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Hepatic progenitor cells (HPCs) are adult liver stem cells that act as second line of defense in liver regen-
eration. They are normally quiescent, but in case of severe liver damage, HPC proliferation is triggered by
external activation mechanisms from their niche. Although several important proproliferative mechanisms
have been described, it is not known which key intracellular regulators govern the switch between HPC
quiescence and active cell cycle. We performed a high-throughput kinome small interfering RNA (siRNA)
screen in HepaRG cells, a HPC-like cell line, and evaluated the effect on proliferation with a 5-ethynyl-2’-
deoxyuridine (EdU) incorporation assay. One hit increased the percentage of EdU-positive cells after
knockdown: dual specificity tyrosine phosphorylation regulated kinase 1A (DYRKIA). Although upon
DYRKIA silencing, the percentage of EdU- and phosphorylated histone H3 (pH3)-positive cells was in-
creased, and total cell numbers were not increased, possibly through a subsequent delay in cell cycle
progression. This phenotype was confirmed with chemical inhibition of DYRKI1A using harmine and with
primary HPCs cultured as liver organoids. DYRKI1A inhibition impaired Dimerization Partner, RB-like, E2F,
and multivulva class B (DREAM) complex formation in HPCs and abolished its transcriptional repression on
cell cycle progression. To further analyze DYRKIA function in HPC proliferation, liver organoid cultures
were established from mBACtgDyrklA mice, which harbor one extra copy of the murine Dyrkla gene
(Dyrk+++). Dyrk+++ organoids had both a reduced percentage of EdU-positive cells and reduced prolifer-
ation compared with wild-type organoids. This study provides evidence for an essential role of DYRKIA as
balanced regulator of S-phase entry in HPCs. An exact gene dosage is crucial, as both DYRKIA deficiency
and overexpression affect HPC cell cycle progression.
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Introduction

HE LIVER IS WELL KNOWN for its regenerative capacity,

which is primarily based on hepatocyte replication [1,2].
This first line of defense fails, however, in cases of fulminant
or chronic liver injury [3-5]. Liver repair then relies on he-
patic progenitor cells (HPCs). HPCs are adult liver stem cells
that are normally quiescent, but start to proliferate upon se-
vere hepatic damage and can differentiate into mature he-
patocytes [6—10]. In practice, this HPC-response is often still
insufficient for clinical recovery of liver disease [11].

Adult stem cells require a well-regulated balance between
quiescence and cell cycle entry to prevent premature ex-
haustion while maintaining self-renewal capacity [12].
Proliferation is initiated by specific cues from their tissue
microenvironment or niche [13]. For HPCs, several external
activation mechanisms have been described, such as Wnt sig-
naling, growth factors and cytokines (eg, hepatocyte growth
factor, TNF-like weak inducer of apoptosis [TWEAK]), and
specific extracellular matrix components [14—17].

However, it is not known which key intracellular regu-
lators downstream of these external signals govern the
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switch between quiescence and active cell cycle in HPCs.
Identification of these essential determinants of the HPC-
response could give greater insight into the biology behind
HPC-mediated liver regeneration and could lead to new
therapeutic strategies for patients with severe liver disease.

In this study, we therefore aimed to screen for kinases that
are essential in HPC proliferation. Kinases are known for
their involvement in the cell cycle and proliferation [18-20].
As a class, they are commonly exploited as drug targets,
with many (receptor tyrosine) kinase inhibitors already in
use in the clinic. To this end, we used a kinase siRNA
library in HepaRG cells, a HPC-like cell line, and studied
the effect on the cell cycle with a 5-ethynyl-2’-deoxyuridine
(EdU) incorporation assay (a detailed screening strategy is
summarized in Fig. 1). The kinome screen generated one hit:
dual-specificity tyrosine phosphorylation-regulated kinase
1A (DYRKIA). To validate our findings, we confirmed the
observed phenotype in primary HPCs cultured as liver or-
ganoids [21] and also investigated an overexpression model
with one extra copy of the DYRKIA gene [22].

Materials and Methods
Culture of HepaRG cell line

Human hepatic progenitor-like cell line HepaRG was
obtained from Biopredic International (Rennes, France).
Human hepatic stellate cell line LX2 was kindly provided by
Scott Friedman (Mount Sinai School of Medicine, New
York, NY). Cells were cultured in William’s Medium E
with 2% v/v fetal calf serum (Life Technologies), 5 pg/mL
insulin, 50puM hydrocortisone hemisuccinate (Sigma-
Aldrich), and standard antibiotics at 37°C in 5% CO, in air
in a humidified incubator.

