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hepatocytes were used to identify the signaling network underlying cell cycle
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determine the importance of epigenomic control for human hepatocyte
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regeneration.

Results: Our results showed that, unlike in rodents, activation of Wnt/g-cat-
enin signaling is the major mitogenic cue for adult primary human hepatocytes.
Furthermore, we identified TGFp inhibition and inflammatory signaling through
NF-xB as essential steps for the quiescent-to-regenerative switch that allows
Whnt/p-catenin-induced proliferation of human cells. In contrast, growth factors,
but not Wnt/p-catenin signaling, triggered hyperplasia in murine hepatocytes.
High-throughput screening in a human model confirmed the relevance of
NF«xB and revealed the critical roles of polycomb repressive complex 2, as well
as of the bromodomain families |, Il, and IV.

Conclusions: This study revealed a network of NFxB, TGFp, and Wnt/p-
catenin that controls human hepatocyte regeneration in the absence of
exogenous growth factors, identified novel regulators of hepatocyte prolifer-
ation, and highlighted the potential of organotypic culture systems for che-

INTRODUCTION

The liver has an outstanding ability to regenerate following
trauma. The rodent partial hepatectomy model, in which
70% of the liver mass is surgically removed, is the major
experimental model for studying the molecular under-
pinnings of liver regeneration. In this model, most of the
remaining hepatocytes re-enter the cell cycle within
24 hours and undergo compensatory hyperplasia.l'2 This
coordinated proliferation after injury is in stark contrast to
homeostatic conditions under which hepatocytes are
quiescent, with an average lifespan of 200400 days.! In
vivo, hepatocytes can be regarded as facultative stem cells
with a nearly unlimited proliferative capacity, as shown by
serial transplantation experiments in which grafted hepato-
cytes could repopulate the injured liver parenchyma of host
mice for at least 12 consecutive transplantations.! The liver
is the only terminally differentiated adult tissue with
extensive regenerative capacity.

In mice, proliferating hepatocytes undergo rapid tran-
scriptional reprogramming, which results in the reactivation
of developmental gene expression programs.®®! A variety of
factors reside at the core of the transcriptional regenerative
program, including E2Fs, ETS, CEBPB, MYC, and JUN.[5S]
These transducers are activated through priming factors
and mitogenic upstream signals, most notably growth
factors and Wnts.”

Our current understanding of the mechanisms under-
lying liver regeneration is almost exclusively derived from
rodent models. This is compounded by the fact that 2D
cultures of primary human hepatocytes (PHH), which are
conventionally used to identify factors that promote cell
cycle re-entry, are short-lived and characterized by cell
cycle arrest.l®l Methods to induce sustained expansion of

mogenomic interrogation of complex physiological processes.

PHH in a variety of culture methodologies have been
reported recently.*'2 |n these studies, a fraction of
hepatocytes entered the cell cycle through the use of
complex media formulations that contained redundant
signaling cues. While these studies have opened the
door for attractive therapeutic strategies, they have not
disentangled the regulatory architecture that controls cell
cycle re-entry in quiescent hepatocytes.

Utilizing an organotypic 3D model of human liver
cells, we report growth factor-free conditions that trigger
cell cycle re-entry of PHH. Specifically, we identified
that the activation of NFkB and the inhibition of TGFp
signaling are necessary and sufficient for human
hepatocyte priming, while Wnt/p-catenin signaling con-
stitutes the critical mitogenic pathway. In contrast,
murine hepatocyte proliferation requires growth factors.
Furthermore, using chemogenomic screening coupled
with high-content assays of cell health and secondary
pharmacology, we identified novel hepatocyte-specific
regulators of proliferation, including the critical roles of
polycomb repressive complex 2 (PRC2), as well as of
bromodomain families |, Il, and IV.

METHODS
Cell culture

Organotype culture of cryopreserved primary human liver
cells was conducted as described.['®! The demographics
and available medical history of the donors are shown
in Supplemental Table 1, http:/links.lww.com/HEP/152.
The suppliers QPS, BiolVT, and KaLy-Cell collected
informed consent from each donor or the subject’s
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legally authorized representative in accordance with
the HHS regulations for the protection of human
subjects (45 CFR §46.116 and §46.117) and Good
Clinical Practice (ICH EG6). All experiments were
conducted using hepatocyte monocultures unless
where clearly stated that spheroids were generated
as co-cultures of hepatocytes with primary human KCs
at a 1:4 stoichiometry.

