3. hitps://doi.org/10.1038/leu.2013.20 PMID: 23337929

Recasens-Alvarez C, Alexandre C, Kirkpatrick J, Nojima H, Huels DJ, Snijders AP, et al. Ribosomopa-
thy-associated mutations cause proteotoxic stress that is alleviated by TOR inhibition. Nat Cell Biol.
2021; 23(2):127-35. https://doi.org/10.1038/s41556-020-00626-1 PMID: 33495632

Liu P, Ge M, Hu J, Li X, Che L, Sun K, et al. A functional mammalian target of rapamycin complex 1
signaling is indispensable for c-Myc-driven hepatocarcinogenesis. Hepatology. 2017; 66(1):167-81.
https://doi.org/10.1002/hep.29183 PMID: 28370287

Beer S, Komatsubara K, Bellovin DI, Kurobe M, Sylvester K, Felsher DW. Hepatotoxin-induced
changes in the adult murine liver promote MY C-induced tumorigenesis. PLoS One. 2008; 3(6):e2493.
https://doi.org/10.1371/journal.pone.0002493 PMID: 18560566

Golomb L, Volarevic S, Oren M. p53 and ribosome biogenesis stress: the essentials. FEBS Lett. 2014;
588(16):2571-9. https://doi.org/10.1016/j.febslet.2014.04.014 PMID: 24747423

Chakraborty A, Uechi T, Nakajima Y, Gazda HT, O’'Donohue MF, Gleizes PE, et al. Cross talk
between TP53 and c-Myc in the pathophysiology of Diamond-Blackfan anemia: Evidence from
RPL11-deficient in vivo and in vitro models. Biochem Biophys Res Commun. 2018; 495(2):1839—45.

Fortier S, MacRae T, Bilodeau M, Sargeant T, Sauvageau G. Haploinsufficiency screen highlights two
distinct groups of ribosomal protein genes essential for embryonic stem cell fate. Proc Natl Acad Sci U
S A. 2015; 112(7):2127-32. https://doi.org/10.1073/pnas.1418845112 PMID: 25646475

Jia Q, Zhang Q, Zhang Z, Wang Y, Zhang W, Zhou Y, et al. Transcriptome analysis of the zebrafish
model of Diamond-Blackfan anemia from RPS19 deficiency via p53-dependent and -independent
pathways. PLoS One. 2013; 8(8):€71782. hitps://doi.org/10.1371/journal.pone.0071782 PMID:
23990987

Lessard F, Igelmann S, Trahan C, Huot G, Saint-Germain E, Mignacca L, et al. Senescence-associ-
ated ribosome biogenesis defects contributes to cell cycle arrest through the Rb pathway. Nat Cell
Biol. 2018; 20(7):789-99. https://doi.org/10.1038/s41556-018-0127-y PMID: 29941930

Oyarbide U, Shah AN, Amaya-Mejia W, Snyderman M, Kell MJ, Allende DS, et al. Loss of Sbds in zeb-
rafish leads to neutropenia and pancreas and liver atrophy. JCI Insight. 2020; 5(17). https://doi.org/10.
1172/jci.insight. 134309 PMID: 32759502

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 45/ 47


https://doi.org/10.1101/gad.12.19.3008
http://www.ncbi.nlm.nih.gov/pubmed/9765203
https://doi.org/10.1038/onc.2010.611
http://www.ncbi.nlm.nih.gov/pubmed/21242976
https://doi.org/10.1016/j.semcancer.2011.09.001
https://doi.org/10.1016/j.semcancer.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21925603
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1146/annurev-pathol-121808-102144
http://www.ncbi.nlm.nih.gov/pubmed/20078217
https://doi.org/10.1182/blood-2012-05-431437
https://doi.org/10.1182/blood-2012-05-431437
http://www.ncbi.nlm.nih.gov/pubmed/22791294
https://doi.org/10.1182/blood-2011-10-382986
http://www.ncbi.nlm.nih.gov/pubmed/22734070
https://doi.org/10.1016/j.jbior.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/23031788
https://doi.org/10.3324/haematol.11498
https://doi.org/10.3324/haematol.11498
http://www.ncbi.nlm.nih.gov/pubmed/17562599
https://doi.org/10.1038/leu.2013.20
http://www.ncbi.nlm.nih.gov/pubmed/23337929
https://doi.org/10.1038/s41556-020-00626-1
http://www.ncbi.nlm.nih.gov/pubmed/33495632
https://doi.org/10.1002/hep.29183
http://www.ncbi.nlm.nih.gov/pubmed/28370287
https://doi.org/10.1371/journal.pone.0002493
http://www.ncbi.nlm.nih.gov/pubmed/18560566
https://doi.org/10.1016/j.febslet.2014.04.014
http://www.ncbi.nlm.nih.gov/pubmed/24747423
https://doi.org/10.1073/pnas.1418845112
http://www.ncbi.nlm.nih.gov/pubmed/25646475
https://doi.org/10.1371/journal.pone.0071782
http://www.ncbi.nlm.nih.gov/pubmed/23990987
https://doi.org/10.1038/s41556-018-0127-y
http://www.ncbi.nlm.nih.gov/pubmed/29941930
https://doi.org/10.1172/jci.insight.134309
https://doi.org/10.1172/jci.insight.134309
http://www.ncbi.nlm.nih.gov/pubmed/32759502
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

