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Abstract

Physiological hypoxia can trigger transcriptional events that influence many developmental processes during mammalian
embryogenesis. One way that hypoxia affects transcription is by engaging chromatin-remodeling complexes. We now report
that chromodomain helicase DNA binding protein 4 (CHD4), an enzyme belonging to the nucleosome remodeling and
deacetylase (NuRD) chromatin-remodeling complex, is required for transcriptional repression of the receptor-interacting
protein kinase 3 (Ripk3)—a critical executor of the necroptosis cell death program—in hypoxic murine embryonic
endothelial cells. Genetic deletion of Chd4 in murine embryonic endothelial cells in vivo results in upregulation of Ripk3
transcripts and protein prior to vascular rupture and lethality at midgestation, and concomitant deletion of Ripk3 partially
rescues these phenotypes. In addition, CHD4 binds to and prevents acetylation of the Ripk3 promoter in cultured endothelial
cells grown under hypoxic conditions to prevent excessive Ripk3 transcription. These data demonstrate that excessive RIPK3
is detrimental to embryonic vascular integrity and indicate that CHD4 suppresses Ripk3 transcription when the embryonic
environment is particularly hypoxic prior to the establishment of fetal-placental circulation at midgestation. Altogether, this
research provides new insights into regulators of Ripk3 transcription and encourages future studies into the mechanism by
which excessive RIPK3 damages embryonic blood vessels.
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Ingram

Hypoxia, the condition of low oxygen availability, influ-
ences a variety of physiological and pathological processes.
The mammalian embryonic environment is particularly
hypoxic (less than 2% oxygen) before blood circulation to
the placenta is established at midgestation, since the pla-
centa is a critical site of oxygen exchange between maternal
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and embryonic blood [1]. This hypoxia is essential for the
physiological development of the embryo and is involved in
trophoblast differentiation, placental vascularization, heart
development, neural crest cell migration, and chondrogen-
esis [1].

Many of the cellular changes induced by hypoxia result
from transcriptional cues triggered by low oxygen avail-
ability. Hypoxia influences transcription by stabilizing
hypoxia-inducible factor (HIF) transcription factors and by
inducing epigenetic modifications to DNA and to
chromatin-associated proteins [2, 3]. Such epigenetic
modifications include changes to DNA methylation, the
removal or addition of methyl or acetyl groups to histones,
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and alterations in ATP-dependent chromatin-remodeling
complex activities. These epigenetic changes directly
impact gene transcription by altering the accessibility of
gene regulatory regions to a variety of positive and negative
transcriptional regulatory proteins. Therefore, the effects of
hypoxia on transcription are widespread, and genes that are
transcriptionally affected by hypoxia are not necessarily
predictable by the presence or absence of an HIF-binding
site in their regulatory regions.

Our lab previously reported that the ATP-dependent
chromatin-remodeling complex called the nucleosome
remodeling and deacetylase (NuRD) complex and its
ATPase chromodomain helicase DNA binding protein 4
(CHD#4) are essential for embryonic development [4]. When
CHDA4 is deleted from embryonic endothelial cells using the
Tie2-Cre transgene, embryos die from abdominal vascular
rupture at embryonic day 11.5 (E11.5) [4]. The embryonic
days prior to midgestation are characterized by especially
low levels of oxygen until the fetal-placental circulation is
established around E10.0 [5]. This led us to question
whether CHD4 and the NuRD chromatin-remodeling
complex help regulate the embryonic response to hypoxia
to maintain vascular integrity at midgestation.

Mounting evidence in the literature indicates that another
protein, receptor-interacting protein kinase 3 (RIPK3),
regulates vascular integrity at the same embryonic stage as
CHD4 [6]. RIPK3 is an important component of necroptotic
cell death complexes, and its downstream effector—the
phosphorylated mixed lineage kinase domain-like (MLKL)
protein—facilitates necroptosis by permeabilizing the
plasma membrane [7]. Necroptosis, like apoptosis, is a
programmed form of cell death that can be triggered by
activation of cell surface death receptors (i.e., tumor
necrosis factor receptors) or pathogen recognition receptors
(i.e., Toll-like receptors) and the subsequent assembly of
cytoplasmic death complexes [8]. During murine embryonic
development, RIPK3 mediates lethality at midgestation if
not suppressed by components of the extrinsic apoptosis
pathway [6]. For example, global deletion of the apoptosis
pathway components Caspase 8 (CaspS8), FADD (Fadd), or
c-FLIP (Cflar) results in embryonic lethality preceded by
cardiovascular abnormalities, including aneurysms or
hemorrhaging in the abdominal region, which is similar in
timing and location to the lethal hemorrhaging seen in
Chd4ﬂ/ﬂ;TieZ-Cre+ mutants [4, 9-11]. These vascular-
associated midgestation lethalities seen in apoptosis path-
way mutants can be rescued by simultaneous genetic dele-
tion of Ripk3 [12, 13], thereby signifying that there is a
tenuous balance between cell survival, apoptosis, and
RIPK3 expression levels at this time point.