Cryopreserved primary murine hepatocytes from CD-
1 mice were commercially obtained (BiolVT, USA) and
cultured under identical conditions. The recombinant
proteins and small molecules used for spheroid exposure
are described in Supplemental Table 2, http://links.lww.
com/HEP/153. For pharmacological inhibition of NF-xB
signaling, treatment with BAY-11-7082 was started
24 hours before the cytokine-based proliferation-inducing
cocktail. The study was approved by the Ethics
Committee of Karolinska Institutet, Stockholm, Sweden
under permit number protocol ID08995-2020.

Liver repopulation experiments

For repopulation experiments, we used non-obese
diabetic mice, in which Fah, Rag2, and [l2rg were
knocked out (“FRGN mice”).[415] We used 5-6-week-
old mice, originally obtained from Yecuris Corporation
(Tualatin) and maintained on a PicoLab High Energy
Mouse Diet with 18.9% protein (LabDiet through
International Product Supplies Ltd.) supplemented with
2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexane-
dione. Mice were injected with ~1 million PHH per
mouse either as suspensions or spheroids cultured in
96-well Elplasia plates (Corning) of PHH at the
Karolinska Institute Animal Facility under the approved
ethical protocol ID08995-2020. After transplantation, the
mice were cycled on and off 2-(2-nitro-4-trifluoromethyl-
benzoyl)-1,3-cyclohexanedione to support the prolifer-
ation of human FAH-proficient hepatocytes. Serological
human albumin was monitored biweekly using the
Quantitative Human Albumin ELISA Quantitation Kit
(Bethyl Laboratory).

Gene expression analyses

RNA was isolated using a Qiazol lysis reagent
(QIAGEN). The expression of target genes was
evaluated using Tagman probes (Supplemental Table 3,
http://links.lww.com/HEP/154) in a 7500 Fast Real-Time
PCR system (Applied Biosystems). Gene expression
was quantified using the AACt method. For RNA
sequencing, samples were processed using the New
England Biolabs Next Ultra Il Directional RNA Library
Prep Kit (New England Biolabs) and sequenced on a
NovaSeq6000 instrument (lllumina) at GenomeScan
BV (Leiden, Netherlands). Raw data were processed

using the RTA3.4.4 pipeline and Bcl2fastq (v2.20)
conversion software (lllumina). Genes with an average
number of transcripts per million mapped reads > 1
across all samples were analyzed using Qlucore (Lund,
Sweden). Significantly enriched pathways were identi-
fied based on the KEGG Pathway Database using the
WebGestalt toolbox.['® For motif activity analyses,
RNA-Seq data were obtained from previously published
data on dedifferentiating and redifferentiating
hepatocytes.['”l Transcription factor activity patterns
were inferred using the ISMARA algorithms.[8]

Immunofluorescence and EdU staining

Spheroids were fixed in 4% paraformaldehyde for
1-2 h, preserved overnight in a 30% sucrose solution,
embedded in OCT (Sakura), and sectioned into 10 um
sections using a cryostat NX70 (Thermo Fisher). For
immunofluorescence, sections were blocked and per-
meabilized using a 5% bovine serum albumin (Sigma
Aldrich) in 0.25% Triton solution for 2 h and incubated
with primary antibody overnight at 4°C (Supplemental
Table 4, http://links.lww.com/HEP/155). For labeling
S-phase, 10 uM EdU (Sigma Aldrich/Merck) was added
into the culture medium and revealed by incubation for
30 minutes in staining solution (0.1 M Tris pH 7.5, 2 mM
CuSQO4, 5 uM Alexa 647-azide (Thermo Fisher),
100 mM ascorbic acid). Nuclei were counterstained
using DAPI (Thermo Fisher). Nuclear p21 intensity
quantifications were conducted using FIJI software by
measuring EAU and p21 channel intensities using a
binarized mask based on the DAPI channel.

Knock-down experiments

siRNA constructs against RELA (s11915) and CTNNB1
(s438) were purchased from Thermo Fisher. The
siRNAs were resuspended in RNase-free water as
20 uM stocks and transfected into cells at a final
exposure concentration of 50 nM using lipofectamine
RNAIMAX (Invitrogen).