140.

141.

142,

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Provost E, Wehner KA, Zhong X, Ashar F, Nguyen E, Green R, et al. Ribosomal biogenesis genes
play an essential and p53-independent role in zebrafish pancreas development. Development. 2012;
139(17):3232—41. https://doi.org/10.1242/dev.077107 PMID: 22872088

Torihara H, Uechi T, Chakraborty A, Shinya M, Sakai N, Kenmochi N. Erythropoiesis failure due to
RPS19 deficiency is independent of an activated Tp53 response in a zebrafish model of Diamond-
Blackfan anaemia. Br J Haematol. 2011; 152(5):648-54. https://doi.org/10.1111/j.1365-2141.2010.
08535.x PMID: 21223253

Yadav GV, Chakraborty A, Uechi T, Kenmochi N. Ribosomal protein deficiency causes Tp53-indepen-
dent erythropoiesis failure in zebrafish. Int J Biochem Cell Biol. 2014; 49:1—7. https://doi.org/10.1016/].
biocel.2014.01.006 PMID: 24417973

Bowen ME, Attardi LD. The role of p53 in developmental syndromes. J Mol Cell Biol. 2019; 11(3):200—
11. https://doi.org/10.1093/jmcb/mjy087 PMID: 30624728

Bowen ME, McClendon J, Long HK, Sorayya A, Van Nostrand JL, Wysocka J, et al. The Spatiotempo-
ral Pattern and Intensity of p53 Activation Dictates Phenotypic Diversity in p53-Driven Developmental
Syndromes. Dev Cell. 2019; 50(2):212—28 e6. https://doi.org/10.1016/j.devcel.2019.05.015 PMID:
31178404

Charni M, Molchadsky A, Goldstein I, Solomon H, Tal P, Goldfinger N, et al. Novel p53 target genes
secreted by the liver are involved in non-cell-autonomous regulation. Cell Death Differ. 2016; 23
(3):509-20. https://doi.org/10.1038/cdd.2015.119 PMID: 26358154

Lujambio A, Akkari L, Simon J, Grace D, Tschaharganeh DF, Bolden JE, et al. Non-cell-autonomous
tumor suppression by p53. Cell. 2013; 153(2):449-60. https://doi.org/10.1016/j.cell.2013.03.020
PMID: 23562644

Moyer SM, Wasylishen AR, Qi Y, Fowlkes N, Su X, Lozano G. p53 drives a transcriptional program
that elicits a non-cell-autonomous response and alters cell state in vivo. Proc Natl Acad Sci U S A.
2020; 117(38):23663—73. https://doi.org/10.1073/pnas.2008474117 PMID: 32900967

Pilley S, Rodriguez TA, Vousden KH. Mutant p53 in cell-cell interactions. Genes Dev. 2021; 35(7—
8):433-48. https://doi.org/10.1101/gad.347542.120 PMID: 33861719

Lu WY, Bird TG, Boulter L, Tsuchiya A, Cole AM, Hay T, et al. Hepatic progenitor cells of biliary origin
with liver repopulation capacity. Nat Cell Biol. 2015; 17(8):971-83. https://doi.org/10.1038/ncb3203
PMID: 26192438

Ferreira-Gonzalez S, Lu WY, Raven A, Dwyer B, Man TY, O’Duibhir E, et al. Paracrine cellular senes-
cence exacerbates biliary injury and impairs regeneration. Nat Commun. 2018; 9(1):1020. https://doi.
org/10.1038/s41467-018-03299-5 PMID: 29523787

Johnson TM, Attardi LD. p53QS: an old mutant teaches us new tricks. Cell Cycle. 2005; 4(6):731-4.
https://doi.org/10.4161/cc.4.6.1696 PMID: 15908788

Zhang D, Chen HP, Duan HF, Gao LH, Shao Y, Chen KY, et al. Aggregation of Ribosomal Protein S6
at Nucleolus Is Cell Cycle-Controlled and Its Function in Pre-rRNA Processing Is Phosphorylation
Dependent. J Cell Biochem. 2016; 117(7):1649-57. https://doi.org/10.1002/jcb.25458 PMID:
26639987

Chen J, Stark LA. Insights into the Relationship between Nucleolar Stress and the NF-kappaB Path-
way. Trends Genet. 2019; 35(10):768-80.