High-throughput siRNA screen,
immunofluorescence, and image acquisition

A Dharmacon On-Target-Plus siRNA library (Thermo
Scientific) targeting 716 kinases in the human genome was
used in the primary screen. A transfection protocol was de-
veloped that yielded more than 90% transfection efficiency
and knockdown without affecting viability or cell loss (<10%).
siRNAs were forward transfected in 5,500 HepaRG cells/well
(confluency of 30%) in 96-well plates in triplicate at a con-
centration of 5nM using 3 pL/mL RNAiIMAX transfection
reagent (Thermo Scientific) in antibiotic-free media. As con-
trols, nontargeting (NT) siRNAs and SMARTpool siRNAs
against BMII proto-oncogene, polycomb ring finger (BMII),
and polo-like kinase 1 (PLKI) were used. Cells were cultured
for 48 h in total after transfection. After 24 h, transfection
medium was removed and replaced with standard culture
medium with antibiotics. After 48 h, cells were pulsed in
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culture with 10 uM EdU for 3 h, then washed with phosphate-
buffered saline (PBS) with 0.1% Tween, and fixed and
permeabilized with 4% paraformaldehyde (PFA) and 0.5%
Triton X-100 for 10 min at room temperature (RT). Fixative
was replaced with PBS, and cells were stained for EdU and
phosphorylated histone H3 (pH3), using a Sciclone auto-
mated workstation (Caliper Life Sciences).

EdU staining was performed with 5uM AF488-azide
(Thermo Scientific), 1 mM CuSQO4, and 100 mM ascorbic
acid according to Salic and Mitchison [23]. For pH3 stain-
ing, cells were blocked with 5% v/v normal goat serum
(Sigma-Aldrich) and then incubated with rabbit anti-pH3
(1:500, 06-570, lot No. 1957281; Millipore) for 1h. Cells
were washed and then incubated with goat anti-rabbit
AF568 (1:200; Life Technologies) for 1h. Cells were wa-
shed and nuclei were counterstained with 4”,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich). Total cell count and
the percentages of EdU- and pH3-positive cells were cal-
culated with automated image acquisition and data analysis
using the Target Activation algorithm of the Cellomics
ArrayScan VTI HCS Reader (Thermo Scientific).

Screening strategy, data normalization,
and hit selection

The screening strategy is summarized in Fig. 1. In a pri-
mary screen, all 716 kinases in the library were screened in
triplicate in HepaRG cells using a pool of 4 siRNAs per
target. After 48h, the percentage of EdU was determined.
Data were normalized with a robust Z score analysis (sample-
based normalization), and a significance threshold of 3 was
established mathematically by Monte Carlo analysis [24].
Consequently, hits were defined as having a robust Z score of
either 23 (increased percentage of EdU-positive cells after
silencing) or <-3 (decreased percentage of EdU-positive cells
after silencing) in at least two out of three replicates.

Obtained hits were reanalyzed in a secondary screen with a
randomized plate setup and including 10 NT control siRNAs
per plate. Transfections were performed in plate triplicates to
control for interplate variation. In addition, the secondary
screen included a second cell line as negative selector to rule
out common, non-HPC-specific hits. For this purpose, the
hepatic stellate cell line LX2 was selected, representing liver
cells of a different (mesenchymal) lineage. Assuming a bi-
ased population in this confirmatory screen, a control-based
hit selection was used, with two standard deviations away
from the NT controls as cutoff. A target had to be a hit in at
least two out of three replicate plates.

Remaining hits were technically validated in a deconvo-
lution screen in HepaRG cells, individually transfecting four
single siRNAs per target to control for off-target effects. Hit
selection was similar as in the secondary screen, with the

>

FIG. 1. High-throughput screen strategy. (A) In a primary screen, 716 kinases were screened using a pool of 4 siRNAs per
target. Transfections were performed in triplicate. After 48 h, cells were pulsed with EdU, stained, and percentage of EdU*
cells was determined with automated image analysis. Hits were selected based on sample-based normalization. (B) Sec-
ondary screen included a non-HPC cell line (LX2). Transfections were performed in triplicate. Per plate 10 NT controls
distributed at random across the plate were used for control-based hit selection. (C) Deconvolution using four single siRNAs
per target (at least two had to yield hit phenotype) and control-based hit selection. RNA was isolated to confirm knockdown
of the target. Transfections were performed in triplicate for both EdU assay and RNA isolation. EdU, 5-ethynyl-2’-
deoxyuridine; HPC, hepatic progenitor cell; NT, nontargeting; siRNA, small interfering RNA. Color images available

online at www .liebertpub.com/scd
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added requirement that at least two out of four siRNAs had
to produce a hit phenotype. In the same transfection ex-
periment, RNA was isolated in triplicate to confirm
knockdown of the target [25].