Phosphoproteomics

Frozen spheroid samples were heated for 10 min at 95°C
in a lysis buffer containing 4% sodium dodecyl sulfate and
sonicated using a probe sonicator. Proteomic sample
preparation consisted of reduction and alkylation, meth-
anol chloroform precipitation, and digestion of the proteins
by lysyl endopeptidase (LysC, Wako) overnight and
trypsin for 6 h. Peptides of the individual samples were
labeled with TMTpro 16plex, pooled, and desalted using
SepPack (Waters). The peptide mixture was fractionated
by high-pH off-line fractionation and concatenated into
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8 fractions for phosphopeptide enrichment, which was
performed using MagReSyn TiO2 magnetic beads
(ReSyn Biosciences). Enriched phosphopeptide samples
were analyzed by liquid chromatography (LC) tandem
mass spectrometry (MS) on an Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Fisher Scientific). A
database search of the proteomics data was performed
using FragPipe. All statistical comparisons were per-
formed using two-tailed homoscedastic Student t-tests.
The mass spectrometry proteomics data files were
deposited in the Proteomics Identification Database
(PXD036100). Further details are provided in the
Supplemental Methods, http:/links.lww.com/HEP/156.

Chemogenomic screening

The effect of 108 chemical probes on the proliferation of
PHH in 3D spheroids was evaluated using EdU
incorporation. The screening panel was enriched in
epigenetic and inflammatory modifiers, including meth-
yltransferases, acetyltransferases, and bromodomains
(BRDs). For BRDs, we followed the subfamily catego-
rization established in Re.['¥l. Briefly, PHH spheroids
were exposed for 5 days after spheroid formation to a
medium containing 5 uM A-8301 and 3 uM CHIR99021
plus 1 uM of the respective chemical probe. Imaging of
whole-mount spheroids was performed in culture plates
using an Opera Phenix High-Content Screening System
(PerkinElmer). Detailed descriptions of counter-screens
for cytotoxicity and the evaluation of compound effects
on growth rates are provided in the Supplemental
Methods, http://links.lww.com/HEP/I56.

RESULTS

Whnt/p-catenin and growth factor signaling
induce cell cycle re-entry only in
permissive, dedifferentiated hepatocytes

To analyze the molecular underpinnings of human
hepatocyte proliferation, we used 3D liver spheroids,
which allow PHH to maintain their transcriptomic,
proteomic, and metabolomic signatures for multiple
weeks in vitro.l1320211 Fyrthermore, we here show that
human spheroids efficiently repopulate the livers of
recipient FRGN mice within 14 weeks post-transplant
(Figure 1A-B). These results indicate that PHH
spheroids maintain essential hepatic functions and the
ability to rescue a failing liver in vivo, which supports the
translatability of our in vitro spheroid results.

We previously revealed that PHH transiently dedif-
ferentiated during spheroid formation and that activation
of Wnt/B-catenin signaling during this process was
sufficient to evoke robust cell cycle re-entry.['”l Here,
we analyzed whether susceptibility to mitogen-induced

proliferation differed as a function of hepatocellular
differentiation. To this end, we compared the response
of transiently dedifferentiated cells during spheroid
formation (setup 1) with redifferentiated cells after
spheroids were formed (setup 2; Figure 1C-E).

In agreement with previous results by us!'”!l and
others,?? we observed high fractions of cell cycle re-entry
(47%) when dedifferentiated PHH were treated for 5 days
with the GSK3p inhibitor CHIR99021, a well-characterized
activator of Wnt/p-catenin signaling in hepatocytes
(Figure 1F-G). Similar results were obtained by exposing
the cells to the growth factors HGF and EGF (henceforth
referred to as “GF”). To ascertain whether the observed
effects were indeed due to GSK3p's effect on Wnt
signaling, we exposed cells to recombinant Wnt3a,
either alone or in combination with the Wnt signaling
potentiator, RSPO1. The recombinant proteins strongly
induced Wnt/p-catenin activity in reporter cell lines and
were able to strongly induce cell cycle entry
(Supplemental Figure 1, http:/links.lww.com/HEP/157).

As GSK3p is a pleiotropic kinase with over 100
known targets,/231 we set out to further test whether p-
catenin would be its major downstream target for
mediating the observed pro-proliferative effect. Impor-
tantly, upon knock-down of CTNNB1, the gene encod-
ing p-catenin, we find that the pro-proliferative effect of
GSK3p inhibition is significantly reduced back to
baseline levels (~11% of cells; p < 0.001 compared to
control transfected cells, Figure 1H-I). We conclude that
GSK3p inhibiton by CHIR99021 mimics ligand-
mediated activation in the analyzed context, and thus,
we used CHIR99021 as an activator of Wnt/B-catenin
signaling for all further experiments.