Baumgartner ME, Dinan MP, Langton PF, Kucinski I, Piddini E. Proteotoxic stress is a driver of the
loser status and cell competition. Nat Cell Biol. 2021; 23(2):136—46. https://doi.org/10.1038/s41556-
020-00627-0 PMID: 33495633

Dumble ML, Knight B, Quail EA, Yeoh GC. Hepatoblast-like cells populate the adult p53 knockout
mouse liver: evidence for a hyperproliferative maturation-arrested stem cell compartment. Cell Growth
Differ. 2001; 12(5):223-31. PMID: 11373269

Borude P, Bhushan B, Gunewardena S, Akakpo J, Jaeschke H, Apte U. Pleiotropic Role of p53in
Injury and Liver Regeneration after Acetaminophen Overdose. Am J Pathol. 2018; 188(6):1406—18.
https://doi.org/10.1016/j.ajpath.2018.03.006 PMID: 29654721

Buitrago-Molina LE, Marhenke S, Becker D, Geffers R, Itzel T, Teufel A, et al. p53-Independent Induc-
tion of p21 Fails to Control Regeneration and Hepatocarcinogenesis in a Murine Liver Injury Model.
Cell Mol Gastroenterol Hepatol. 2021; 11(5):1387—404. https://doi.org/10.1016/j.jcmgh.2021.01.006
PMID: 33484913

HuoY, Yin S, Yan M, Win S, Aung Than T, Aghajan M, et al. Protective role of p53 in acetaminophen
hepatotoxicity. Free Radic Biol Med. 2017; 106:111-7. https://doi.org/10.1016/j.freeradbiomed.2017.
02.028 PMID: 28196650

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 46/47


https://doi.org/10.1242/dev.077107
http://www.ncbi.nlm.nih.gov/pubmed/22872088
https://doi.org/10.1111/j.1365-2141.2010.08535.x
https://doi.org/10.1111/j.1365-2141.2010.08535.x
http://www.ncbi.nlm.nih.gov/pubmed/21223253
https://doi.org/10.1016/j.biocel.2014.01.006
https://doi.org/10.1016/j.biocel.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24417973
https://doi.org/10.1093/jmcb/mjy087
http://www.ncbi.nlm.nih.gov/pubmed/30624728
https://doi.org/10.1016/j.devcel.2019.05.015
http://www.ncbi.nlm.nih.gov/pubmed/31178404
https://doi.org/10.1038/cdd.2015.119
http://www.ncbi.nlm.nih.gov/pubmed/26358154
https://doi.org/10.1016/j.cell.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23562644
https://doi.org/10.1073/pnas.2008474117
http://www.ncbi.nlm.nih.gov/pubmed/32900967
https://doi.org/10.1101/gad.347542.120
http://www.ncbi.nlm.nih.gov/pubmed/33861719
https://doi.org/10.1038/ncb3203
http://www.ncbi.nlm.nih.gov/pubmed/26192438
https://doi.org/10.1038/s41467-018-03299-5
https://doi.org/10.1038/s41467-018-03299-5
http://www.ncbi.nlm.nih.gov/pubmed/29523787
https://doi.org/10.4161/cc.4.6.1696
http://www.ncbi.nlm.nih.gov/pubmed/15908788
https://doi.org/10.1002/jcb.25458
http://www.ncbi.nlm.nih.gov/pubmed/26639987
https://doi.org/10.1038/s41556-020-00627-0
https://doi.org/10.1038/s41556-020-00627-0
http://www.ncbi.nlm.nih.gov/pubmed/33495633
http://www.ncbi.nlm.nih.gov/pubmed/11373269
https://doi.org/10.1016/j.ajpath.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29654721
https://doi.org/10.1016/j.jcmgh.2021.01.006
http://www.ncbi.nlm.nih.gov/pubmed/33484913
https://doi.org/10.1016/j.freeradbiomed.2017.02.028
https://doi.org/10.1016/j.freeradbiomed.2017.02.028
http://www.ncbi.nlm.nih.gov/pubmed/28196650
https://doi.org/10.1371/journal.pgen.1010595

