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SUMMARY

Fibrosis, characterized by sustained activation of myofibroblasts and excessive extracellular matrix (ECM)
deposition, is known to be associated with chronic inflammation. Receptor-interacting protein kinase 3
(RIPK3), the central kinase of necroptosis signaling, is upregulated in fibrosis and contributes to tumor necro-
sis factor (TNF)-mediated inflammation. In bile-duct-ligation-induced liver fibrosis, we found that myofibro-
blasts are the major cell type expressing RIPK3. Genetic ablation of B1 integrin, the major profibrotic ECM
receptor in fibroblasts, not only abolished ECM fibrillogenesis but also blunted RIPK3 expression via a mech-
anism mediated by the chromatin-remodeling factor chromodomain helicase DNA-binding protein 4 (CHD4).
While the function of CHD4 has been conventionally linked to the nucleosome-remodeling deacetylase
(NuRD) and CHD4-ADNP-HP1(ChAHP) complexes, we found that CHD4 potently repressed a set of genes,
including Ripk3, with high locus specificity but independent of either the NuRD or the ChAHP complex.
Thus, our data uncover that B1 integrin intrinsically links fibrotic signaling to RIPK3-driven inflammation

via a novel mode of action of CHDA4.

INTRODUCTION

Tissue fibrosis is initiated by a prolonged wound-healing response
during chronic tissue injury and inflammation. Itis characterized by
sustained activation of myofibroblasts that mediate excessive
deposition of extracellular matrix (ECM), such as collagen and
fibronectin, and tissue stiffening.” As the major receptors medi-
ating cell adhesion to the ECM, integrins in myofibroblasts play a
pivotal role in fibrosis.>® 24 heterodimeric integrin receptors are
expressed in vertebrates. Among these, a group of $1-containing
integrin receptors bind collagens (1p1, 22p1, 21081, «11p1) and
fibronectin (2581), mediate ECM fibrillogenesis, promote cellular
contractility, and instruct a profibrotic gene expression program
through the MKL1-SRF and YAP/TAZ transcription factor net-
works."® Blocking B1 integrin prevents ECM fibrillogenesis, re-
duces cellular contractility, and blunts profibrotic gene expres-
sion.>” In contrast to B1 integrin, «VB3 integrin binds fibronectin
but not collagen, cannot mediate fibrillogenesis, but can synergize
with B1 integrins to promote cellular contractility.*

Myofibroblast activation during tissue injury and wound heal-
ing is driven by a myriad of profibrotic and proinflammatory cy-
tokines, most notably transforming growth factor B (TGF-p),
interleukin-1B (IL-1B), and tumor necrosis factor o (TNF-¢). Bind-
ing of TNF-o to TNFR1 triggers a membrane-bound receptor
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signaling complex and receptor-interacting protein kinase 1
(RIPK1)-dependent nuclear factor kB (NF-«kB) signaling. Acti-
vated RIPK1 can subsequently assemble a cytosolic complex
consisting of FAS-associated death domain-containing protein
(FADD) and caspase-8, which triggers caspase-8 activation
and extrinsic apoptosis.® Insufficient caspase-8 activity, how-
ever, results in the formation of a large amyloid-like signaling
complex via RHIM-motif-mediated oligomerization of RIPK1
and RIPK3.%"'? Subsequently, activated RIPK3 phosphorylates
pseudokinase mixed-lineage kinase domain-like protein
(MLKL) on Ser345 and Ser347 for murine MLKL (Thr357 and
Ser358 for human MLKL), which releases MLKL autoinhibition
and drives its oligomerization at the plasma membrane to induce
membrane rupture and a lytic form of cell death known as nec-
roptosis.'®'® During necroptosis, dying cells unleash damage-
associated molecular patterns (DAMPs) and alarmins such as
IL-1 family cytokines, as well as TNF-o.'”'® Furthermore,
RIPK3 can cooperate with RIPK1 to promote cytokine expres-
sion, thereby instigating a self-amplifying inflammatory signaling
loop that impacts on the cell microenvironment beyond cell
death.'®?° Blocking TNF-« signaling alleviates fibrosis in multi-
ple organs including liver, lung, and kidney and in fibrosis asso-
ciated with Duchenne muscular dystrophy (DMD) and Dupuyt-
ren’s disease.”'%°
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Interestingly, RIPK3 upregulation correlates with disease pro-
gression in large cohort of human patients with non-alcoholic
steatohepatitis (NASH).”* RIPK3 upregulation has also been re-
ported in lung fibrosis,?® kidney fibrosis,”® and DMD, which is
associated with muscle fibrosis,”>*” suggesting a universal mech-
anism driving RIPK3 expression in fibrosis. The cell types that ex-
press RIPK3 within fibrotic tissues are controversial. While RIPK3
upregulation has been attributed to fibroblasts in renal fibrosis,?®
RIPK3 remains silenced by promoter methylation in hepatocytes
in NASH,?® suggesting that non-hepatic cells may contribute to
RIPK3 upregulation in liver fibrosis. Nevertheless, genetic ablation
of RIPK3 alleviates unilateral ureteral-obstruction-induced or
adenine-diet-induced renal fibrosis,?® methionine- and choline-
deficient-diet-induced steatohepatitis,”® and DMD-associated
muscle fibrosis.”®

How RIPK3 expression is regulated in fibrosis remains poorly
understood. While the Ripk3 locus is silenced by DNMT1-medi-
ated promoter methylation in in-vitro-cultured cancer cell lines,*°
the CHD4-containing NuRD complex represses RIPK3 expression
in endothelial cells and muscle stem cells.?”>' The NuRD complex
is composed of at least 7 subunits, each with at least 2 paralogs,
including class Il chromodomain helicase DNA-binding (CHD)
proteins CHD3/4/5, GATAD2A/B, CDK2AP1/2, MBD2/3, MTA1/
2/3, RBBP4/7, and HDAC1/2.%? By CHD-dependent nucleosome
sliding and HDAC1/2-mediated erasure of active transcription
marks such as H3K27Ac, NuRD generally functions as a transcrip-
tional repressor. Class Il CHDs also form another complex with
activity-dependent neuroprotector homeobox (ADNP) and het-
erochromatin protein 1 (HP1), known as the ChAHP complex.>%3*
Together, NuRD and ChAHP constitute most of the high-affinity
interactors of class Il CHDs***° and are thought to account for
the majority of their functions in stem cell maintenance, cell line-
age specification, viral latency, hemoglobin switch, and DNA
damage repair.***" On the other hand, CHD4 only peripherally
associates with the remainder of the NuRD complex*>“*® and
has nucleosome-remodeling activity by itself,"* suggesting a
possible NuRD- and ChAHP-independent function.

Here, we investigated the cell-autonomous regulation be-
tween fibrotic signaling and RIPK3-mediated TNF signaling in
fibroblasts. We found strong RIPK3 expression in both myofibro-
blasts and macrophages in liver fibrosis induced by bile duct
ligation. Genetic ablation of the profibrotic B1 integrin receptor
in fibroblasts not only abolished the fibrotic signature but also
reduced RIPK3 expression through CHD4-mediated repression
at the proximal enhancer element within the Ripk3 locus. Sur-
prisingly, despite its high locus specificity, CHD4-mediated
repression of RIPK3 operated independently of the NuRD or
ChAHP complex, arguing for the existence of additional CHD4-
containing complexes that regulate locus-specific gene
expression.