We now report that CHD4 transcriptionally suppresses
RIPK3 in hypoxic endothelial cells, likely through deace-
tylation of the Ripk3 promoter region, thereby preventing

vascular rupture at midgestation. These results provide
novel information about Ripk3 transcriptional regulation in
endothelial cells and raise new questions about the con-
tribution of hypoxia-driven Ripk3 transcription to postnatal
ischemic vascular pathologies.

Results

Chd4"%;Tie2-Cre* embryonic endothelial cells
appear necrotic one day prior to vascular rupture

We previously reported that Chd4™:Tie2-Cre™ embryos
consistently die from vascular rupture and abdominal
hemorrhage at E11.5 [4]. Since the Tie2-Cre transgene is
active in both endothelial and hematopoietic cells [14], we
crossed Chd4-flox mice onto either the Cdh5(PAC)-
Cre®®? or Vav-iCre transgenic lines to determine if the
abdominal rupture phenotype seen in Chd4™:Tie2-Cre*
embryos was a result of Chd4 deletion in endothelial cells
or hematopoietic cells. The thS(PAC)—CreERT2 line,
which is driven by the promoter of the gene encoding VE-
Cadherin [15], is likely inducible in both endothelial and
hematopoietic cells in early embryogenesis, particularly
when tamoxifen is administered prior to E11.5 [16, 17].
So we were unsurprised to find that Chd4".Cdh5(PAC)-
Cre®"2 embryos displayed a similar timing and vascular
rupture phenotype as Chd4"":Tie2-Cre* embryos (Sup-
plementary Fig. SIA—H). However, Vav-iCre is expressed
almost exclusively in hematopoietic cells outside of the
testes [16, 18-20], and Chd4™:Vav-iCre* embryos dis-
played no overt phenotype at E12.5 (Supplementary
Fig. S1I, J). Together these data indicate that Chd4
deletion in endothelial cells is the primary cause of the
lethal vascular rupture seen in Chd4ﬁ/ﬂ;TieZ-CreJr
embryos by E11.5.

We next sought to evaluate endothelial cell morphology
preceding vascular rupture by examining E10.5 control and
Chd4™Tie2-Cre* littermate embryos by electron micro-
scopy. In semithin sections, we observed rounded and
swollen endothelial cells lining the lumens of Chd4" Tie2-
Cre™ vessels (Fig. 1a, b). Transmission electron microscopy
(TEM) further revealed plasma membrane breakdown and
mitochondrial swelling in ChaMlJW;TieZ-Cre+ endothelial
cells (Fig. 1c, d). These phenotypes are characteristics of
necrotic cell death [21]. Notably, we saw no signs of cell
shrinkage, membrane blebbing, apoptotic bodies, nuclear
fragmentation, or chromatin condensation in mutant sam-
ples, indicating Chd4™:Tie2-Cre™ endothelial cells are not
apoptotic prior to vascular rupture. Likewise, we previously
reported that TUNEL and active Casp3 staining were not
elevated in Chd4"l/ﬁ;TieZ-CreJr embryos versus control
embryos at E10.5 [4].

SPRINGER NATURE



620

S. Colijn et al.

Control Chd4"f:Tie2-Cre*

."Lumen _

e IR

Lumen

! 3/
R > {;} \z”’;.' : l :
& W3 - G . (
b A ‘- -
=i =3 2 .
Cc D

Fig. 1 Chd4"":Tie2-Cre™ embryonic endothelial cells are necrotic
prior to vascular rupture. Two sets of E10.5 littermate control and
Chd4™,Tie2-Cret embryos were processed for analysis by light
microscopy and transmission electron microscopy (TEM). a, b Light
microscopy of semithin sections reveals swollen and round endothelial
cells lining mutant vessels (b, arrows) versus flat and elongated
endothelial cells in control vessels (a, arrows). ¢, d TEM micrographs
display plasma membrane breakdown in mutant endothelial cells
(ECs) (d, see arrowheads in inset) versus smooth and intact plasma
membranes in control endothelial cells (¢, see inset). Moreover,
mitochondria (mt) are abnormally swollen in mutant endothelial cells.
Scale bars: 10 um (a, b); 1 um (c, d)