RNA isolation and quantitative reverse transcriptase
polymerase chain reaction analysis

RNA was isolated with either sample preparation reagent
(BioRad) or an RNeasy kit (Qiagen) from three to six culture
replicates. Complementary DNA (cDNA) reaction and quan-
titative polymerase chain reaction (QPCR) were performed in
duplicate essentially as described before [26] on a Bio-Rad
CFX thermal cycler (Bio-Rad). Primers were designed for
human and mouse DYRKIA/Dyrkla, mouse E2f transcription
factor 1 (E2f1), cell division cycle 6 (Cdc6), proliferating cell
nuclear antigen (Pcna), cyclin B1 (Cenbl), Plkl, epithelial cell
transforming 2 (Ect2), and cyclin-dependent kinase inhibitor
1B (Cdknlb). Gene expression was normalized against refer-
ence genes (human: HPRT and RPLI9, mouse: f-Actin,
Rps18, and Gapdh). Primers are listed in Table 1.

Protein isolation and western blotting

Total protein was isolated from HepaRG cells cultured in
a six-well plate (165,000 cells/well). Protein isolation and
western blotting were performed essentially as described
before [26]. For LIN52 immunoblotting, dephosphorylation
of samples (100pg protein) was performed with 100U

KRUITWAGEN ET AL.

lambda protein phosphatase (APP; New England Biolabs) in
1 x NEBuffer for protein metallo phosphatases (PMP), sup-
plemented with 1 mM MnCl, at 30°C for 30 min. For DYR-
KI1A immunoblotting, polyclonal antibody against DYRKI1A
(HPAO15810, lot No. A71674; Sigma-Aldrich) was diluted
1:250, and secondary goat anti-rabbit antibody (Dako) was
diluted 1:5,000. As a loading control, B-actin antibody
(MS1295P1, lot No. 1295P1501P; Thermo Scientific) was
used in a 1:2,000 dilution. For LIN52 immunoblotting,
polyclonal antibody against LIN52 (HPA000900, lot No.
A79391; Sigma-Aldrich) was diluted 1:100 and secondary
goat anti-rabbit antibody (Cell Signaling) was diluted 1:3,000.
As a loading control, alpha-tubulin antibody (T6199, lot No.
102M4773V; Sigma-Aldrich) was used in a 1:1,000 dilution.
Quantification was performed using Quantity one (Version
4.6.9; Bio-Rad). Sample p-LIN52 was quantified as optical
density per mm® and normalized against alpha-tubulin.
Omission of the first antibody was used as negative control.

Flow cytometry and cell cycle distribution analysis

HepaRG cells 48 h after transfection with either NT control
or siRNA against DYRKIA were harvested by enzymatic
digestion and fixed in 70% ethanol at 4°C overnight. Cells
were stained with 5 pg/mL propidium iodide and 250 pg/mL
RNase in PBS. For flow cytometry a FACSCalibur (BD
Biosciences) was used. Acquired DNA content data were
analyzed with FlowJo software for cell cycle distribution
(curve fit according to Dean Jett Fox model). DNA content

TABLE 1. PRIMER SEQUENCES AND QUANTITATIVE POLYMERASE CHAIN REACTION CONDITIONS

Species Gene Direction Sequence (5-3") Temperature (°C) Product size (bp)
Human DYRKIA Forward TTGACTCCTTGATAGGCAAAGGT 60 70
Reverse CATTCTTGCTCCACACGATCAT
HPRT Forward ATAAGCCAGACTTTGTTGGA 60 156
Reverse CTCAACTTGAACTCTCATCTTAGG
RPLI9 Forward ATGAGTATGCTCAGGCTTCAG 64 150
Reverse GATCAGCCCATCTTTGATGAG
Mouse Dyrkla Forward GTGTCTGCCTTACCATATTCTG 61 83
Reverse TGCTGGATCACGGAAGG
E2f1 Forward GCCCTTGACTATCACTTTGGTCTC 64 270
Reverse CCTTCCCATTTTGGTCTGCTC
Cdc6 Forward AGTTCTGTGCCCGCAAAGTG 63 289
Reverse AGCAGCAAAGAGCAAACCAGG
Pcna Forward TGAAGATAATGCAGACACCTTAGC 61 124
Reverse TGTACTCCTGTTCTGGGATTCC
Cenbl Forward AAAGGGAAGCAAAAACGCTAGG 59 130
Reverse TGTTCAAGTTCAGGTTCAGGCTC
Plkl Forward CCAAGCACATCAACCCAGTG 60 147
Reverse TGAGGCAGGTAATAGGGAGACG
Ect2 Forward AGAGACGGAGATTGAAAGAGACC 60 110
Reverse GTGAGCCAATAGAAAGAGAGTGC
Cdknlb Forward GGTGCCTTTAATTGGGTCTCAG 61 140
Reverse AAGAAGAATCTTCTGCAGCAGG
P-Actin Forward AGCTCCTTCGTTGCCGGTCCA 57 94
Reverse TTTGCACATGCCGGAGCCGTTG
Rpsi8 Forward GATCCCTGAGAAGTTCCAGCAC 57 120
Reverse ACCACATGAGCATATCTCCGC
Gapdh Forward GAAGGTCGGTGTGAACGG 61 101
Reverse TGAAGGGGTCGTTGATGG

Ccnbl, cyclin Bl; Cdc6, cell division cycle 6; Cdknlb, cyclin-dependent kinase inhibitor 1B; DYRKIA, dual-specificity tyrosine
phosphorylation-regulated kinase 1A; E2fI, E2f transcription factor 1; Ect2, epithelial cell transforming 2; Pcna, proliferating cell nuclear

antigen; Plkl, polo-like kinase 1.
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data (DAPI total intensity) from the ArrayScan automated
image acquisition were similarly analyzed with FlowJo.