While Wnt/p-catenin activation strongly induced cell
cycle re-entry of dedifferentiated hepatocytes, these
effects were completely abolished in differentiated cells.
Similarly, only dedifferentiated but not redifferentiated
PHH re-entered the cell cycle upon exposure to HGF
and EGF, which is surprising since these growth factors
have been regarded as full mitogens.?4 When both
mitogens were combined, there was no significant
increase in proliferation upon exposure during spheroid
formation, whereas a significant increase from 3% to
13% (p < 0.001) was observed after spheroid formation
(Figure 1G). During aggregation, PHH became
increasingly less responsive to Wnt/p-catenin and GF-
induced cell cycle re-entry over time, which paralleled
cellular redifferentiation (Figure 1J-K). These data
indicate that both Wnt/p-catenin and GF signaling
alone are sufficient to drive the proliferation of primed
PHH, whereas their capacity to trigger cell cycle re-entry
decreases with increasing differentiation, and virtually
no proliferation is observed in highly redifferentiated
human hepatocytes. Notably, the activation of Wnt/
B-catenin or GF signaling significantly increased the
nuclear localization of the senescence marker p21
(Supplemental Figure 2A-B, http://links.lww.com/HEP/
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158), suggesting that proliferative signaling cues induce TGFp was not sufficient to induce proliferation of
the expression of cell cycle arrest proteins, which serve quiescent differentiated PHH, either alone or in
as a regulatory mechanism to limit the regenerative combination with Wnt/$-catenin activation (Figure 2C).
response, as has been reported for extended hepatec- Next, we analyzed the effects of acute-phase pro-
tomy in vivo.[25] inflammatory cytokines on hepatocyte proliferation,

given that NFxB signaling was markedly increased

during spheroid aggregation (Figure 2D). However,
Cytokines synergize with Wnt/p-catenin to neither IL6 nor TNFa induced PHH cell cycle entry
induce cell cycle re-entry of quiescent PHH  alone or in combination with either Wnt/g-catenin

activation or TGFp inhibition in differentiated spheroids
To investigate the molecular mechanisms involved in (Figure 2E-F). However, when cytokines, TGF-$
human hepatocyte priming, we first focused on TGFf inhibition, and  Wnt/p-catenin  activation  were
signaling, as genetic ablation of TGFp receptors in mice combined, extensive proliferation was observed. This
results in accelerated liver regeneration after partial finding is striking as it constitutes to our knowledge, the
hepatectomy.?®l TGFp signaling was reduced in primed first GF-free condition to induce proliferation of mature
PHH, (Figure 2A) and the activation of TGFp signa-  fully differentiated PHH. Notably, while GF and Wnt/p-
ling during spheroid aggregation completely abolished catenin activation resulted in identical stimulation of
Whnt/B-catenin-mediated or GFs-mediated PHH cell hepatocyte proliferation during spheroid aggregation
cycle re-entry (Figure 2B). However, the inhibition of  (compare Figure 1D-E), GFs synergized considerably

Treatment during
(A) (B) spheroid formation (C) (D)
Vehicle + TGF ligand
SMAD4 O Vehicle Treatment after RELA
o @ Wnt/B-catenin spheroid formation
s oo . 8 Y “mkmas Thdt
= s 80 - 2 £ . '
© .02+ 9 I — <] 2
s s < S
S S m £ © .10
& § .00 2 £ g %
_5 < £ § P 8 ::’; .05
=3 = © c
e 2 g 55 S~ 00
@ N4 £ E=r—1 i
c n 5 229 5
¢ o 23 £z § -05-
F PTI- ® © T w o b
:::i TT T O S Q 6 |‘; -10-
s« g Vehicle +TGFR @ P I © © B
[<3 . ] 5T©® © © 5
(%) ligand £a 5
= s
%)
(E) (G) (H)
+TNF +IL6 50
c —_ ek ;\?
@ 9 X 1 < 404
25 3 o0 . g % TGFBI+GSK3pi - + -
F£ £ B : TNF+HLG - + -
5 é S = Iy § 30+ R I GF - - +
5 g g 401 g :
€5 %5 % E 20+ p-EGFRY1068 =
S N = x
£E2| w2 L 20+ 2 -
g5 9= 3 g 107 4 . Vinculin - e %
F51| 8 w . . 5 I_-r_I:ms cue
o | = IR =5 0 =
Ses s ‘ - N
E 6 3 GSK3 inhibiton - - + - + - + + GF + + + p-Met
@ = TGFB inhibition - - - - 4+ + + TGFBinhibiton - - +
o+ c + -
5 TNFHLE - - - + + + - o+ TNF+IL6 - + B Vinculin |
O]