RESULTS

B1 integrin links fibrotic signaling with RIPK3 expression
in fibroblasts

Numerous reports of RIPK3 upregulation in liver fibrosis and
the lack of necroptosis in hepatocytes®**%?%> prompted us to
define the spatial expression of RIPK3 in a bile duct ligation
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(BDL)-induced liver fibrosis model. Two RIPK3 antibodies
(D4G2A, CST; ab62344, Abcam) robustly detected endogenous
RIPKS in paraformaldehyde (PFA)-fixed mouse MOVAS smooth
muscle cells, while the immunofluorescence was dramatically
reduced in Ripk3 knockout (KO) MOVAS cells (Figures S1A
and S1B). Whereas RIPK3 was sparsely detected in the healthy
liver by the D4G2A antibody, most likely in Kupffer cells, RIPK3
expression was significantly increased in fibrotic liver tissue,
mostly within fibrotic scars where smooth muscle actin (SMA)-
positive myofibroblasts and infiltrating CD11b-positive myeloid
cells were tightly intercalated but also slightly in the surrounding
hepatocytes (Figure S1C). While RIPK3 is known to be ex-
pressed in macrophages, we observed comparably high
RIPK3 expression in myofibroblasts (Figure S1D). Immunostain-
ing with another RIPK3 antibody (ab62344) confirmed that RIPK3
was upregulated in BDL-induced liver fibrosis colocalizing with
the mesenchyme marker Vimentin (Figures S1E and S1F).
Compared with healthy liver, the mean fluorescence intensity
of RIPK3 immunolabeling was increased 3-fold in the fibrotic
area, in parallel with Vimentin signals, and moderately increased
by 50% in the surrounding area (Figures S1G and S1H).
Myofibroblasts deposit excessive ECM and mediate tissue
stiffening through integrin receptors. To test whether fibrotic
signaling regulates RIPK3 expression in fibroblasts, we modeled
fibrotic and non-fibrotic conditions using a set of well-estab-
lished integrin pan-KO fibroblast cell lines in which fibrillogenic
B1 integrin and non-fibrillogenic aV integrin are reconstituted
individually (hereafter referred to as pKO-B1 and pKO-aV,
respectively) or in combination (pKO-aV/p1).* Immunostaining
of a confluent culture of these cells for collagen type 3 confirmed
that only pKO-B1 and pKO-aV/B1 cells, but not pKO-aV cells,
assembled elaborated collagen-3 ECM fibers (Figure 1A).
Intriguingly, combined treatment of TNF-a and pan-caspase in-
hibitor zZVAD triggered massive necroptosis in pKO-B1 cells, as
revealed by SytoxGreen labeling, whereas the non-fibrotic
pKO-aV cells were completely resistant to necroptosis (Fig-
ure 1A). Fibroblasts expressing both «V and $1 integrins showed
an intermediate phenotype with moderate necroptosis (Fig-
ure 1A). Live-cell imaging with SytoxGreen revealed hypersensi-
tive kinetics of necroptosis in pKO-B1 cells that started 3 h after
TNF-a/zVAD treatment (Figure 1B). In contrast, minimal lytic cell
death was observed in pKO-aV cells even after a period of 10 h
(Figure 1B). A lactate dehydrogenase (LDH) release assay further
confirmed the complete lack of necroptosis in pKO-a\V cells (Fig-
ure 1C). The differential necroptosis response is not caused by
altered RIPK1 signaling, as comparable RIPK1-dependent in-
duction of Cxcl/10 and CxclT mRNAs was observed in the three
cell lines (Figure S1l). Instead, the degree of necroptosis corre-
lated with MLKL phosphorylation at Ser345 by RIPK3 (Figure 1D).
Interestingly, whereas high and intermediate levels of RIPK3
protein were expressed in pKO-B1 and pKO-aV/B1 cells, respec-
tively, no RIPK3 protein expression could be detected in pKO-aV
cells (Figure 1D), suggesting a positive correlation between 1
integrin and RIPK3 expression in these cells. gPCR analysis re-
vealed that while high and intermediate levels of Ripk3 mRNA
were detected in pKO-B1 and pKO-aV/B1 cells, Ripk3 mRNA
expression was markedly repressed in pKO-aV cells (Figure 1E).
Strikingly, RNA sequencing (RNA-seq) analysis of the three
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integrin-reconstituted cell lines revealed that Ripk3 mRNA was
the most significantly upregulated transcript in p1-integrin-ex-
pressing cells (Table S3; Figures 1F and 1G).

To further confirm these observations, we used an SV40 large
T antigen-immortalized fibroblast cell line derived from $1 integ-
rin floxed mice (hereafter referred to as p1-WT [wild type]).*® Cre-
recombinase-mediated deletion of 1 integrin (31-KO) led to sig-
nificant reduction of Ripk3 mRNA expression (Figure 1H). The
reduced RIPK3 protein expression in 1-KO cells was confirmed
by western blot (Figure S1J) using monoclonal RIPK3 antibodies
against the C terminus (D4G2A) and the N terminus (8G7) of
RIPK3.*"® Like pKO-aV cells, p1-KO fibroblasts were entirely
resistant to TNF-a-induced necroptosis, which could be rescued
by lentivirus-mediated reconstitution of RIPKS, indicating that
RIPKS is the only missing component for necroptosis in 31-integ-
rin-deficient cells (Figure 11). To further understand how 1 integ-
rin deficiency leads to diminished RIPK3 expression, we infected
an early passage of B1 integrin floxed fibroblasts with adenovirus
expressing Cre recombinase and used fluorescence-activated
cell sorting (FACS) to isolate f1-KO cells by surface labeling
2 days after Cre expression. Sorted cells (designated as passage
0 [PQ]) were passaged every 2 days thereafter. Whereas RIPK3
expression was maintained after $1 integrin deletion in PO cells,
reduction of RIPK3 became discernible at P2, which was suc-
ceeded by progressive loss of RIPK3 in the following passages
(Figure 1J). In conclusion, our data indicate that RIPK3 expres-
sion, and thus sensitivity to necroptosis-inducing stimuli, is pro-
foundly affected by B1 integrin signaling and suggest a persistent
epigenetic mechanism operating behind this phenomenon.

CHD4, but not DNMT, represses RIPK3 expression in
B1-integrin-deficient cells

DNA methyltransferase (DNMT)-mediated promoter methylation
can suppress Ripk3 expression in cancer cell lines.*° Although
inhibition of DNMT activity by 5-Aza-2'-deoxycytidine (5'AZA)
moderately increased Ripk3 mRNA expression, this treatment
did not normalize Ripk3 mRNA levels in integrin-reconstituted
cells (Figure S2A). Similarly, DNMT inhibition failed to restore

Cell Reports

Ripk3 mRNA expression of 31-KO cells to the level of WT cells
(Figure S2B). The CHD4/NuRD complex was recently shown to
suppress RIPK3 in muscle stem cells and endothelial cells.””*"
Notably, knockdown of CHD4 by three different short hairpin
RNAs (shRNAs) significantly increased RIPK3 expression and
fully normalized RIPK3 expression between WT and $1-KO cells,
both at the protein level (Figures 2A and 2B) and at the mRNA
level (Figure 2C). Moreover, live-cell imaging revealed that
CHD4 depletion rendered necroptosis-resistant p1-KO cells hy-
persensitive to TNF-a/zVAD-induced necroptosis (Figure 2D).
B1-WT and B1-KO cells showed comparable protein expression
(Figure 2A) and nuclear localization (Figure S2C) of CHD4, sug-
gesting that B1 integrin may regulate CHD4 activity rather than
its expression or localization. We further tested whether CHD4-
mediated RIPKS3 repression is a conserved mechanism in other
cell types. Transient knockdown of CHD4 by small interfering
RNAs (siRNAs) significantly increased RIPK3 expression in 1-
KO fibroblasts, B16-F10 melanoma cells, Panc02 pancreatic
ductal adenocarcinoma (PDAC) cells, and MOVAS smooth mus-
cle cells. However, cells with higher basal RIPK3 expression
tended to be less responsive to CHD4 depletion in terms of
RIPK3 upregulation. Notably, L929 cells expressed the highest
levels of RIPK3 among the cell lines tested, at levels comparable
to that in Chd4 KO fibroblasts, which could not be further
increased by CHD4 knockdown (Figures S2D and S2E).

The highly homologous class Il CHDs including CHD3, CHD4,
and CHD5 share a similar domain architecture and can all
assemble NuRD and ChAHP complexes (Figure 2E). Whereas
the nucleosome-remodeling activity resides in the central part
of the protein, containing tandem plant homeodomain (PHD)
and Chromo domains followed by an ATP-dependent helicase
domain,** the assembly interface for NuRD and ChAHP resides
in the C-terminal region. The less conserved N-terminal domain
binds RNAs and plays a regulatory role.*>*° To test whether
other class Il CHDs also regulate RIPK3 expression, EGFP con-
trol, hemagglutinin (HA)-tagged human CHD4 or CHD5, or a
chimeric CHD4 containing the N-terminal regulatory domain of
CHD5 (CHD4C"P5N) were stably expressed in B1 integrin KO

Figure 1. B1 integrin links fibrotic signaling to RIPK3 expression in fibroblasts

(A) pKO-aV, pKO-aV/B1, and pKO-B1 cells were seeded on fibronectin (FN)-coated coverslips for 24 h at confluence and treated with vehicle control, 50 ng/mL
TNF-a, or 40 uM zVAD and 50 ng/mL TNF-a.in combination for a further 8 h. Cells were stained with SytoxGreen (pseudocoloured in yellow) for 1 h before fixation
with paraformaldehyde and immunostained for COL3 (magenta) and DAPI (cyan). Maximum intensity projection of z stack image series. Scale bar, 50 um.

(B) Cells were seeded on FN-coated 24-well plates for 24 h at confluence and treated with vehicle control or 40 uM zVAD and 50 ng/mL TNF-a. in combination in
the presence of SytoxGreen. The time course of SytoxGreen signal intensity in time lapse movies is shown as a line graph of the mean + SEM of three replicates.
(C) Cells were seeded on FN-coated 24-well plates for 24 h at confluence and treated with vehicle control or 40 uM zVAD and 50 ng/mL TNF-o in combination for
18 h. Normalized LDH release values are depicted as mean + SD (n = 3); p value was calculated by two-way ANOVA with Tukey correction for multiple testing.
(D) Cells were treated as in (A), and protein expression of ITGB1, MLKL, and MLKL-pSer345 was analyzed by western blot. Vinculin (VCL) was used as loading
control. Data are representative of 2 independent experiments.

(E) gPCR analysis of Ripk3 transcript in pKO-aV, pKO-aV/p1, and pKO-B1 cells. Data were normalized to Gapdh and are depicted as mean + SD (n = 3); p values
were calculated on log-transformed data by one-way ANOVA with Tukey correction for multiple testing.

(F and G) Volcano plot comparison of DEseq2 count of RNA-seq data between pKO-aV and pKO-B1 cells (F) and between pKO-aV and pKO-aV/p1 cells (G).
(H) gPCR analysis of Ripk3 transcript in 1-WT and B1-KO fibroblasts. Data were normalized to Gapdh and are depicted as mean + SD (n = 3); p values were
calculated on log-transformed data by an unpaired Student’s t test.

() pKO-aV and B1-KO cells were reconstituted with mouse RIPK3 and treated as in (C), and LDH release was analyzed and is depicted as mean + SD (n = 3); p
values were calculated by two-way ANOVA with Sidk’s correction for multiple testing (for every cell line, a comparison of unstimulated and stimulated cells was
conducted).