Ripk3 is upregulated in Chd4"";Tie2-Cre*
endothelial cells and contributes to vascular rupture
at E11.5

Since CHD4 frequently exerts its cellular actions through
transcriptional regulation of target genes, we performed
microarray analysis on six stage-matched control and six
stage-matched Chd4™;Tie2-Cre* E9.5 embryos to identify
misregulated expression of genes that could cause the
necrotic endothelial cell phenotypes observed in our mutant
embryos at E10.5. Although the pool of candidate genes we
recovered with significant changes in expression was small,
we noted an upregulation in the necroptosis executor gene
Ripk3 in Chd4™Tie2-Cre™ embryos (Table 1). Quantita-
tive real-time PCR (qPCR) performed on isolated E10.5
embryonic endothelial cells confirmed that Ripk3 transcripts
were upregulated in Chd4"Tie2-Cre™ vasculature
(Fig. 2a). Moreover, immunostaining of E10.5 embryonic
sections revealed upregulated RIPK3 protein in Chd4™";
Tie2-Cre™ versus control endothelial cells of cardinal veins
and capillaries (Fig. 2b, ¢ and Supplementary Fig. S2A, B).
Since we observed increased Ripk3 transcripts as early as
E9.5 (Table 1), we also immunostained for RIPK3 protein
at E9.5 and detected elevated RIPK3 in the endocardium
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Table 1 Genes misregulated in E9.5 Chd4"";Tie2-Cre™ embryos

Fold Gene symbol Description

change”

3.54 Hbb-bl1 Hemoglobin, beta adult major chain

1.94 Fbxo2 F-box protein 2

1.79 Csf2rb2 Colony stimulating factor 2 receptor,
beta 2, low affinity (granulocyte-
macrophage)

1.27 EG666747 (Trim43b) Tripartite motif-
containing 43B

1.24 Dusp2 Dual specificity phosphatase 2

1.23 Ripk3 Receptor-interacting serine-threonine
kinase 3

—1.20 H2afj H2A histone family, member J

—1.26 Slco2bl Solute carrier organic anion transporter
family, member 2b1

-1.29 Gp9 Glycoprotein 9 (platelet)

—1.31 Tubbl Tubulin, beta 1 class VI

—1.39 Mgstl Microsomal glutathione S-transferase 1

—1.48 Alox12 Arachidonate 12-lipoxygenase

—1.57 Gp5 Glycoprotein 5 (platelet)

—-1.97 Mpo Myeloperoxidase

—2.06 Tremll Triggering receptor expressed on
myeloid cells-like 1

—5.66 Cxcl4 (Pf4) Platelet factor 4

*P<0.001

Six control and six Chd4fl/fl;Tie2-Cre+ E9.5 embryos were subjected
to whole genome microarray analysis to detect transcript expression
differences. Transcripts with a significant fold change difference (P <
0.001; two-sample ¢ test) between control and mutant embryos are
listed.

lining Chd4™: Tie2-Cre" embryonic hearts (Supplementary
Fig. S2C, D).

To determine the relationship between the upregulated
RIPK3 expression in Chd4ﬁ/ﬂ;Ti62-Cre+ endothelial cells and
the vascular rupture that occurs in these mutants at E11.5, we
genetically deleted Ripk3 in Chd4™:Tie2-Cre* embryos and
assessed embryonic phenotypes at E12.5 (Fig. 2d—g). Dele-
tion of a single Ripk3 allele rescued vascular rupture in the
abdominal region of 11 out of 17 Chd4"™ Tie2-Cre*
embryos, although these Ripk3 " ; Chd4™: Tie2-Cre™ embryos
displayed bleeding in brain ventricles (Fig. 2f). However,
deletion of both Ripk3 alleles rescued all major hemorrhaging
in three out of four E12.5 Ripkj"/' ;Chd4"yﬂ;TieZ-CreJr
embryos (Fig. 2g), although the majority of rescued embryos
did not survive past E12.5. To determine if Chd4 deletion
affects Ripk3 upregulation in a cell-autonomous manner, we
generated a Ripk3-flox murine model (Supplementary Fig. S3)
and crossed it onto the Chd4™Tie2-Cre™ background.
Ripk3"*; Chd4™:Tie2-Cre* embryos also showed a partial
rescue of lethality over Chd4™ Tie2-Cre* embryos at E12.5
(Fig. 2i, j), with a similar brain bleeding phenotype to that
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seen in Ripk3™;Chd4™:Tie2-Cre* embryos (Fig. 2f, j).
However, the frequency of rescue in Ripk3"";Chd4™, Tie2-
Cre" embryos was diminished compared to the rescue rate
seen in Ripk3 ™" ;Chd4™ Tie2-Cre* embryos. We suspect that
this discrepancy is a result of the different predominant
background strains on which the Ripk3-flox versus Ripk3
global knockout rescue experiments were performed. While
the abdominal rupture phenotype in Chd4"Tie2-Cre*
embryos was fully penetrant at E11.5 regardless of back-
ground, the frequency of rescue after Ripk3 deletion decreased
when the background shifted from an outbred CD1 back-
ground to an inbred C57Bl/6J background.