FIGURE 2 Activation of cytokines and inhibition of TGFp signaling renders primary human hepatocytes susceptible to Wnt/p-catenin-mediated
proliferation. A, The activity profile of the TGF signal transducer SMAD4 is decreased during spheroid aggregation. The logo depicts the analyzed
SMAD4 binding motif. B, Activation of TGFf signaling using recombinant ligand blocks proliferation of hepatocytes during spheroid aggregation
induced by GSK3p inhibition or growth factors. C, EdU staining shows that in fully formed spheroids, TGFp inhibition is not sufficient to render cells
susceptible to the Wnt/p-catenin-mediated induction of proliferation. D, Activity of the NFkB transducer RELA (p65) during spheroid formation. The
logo depicts the analyzed RELA binding motif. E-F, EdU staining (E) and quantification thereof (F) for simultaneous repression of TGFp and
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less with cytokine signaling and TGFp inhibition than
Whnt/p-catenin activation (Figure 2G). Proliferation was
not only independent of extrinsically added GFs but also
of GF signaling at the receptor level, as evidenced by
lack of EGFRY'968 and METY'34® phosphorylation in
spheroids treated with TGFp inhibitor, GSK3p inhibitor,
IL6, and TNFa (Figure 2H and Supplemental Figure 3,
http://links.lww.com/HEP/159).

To test the effects of inflammatory signaling in a more
physiological context, we generated co-cultured sphe-
roids of PHH with CD163*/Lyz* primary KCs. In line with
in vivo findings during liver regeneration in rodents,”:27]
human KCs produced TNF and IL1p, as well as GFs and
Wnhits, and significantly increased proliferation of PHH in
the mixed spheroids (p < 0.05; Supplemental Figure 4,
http://links.lww.com/HEP/I60). We thus conclude that
human KCs produce molecular cues, such as cytokines,
GFs, and Wnt ligands, which can participate in cell
priming and activation of human hepatocyte proliferation.

Stimulation of hepatocyte regeneration is
specific to NFkB-stimulating cytokines

To evaluate the cytokine-specificity of cell cycle stimula-
tion, we compared the effects of the major pro-inflamma-
tory and anti-inflammatory cytokines (Figure 3A). In
contrast to the pro-inflammatory cytokines IL1p and
TNFa, no significant effects were observed with IL6,
which is not an NF«B activator, or with anti-inflammatory
cytokines or interferons. These findings suggest that in
human hepatocytes, only specific pro-inflammatory
cytokines exert pro-proliferative effects and that the key
signaling axes converge in the NFkB pathway.

The highest increase in PHH cell cycle entry and
S-phase was observed between days 2 and 3 of
treatment and only marginally increased thereafter
(Figure 3B-C). EdU incorporation data was
corroborated by staining for phosphorylated histone
H3, an established marker of active mitosis (Figure 3D-
E). As histone H3 is only phosphorylated from early
prophase until late anaphase,?® its window is much
shorter than that of other proliferation markers, such as
EdU or Ki67, and the fraction of positive cells at a given
timepoint is thus expected to be considerably lower.

Importantly, treatment with the pharmacological NF-
kB inhibitor BAY-11-7082 abrogated the proliferative
response, confirming the key role of pro-inflammatory
cytokine signaling in hepatic regeneration (Figure 3F).
Similarly, knock-down of RELA resulted in reduced
phosphorylation of its encoded NFkB-signaling
transducer p65 and decreased PHH cell cycle re-entry
(Figure 3F, Supplemental Figure 3C, http://links.lww.
com/HEP/I59). This is consistent with in vivo studies
that reported remarkably impaired liver regeneration in
knockout mice for TNF receptors and IL6, which led to

significantly increased mortality rates after partial
hepatectomy.[29.30]

To further compare the intracellular signal transduction
network in spheroids stimulated with pro-inflammatory
cytokines to that in spheroids exposed to GFs, we
conducted phosphoproteomic analyses. Overall, we
identified 17,914 phosphopeptides distributed across
4576 proteins. In GF-treated spheroids, GF signaling
transducers, such as MAPK1, and proteins involved in GF
receptor trafficking (MICALL1) were among the most
significant hits (Figure 3G; Supplemental Table 5, http:/
links.lww.com/HEP/I61). In contrast, we observed signif-
icant phosphorylation of the NF-xB regulator IKBKB and
the Wnt signaling inhibitor NDRG2 in treatments that
included cytokines (Figure 3H-I). Importantly, the overall
phosphorylation signatures differed drastically between
conditions, further demonstrating that GF-free proliferation
conditions elicit fundamentally different intracellular signal
transduction networks (Figure 3J).