(J) B1 integrin floxed fibroblasts were infected with adenovirus expressing Cre recombinase. Freshly sorted B1-KO cells were designated as passage 0 and
passaged every 2 days. Protein expression of ITGB1 and RIPK3 of indicated passages was analyzed by western blot. GAPDH was used as a loading control. Data
are representative of 2 independent experiments.
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fibroblasts (Figure 2E). Immunoprecipitation of HA-tagged pro-
teins confirmed that all CHD constructs were equally expressed
and assembled into GATAD2A/B-containing NuRD complexes
(Figure 2F). Interestingly, while transient knockdown of endoge-
nous CHD4 by siRNAs targeting murine Chd4 mRNA increased
RIPK3 expression in cells expressing EGFP control and
hCHD5, hCHD4 or hCHD4C"P5N prevented RIPK3 upregulation
upon knockdown of endogenous CHD4 (Figures 2G and 2H).
Taken together, the loss of B1 integrin signaling results in
CHD4-mediated repression of Ripk3 transcription, a phenome-
non well conserved across different cell types. Furthermore,
CHD4 represses RIPK3 expression in a non-redundant manner
within the class Il CHD family proteins, and this function is
conserved between mouse and human.

CHD4 controls RIPK3 expression independent of the
NuRD or ChAHP complex

The non-redundant function of CHD4 prompted us to test the
involvement of NURD and ChAHP. Recent biochemical analysis
revealed that CHD4 is linked to the remainder of the NuRD com-
plex through GATAD2A/B, with a possible contribution from
CDK2AP1/2.%%** We therefore decoupled CHD4 from the
NuRD complex by stable knockdown of GATAD2A/B and
CDK2AP1/2 proteins (Figure 3A). Protein expression levels of
all NuRD subunits were profiled by label-free quantification
(LFQ) through mass spectrometry (Tables S4 and S5). For the
ease of comparison, sums of LFQ intensity of paralogs are sum-
marized in Figure 3B. CHD4 knockdown led to >80% reduction
of CHD4 and CDK2AP1/2 proteins and approximately 50%
reduction of other NuRD subunits including GATAD2A/B,
MBD2/3, MTA1/2/3, and HDAC1/2. GATAD2A/B double knock-
down resulted in >80% reduction of GATAD2A/B and CDK2AP1/
2 proteins and approximately 50% reduction of other NuRD
components including CHD3 and CHD4. CDK2AP1/2 knock-
down predominantly affected the protein level of CHD3 (around
80% reduction), with only a mild effect on other NuRD subunits.
Notably, ADNP levels were reduced by 50% upon CHD4 knock-
down but remained intact upon GATAD2A/B or CDK2AP1/2
depletion. Paralog-specific effects were also documented (Fig-
ure S3A). For instance, CHD4 depletion preferentially reduced
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GATAD2A but not GATAD2B. MTA2, but not MTA1, was sensi-
tive to GATAD2A/B or CHD4 depletion. Taken together, these
data confirm mutual stabilization between NuRD subunits and
independence between NuRD and ChAHP complexes. More-
over, depletion of the majority of CHD4 and GATAD2A/B by their
respective shRNAs caused comparable disruption of the rest of
the NuRD complex. Western blot of CHD4, GATAD2A, and
GATAD2B confirmed the results of mass spectrometry (Fig-
ure 3C). Importantly, while CHD4 knockdown restored RIPK3
expression in 1 integrin KO cells, knockdown of GATAD2A/B
or CDK2AP1/2 only slightly increased RIPK3 expression, likely
due to the partial destabilization of CHD4 (Figure 3C).

To further confirm this result, we generated Chd4 KO and Ga-
tad2a/b double KO (DKO) in B1-KO cells. Consistently, Chd4 KO
or Gatad2a/b DKO led to a partial destabilization of the other
(Figure 3D). Mass spectrometry analysis of the three Chd4 KO
clones confirmed the depletion of CHD4-derived peptides and
the reduction of GATAD2A and GATAD2B proteins (Figure S3B).
Immunoprecipitation of CHD4 revealed a robust association be-
tween CHD4 and HDAC1 but not with BRG1 or DNMT1 (Fig-
ure S3C). Of note, Gatad2a/b DKO completely disrupted this as-
sociation and reduced HDAC1 coimmunoprecipitated with
CHD4 to the background level of Chd4 KO cells (Figure S3C).
In contrast to the drastic upregulation of RIPK3 in Chd4 KO
clones, only a slight increase of RIPK3 could be observed in
Gatad2a/b DKO clones (Figure 3D). While no basal cytotoxicity
could be observed in Chd4 KO or Gatad2a/b DKO cells in the
LDH release assay, TNF-a/zVAD treatment triggered massive
necroptosis only in Chd4 KO cells (Figure S3D). Importantly,
transient knockdown of CHD4 in Gatad2a/b DKO cells could
strongly increase RIPK3 expression, with an effect size compa-
rable to that of CHD4 knockdown in the parental $1-KO cells
(Figure 3E). Finally, RIPK3 expression was not altered by 3 day
treatment with the class | HDAC inhibitor TC-H 106 (Figure 3F).
These data demonstrate that CHD4 suppresses RIPK3 expres-
sion independently of the NURD complex or HDAC1/2 activity.

We next disrupted the ChAHP complex by stable knockdown
of ADNP (Figure 3A). ADNP2 was not targeted since we did not
detect its peptide in our cells by mass spectrometry (MS) anal-
ysis. ADNP knockdown resulted in 80% reduction of ADNP

Figure 2. CHD4 represses RIPK3 expression in B1-integrin-deficient cells

(A) B1-WT and B1-KO fibroblasts are transduced with lentivirus expressing scramble shRNA (shScr) or shRNAs targeting mouse CHD4 (shCHD4 #1,#2,#3).
Protein expression of RIPK3 and CHD4 was analyzed by western blot. VCL was used as a loading control. Data are representative of 3 independent experiments.
(B) RIPK3 protein expression in (A) was quantified by densitometry and normalized to that in B1-WT expressing shScr and are depicted as mean + SD (n = 3);
p values were calculated on log-transformed data by a two-way ANOVA with Tukey correction for multiple testing.

(C) gPCR analysis of Ripk3 transcript expression in $1-WT and $1-KO fibroblasts expressing shScr or CHD4 shRNA. Data are normalized to the mean value of the
B1-WT/shScr controls and depicted as mean = SD (n = 3); p values were calculated on log-transformed data by a two-way ANOVA with a Tukey correction for
multiple testing.

(D) p1-WT and p1-KO fibroblasts expressing shScr or shCHD4 #3 were seeded on FN-coated 24-well plates for 24 h at confluence and treated with vehicle control
or 40 uM zVAD and 50 ng/mL TNF-a in combination in the presence of SytoxGreen. Time lapse images were taken every 5 min for 24 h. The time course of
SytoxGreen signal intensity is shown as a line graph of the mean + SEM of three replicates.

(E) Domain architecture and functional annotation of human CHD4 and CHD5 and chimeric hCHD:
(F) B1-KO fibroblasts were stably transduced by indicated constructs depicted in (E). HA-tagged CHD proteins were enriched by anti-HA beads, and coim-
munoprecipitated GATAD2A and GATAD2B were analyzed by western blot. Data are representative of 2 independent experiments.

(G and H) Non-targeting control siRNA (siScr) or siRNA against mouse CHD4 (siCHD4) were transiently transfected for 72 h into the cell lines established in (F).
Protein expression of CHD4 and HA-tagged CHDs as well as RIPK3 was analyzed by western blot using VCL as loading control (G). Data are representative of 3
independent experiments.

(H) Relative RIPK3 expression levels were quantified by densitometric analysis and are depicted as mean + SD (n = 3); p values were calculated on log-trans-
formed data by a two-way ANOVA with a Tukey correction for multiple testing.
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Figure 3. CHD4 controls RIPK3 expression independently of the NuRD or ChAHP complex

(A) Diagram of the modular assembly of the NuRD and ChAHP complexes. GATAD2A/B and CDK2AP1/2 were targeted to uncouple CHD4 from the rest of the
NuRD complex; ADNP was targeted to disrupt the ChAHP complex. TC-H 106 was used to inhibit HDAC1/2 activity.

(B) Sum of LFQ intensity of paralogous subunits of NuRD and ChAHP in B1-KO cells stably expressing shScr or shRNAs targeting GATAD2A/B or CDK2AP1/2.
Data are depicted as mean + SD (n = 3); p values were calculated by one-way ANOVA with a Dunnett correction for multiple testing (for each protein or paralogous
group, a comparison between the shRNA control and the other knockdown conditions was conducted). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

(C) Immunoblot of RIPK3, CHD4, GATAD2A, and GATAD2B using VCL as loading control in B1-WT and B1-KO cells expressing shScr or shRNA targeting CHD4,
GATAD2A/B, or CDK2AP1/2. Data are representative of 2 independent experiments.

(D) Immunoblot of RIPK3, CHD4, GATAD2A, and GATAD2B in parental p1-KO cells, Chd4 KO clones, and Gatad2a/b DKO clones using VCL as loading control.
Data are representative of 2 independent experiments.

(E) Parental p1-KO cells and Gatad2a/b DKO cells were transiently transfected with non-targeting control siRNA or siRNA against mouse CHD4 for 72 h. Protein
expression of CHD4, GATAD2A, GATAD2B, and RIPK3 was analyzed by immunoblot using VCL as a loading control.