In order to determine whether other necroptosis-related
or apoptosis-related genes were misregulated in Chd4™;
Tie2-Cre" endothelial cells, we examined a panel of tran-
scripts in endothelial cells isolated from E10.5 control
versus Chd4™;Tie2-Cre* embryos (Supplementary Fig.
S4). We saw upregulation of Mlkl, which is the downstream
target of RIPK3 during necroptosis. However, global Mkl
deletion was not sufficient to rescue Chd4™:Tie2-Cre*
lethality (Supplementary Fig. S5), which differs from the
rescue we saw with Ripk3 deletion (Fig. 2d—k). This indi-
cates that Ripk3 upregulation in Chd4™;Tie2-Cre" endo-
thelial cells may have a detrimental role besides necroptosis.

SPRINGER NATURE
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Fig. 2 RIPK3 is upregulated in Chd4™Tie2-Cre* embryonic endo-
thelial cells and contributes to vascular rupture. a Endothelial cells
were isolated from three sets of E10.5 littermate control and Chd4™;
Tie2-Cre" embryos, RNA was purified, and cDNA was synthesized.
Samples were processed for qPCR analysis of Chd4 and Ripk3
expression. Data are presented as relative fold change over the nor-
malized expression level in cells from control embryos (dotted line).
Error bars represent SD. Statistics were calculated using a one-sample ¢
test (one-tailed for Chd4; two-tailed for Ripk3). Asterisk indicates P <
0.05. b, ¢ Cross sections of E10.5 littermate control and Chd4™: Tie2-
Cre™ embryos containing the cardinal vein (CV) were immunostained
for the endothelial cell marker PECAM-1 (green) and for RIPK3 (red)
and were counterstained with the nucleic acid-binding dye TO-PRO’-3
(TO-PRO, blue). Images were generated by confocal microscopy.
Boxed regions in the top panels are shown magnified in the middle and
bottom panels (merged and RIPK3-only channels, respectively).
Images are the representative of immunostaining from three separate
control and mutant littermate embryos. Scale bars: 50 um. d-g
Representative images of littermate control (d), Chd4™":Tie2-Cre™ (e),
Ripk3t";Chd4™.Tie2-Cret (f), and Ripk3”;Chd4™:Tie2-Cre* (g)
embryos dissected at E12.5. The numbers in the bottom left corner of
each image indicate that the picture is representative of x out of y total
embryos dissected (x/y). All Chd4™":Tie2-Cre™* embryos examined (9/
9) were dead and partially resorbed at this timepoint. By contrast 11
out of 17 Ripk3+/';Chd4ﬂ/ﬂ;Tie2—Cre+ embryos were comparable in
size to littermate control embryos, although they exhibited head
bleeding (arrow); the remaining six embryos more closely resembled
partially resorbed Chd4":Tie2-Cre* embryos. Three out of four
Ripk3'/ ';Chd4ﬂ/ﬂ;TieZ—Cre+ embryos were indistinguishable from lit-
termate controls. h-k Representative images of littermate control (h),
Chd4".Tie2-Cre™ (i), Ripk3"*;Chd4™:Tie2-Cre™ (j), and Ripk3™';
Chd4™:Tie2-Cre™ (k) embryos dissected at E12.5. Five out of 21
Ripk. 4 +;Chd4ﬂ/ﬂ;TieZ—Cre+ embryos were comparable in size to lit-
termate control embryos, although they exhibited head bleeding
(arrow); the remaining embryos resembled the partially resorbed
mutants. Notably, the rescue analyses associated with the Ripk3 global
knockout allele d-g were performed on a more outbred (CD1) back-
ground, and the rescue analyses associated with the Ripk3-flox allele h-
k were performed on a more inbred (C57B1/6J) background, which we
have determined affects the rate of rescue