RNA sequencing identifies hepatocyte
dedifferentiation as a critical step in
induction of proliferation

RNA sequencing revealed that cell cycle and DNA
replication genes were upregulated in cytokine-based
proliferation cocktails, while genes associated with
xenobiotic metabolism, coagulation, and carbohydrate
and cholesterol metabolism genes, were downregulated
(Figure 4A-B). Acute-phase cytokines and TGFp/GSK3p
inhibition elicited distinct cellular responses with genes
involved in the cell cycle being enriched in spheroids
treated with TGFp and GSK3p inhibitors, irrespective of
co-treatment with acute-phase cytokines, whereas DNA
replication was enriched only in the co-treated spheroids
(Figure 4C-E). These results indicate that TGFp and
GSK3p inhibition renders cells permissive for cell cycle
entry but requires NF-xB activation to enter the S-phase.
TGFp and GSK3p inhibition alone entailed a signif-
icant induction of E2F1 as well as MYC, whereas acute-
phase cytokines alone strongly induce NF-xB and
repress the activity of members of the HNF family and
GATA4 (Figure 4F-G). Combining both TGFB/GSK3p
inhibition and cytokine signaling resulted in the
integration of the individual transcription factor profiles,
as well as in further amplification of E2F and MYC
activity. Combined TGFp/GSK3p inhibition and NF-xB
activation moreover repressed YAP/TAZ-mediated
signaling (Supplemental Figure 5, http:/links.lww.com/
HEP/I62), a known regulator of liver size control®®' and
the regulation of hepatocyte maturation both in vivol®2
and in vitro.33 In addition, a remarkable increase in
TAF1 and GABPA activity was observed, which are
transcription factors that promote the expression of
ribosomal proteins essential for cellular proliferation.
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The mitogenicity of Wnt/B-catenin signaling
and GFs is species-dependent

To evaluate whether the GF-free proliferation conditions
we identified were specific to human hepatocytes, we
tested the response to Wnt/p-catenin activation, TGFp

inhibition, as well as GF and cytokine signaling in 3D
spheroids of mature primary murine hepatocytes.
Interestingly, contrary to human hepatocytes, mouse
cells did not re-enter the cell cycle under treatments
based on Wnt/B-catenin activation but did so when GFs
were provided (Figure 5A-B). Furthermore, murine
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spheroids were not susceptible to the induction of
hepatocyte proliferation based on TGF-p inhibition and
cytokine activation (Figure 5C-D). These data
suggested that murine hepatocyte regeneration is
primarily driven by GFs, as in vivo.?4 In contrast,
human hepatocyte proliferation is strongly dependent
on Wnt/p-catenin signaling.

Chemogenomic screen for modulators of
human hepatocyte regeneration

Given the substantial species differences, we used our
human liver regeneration model to conduct a chemo-
genomic screen of 108 compounds from a diverse, highly
validated library of cell-active chemical probes enriched
for epigenetic regulators and modulators of immune
function. In total, 25 of the 108 probes significantly altered
human hepatocyte proliferation after the Benjamini-
Hochberg correction (Figure 6A; Supplemental Table 6,
http://links.lww.com/HEP/I63). Among the probes that
increased proliferation were the BAZ2A/B inhibitor
GSK2801, CBP/p300 inhibitor I-CBP112, and RIPK
inhibitor HY-19764. Inhibition of RIPK kinase has
previously been implicated in biasing TNF signaling

away from pro-apoptotic effectors and towards NF-xB
activation and cell survival®®; however, its effects on
hepatocyte proliferation have not been described. Here,
we found that the inhibition of RIPK using HY-19764
significantly increased proliferation (Figure 6B).
Conversely, inhibition of the methyltransferases PRMT5
and SETD7, which have been shown to activate NFkB
activity,36-381 resulted in the ablation of hepatocyte
proliferation, which further supports the pro-proliferative
effect of NFkB in PHH.

We also found that epigenetic plasticity was an
essential prerequisite for hepatocyte proliferation. The
histone methyltransferase complex PRC2 has previously
been shown to promote liver regeneration, at least in part,
by inhibiting the transcription of the cell cycle inhibitors
CDKN2A and CDKN2B.B9 |n agreement with these
findings, we showed that specific inhibition of the PRC2
members, EED and EZH2, significantly reduced hepato-
cyte proliferation (Figure 6C). Similarly, we found essential
roles for the histone acetyltransferase Ada2a-containing
complex, as inhibition of the canonical Ada2a-containing
member WDR5, which mediates the pro-proliferative
effects of MYC,#% abolished proliferation.