(F) p1-KO cells were treated with DMSO control, 0.5 uM 5-Aza-2’-deoxycytidine (5’AZA), or 5 uM TC-H 106 for 72 h. RIPK3 protein level was analyzed by
immunoblot and densitometry analysis. p values were calculated on log-transformed data by a one-way ANOVA with Dunnett correction for multiple testing for a
comparison of the DMSO control with the other conditions.

(G) LFQ intensity of NuRD and ChAHP subunits in B1-KO cells stably expressing shScr or shRNA against ADNP. Data are presented as mean + SD (n = 3); p values
were calculated by a Student’s t test.

(H) Immunoblot of RIPK3 or CHD4 using VCL as loading control in 1-KO cells expressing shScr or shRNA against CHD4 or ADNP.
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protein and a mild reduction of CHD4 by 20% without affecting
protein levels of other NuRD subunits (Figure 3G; Table 6).
RIPK3, however, was only marginally increased in ADNP-
depleted cells, likely due to the mild reduction of CHD4 (Fig-
ure 3H). In conclusion, our data indicated that CHD4-mediated
suppression of RIPK3 expression is independent of the NuRD
or the ChAHP complex.

CHD4 exhibits high locus specificity independent of
NuRD and ChAHP

Since CHD4 binds to the nucleosome and DNA without
sequence preference, we investigated whether CHD4 could
exhibit any locus specificity independent of the NuRD or the
ChAHP complex. Whole-proteome comparison between p1 in-
tegrin KO cells expressing a scramble shRNA or a CHD4 shRNA
revealed that the LFQ intensities of 1,113 proteins out of 6,498
quantified proteins were significantly altered (false discovery
rate [FDR] < 0.05, SO = 0.1; Tables S4 and S5). Besides RIPK3,
a group of proteins related to the ECM, cytoskeleton, and meta-
bolism were among the most significantly upregulated proteins
in CHD4 knockdown (KD) cells (Figure 4A). This included
MCAM, BCAM, ALCAM, COL1A1, COL1A2, CNN1, CKB,
GPD1, and ALPL. Importantly, whereas RIPK3 and CNN1 were
too low to be quantified by MS in unperturbed cells (scramble
shRNAs), their LFQ intensities increased to the upper 50"
percentile in CHD4-depleted cells (Figure 4B). Thus, while
CHD4 exerts genome-wide influence on gene expression, a
group of genes including Ripk3 exhibit an exceptional sensitivity
to CHD4-mediated repression.

Whole-proteome analysis of CHD4-depleted cells, GATAD2A/
B-depleted cells, and CDK2AP1/2-depleted cells revealed that
2,831 proteins among 6,498 quantified proteins were signifi-
cantly changed in at least one of the cell lines (Figures 4C;
Table S5). Notably, Z score clustering analysis revealed one
group of 78 proteins strongly upregulated in CHD4-depleted
cells but not in GATAD2A/B- or CDK2AP1/2-depleted cells and
another group of 189 proteins preferentially upregulated in
CHD4-depleted cells (Figure 4D). Surprisingly, the most signifi-
cantly upregulated proteins in CHD4-depleted cells including
RIPK3, CNN1, COL1A1, BCAM, ALPL, ALCAM, CKB, and
GPD1 belong to these two clusters (Figures 4D and 4E). In
contrast, none of these proteins were significantly upregulated
in ADNP-depleted cells (Figure S4A; Table S6). gPCR analysis
of a subset of CHD4-repressed genes in Chd4 KO and
Gatad2a/b DKO clones confirmed that the transcripts of Cnn1,
Ripk3, Bcam, and Alcam were dramatically upregulated in
Chd4 KO cells (Figure 4F). Cnn1 and Bcam were also slightly up-
regulated in Gatad2a/b DKO cells (Figure 4F), likely due to
reduced CHD4 protein levels in these cells (Figure 3D). In
contrast to the large changes in proteomics (Figure 4E), Col1a1
transcripts showed only 2- to 3-fold upregulation in the three
Chd4 KO clones (Figure S4B). We took advantage of the
collagen-binding-deficient $1-KO cells and analyzed protein
expression of collagen type 1 by immunostaining. This experi-
ment revealed a subpopulation (around 20%) of CHD4 KD cells
with dramatic intracellular accumulation of collagen type 1 pro-
tein (Figure S4C). Hence, the increased collagen 1 protein levels
in CHD4-deficient cells may be due to transcriptional upregula-
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tion in a subset of cells. In summary, CHD4 can potently sup-
press gene expression independent of the NuRD or ChAHP
complex with exquisite locus specificity.

Identification of CHD4-responsive CRE controlling
RIPK3 expression

Previous chromatin immunoprecipitation (ChIP)-PCR studies
have identified regions around the Ripk3 locus that are en-
riched for binding of CHD4 and HDAC1.?"*' However, our
data showed that neither NuRD nor HDAC1/2 activity is
required for CHD4-mediated RIPK3 repression. Moreover,
widespread genome binding of NuRD and ChAHP complexes
does not permit precise determination of CHD4-responsive
CREs controlling RIPK3 expression. To resolve this issue, we
performed assay for transposase-accessible chromatin using
sequencing (ATAC-seq) experiments of the parental p1-KO
cells, three individual Chd4 KO clones, and three individual Ga-
tad2a/b DKO clones. We further included B1-KO cells infected
with a scramble shRNA virus to control random chromatin alter-
ation due to genetic perturbation (ATAC-seq descriptive statis-
tics in Table S7). Heatmap of Z score clustering (Figure 5A) and
principal component analysis (PCA) (Figure S5A) revealed that
control cells, Chd4 KO clones, and Gatad2a/b DKO clones
clustered into different groups with distinct chromatin-remodel-
ing patterns. Among 74,164 retrieved ATAC-seq peaks, 17,284
were significantly increased and 7,969 were decreased in Chd4
KO cells (Figures 5B; Tables S8 and S9). In contrast, Gatad2a/b
DKO cells showed less effect on chromatin accessibility,
with 5,012 ATAC peaks increased and 2,143 decreased
(Figures 5C; Tables S10 and S11). Thus, both CHD4- and
GATAD2A/B-containing NuRD complexes overall restrict chro-
matin accessibility. Approximately 4,000 increased and 1,600
decreased ATAC-seq peaks were found to be common for
both Chd4 KO and Gatad2a/b KO cells, which account for
73% significantly changed ATAC-seq peaks in Gatad2a/b
DKO cells but only for 22% of those in Chd4 KO cells (Fig-
ure 5D). Moreover, for ATAC-seq peaks commonly changed
in Chd4 KO and Gatad2a/b DKO cells and for peaks uniquely
changed in one of the KO cells, the effect size was significantly
higher in Chd4 KO cells (Figures 5E and 5F). Hence, although
the majority of GATAD2A/B-dependent chromatin openings
relied on CHD4, CHD4 exerts a much stronger and broader
impact on chromatin accessibility independent of the NuRD
complex.

We next functionally interrogated CHD4-responsive and
GATAD2A/B-independent chromatin openings around the
Ripk3 locus using CRISPR silencing in Chd4 KO cells stably ex-
pressing dCas9-KRAB-MeCP2.°° Our ATAC-seq experiments
had shown that there was no CHD4-responsive chromatin
opening in regions previously identified by CHD4 ChIP-PCR
around the Ripk3 locus.?”*' However, we observed a robust in-
crease in chromatin accessibility around a distal enhancer and
a proximal enhancer corresponding to EM10E0582741 and
EM10E0582738 in ENCODE annotation, respectively (Fig-
ure 5G). Two single guide RNAs (sgRNAs) were stably ex-
pressed by lentiviral transduction to target the proximal
(sgRipk3 enhP #1 and sgRipk3 enhP #2) and distal (sgRipk3
enhD #1 and sgRipk3 enhD #2) enhancers. To rule out the
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Figure 4. CHD4 shows high locus specificity
independent of NuRD and ChAHP complexes
(A) Volcano plot of differential protein expression
between B1-KO cells expressing shScr and CHD4
shRNA. CHD4 and outliers that were most signifi-
cantly upregulated in CHD4-depleted cells,
including RIPK3, are highlighted (n = 3; FDR = 0.05,
S0 =0.1).
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width = 2). LFQ intensities of RIPK3 and CNN1 were
too low to be quantified in shScr cells (left). Arrows
indicate the positions of RIPK3 and CNN1 in CHD4-

NV depleted cells (right).

(C) Z score heatmap of mean LFQ intensities of
2,833 differentially expressed proteins in control 31-
KO, CHD4-depleted, GATAD2A/B-depleted, and
CDK2AP1/2-depleted cells.

(D) A cluster of 78 proteins strongly upregulated in
CHD4-depleted cells but not in GATAD2A/B- or
CDK2AP1/2-depleted cells, including RIPK3, CNN1,
ALPL, BCAM, etc., and another cluster of 189 pro-
teins preferentially upregulated in CHD4-depleted
cells, including ALCAM, AKR1C13, GPD1, CKB,
etc., were identified.

(E) Untransformed LFQ intensities of the most
significantly upregulated proteins in CHD4-depleted
cells were compared between cell lines depleted of
GATAD2A/B or CDK2AP1/2. Data are depicted as
mean + SD (n = 3); p values were calculated with a
two-way ANOVA with Tukey correction for multiple
testing (for each protein, a comparison between the
shScr and the other knockdown conditions was
conducted).