Chemical DYRK1A inhibition

Harmine is a specific DYRKIA inhibitor [27,28]. HepaRG
cells and liver organoids were treated with 10 uM harmine
(Sigma-Aldrich) or its vehicle (dimethyl sulfoxide [DMSO])
control for 48 h for EAU, pH3, trypan blue exclusion, and
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assays. Medium was refreshed after 24h. Growth
curves were made by trypsinization and cell counts upon treat-
ment with 10 pM harmine, 15 uM INDY, and 6.7 uM GNF7156
or their vehicle (DMSO) control. TUNEL staining was per-
formed according to the manufacturer’s instructions (Merck
Millipore). Ten high-power fields were counted per condition.

Mouse liver organoid culture

Surplus mouse liver samples were obtained from 14 to 20
weeks old wild-type (WT) and mBACtgDyrkl A mice (n=5
transgenic and n=4 WT littermates) killed for unrelated re-
search purposes (University 3R-policy). mBACtgDyrk1A
mice were generated as described previously and contain one
extra copy of the murine Dyrkla gene [22]. Liver samples
were processed fresh or immediately frozen in cryopreserva-
tive (Life Technologies). Liver was minced and then digested
with 125 pg/mL collagenase type XI (Sigma-Aldrich) and
125 pg/mL dispase (Life Technologies) to obtain biliary duct
fragments containing the HPCs. Ducts were seeded in three-
dimensional (3D) culture in Matrigel (BD Biosciences) in 48-
or 24-well plates and overlaid with expansion media. Primary
HPCs proliferated in response to the Wnt ligands in the defined
media as 3D liver organoids as described before [21]. Imaging
was performed with an Olympus microscope (CKX41) and a
Leica DFC425C camera.

EdU incorporation assay in organoids

Organoids from passage 5 onward in log phase of growth
were pulsed with 10 uM of EdU for 3 h, fixed in 4% PFA, and
embedded in paraffin. Organoid sections of 4 um were routinely
dewaxed and rehydrated and stained for EAU as described before
and nuclei were counterstained with DAPI. Sections were im-
aged with an Olympus IMT-2 fluorescence microscope and an
Olympus E-330 LCD camera. For at least 2,000 cells per con-
dition, total cell number and number of EQU* cells were counted.

Organoid growth curves

To quantify liver organoid growth, organoids were cul-
tured in 48-well plates (n=4 wells per condition) and an
Alamar Blue assay was performed on the same wells on 5
consecutive days according to the manufacturer’s instruc-
tions (Life Technologies). Serial fluorescence measurements
were made on a Tecan Infinite M200 spectrophotometer and
were normalized to day 1.

Organoid yH2AX immunocytochemistry

Paraffin-embedded organoid sections of 4 um were rou-
tinely dewaxed and rehydrated and incubated in 10 mM citrate
at 98°C for 30 min with an additional 30 min cooling down.
Endogenous peroxidase activity was blocked with 0.3% H,0O,

in methanol. Sections were washed with PBS containing 0.1%
Tween and incubated with 10% v/v normal goat serum
(Sigma-Aldrich) for 30 min at RT. Sections were incubated
with rabbit anti-yH2AX (1:500, MABE205, clone EP854(2)Y,
lot No. 2452454; Millipore) at 4°C overnight. Sections were
incubated with goat anti-rabbit (Envision; Dako) for 45 min at
RT, and 3,3’diaminobenzidine was used as chromogen. He-
matoxylin was used as counterstain. Imaging was performed
with an Olympus microscope (CKX41) and a Leica DFC425C
camera, at least 1,000 nuclei were counted per condition.

Statistics

Statistical significance was determined using a nonpara-
metric Mann—Whitney U test or a Kruskal-Wallis test fol-
lowed by a Mann—Whitney U test in case of multiple group
testing, P<0.05 was considered significant. Analysis was
performed in SPSS (IBM SPSS Statistics 22).

Results

RNA interference screening of kinase library
in HepaRG cell line

In a primary screen, 716 kinases were silenced and screened
for their effect on EdU incorporation in the HepaRG cell line.
After normalization, 100 hits were identified based on a robust
Z score of either >3 (increased percentage of EdU-positive
cells after silencing) or <3 (decreased percentage of EdU
positive cells after silencing) (Fig. 2A). As confirmation that
our screen was robust, siRNAs against two essential kinases
(BMI1 and PLK]) consistently yielded Z scores of <-3, and
NT controls did not yield a hit phenotype.