CHD4 suppresses Ripk3 transcription during hypoxia
by preventing acetylation of the Ripk3 promoter
region

We next utilized the commercial murine yolk sac-derived
C166 endothelial cell line [22] to determine the mechanism
by which CHD4 regulates Ripk3 transcription in endothelial
cells. We found CHD4 siRNA knockdown under normal
culture conditions to be insufficient to increase Ripk3
transcripts in C166 cells (Fig. 3a). However, since Ripk3
transcripts are elevated in our Chd47‘l/ﬂ;TieZ-CreJr mutants
prior to the onset of fetal-placental circulation, when the
embryonic environment is particularly hypoxic (Supple-
mentary Fig. S6), we questioned whether hypoxia could
influence the regulation of Ripk3 transcription by CHD4.
Indeed, when C166 cells were treated with CHD4 siRNA
oligos and then with CoCl,, a hypoxia mimetic [23], Ripk3
transcripts were significantly upregulated (Fig. 3a). To
confirm that this upregulation was not due to off-target
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effects of CoCl,, we also used a hypoxic cell culture
chamber to assess Ripk3 transcripts in C166 endothelial
cells, and we still saw significant Ripk3 upregulation after
CHD4 knockdown in cells grown under 0.5% O, (Fig. 3b).
A time-course experiment further revealed that Ripk3 was
significantly upregulated at 24 h after concomitant CoCl,
treatment and CHD4 knockdown (Fig. 3c). Together, these
data indicate that CHD4 suppresses Ripk3 transcription in
hypoxic endothelial cells.

In order to determine whether Ripk3 is a direct CHD4
target gene, we performed chromatin immunoprecipitation
(ChIP) for CHD4 in C166 endothelial cells. We found that
CHD4 binds to a conserved region of the Ripk3 promoter
located 6.8 kb upstream (—6.8 kb) of the transcription start
site (TSS) after CoCl, treatment, but not after vehicle
treatment (Fig. 4a, b). Therefore, Ripk3 is indeed a CHD4
target gene under hypoxia-like conditions.

Since CHD4-containing NuRD complexes also contain
histone deacetylases 1 and 2 (HDAC1/2) [24], we also used
ChIP to assess potential changes in histone acetylation at
the Ripk3 promoter upon CHD4 knockdown. We found that
histone H3 acetylation increased at and near the Ripk3 TSS
(0.0 and 40.1 kb) after CHD4 knockdown in CoCl,-treated
C166 cells (Fig. 4c). These data suggest that CHD4-
containing NuRD complexes suppress Ripk3 transcription
by preventing acetylation and/or actively deacetylating
chromatin near the TSS of the gene under hypoxic condi-
tions. Incidentally, we detected no changes in histone
H3 acetylation, H3K4 trimethylation (H3K4me3), or
DNA methylation in the Ripk3 regulatory regions we
analyzed following CoCl, treatment alone (Supplementary
Fig. S7).

HIF and specific-protein-1 (SP1) transcription factors
do not promote Ripk3 transcription in CoCl,-treated
CHD4-deficient endothelial cells

Since HIF proteins are stabilized during hypoxia and
CoCl, treatment [25], we sought to determine if HIF
transcription factors promote Ripk3 transcription in
CHD4-deficient endothelial cells after CoCl, treatment.
Surprisingly, individual knockdown of HIF-1a or HIF-2a
increased Ripk3 transcripts in CoCl,-treated C166 cells
without additional CHD4 knockdown (Supplementary
Fig. S8A). This suggests that these HIFs can repress rather
than promote Ripk3 transcription. Furthermore, simulta-
neous knockdown of CHD4 with either HIF-1a, HIF-2«,
or HIF-1o/HIF-2a in CoCl,-treated cells failed to rescue
the elevated Ripk3 levels seen in CHD4 knockdown
cells (Supplementary Fig. S8A), further suggesting that
HIF proteins do not promote Ripk3 transcription in
CHD4-deficient endothelial cells under hypoxia-like
conditions.
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Fig. 3 Ripk3 is upregulated in a cultured embryonic endothelial cell
line upon simultaneous CHD4 knockdown and hypoxic conditions.
a C166 endothelial cells were transfected with nonspecific (NS) or
CHD4-specific siRNA oligos for 24 h and were subsequently treated
with vehicle (water) or CoCl, (100 or 200 uM) for 24 h. RNA was
purified, cDNA was synthesized, and samples were processed for
qPCR analysis of Ripk3 expression. Data from three independent
experiments were combined and are presented as relative fold change.
Error bars represent SD. Statistics were calculated using a two-way
ANOVA with Tukey’s multiple comparisons test. b C166 endothelial
cells were transfected with NS-specific or CHD4-specific siRNA oli-
gos for 24 h and were subsequently transferred to a hypoxia culture
system, where they were cultured under 19% O, (normoxia) or 0.5%
0O, (hypoxia) for an additional 24 h. After harvesting at the respective
O, levels, RNA was purified, cDNA was synthesized, and samples