(F) gPCR analysis of Cnn1, Ripk3, Bcam, and Alcam
transcript expression in parental 1-KO cells, Chd4
KO clones, and Gatad2a/b DKO clones using Gapdh
as normalization. Data are depicted as mean + SD
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non-specific effects of viral transduction and potential sgRNA
off targets, we targeted the promoter and enhancer elements
of the Cnn1 locus, which had also gained accessibility in
Chd4 KO cells (sgCnn1 #1 and sgCnn1 #2; Figure 5H). While
CRISPR silencing of the proximal enhancer of the Ripk3 locus
resulted in 95% reduction in Ripk3 mMRNA levels and markedly
reduced RIPKS3 protein levels, targeting the distal enhancer of
the Ripk3 locus had only a moderate influence (around 50%
reduction) on Ripk3 mRNA expression, with marginal statistical
significance and no obvious reduction of RIPK3 protein expres-
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targeting sgRNAs reduced the Cnn1 tran-
script by 80%, with a minimal influence on
Ripk3 expression (Figures 51 and 5J). To
test whether Ripk3 expression is influ-
enced by more distant CHD4-responsive
elements via long-range genomic interactions, we also targeted
other CHD4-responsive chromatin-opening regions within a
150 kb range around the Ripk3 locus, most notably in nearby
Adcy4 and Nfat3 loci (Figure S5B). However, none of these
sgRNAs altered RIPK3 protein levels (Figure S5C). Finally,
ChIP assays detected specific binding of CHD4 to the Ripk3
proximal enhancer independent of GATAD2A/B (Figure 5K).
Taken together, our results indicated that the CHD4-responsive
proximal enhancer of the Ripk3 locus is the primary driver of
high Ripk3 gene expression.
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DISCUSSION

Elevated RIPK3 expression is frequently observed in tissue
fibrosis and may contribute to sustained TNF-a-driven inflamma-
tion in associated diseases.?* " By studying RIPK3 expression
in BDL-induced liver fibrosis, we confirmed a strong increase
of RIPK3 expression in fibrosing tissue, yet we made the unex-
pected finding of RIPK3 being primarily induced in myofibro-
blasts. This contrasts previous literature, where RIPK3 expres-
sion has mainly been attributed to the myeloid compartment.
Hypothesizing that fibrotic signaling would be involved in this
regulation, we targeted the B1 integrin receptor, which is
required for collagen and fibronectin binding. Interestingly, loss
of B1 integrin in fibroblasts not only abolished ECM fibrillogene-
sis but also led to repression of the Ripk3 locus by the chromatin-
remodeling factor CHD4. Surprisingly, this regulation displayed
exquisite locus specificity and occurred independently of the
NuRD or the ChAHP complex. Our data indicate that the B1 in-
tegrin receptor intrinsically links fibrotic signaling to RIPK3-
driven inflammation via a novel mode of action of CHDA4.
Precise transcriptional regulation requires concerted, locus-
specific actions of transcription factors and epigenetic modi-
fiers. Class Il CHD proteins including CHD3, CHD4, and CHD5
are associated with two distinct chromatin-remodeling com-
plexes, NURD and ChAHP. Emerging evidence suggest that
CHD4 may also function outside the NuRD complex. For
instance, CHD4 only transiently associates with other preassem-
bled NuRD subunits in vitro and processes nucleosome-remod-
eling activity by itself.*> Mi-2B, the CHD4 homolog in Drosophila,
suppresses germline gene expression in neurons independently
of NURD through a distinct complex containing Mep-1.>" How-
ever, there is no Mep-1 homolog in vertebrates. Here, we provide
definitive evidence that CHD4 can regulate gene expression
independently of the NuRD or the ChAHP complex with supreme
locus specificity and potency in mammalian cells. KO or KD of
CHD4, GATAD2A/B, and ADNP uncoupled CHD4 from the
NuRD or the ChAHP complex. Strikingly, the most significantly
de-repressed genes in CHD4-depleted cells, which included
Ripk3, Cnn1, Bcam, Alcam, etc., were not regulated by ChAHP
or NuRD. Due to the interdependence of protein stability be-
tween subunits within the NuRD or the ChAHP complex,52 deple-
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tion of GATAD2A/B resulted in an approximately 50% reduction
of CHD4 protein level, which explains why some NuRD-indepen-
dent CHD4 target genes are mildly perturbed by GATAD2A/B
depletion.

ATAC-seq analysis revealed much stronger and broader alter-
ations of chromatin accessibility in Chd4 KO in comparison with
Gatad2a/b DKO. Whereas the majority of chromatin openings in
Gatad2a/b DKO cells are CHD4 dependent, 73% of CHD4-
dependent chromatin openings do not depend on GATAD2A/B.
Considering the 50% reduction of CHD4 in GATAD2A/B-
depleted cells, the actual impact of the NuRD-independent func-
tion of CHD4 may be even larger. NuRD-independent functions
of CHD4 may be contributed by the ChAHP complex. However,
ADNP depletion caused only a 20% reduction of CHD4 (Fig-
ure 3G), suggesting that only a small portion of CHD4 is engaged
in the ChAHP complex in our cells. Furthermore, it has been re-
ported that only around 30% CHD4-dependent ATAC-seq loci
overlap with ADNP-dependent loci.>® Therefore, CHD4 has a
profound impact on chromatin accessibility and gene expression
independent of NuRD or ChAHP. Our observations thus call for
caution in using CHD4/NuRD or CHD4/ChAHP as equivalent
to CHDA4.

CHD4 binds nucleosomes with no DNA sequence preference.
Besides the high-affinity interactions with NuRD and ChAHP
complexes, CHD4 may bind epigenetic marks and a plethora
of transcription factors (TFs) to target to diverse genomic loci.
Although class Il CHDs can all assemble NuRD or ChAHP com-
plexes, they non-redundantly regulate distinct genes in neurode-
velopment in vivo,*® which may be contributed by their unique
“stand-alone” functions. For instance, we observed that Ripk3
expression could be repressed by human CHD4 but not by hu-
man CHD5.

As one of the most prominent targets of the stand-alone func-
tion of CHD4, RIPKS plays an essential role in TNF-o signaling
and necroptosis. RIPK3 upregulation is reported in liver
fibrosis.?*?%?° However, despite the beneficial effect of RIPK3
inhibition in various liver disease models, it remains controversial
whether RIPK3-mediated necroptosis is relevant in liver cell
death due to its low expression in hepatocytes.”®*® In BDL-
induced liver fibrosis, we observed high RIPK3 expression in my-
ofibroblasts and macrophages but not in hepatocytes. Since

Figure 5. Identification of CHD4-responsive CRE controlling RIPK3 expression by ATAC-seq and CRISPR silencing

(A) Heatmap clustering of differentially accessible regions (adjusted p value < 0.05 and log2 fold change > 1) between control, Chd4 KO, and Gatad2a/b DKO cells.
(B and C) Scatterplot of differentially accessible regions between control cells and Chd4 KO cells (B) and between control cells and Gatad2a/b DKO cells (C).
Regions that gained or lost accessibility are highlighted in red or blue, respectively.

(D) ATAC-seq peaks that were commonly altered in both Chd4 KO cells and Gatad2a/b DKO cells, or uniquely altered in only one cell line, were identified and
counted.

(E and F) Violin plot showing the logarithmically transformed fold change of ATAC-seq signals of peaks commonly altered in both Chd4 KO and Gatad2a/b DKO
(E) or uniquely altered in one cell line (F). p values were calculated by Student’s t test.

(G and H) ATAC-seq signal traces near the Ripk3 locus (G) and Cnn1 locus (H). ENCODE-annotated cis-regulatory elements are highlighted. The positions and
names of individual CRISPR sgRNAs are annotated below with black lines.

(land J) Chd4 KO cells stably expressing dCas9-KRAB-MeCP2 were transduced with lentivirus expressing the indicated sgRNAs. mRNA expression of Ripk3
(I) or Cnn1 (J) in transduced cells and uninfected control cells was analyzed by qPCR. Data are depicted as mean + SD (n = 3) normalized to the mean value of the
control condition; p values were calculated on log-transformed data by a one-way ANOVA with Dunnett correction for multiple testing (a comparison of the control
cells with all other cell lines was conducted).

(K) gPCR analysis of CHD4 binding at the Ripk3 locus using a primer set detecting an amplicon within the Ripk3 proximal enhancer region. Chromatin immu-
noprecipitation using a CHD4 antibody or immunoglobulin G (IgG) as control from parental cells, Chd4 KO cells, and Gatad2a/b DKO cells. Data were normalized
to the IgG control and are depicted as mean + SD (n = 4); p values were calculated on log-transformed data by one-way ANOVA with Tukey correction for multiple
testing.
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myofibroblasts are the main culprits in driving excessive ECM
deposition and tissue stiffening in fibrosis, we erased the fibrotic
signature in in-vitro-cultured fibroblasts by genetic ablation of 31
integrin. This not only abolished ECM fibrillogenesis but also led
to a progressive loss of RIPK3 expression. Conversely, reconsti-
tution of B1 integrin in integrin pan-KO fibroblast cells drove high
RIPK3 expression. Importantly, diminished RIPK3 expression in
B1 integrin KO cells could be reverted by CHD4 depletion, sug-
gesting that CHD4-mediated repression of the Ripk3 locus is
relieved in myofibroblasts downstream of B1 integrin signaling.
We noticed upregulation of multiple fibrosis-related genes
such as Col1a1, Col1a2, Postn, Myh11, etc., in muscle stem cells
from mdx mice,?’ suggesting that the fibrotic signaling may be
responsible for the attenuated suppression of Ripk3 in DMD
disease.