The obtained hits were reanalyzed in a secondary screen in
triplicate and, as a biological validation, tested in parallel for
their effect in a non-HPC liver cell line (LX2, stellate cell
line) to rule out non-HPC-specific hits. The secondary screen
validated 41 hits, of which 36 were unique for HepaRG cells
and did not yield a similar phenotype in LX2 cells.

To control for potential off-target effects, a deconvolution
screen was performed using single siRNAs, and knockdown
was confirmed on messenger RNA (mRNA) level by gPCR
(data not shown for all hits). In total 10 hits were confirmed
with at least 2 out of 4 siRNAs producing a phenotype
(Fig. 2B, overview of screen hit confirmation in Fig. 2C).
Out of these 10 hits, only 1 hit resulted in an increase in
percentage of EdU-positive cells after silencing. This kinase
was identified as DYRKIA. DYRKIA is an important regu-
lator of proliferation of neural progenitor cells and pancre-
atic B cells [29-31]. However, its role in HPCs is
unexplored and is a subject of further investigation.

Effect of DYRK1A silencing in HepaRG cell line
on percentage of EQU" cells, percentage of pH3"
cells, and proliferation

We first confirmed that siRNA-mediated gene silencing of
DYRKIA in HepaRG cells resulted in a 97% knockdown on
mRNA level and 65% on protein level after 48h (Fig. 3A).
Consistent with the results from our screen, DYRKIA silencing
significantly increased the percentage of of EAU" and pH3™"
cells (Fig. 3B, C), suggesting more cells entered S phase and
G2/M phase of the cell cycle. However, we did not observe
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FIG. 2. RNAI screen hits in HepaRG cell line. (A) Scatter plot representing robust Z scores in the primary screen. Out of
716 screened kinases, 100 hits were selected based on a robust Z score of either >3 (increased percentage of EAU™ cells after
silencing) or <-3 (decreased percentage of EdU™ cells after silencing). siRNAs against BMI1 and PLK1 (essential kinases)
were used as controls. (B) Final hit list. Deconvolution screening validated 10 hits with >2 out of 4 siRNAs producing a
phenotype. (C) Schematic representation of screen hit confirmation. BMI1, BMI1 proto-oncogene, polycomb ring finger;
PLKI1, polo-like kinase 1; RNAi, RNA interference. Color images available online at www.liebertpub.com/scd

significant changes in total cell numbers after 48 h of DYRKIA
silencing (Fig. 3C). Cell cycle distribution analysis of Ar-
rayScan DNA content data with FlowJo software showed that
upon DYRKIA gene silencing the population of cells in S and
G2 phase of the cell cycle was increased (Fig. 3D). This
phenotype was confirmed by flow cytometry (Fig. 3E).

Validation of phenotype in HepaRG cell line

[27,28]. Harmine treatment similarly increased the percentage
of EdU" and pH3" cells compared with vehicle control
(Fig. 3F). However, proliferation did not increase upon
incubation with harmine nor with other DYRKI1A inhib-
itors INDY and GNF7156 (Fig. 3G). Rather a trend for
growth arrest was observed. Chemical DYRKI1A inhibition
did not affect cellular viability as measured by trypan blue
exclusion and TUNEL staining assays (Fig. 3H). We con-

cluded that DYRKIA silencing/inhibition enhances progres-
sion through the cell cycle but does not enhance cell division.

We tested whether the phenotype could be recapitulated An explanation for these findings could be that DYRKIA
with harmine, a specific chemical inhibitor of DYRKIA enhances S-phase entry of cells at the expense of a subsequent

>
FIG. 3. Effects of DYRKIA silencing and chemical inhibition on HepaRG cell cycle. (A) Knockdown of DYRKI1A after 48 h
on mRNA (97%) and protein level (65%). B-actin served as loading control. (B) Representative images of DAPI (blue), EAU
(green), and pH3 (red) immunofluorescent staining after either NT control or siRNA against DYRKIA (siDYRKI1A) transfection.
Scale bars indicate 100 um. (C) Dot plots representing percentages of EdU* and pH3* cells and total cell count after either NT or
siDYRKIA transfection. (D) Cell cycle distribution analysis (FlowJo) of total DAPI staining intensity per nucleus and scatterplots
of DAPI versus EdU staining intensity per nucleus after either NT or siDYRKI1A transfection. (E) Flow cytometry analysis of cell
cycle distribution using PI as measure of DNA content. (F) Dot plots representing percentages of EdU* and pH3™ cells after 48 h of
treatment with either vehicle or harmine. (G) Growth curve of HepaRG cells treated with vehicle, harmine, INDY, or GNF7156
for 6 days. (H) Representative phase contrast images of HepaRG cells after 48 h of treatment with vehicle, harmine, INDY, or
GNF7156. Scale bars indicate 100 pm. Viability was determined with a trypan blue exclusion assay. Apoptosis was measured with
a TUNEL assay. *P £0.05. DAPI, 4’,6-diamidino-2-phenylindole; DYRKI1A, dual-specificity tyrosine phosphorylation-regulated
kinase 1A; mRNA, messenger RNA; NS, not significant; pH3, phosphorylated histone H3; PI, propidium iodide; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick end labeling. Color images available online at www.liebertpub.com/scd