Inhibition of BRD proteins of the BET subfamily (BRD
family 1), which block inflammatory signaling, reduced
hepatocyte cell cycle re-entry, corroborating the impor-
tance of inflammatory signaling in human hepatocyte
regeneration (Figure 6D). Our results indicate important
roles of the BRD | family members PCAF and GCN5 as
well as of multiple members of the BRD IV family,
whereas no prominent effects on hepatocyte
proliferation were observed for members of the BRD
I, V, VI, and VIII families.

To test the cell type specificity of the observed
effects, we profiled the effects of selected hit com-
pounds on proliferation dynamics across three different
cell lines, the cancer cell lines HEK293T and U20S,
and the non-transformed human fibroblast line MRC-9
(Figure 6E). No reduction in proliferation was observed
with the methyltransferase inhibitors LLY-283, PFI-2,
and GSK591 in any of the cell lines, whereas significant
effects were observed in PHH. Similarly, only one of the
3 cell lines showed a reduction in growth rate when
treated with any of the BRPF inhibitors OF-1, NI-57, or
PFIl-4. The BET (BRD II) inhibitor JQ1, in contrast,
strongly reduced the proliferation of PHH and induced
nuclear fragmentation and apoptosis, as indicated by a
live-cell multiplexed assay for cell health (Figure 6F-G;
Supplemental Table 7, http://links.lww.com/HEP/I64).
These data indicate that the network underlying the
control of proliferation only partially overlapped between
PHH and cell lines typically used for compound
screening.

Next, we conducted cytotoxicity analyses of selected
probes by fluorometric microculture cytotoxicity assay
and flow cytometry in primary human B-cells, T-cells,
monocytes, and CD45* leukocytes. The probes showed,
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if at all, only marginal cytotoxicity at the relevant
concentrations, except for the BET inhibitors PFI-1 and
JQ1, for which toxicity was observed at the highest
concentration (Figure 6H). To further increase
confidence in the specificity of the observed effects and
assess biological target diversity, we conducted
secondary pharmacology screening using a binding
assay panel covering a total of 150 different
therapeutically relevant  targets (Figure 6l;
Supplemental Table 8, http://links.lww.com/HEP/I65).
Specifically, we focused on 2 mechanistically distinct
NFkB activators, PFI-2 and GSK591, as well as the
panBRPF inhibitor NI-57. GSK591 caused off-target
inhibition of adrenoceptors, serotonin, dopamine, and
sigma receptors. In contrast, PFI-2 and NI-57 showed no
considerable off-target effects, supporting the conclusion
that the observed effects on hepatocyte regeneration are
likely on-target effects.

Taken together, these results indicate that the
presented 3D primary human liver model constitutes a
scalable platform for identifying novel factors and
pathways involved in human hepatocyte regeneration
through chemogenomic profiling. The obtained results
confirm the importance of NFkB, uncover the impor-
tance of epigenetic regulation for proliferative control,
and identify the important roles of BET and non-BET
BRD proteins in human liver cell plasticity.

DISCUSSION

The regenerative capacity of the liver relies on the highly
plastic nature of hepatocytes, which allows them to
switch between the quiescent and proliferative states.
Murine studies have indicated that EGF and HGF are
required for this switch.®¥ Additional proliferative path-
ways, such as Wnt/p-catenin and YAP/Hippo, have been
shown to be involved in hepatocyte cell cycle re-entry;
however, experiments using knockout mice have indi-
cated that these are dispensable and not strictly required
for successful liver regeneration.'42 Moreover, in vivo
models have revealed the complex crosstalk between
hepatocytes and nonparenchymal cell types, which is
crucial in initiating the regenerative response by provid-
ing inflammatory and mitogenic cues.!)

While substantial mechanistic differences in liver
regeneration are recognized between fish, amphibians,
reptiles, and birds, the molecular control of hepatocyte
regeneration in mammalian models is implicitly
assumed to be highly similar.43! Seminal in vitro work
on monolayer cultures of primary human and rodent
hepatocytes regarded GFs as the primary mitogens,
while TNF was suggested to act as a priming factor that
amplified their proliferative effect.444% Similarly, while
the infusion of GFs alone was sufficient to induce some
DNA synthesis in uninjured rodent livers, this effect
was magnified when combined with an initial priming