Integrin receptors can elicit pleiotropic signaling pathways de-
pending on receptor subtypes. The unique signaling pattern of
B1 integrin might be relayed to the Ripk3 locus via a yet unknown
CHD4-containing complex. Regulation of RIPK3 expression by
B1 integrin signaling may be an integral part of the wound-heal-
ing response to provide general immune protection in structural
cells.®*>° However, it should be noted that integrin signaling is
unlikely the only regulator of the Ripk3 locus. The pivotal role
of CHD4 at the Ripk3 locus suggests that RIPK3 expression
may be influenced by any perturbation of CHD4 activity. Consid-
ering the role of CHD4 in viral episome silencing,“° the biological
logic behind CHD4-mediated RIPK3 suppression might be
rooted in antiviral immunity. Given the key functions of RIPK3
in inflammation and tumor immunology, targeting the stand-
alone function of CHD4 may be a promising strategy to treat fi-
bro-inflammation and to activate necroptosis in cancer cells.
The set of CHD4-responsive genes defined in this study will allow
genetic and chemical screening of novel CHD4 regulators in the
future.

Limitations of the study

Although our in cellula experiments point to an intrinsic connec-
tion between profibrotic B1 integrin signaling and RIPK3 expres-
sion, the contribution of B1 integrin signaling in RIPK3-depen-
dent inflammation in various tissue fibrosis requires in vivo
validation. Moreover, the signaling cascade connecting 1 integ-
rin to CHD4 at the Ripk3 locus remains largely unknown.
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PharMingen
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Santa Cruz Biotechnology
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sc-7392, clone F-7; RRID:AB_627809
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HPAO017015; RRID:AB_1854905
CB1001, clone 6C5; RRID:AB_2107426
D1Q7F, mAb #49360; RRID:AB_2728743

Rabbit polyclonal anti HDAC1 Invitrogen #PA1-860; PRID: AB_2118091
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Goat polyclonal anti-mouse Alexa 488 Invitrogen A11029; RRID:AB_2534088
Goat polyclonal anti-rabbit Alexa 488 Invitrogen A11008; RRID:AB_143165
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Goat polyclonal anti-mouse Alexa 647 Invitrogen A21247; RRID:AB_141778
Chemicals, peptides, and recombinant proteins

TC-H 106 Selleckchem Catalog No.S6738
5-Aza-2’'-deoxycytidine Santa Cruz Biotechnology sc-202424

Pan Caspase Inhibitor Z-VAD-FMK R&D Systems FMKO001

Recombinant TNF-o PeproTech 315-01A

SYTOX™ Green Nucleic Acid Stain Invitrogen $7020

Lipofectamine 2000 Invitrogen #11668019
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Invitrogen™ CyQUANT™ LDH Cytotoxicity Thermo Fisher Scientific C20301

Assay

iScript™ cDNA Synthesis Kit Bio-Rad #1708890

SYBR® Green Supermix Bio-Rad #1708880

SimpleChIP® Enzymatic Chromatin IP Kit Cell Signaling Technology #9003

Deposited data

Raw MS data
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Experimental models: Cell lines

B1-WT R. T. Bottcher et al.*® N/A

B1-KO R. T. Bottcher et al.*® N/A

pKO-aV H. B. Schiller et al.* N/A

pKO-aV/p1 H. B. Schiller et al.* N/A

pKO-B1 H. B. Schiller et al.* N/A
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Experimental models: Organisms/strains
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Image Lab Software version 6.0

GraphPad Prism version 9.0

Bio-Rad Laboratories

GraphPad Prism software
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image-lab-software?|D=KRE6P5E8Z
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Veit Hor-

nung (hornung@genzentrum.lmu.de).

Materials availability

All newly generated materials associated with the paper are available upon request from the lead contact.

Data and code availability

® The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner re-
pository with the dataset identifier PRIDE: PXD041505. ATAC-seq data is deposited in the GEO database (https://www.ncbi.
nim.nih.gov/geo/) under accession number GSE229795. Source data and statistic test results for RNA-seq, proteomics and
ATAC-seq are provided as Supplementary Tables. All other data that support the conclusions are available from the authors

upon request.

® This paper does not report original code.

o Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

8-9-week-old mice of C57BL/6J (B6) background purchased from Janvier (Le Genest-Saint-Isle, France) were used for bile duct liga-
tion. All mice were kept according to the guidelines of the Federation of Laboratory Animal Science Association and experiments
were authorized by permission of the LANUV in the state of Northrhine Westfalia (AZ. 84-02.04.2017.A222).
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METHOD DETAILS

Animals and bile duct ligation model

8-9 week old mice C57BL/6J (B6) were purchased from Janvier (Le Genest-Saint-Isle, France). Liver fibrosis was induced in male,
8-9 week old mice via bile duct ligation (BDL). Briefly, animals were treated with painkillers and anesthetized before the peritoneal
cavity was opened along the linea alba. Two ligatures were placed around the common bile duct to obstruct it, before the incisions
in the peritoneum and the skin were then closed, and the mice were allowed to recover. During the first 5 days after operation, all
animals received additional injections of painkillers and liver injury was allowed to develop for 10 days before organs were harvested.
Control mice were sham-operated (no ligation of the bile duct). All mice were kept according to the guidelines of the Federation of
Laboratory Animal Science Association and experiments were authorized by permission of the LANUV in the state of Northrhine
Westfalia (AZ. 84-02.04.2017.A222).

Antibodies
Source of antibodies and their dilution for Western blot and immunostaining are listed in Table S1.

Plasmids DNA

pBABE-mRIPK3 was acquired from Addgene (pBabe-puro-mRipk3, Addgene plasmid #78830). hCHD5 cDNA was purchased from
Addgene (pENTR3c GW CHD5, Addgene plasmid #68869). hCHD4 cDNA was a gift from Lucas Farnung. cDNA encoding HA-tagged
human CHD4 and CHDS5 were amplified by PCR and inserted into pB-EF-Bos vector.”® To generate chimeric protein of N terminus of
hCHDS5 fused to C terminus of hCHD4, DNA encoding a.a. 1-369 in hCHD4 was replaced by DNA encoding a.a. 1-342 in hCHD5.
Stable knockdown was achieved by lentivirus. shRNAs were targeting mouse CHD4 (shCHD4 #1: 5'-GCCCATCTTCTGAGTTG
TAAA-3’; shCHD4 #2: 5'-TCGAGTGAGGACGACGATTTA-3’; shCHD4 #3: 5-CGTAAACAGGTCAACTACAAT-3'), GATAD2A
(5'-GTGCTGCCAATAATGAGTTTA-3'), GATAD2B (5'-ACAGGAAATTGAACAGCGATT-3'), CDK2AP1 (5'-GAAAGAGATCAGACCGA
CGTA-3'), CDK2AP2 (5'-TGGCAGAGACAGAACGCAATG-3') and ADNP (5'-GCCTACAGATACCCTACTCAA-3’) were cloned into
pLKO.1 vector. A scramble shRNA-expressing pLKO.1 (Addgene Plasmid #1864) was used as control (shScr). To generate knockout
cells through CRISPR-Cas9, sgRNA targeting mouse Chd4 (5-TCTTACGGCTCCGACTACTG-3'), Gatad?a (5'-GGGCGCAC
GAACCTGAAGTG-3'), Gatad2b (5'-CGTCTAGCACTCATATCCAC-3') and Ripk3 (5'-ACCCTCCCTGAAACGTGGAC-3') were cloned
into pSpCas9(BB)-2A-Puro (PX459) V2.0°’ (Addgene plasmid #62988). SgRNAs for CRISPR silencing (sgRipk3 enhP #1:
5-GAAACCCGACGTCTACGGCT-3’; sgRipk3 enhP #2: 5'-TGTCTCCGGCACACCCACAC-3’; sgRipk3 enhD #1: 5'-ACGACAATCT
GACACTTTGG-3’; sgRipk3 enhD #2: 5-AGGAGACCTAAGTTGCTGCC-3’; sgCnn1 #1: 5-GCCTGTCCCATTGGCCACGG-3’;
sgCnn1 #2: 5-GGCCCGCGCTATATAAGGGC-3’; sgAdcy4: 5'-GCGGGTACAGAAGTAAACCG-3’; sgNfat3 #1: 5'-GCGTGACAGT
GATCTACAGT-3’; sgNfat3 #2: 5'-CTCCCGGTTTCAATCACCTG-3’; sgNfat3 #3: 5'-GTTTGTAAACGTCTGACCAG-3’; sgNfat3 #4:
5-GTCGAAGGGTGATGCGTGCG-3’; sgNfat3 #5: 5'-GAAGCCATTTGCAAGAACCT-3’; sgNfat3 #6: 5'-GATGTCCCATGGGA
TAAGGG-3’; sgNfat3 #7: 5'-CACTGGGGCTTTCAAATAGG-3’; sgNfat3 #8: 5'-CAGTGATAGCTGGGAATCAC-3') were cloned into
LentiSingle vector via ligation-independent cloning.