with chemical DYRK1A inhibitor
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FIG. 4. Effects of DYRKIA inhibition on liver organoids. (A) Dot plot of percentage of EdU™ cells in liver organoids after 48 h
of treatment with either vehicle or harmine. Dots represent counted organoid sections (n = 16 per condition), at least 2,000 nuclei
were counted per condition. (B) Growth curve of organoids treated with either vehicle or harmine (n=4 culture replicates per
condition) as measured with an Alamar Blue assay on the same wells on consecutive days. Serial luminescence measurements
were normalized to day 1 (100%). (C) Dot plot of percentage YH2AX positive cells indicative of DNA damage in liver organoids
after 72 h of treatment with either vehicle or harmine. Dots represent counted organoid sections (n =16 per condition), at least
1,000 nuclei were counted per condition. (D) Western blot for LIN52 (13 kDa) in lysates of HepaRG cells treated with harmine or
vehicle control (n=3) and after APP treatment. The upper band represents the phosphorylated LIN52 (p-LINS52) protein and the
lower band the unphosphorylated protein. Sample p-LIN52 was quantified as optical density per mm~ and normalized against
alpha-tubulin. (E) Dot plots representing relative normalized expression of early (E2f1, Cdc6, Pcna) and late (Ccnbl, Plkl, Ect2)
cell cycle progression genes in liver organoids treated with either vehicle or harmine (7 =4-6 culture replicates per condition).
(F) Dot plot representing relative normalized expression of cell cycle inhibitor Cdknlb in liver organoids treated with either
vehicle or harmine (n=4-6 culture replicates per condition). *P <0.05. APP, lambda protein phosphatase; AU, arbitrary units;
Ccnbl, cyclin B1; Cdc6, cell division cycle 6; Cdknib, cyclin-dependent kinase inhibitor 1B; E2f1, E2f transcription factor 1;
Ect2, epithelial cell transforming 2; Pcna, proliferating cell nuclear antigen.
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delay in G2-M-phase progression. The increased S-phase
entry upon DYRKIA inhibition is specific for a HPC cell line,
because it does not occur in HepG2 or Huh7 cells (well-
differentiated hepatocellular tumor cell lines) nor in LX2 cells
(hepatic stellate cell line; data not shown). Although it has
many hepatic progenitor features and intact p53, the He-
paRG is a tumor cell line. Therefore, we asked if DYRKIA
would have similar functions in primary HPCs. We utilized
organoid technology to evaluate the effects of DYRKIA
inhibition on proliferation in primary HPCs, cultured as
liver organoids [21].

Effect of DYRK1A inhibition in liver organoids
on EdU positivity and proliferation

Liver organoids were treated with either vehicle or har-
mine and then pulsed with EAU for 6 h. Also in liver orga-
noids, DYRKI1A inhibition with harmine resulted in more
EdU" cells compared with vehicle control (Fig. 4A). Again,
harmine treatment did not increase overall proliferation of
liver organoids over the course of 5 days, as measured by
Alamar Blue assay (Fig. 4B). Unscheduled entry of cells
into S phase may result in replication stress and DNA
damage. Therefore, we stained cells with the DNA damage
marker YH2AX after 72 h of harmine treatment. However,
we did not observe a difference, suggesting that DNA
damage cannot explain the cell cycle perturbation of
DYRKI1A-inhibited cells (Fig. 4C).

LIN52 phosphorylation upon DYRK1A inhibition

An earlier study in cell lines by Litovchick et al. dem-
onstrated that DYRKIA-mediated phosphorylation of
LINS52 inhibits S-phase entry from a quiescent state through
assembly of the Dimerization Partner, RB-like, E2F, and
multivulva class B (DREAM) complex [32,33]. This protein
complex represses numerous cell cycle genes [34]. We
asked whether this function of DYRK1A would underlie the
phenotypes we observed in HPCs, and more specifically, if

KRUITWAGEN ET AL.

DYRKI1A inhibition would affect LIN52 phosphorylation.
We performed a western blot for LIN52, which yielded two
bands, the upper band represents the phosphorylated LIN52
protein and the lower band the unphosphorylated, and
therefore faster migrating LIN52. Chemical inhibition of
DYRKI1A in HepaRG cells resulted in less phospho-LIN52
and more unphosphorylated LIN52 (Fig. 4D).