PLOS GENETICS

Cholestasis, sub-lethal liver failure and cancer predisposition in mice with hepatic Rps6 insufficiency

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Lawal OS, Mathur N, Eapi S, Chowdhury R, Malik BH. Liver and Cardiac Involvement in Shwachman-
Diamond Syndrome: A Literature Review. Cureus. 2020; 12(1):e6676. https://doi.org/10.7759/cureus.
6676 PMID: 32104616

Ritchie DS, Angus PW, Bhathal PS, Grigg AP. Liver failure complicating non-alcoholic steatohepatitis
following allogeneic bone marrow transplantation for Shwachman-Diamond syndrome. Bone Marrow
Transplant. 2002; 29(11):931-3. https://doi.org/10.1038/sj.bmt.1703549 PMID: 12080360

Toiviainen-Salo S, Durie PR, Numminen K, Heikkila P, Marttinen E, Savilahti E, et al. The natural his-
tory of Shwachman-Diamond syndrome-associated liver disease from childhood to adulthood. J
Pediatr. 2009; 155(6):807—11 e2. https://doi.org/10.1016/j.jpeds.2009.06.047 PMID: 19683257

Van Nostrand JL, Brady CA, Jung H, Fuentes DR, Kozak MM, Johnson TM, et al. Inappropriate p53
activation during development induces features of CHARGE syndrome. Nature. 2014; 514
(7521):228-32. https://doi.org/10.1038/nature 13585 PMID: 25119037

Wang M, Attardi LD. A Balancing Act: p53 Activity from Tumor Suppression to Pathology and Thera-
peutic Implications. Annu Rev Pathol. 2022; 17:205-26. https://doi.org/10.1146/annurev-pathol-
042320-025840 PMID: 34699262

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagedJ: 25 years of image analysis. Nat Meth-
ods. 2012; 9(7):671-5. https://doi.org/10.1038/nmeth.2089 PMID: 22930834

Comerford SA, Hinnant EA, Chen Y, Bansal H, Klapproth S, Rakheja D, et al. Hepatoblastoma model-
ing in mice places Nrf2 within a cancer field established by mutant beta-catenin. JCI Insight. 2016; 1
(16):88549.

Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U, et al. Exploration, normali-
zation, and summaries of high density oligonucleotide array probe level data. Biostatistics. 2003; 4
(2):249-64. https://doi.org/10.1093/biostatistics/4.2.249 PMID: 12925520

Bolstad BM, Irizarry RA, Astrand M, Speed TP. A comparison of normalization methods for high den-
sity oligonucleotide array data based on variance and bias. Bioinformatics. 2003; 19(2):185-93.
https://doi.org/10.1093/bioinformatics/19.2.185 PMID: 12538238

Fan J, Wang J, Bensadoun A, Lauer SJ, Dang Q, Mahley RW, Taylor JM. Overexpression of hepatic
lipase in transgenic rabbits leads to a marked reduction of plasma high density lipoproteins and inter-
mediate density lipoproteins. Proc Natl Acad Sci U S A 1994; 91(18):8724-8 https://doi.org/10.1073/
pnas.91.18.8724 PMID: 8078949

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010595  January 19, 2023 47147


https://doi.org/10.7759/cureus.6676
https://doi.org/10.7759/cureus.6676
http://www.ncbi.nlm.nih.gov/pubmed/32104616
https://doi.org/10.1038/sj.bmt.1703549
http://www.ncbi.nlm.nih.gov/pubmed/12080360
https://doi.org/10.1016/j.jpeds.2009.06.047
http://www.ncbi.nlm.nih.gov/pubmed/19683257
https://doi.org/10.1038/nature13585
http://www.ncbi.nlm.nih.gov/pubmed/25119037
https://doi.org/10.1146/annurev-pathol-042320-025840
https://doi.org/10.1146/annurev-pathol-042320-025840
http://www.ncbi.nlm.nih.gov/pubmed/34699262
https://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1093/biostatistics/4.2.249
http://www.ncbi.nlm.nih.gov/pubmed/12925520
https://doi.org/10.1093/bioinformatics/19.2.185
http://www.ncbi.nlm.nih.gov/pubmed/12538238
https://doi.org/10.1073/pnas.91.18.8724
https://doi.org/10.1073/pnas.91.18.8724
http://www.ncbi.nlm.nih.gov/pubmed/8078949
https://doi.org/10.1371/journal.pgen.1010595