Transient and stable gene expression in cell lines

SV40 large T-immortalized mouse kidney-derived fibroblasts have been previously described.*“® The cell lines used here were not
found in the database of commonly misidentified cell lines maintained by ICLAC and NCBI BioSampile. All cell lines were tested nega-
tive for mycoplasma contamination. All cell lines including MOVAS, L929, B16-F10, Panc02 were cultured in DMEM medium (Gibco)
with 10% FBS (Gibco) and 1% penicillin—streptomycin (Gibco) under sterile conditions at 5% CO, and 95% humidity. All mouse kid-
ney-derived fibroblasts were maintained on cell culture plates coated with 10 ug/ml fibronectin (FN, Calbiochem).

Transient transfections were carried out with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. Briefly,
40 pmol ON-TARGETplus Mouse Chd4 SMARTPool siRNA (Dharmacon) was transfected with 4 pL Lipofectamine 2000 for each
well of 6-well plate. 72 hours after transfection, cells lysates were collected for analysis.

To generate stable cell lines via lentivirus, VSV-G pseudo-typed lentiviral vectors were produced by transient transfection of
HEK293T cells. Viral particles were concentrated from cell culture supernatant as previously described®® and used for infection.

To generate cell line stably expressing N-terminally HA-tagged human CHD4, CHD5 and chimeric protein containing N terminus of
hCHD5 fused to hCHD4 (HA-CHD4°"P%~N) piggy bac plasmids encoding these proteins and plasmid encoding hyperactive piggy
bac transposase were co-transfected into target cells and selected with 2 ng/mL puromycin for 1 week. For CRISPR silencing,
CHD4 KO cells was similarly transfected with piggy bac plasmid encoding dCas9-KRAB-MeCP2°° (Addgene plasmid #110821)
and selected with 10 pug/mL blasticidin for 1 week then infected with lentiviruses expressing different guide RNAs under U6 promoter.

To generate knockout cells through CRISPR-Cas9, 2 pg plasmid PX459 plasmid DNA was transfected with 4 uL Lipofectamine
2000 for each well of 6-well plate into indicated mouse kidney fibroblasts or MOVAS cells. 24 h after transfection, cells were selected
with 2 ng/mL puromycin for 24-48 h. Surviving cells were single cell cloned into 96-well flat bottom plates at a density of 0.8 cell per
well. Individual clones were expanded, and knockout was screened and validated by Western blot.
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Lactate dehydrogenase (LDH) release assay

LDH release was determined with CyQUANT LDH Cytotoxicity Assay kit (Thermo Fisher Scientific). 4x10° cells were seeded on FN-
coated (10 pg/ml) 6-well plates overnight. Cells were treated either with control or with 40 uM zVAD and 50 ng/mL TNF-« for 18 h.
Total cell lysates were generated by adding 10 x lysis buffer to cell culture at 37°C for 30 min. Total cell lysates and supernatants were
cleared by centrifugation at 450g for 10 min. 20 pL of supernatants were mixed with 20 pL reaction reagent mix and incubated for 10—
30 min at room temperature in the dark and measured on Tecan Spark20M microplate reader for absorbance at 490 nm and 680 nm.
LDH activity is calculated by subtracting absorbance at 490 nm with absorbance at 680 nm. Cell culture media was used as blank
control. Percentage of LDH release was calculated by dividing LDH activity in cell culture supernatant with LDH activity in whole cell
lysate.

Immunoprecipitation

For immunoprecipitation, 6x10° indicated cells were seeded overnight. Next day cells were briefly washed with PBS and lysed in IP
buffer (50 mM TrisHCI, pH 7.4, 150 mM NaCl, 1% Triton X-100) supplemented with cOmplete, EDTA-free Protease Inhibitor Cocktail
and Phosphatase Inhibitor Cocktail Set | and Il (Sigma) at 4°C with mild sonication. Cell lysates were cleared by centrifugation at
15000g at 4°C for 20 min. Protein concentration of the supernatants of cell lysate were determined using BCA assay and normalized
to 1 mg/mL with IP buffer and 0.5 mg protein input was used for each immunoprecipitation. When using Chd4 KO and Gatad2a/b
DKO clones, equal amounts of cell lysate from three clones were pooled to produce the input for immunoprecipitation. HA-tagged
protein or CHD4 were immunoprecipitated with 2 pug anti-HA antibody (sc-7392, Santa Cruz) or 4 uL anti-CHD4 antibody (D4B7, Cell
Signaling) with 20 L slurry of Protein A/G PLUS-Agarose (Santa Cruz) at 4°C for 4 h with gentle mixing. Beads were washed three
time with IP buffer and protein bound to the beads were eluted with Laemmli buffer supplemented with 10 mM TCEP at 95°C for
10 min. Elutes were separated in SDS-PAGE for Western blotting.

SDS-PAGE and Western blot analysis

For protein analysis by Western blot, cells were lysed in RIPA buffer (50 mM TrisHCI, pH 7.4 at 4°C, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, and 0.2% sodium dodecyl sulfate) supplemented with cOmplete, EDTA-free Protease Inhibitor Cocktail and
Phosphatase Inhibitor Cocktail Set | and Il (Sigma) at 4°C with brief sonication. Cell lysates were cleared by centrifugation at 15000g
at 4°C for 20 min. Protein concentration of the supernatants were determined using BCA assay and normalized to 0.5 mg/mL with
RIPA buffer and mixed with 4x Laemmli buffer supplemented with 10 mM TCEP. 5-10 pg protein samples were loaded for
SDS-PAGE.

All SDS-PAGE were performed under reducing condition and transferred to PVDF membrane using tank transfer protocol. PVDF
membranes were blocked with 5% BSA in PBST before incubating with primary antibodies overnight at 4°C. All Western blots were
run in parallel or probed at different regions from the same PVDF membrane. No stripping or antibody re-probing was used in this
study. Bio-Rad Image Lab Software was used for the densitometry analysis of images.

Mass spectrometry proteomics

For sample preparation, lysed cell pellets (in 300 uL PreOmics Lyse buffer) were incubation at 95°C for 2 min and subsequently son-
icated using a Bioruptor Plus sonication system (Diogenode) for 10 x 30 s at high intensity. Samples were incubated once more at
95°C for 2 min and sonicated. Then, samples were diluted 1:1 with water and digested for 1.5 h at 37°C with 1 pg of LysC and over-
night at 37°C with 1 ug trypsin (Promega). The peptide mixture was acidified with trifluoroacetic acid (Merck) to a final concentration
of 1%, followed by desalting of the peptides via SCX StageTips. Samples were vacuum dried and re-suspended in 6 pL of buffer A
(0.1% formic acid).

For LC-MS/MS data acquisition, the peptides (3 uL) were loaded onto a 30 cm column (inner diameter: 75 um; packed in-house
with ReproSil-Pur C18-AQ 1.9-um beads, Dr. Maisch GmbH) via the autosampler of the Thermo Easy-nLC 1200 (Thermo Fisher Sci-
entific) at 60°C. Eluting peptides were directly sprayed onto the mass spectrometer Q Exactive HF (Thermo Fisher Scientific). Pep-
tides were separated with a flow rate of 250 nL/min by a gradient of buffer B (80% ACN, 0.1% formic acid) from 2% to 30% buffer B
over 120 min followed an increase to 60% B over 10 min then to 95% B over the next 5 min and finally the percentage of buffer B was
maintained at 95% buffer B for another 5 min.

The mass spectrometer was operated in a data-dependent mode with MS1 scans from 300 to 1750 m/z (resolution of 60000 at
m/z = 200), and up to 15 of the top precursors were selected for fragmentation using higher energy collisional dissociation (HCD
with a normalized collision energy of value of 28). The MS2 spectra were recorded at a resolution of 15000 (at m/z = 200). AGC target
for MS1 and MS2 scans were set to 3x10° and 1x10° respectively within a maximum injection time of 100 and 25 ms for MS1 and MS2
scans respectively.

For data analysis, raw data were processed using the MaxQuant computational platform®® (version 1.6.17.0). Briefly, the peak list
was searched against the Uniprot database of Mus musculus with an allowed precursor mass deviation of 4.5 ppm and an allowed
fragment mass deviation of 20 ppm. MaxQuant by default enables individual peptide mass tolerances, which was used in the search.
Cysteine carbamidomethylation was set as static modification, and methionine oxidation and N-terminal acetylation as variable mod-
ifications. The match-between-run option was enabled, and proteins were quantified across samples using the label-free quantifi-
cation algorithm in MaxQuant generating label-free quantification (LFQ) intensities.

Cell Reports 42, 113322, November 28, 2023 19




¢ CelPress Cell Reports

OPEN ACCESS

Statistical analysis of MS measurements was performed in Perseus.®° Briefly, raw data was filtered for proteins only identified by
site, reverse peptide, and contaminants. Logarithmic transformation of LFQ intensities were filtered for valid values in 3 replicates in
at least one cell types with imputation of missing values using default setting in Perseus (width = 0.3, down shift = 1.8). Volcano plot for
comparison between two samples was calculated using standard student t-test (FDR = 0.05, SO = 0.1). One-way ANOVA was used
for statistical analysis of multiple comparison based on logarithmically transformed data (permutation-base FDR of 0.05). Significant
targets were filtered, and Z score was calculated based on the mean value of their logarithmically transformed LFQ intensities. Orig-
inal untransformed LFQ intensities were plotted in bar graphs.