stimulus, such as partial hepatectomy, collagenase
perfusion, or portal vein cannulation.“6-48l Here, we
show that, in contrast to murine hepatocytes, Wnt/p-
catenin constitutes the major mitogenic signaling axis in
human liver cells. However, Wnt/B-catenin activation
alone was sufficient only in dedifferentiated primed
hepatocytes. Among the factors responsible for cell
priming, we identified TGF-p as a central parameter.
TGFp has conventionally been considered as a factor
involved in the termination of liver regeneration,“®! and
its loss is associated with the acquisition of hepatic
progenitor phenotypes.®® Nevertheless, TGFp signal-
ing has more recently been proposed as a driver of
hepatocyte epithelial-to-mesenchymal transition early in
regeneration.5 Our results show that suppression of
TGFB is required for inducing the quiescent-to-prolifer-
ative switch in PHH; however, its role in PHH
differentiation is uncertain. Notably, Wnt/p-catenin
activation furthermore synergizes to a limited extent
also with GF signaling, (Figure 1B) which could explain
previous results showing that pan-frizzled activation in
mice in vivo was sufficient to elicit cell cycle re-entry of
periportal hepatocytes.[52

In agreement with the initial priming theory,®% our data
demonstrate a central role for the NFxB-activating
cytokines in rendering hepatocytes receptive to mito-
genic stimuli. In a partial hepatectomy mouse model,
TNF and IL6 induce a controlled inflammatory response
that amplifies hepatocyte cell cycle re-entry.54l In
rodents, IL1p was reported to induce the expression of
the EGFR ligand amphiregulin[55]; however, its prominent
role in the control of hepatocyte proliferation has not been
demonstrated. In this study, IL1p was as potent as TNF in
cell priming. In contrast, anti-inflammatory cytokines did
not increase cell proliferation in agreement with in vivo
data5® In human hepatocytes, GFs synergize with
acute-phase cytokines to a lesser extent than Wnt/p-
catenin to promote cell cycle re-entry.

Experiments in reductionistic in vitro systems offer
opportunities to investigate the minimal molecular
circuitry underlying proliferation and can provide new
insights into the signaling networks that control human
hepatocyte cell cycle re-entry. However, the observa-
tion that Wnt/p-catenin and GF signaling alone are
sufficient to drive the proliferation of primed PHH,
whereas their capacity to trigger cell cycle re-entry
decreases with increasing differentiation, would benefit
from further validations in vivo. Humanized mice, such
as the FRGN mouse model used in this study, infused
with GFs or Wnt/B-catenin agonists might provide useful
tools in this regard. However, these mice exhibit an
immunodeficient phenotype, which might interfere with
the signaling modules identified here. Thus, careful
profiling of the in vivo responses of differentiated and
undifferentiated PHH to different signaling cues con-
stitutes an important complement to understand human
hepatocyte cell cycle control.
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RNA sequencing analysis indicated that repression
of hepatic differentiation and inhibition of transcription
factors of the HNF family constitutes a critical step for
hepatocyte cell cycle entry. This hypothesis is sup-
ported by several lines of evidence. First, GSK3p
inhibition alone is sufficient to induce the proliferation
of dedifferentiated PHH in the absence of cytokines
(compare Figure 1E-H). Second, the loss of mature
hepatic signatures is a common feature between the
induction of proliferation in spheroids and organoid
culture systems (Supplemental Figure 6, hitp://links.
Iww.com/HEP/I166). Lastly, similar observations have
been made in vivo where proliferating hepatocytes have
been shown to reactivate an early postnatal-like
expression signature after partial hepatectomy.!

The mechanisms underlying the plastic nature of the
liver are intriguing, as no other organ displays these
characteristics. It is conceivable that these differences are
based on specific epigenetic signatures. Our results
pinpoint PRC2 and Ada2a-containing complexes as
bromodomain members of the BET family (BRD family 11)
as critical epigenetic regulators of hepatocyte plasticity.
Furthermore, using orthogonal probes, we showed that
besides BET proteins, members of the BRD | (histone
acetyltransferase) and BRD [V families (scaffolding
proteins and transcriptional regulators) affect hepatocyte
regeneration.l"” These results provide the first evidence
implicating non-BET BRDs in primary human cell plasticity
and regeneration and incentivize further investigation of
these protein families for mechanistic and translational
studies.

In summary, we identified that cell cycle re-entry in
human hepatocytes is driven by Wnt/p-catenin signaling
in synergy with acute-phase pro-inflammatory cytokines
under the permissiveness of TGFp signaling. Impor-
tantly, GFs may be more potent mitogens for rodent
hepatocytes, highlighting the relevance of using sophis-
ticated in vitro culture systems based on adult primary
human cells.
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