Impaired DREAM complex formation would facilitate S-
phase entry and cell cycle progression. Transcriptional
analysis of liver organoids showed that DYRKI1A inhibition
increased the expression of genes associated with G1 and
early S phase (E2fI, Cdc6, Pcna) as well as late S, G2, and
mitotic progression (Ccnbl, Plkl, Ect2) (Fig. 4E). Im-
portantly, these genes are known to be transcriptionally re-
pressed by the DREAM complex [34]. Expression of
Cdknlb was induced upon treatment with harmine (Fig. 4F).
Together, these data indicate that DYRKIA inhibition de-
creases LIN52 phosphorylation, resulting in disassembly of
the DREAM complex and subsequent upregulation of
DREAM target genes and forced S-phase entry in HPCs.

Effect of DYRK1A overexpression in liver organoids
on EdU positivity and proliferation

Previous work showed that the effects of DYRKIA are
highly dependent on gene dosage, as both haploinsufficiency
and the presence of an extra copy of the DYRKIA gene have
been described to affect proliferation in neural progenitor
cells [30,35]. We hypothesized that an overexpression of
DYRKIA in HPCs would impair S-phase entry and as a result
decrease proliferation. To answer this question, liver organoid
cultures were established from mBACtgDyrk1A mice, which
harbor one extra copy of the murine Dyrkla gene (Dyrk+++),
and their WT littermates. From both WT and Dyrk+++,
mouse livers biliary duct fragments could be isolated, and
after 2-5 days, organoids appeared in the cultures. However,
the growth of Dyrk+++ organoids was reduced compared to
WT cultures (Fig. 5A). gqPCR showed that the liver organoids
derived from Dyrk+++ mice showed a 1.67-fold increase in
Dyrkla transcripts consistent with one extra allele of this
gene (Fig. 5B). Proliferation was quantified with growth
curves and was significantly reduced in Dyrk+++ organoids
compared with WT organoids (Fig. 5C).

To study S phase entry, WT and Dyrk+++ organoids were
pulsed with EdU for 3h. Dyrk+++ organoids had a signifi-
cantly lower percentage of EAU™ cells compared with WT
organoids. Treatment of Dyrk+++ organoids with a DYRKIA
inhibitor increased the percentage of EAU™ cells to WT levels
(Fig. 5D). Thus, one extra allele of Dyrkla is sufficient to
decrease S-phase entry and proliferation of primary HPCs.

Discussion

Our screen is an unbiased search for intracellular mech-
anisms in HPC proliferation and reveals DYRKIA as es-
sential kinase in the negative regulation of S-phase entry in
HPCs. Moreover, an exact gene dosage of DYRKIA proved
to be crucial, as both silencing and 1.5-fold overexpression
perturbed HPC cell cycle progression.

Our study is in line with previous work showing that
DYRKIA plays a particularly important role in tissue-
specific stem cells. However, the consequences of DYRKIA
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FIG. 5. Effects of DYRKIA overexpression in liver organoids on EdU positivity and proliferation. (A) Representative
phase contrast images of liver organoids cultured from mBACtgDyrk1A mice, which harbor one extra copy of the murine
Dyrkla gene (Dyrk+++), and their WT littermates. Images were taken 7 days after duct isolation. (B) Relative nor-
malized gene expression of Dyrkla in liver organoids cultured from WT (n=35 donors) and Dyrk+++ (n=4 donors) mice,
showing a 1.67-fold Dyrkla overexpression. (C) Growth curve of WT and Dyrk+++ organoids (n=4 culture replicates
per genotype) as measured with an Alamar Blue assay on the same wells on consecutive days. Serial luminescence
measurements were normalized to day 1 (100%). Representative curve is shown for three WT versus Dyrk+++ donor
cultures. (D) Percentage of EAU" cells in WT and Dyrk+++ liver organoids after 48 h of treatment with either vehicle
or harmine. At least 3,500 nuclei were counted per condition (divided over 12 sections per condition). *P<0.05. WT,

wild type.

perturbation seem organ-specific. DYRKIA was initially
discovered as the human homolog of the Drosophila mini-
brain (mnb) gene, involved in neurogenesis [36,37]. In
neural progenitors, strict regulation of DYRKIA activity is
essential for appropriate function, since both, in case of one
extra copy and in case of a DYRKIA knockout, neurode-
generative and cognitive disorders develop. We found that
inhibition of DYRK1A in HPCs increased S phase entry, but
did not enhance proliferation. Dyrkla haploinsufficiency in
mice results in decreased size of certain brain areas [38].
Inactivating DYRKJIA mutations in humans is associated
with mental retardation and microcephaly [39,40]. Mnb/
Dyrkla loss of function in developing chick spinal cord
results not only in an increased percentage of BrdU" and
mitotic cells but also in increased apoptosis [30]. We also
observed an increased percentage of EAU" and pH3" cells,
but neither an increased cell number nor decreased cell vi-
ability upon DYRKIA inhibition in either HepaRG cells or
organoids, which could be explained by a subsequent delay
in G2-M-phase progression.