Quantitative RT-qPCR

RNA was extract from indicated cells using TRIzol reagent. Extracted RNAs were diluted into 100 ng/uL concentration. 500 ng total
RNA was used for cDNA synthesis using iScript cDNA Synthesis Kit (Bio-Rad). cDNA synthesized from 5ng total RNA was used as
template for gPCR with SYBR Green mater mix (Bio-Rad) using a PCR setting of 95°C, 3 min; 95°C, 30's; 58°C, 20 s; 72°C, 15 s for 45
cycles. All gPCR primers were designed by Integrated DNA Technologies IDT with Tm value between 57°C and 59°C and are listed in
Table S2.

Chromatin IP-qPCR analysis

Chromatin-IP (ChIP) was conducted using SimpleChIP Enzymatic Chromatin IP Kit with magnetic beads (Cell Signaling #9003).
Briefly, for each cell line, 5x10° cells cultured on 15 cm cell culture plate were crosslinked with 1% fresh glutaraldehyde at room tem-
perature for 10 min. The crosslinking reaction was quenched by glycine. Cell nuclei was fractionated, and chromatin DNA digestion
was conducted in 400 pL resuspended nuclear fraction with 1 uL. micrococcal nuclease supplied in the kit for 20 min at 37°C and
stopped by 50 mM EDTA. For Chd4 KO and Gatad2a/b DKO, nuclear fraction of equal amounts of cells were pooled before nuclease
digestion. Nuclei was then sonicated in 500 uL ChIP Buffer and clarified by centrifugation at 9500g in a microcentrifuge for 10 min at
4°C. 200 pL digested chromatin preparation was incubated with 2 ul. ChlP grade CHD4 antibody (D4B7, Cell Signaling #12011) or IgG
control supplied in the kit for 10 h at 4°C with constant rotation and subsequently with 25 pL protein G magnetic beads for another 2 h
at 4°C. The bound chromatin fragments were eluted, and the crosslinks were reversed by proteinase K digestion. The released chro-
matin DNA was further purified into 40 pL elute with DNA purification spin columns supplied in the kit. 4 uL. DNA elute was used for
gPCR analysis using a primer set (forward: 5-CTTTGTCAAGCTCATTTCCTGG-3’; reverse: 5-TCTTGCTCAGTGTCCTTGC-3')
amplifying within the proximal enhancer region in Ripk3 locus.

RNA-seq data analysis

After checking the quality of the samples (FastQC, v.0.10.1),°" cutadapt (v.1.4.1)°® was used to remove the adapters and all reads
which are afterward were shorter than 80 bp, followed by fastx_trimmer®® (fastx toolkit, v. 0.0.14) to remove the first 10 nt from
the beginning of the reads (-f 11 -L 151 -Q33). When reads quality was assured, the files were mapped to the mouse genome
(Genome build NCBIM37) downloaded from the iGenomes®* using the tophat aligner (v. 2.0.11)°° with default parameters for both
single- and paired-end samples in the dataset. The mapped files were then quantified on a gene level based on the ensembl anno-
tations, using the featureCounts®® (v. 1.4.2) tool from the SubRead package®” (v. 2.0.1). Using the DESeq2°® package (R 3.0.3,°°
DESeqg?2 version 1.2.10) the count data was normalized by the size factor to estimate the effective library size. This followed by
the calculation of gene dispersion across all samples.

Perseus was used to perform statistical analysis of the RNA count data. Briefly, normalized DESeq2 count data was logarithmically
transformed and filtered for valid values found in 3 replicates in at least one cell types with imputation of missing values using default
setting in Perseus (width = 0.3, down shift = 1.8). Volcano plot for comparison between two samples was calculated using standard
student t-test (FDR = 0.05, SO = 1).

ATAC-seq library preparation and data analysis

Omni-ATAC was performed as previously described’® with minor modifications.”" Briefly, 50000 cells were washed in 1x PBS, re-
suspended in 50 pL of ATAC-seq resuspension buffer (RSB: 10 mM Tris-HCI, pH 7.4, 10 mM NaCl, and 3 mM MgCl,) containing
0.1% NP40, 0.1% Tween 20 and 0.01% digitonin (Promega) and were incubated on ice for 3 min. Following lysis, 1 mL of ATAC-
seq RSB containing 0.1% Tween 20 was added, and nuclei were centrifuged at 500g (4°C, 10 min). Pelleted nuclei were resuspended
in 50 pL of transposition mix (25 puL 2 x TD buffer, 2.5 uL Tagment DNA enzyme (lllumina Tag DNA Enzyme and Buffer Kit, cat.
20034197), 16.5 uL PBS, 0.5 pL 1% digitonin, 0.5 pL 10% Tween 20, and 5.25 pL water) and incubated at 37°C for 30 min in a ther-
momixer shaking at 1000 rpom. DNA was purified using Qiagen PCR clean-up MinElute kit (Qiagen). The transposed DNA was sub-
sequently amplified in 50 pL reactions with custom primers as described.’? After 4 cycles libraries were then monitored with gPCR:
5 uL PCR sample in a 15 pL reaction with the same primers. gPCR output was monitored for the ARN; 0.25 ARN cycle number was
used to estimate the number of additional cycles of the PCR reaction needed for the remaining PCR samples. Amplified libraries were
purified with the Qiagen PCR clean-up MinElute kit (Qiagen) and size selected for fragments shorter than 600 bp using the Agencourt
AMPure XP beads (Beckman Coulter). Libraries were quality controlled by Qubit and Agilent DNA TapeStation analysis. Paired-end
sequencing (60 bp) was performed on an lllumina Next-Seq 2000 instrument.
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The PEPATAC pipeline”® (version 0.10.3) with default settings was used for primary analysis and quality controls. Briefly, after
adapter trimming with Skewer’“ reads were first pre-aligned with bowtie2”® to the mouse_chrM2x mitochondrial genome (parame-
ters:-k1-D20-R3-N1-L20-iS,1,0.50) to remove mitochondrial reads and then mapped to the mm10 mouse genome (parameters:
-very-sensitive -X 2000). Following alignment, reads with mapping quality scores below 10 and any residual mitochondrial reads
were removed and read deduplication was carried out using Samblaster.”® Alignments were used to generate a signal track for visu-
alization with IGV genome browser.”” MACS2"® was used for peak-calling (parameters: —shift —75 —extsize 150 -nomodel —call-sum-
mits -nolambda —keep-dup all -p 0.01). Called peaks were filtered against the ENCODE blacklist’® and were standardized by extend-
ing up and down 250 bases from the summit of each peak to establish peaks 500 bases in width.

To establish consensus peaks, overlapping (1 bp) peaks between every sample in the project were identified and the consensus
peak’s coordinates based on the overlapping peak with the highest score were defined. Peaks present in at least 2 samples with a
minimum score per million >5 were retained. A peak count table was then provided where every sample peak set is overlapped
against the consensus peak set. Individual peak counts for an overlapping peak were weighted by multiplying by the percent overlap
of the sample peak with the consensus peak. The consensus peak counts table was loaded into R®° (version 4.1.0) and DESeq2°®°
(version 1.32.0) was used for normalization and identification of significant differential accessible regions (adjusted p value <0.05 and
log2 fold change >1). ggplot2®' (version 3.3.5) and pheatmap®” (version 1.0.12) were used data visualization. Samples mapping sta-
tistics and quality controls summary are provided in Table S7.

Immunofluorescence microscopy

For immunofluorescence of fixed cells, cells cultured on FN-coated (10 pg/mL) coverslips were fixed with 4% PFA at room temper-
ature for 20 min before staining. For immunostaining of extracellular collagen type 3, cells were washed twice with PBS, blocked with
5% BSA in PBS for 1 h and directly incubated with the primary antibody diluted in PBS at 4°C overnight. For immunostaining of intra-
cellular proteins, fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 20 min at room temperature. Forimmunostaining of
tissue samples, 7 um thick cryosections were permeabilized with 0.05% Triton X-100 in PBS for 30 min at room temperature. Per-
meabilized samples were blocked with 5% BSA in PBS for 1 h at room temperature followed by incubation with the primary anti-
bodies in 3% BSA in PBS overnight at 4°C and then with fluorescently conjugated secondary antibodies for 1 h at room temperature.
DNA was briefly stained with DAPI for 5 min at room temperature. Images were collected at room temperature on a Zeiss (Jena)
LSM780 confocal laser scanning microscope equipped with a Zeiss Plan-APO 63x—numerical aperture 1.46 oil immersion objective.
Images were processed by Imaged.

Live cell imaging

3x10° indicated cells were seeded on FN-coated (10 png/mL) plates overnight. Cells were treated with vehicle control, 40 uM zVAD,
50 ng/mL TNF-o. and 40 uM zVAD in combination as indicated in the presence of 5 uM SytoxGreen (57020, Invitrogen) and transferred
to EVOS FL Auto live cell imaging system (Thermo Fisher Scientific) with environment control at 37°C and 5% CO,. Temperature and
focus were stabilized for 30 min before brightfield, and epifluorescence images were taken with 20x objective every 5 min for 24 h.
Fluorescent signals in time series images were measured by Imaged.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was carried out in GraphPad Prism software (version 9.00, GraphPad Software). Statistical calculations to prede-
termine required sample size were not carried out. Datasets were analyzed using either Student’s t-tests, one-way ANOVA, or two-
way ANOVA with additional corrections for multiple testing as indicated. In some graphs only the p values of relevant comparisons are
shown. Results are depicted as mean + s.d. or mean + s.e.m. as indicated in figure legends. All experiments for quantitative analysis
were reproduced at least three times.
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