Interestingly, the effect of DYRKI1A perturbation is partly
similar in pancreatic cells. The DYRKIA inhibitor harmine
was discovered in a chemical screen as an activator of rat and

human pancreatic B cell replication, a cell type that is pre-
dominantly quiescent [31]. Chemical inhibition of DYRKI1A
increased B cell BrdU and Ki67 labeling, both in vitro and
in vivo. This is in agreement with our findings in HPCs.
However, the study also described an induction of B cell
proliferation, based on increased [ cell mass upon partial
pancreatectomy and concurrent treatment with harmine in
mice. In addition, harmine treatment improved glycemic
control in two mouse models after human pancreatic islet
transplantation. A confounding factor to this antidiabetic ef-
fect could have been the agonistic effect of harmine on
PPARgamma, that was previously shown to improve glucose
tolerance and response to insulin in diabetic mice by itself
[41]. However, our results strongly suggest that in HPCs,
DYRKIA inhibition does not enhance proliferation. Its in-
activation did not elicit a proproliferative effect, despite in-
creased S-phase entry and gene expression of various cell
cycle markers. Treatment with chemical DYRKI1A inhibitors
at concentrations that were reported to induce proliferation of
neural progenitor cells (INDY) and pancreatic [ cells
(GNF7156) did not induce HPC proliferation [42,43]. Rather,
carefully balanced DYRKIA activity appears to play an
important role in coordinating S-phase entry of HPCs.
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In line with this, we found that overexpression of
DYRKIA in HPCs decreased S-phase entry and decreased
proliferation. Similarly, in embryonic mouse brain and chick
spinal cord, Dyrkla overexpression resulted in proliferation
arrest of neural progenitors [30,35]. This was confirmed by
Park et al. who found that DYRKIA overexpression resulted
in attenuated proliferation of human embryonic stem cell-
derived neural precursors [29]. DYRKIA is located on the
Down Syndrome critical region of chromosome 21 and is
considered to contribute to abnormal brain development and
mental retardation in human Down Syndrome [29,44]. To
evaluate whether the phenotype we observed is specific for
HPCs, we also studied other liver cell lines (stellate cells,
hepatocytes), but did not observe the same effect of DYR-
KI1A inhibition on the cell cycle.

Previous publications have reported on a role of DYR-
K1A in cell cycle progression based on interaction with the
DREAM (DP, RB, E2F, and MuvB) complex [32,33,45].
DYRKI1A can phosphorylate LIN52, a subunit of the MuvB
core, which is necessary for DREAM complex assembly and
entry into a quiescent state. When DYRKI1A-mediated
phosphorylation of LIN52 is blocked, the MuvB core dis-
sociates from the DREAM complex and binds to MYB
(MMB complex) to initiate cell cycle entry. Transcriptional
analysis has indicated that the DREAM complex can repress
transcription of genes in both early (G1/S) and late (G2/M)
cell cycle progression [34]. MMB target genes are tran-
scriptionally activated and are mainly involved in G2/M
phase of the cell cycle. We found that chemical inhibition of
DYRKIA decreased LIN52 phosphorylation in HPCs,
which would impair DREAM and favor MMB complex
formation. Indeed, in harmine-treated HPCs expression of
early cell cycle DREAM target genes E2f1, Cdc6, and Pcna
was upregulated as well as the expression of late cell cycle
MMB target genes Ccnbl, Plkl, and Ect2. Other studies
have indicated DYRK1A-mediated effects on the cell cycle
through regulation of nuclear factor of activated T-cells
(NFAT) signaling [46] and through induction of Cdknlb
[30]. Whether these mechanisms also play a role in HPC
proliferation warrants further investigation. Nfatcl and
Nfatc2 gene expression is detectable in primary HPCs, but at
very low levels (data not shown). Inhibition of DYRKIA
did not downregulate expression of Cdknlb in HPCs, but
rather increased Cdknlb levels.

There are a few limitations to our study. To reduce var-
iation, the siRNA screen was performed in a cell line, which
is naturally transformed and, hence, may not fully represent
HPCs in vivo. This limitation could largely be overcome by
including primary HPCs as a biological validation of ob-
tained hits. Second, we chose to focus our screen to a kinase
library, because kinases are known for their involvement in
proliferation and are potential drug targets. Third, we ex-
erted quite a stringent hit validation approach to select only
for true positive hits. However, this strategy could have
resulted in false negatives.

In conclusion, we found an essential role of DYRKIA as
regulator of cell cycle progression in cultured HPCs. A
possible mechanism is through interference with DREAM
and MMB complex formation, involved in S-phase entry
from a GO quiescent state. Future research may focus on
upstream regulation of DYRKIA transcription and activity
in HPCs and other downstream effector mechanisms of

KRUITWAGEN ET AL.

DYRKI1A phosphorylation targets. Knowledge gained in
these studies can contribute to our understanding of HPC
quiescence and activation and may provide tools to en-
hance HPC-mediated liver regeneration during severe liver
disease.
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