In order to determine whether Ripk3 is a direct HIF target
gene in endothelial cells, we performed ChIP for HIF-1a
and found that the transcription factor binds the Ripk3
promoter (—1.0kb) in CoCl,-treated C166 cells (Supple-
mentary Fig. S8B). Therefore, our data indicate that both
CHD4 and HIF-1a repress Ripk3 transcription and bind to
the Ripk3 promoter under hypoxia-like conditions. How-
ever, we believe CHD4 is a more critical suppressor of
Ripk3 transcription at midgestation than are HIFs, since
genetic deletion of HIF-la and/or HIF-2a in endothelial
cells is not sufficient to cause bleeding and embryonic
lethality [26, 27].

We also assessed whether SP1 could be the transcrip-
tion factor that elevates Ripk3 transcription in endothelial

were processed for qPCR analysis of Ripk3 expression. Data from
three independent experiments were combined and are presented as
relative fold change. Error bars represent SD. Statistics were calculated
using a two-way ANOVA with Sidak’s multiple comparisons test.
¢ C166 endothelial cells were transfected with NS-specific or CHD4-
specific siRNA oligos for 24 h and were subsequently treated with
vehicle (water) or CoCl, (200 uM) for up to 24 h. Cells were harvested
at 6, 12, or 24h, RNA was purified, cDNA was synthesized, and
samples were processed for qPCR analysis of Ripk3 expression. Data
from 3-4 independent experiments were combined and are presented
as relative fold change compared to normalized data from NS-siRNA
plus vehicle-treated cells (dotted line). Error bars represent SD. Sta-
tistics were calculated using a two-way ANOVA with Tukey’s mul-
tiple comparisons test. For all experiments in this figure, asterisk
indicates P <0.05

cells after simultaneous CHD4 knockdown and
CoCl, treatment. SP1 is a transcription factor that is
upregulated under hypoxia [28, 29] and that directly
regulates Ripk3 transcription in cancer cells [30].
Unlike with HIF-1loo and/or HIF-2a knockdown, SP1
knockdown did not elevate Ripk3 transcripts in CoCl,-
treated C166 cells (Supplementary Fig. S8C). Moreover,
simultaneous knockdown of CHD4 and SP1 did not
rescue the elevated Ripk3 levels seen in CoCl,-treated
CHD4 knockdown cells (Supplementary Fig. S8C).
Therefore, although we have discovered several proteins
that repress Ripk3 transcription (CHD4, HIF-1a, and HIF-
2a), the driver of Ripk3 transcription during hypoxia is
still unknown.
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Discussion upon our previous evidence that CHD4 also suppresses

The establishment and maintenance of vascular integrity is
critical for preventing life-threatening hemorrhage. In this
report, we demonstrate that upregulation of Ripk3—a cen-
tral gene in the necroptosis cell death pathway—causes
vascular fragility at midgestation. Moreover, we show that
hypoxia can promote endothelial Ripk3 transcription upon
loss of CHD4 (Fig. 5). This new role for CHD4 in sup-
pressing Ripk3 transcription in hypoxic conditions builds
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expression of plasmin-activator genes, which weaken
embryonic vasculature by leading to the degradation of
extracellular matrix [4, 31]. Therefore, our data collectively
demonstrate that CHD4 tightly regulates multiple tran-
scriptional events during embryonic development to protect
vascular integrity.

While RIPK3 overexpression is sufficient to kill cardio-
myocytes and aortic smooth muscle cells in culture [32, 33], it
is not yet known whether RIPK3 elevation is sufficient to
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Fig. 4 CHD4 mediates epigenetic changes at the Ripk3 promoter under
hypoxic conditions. a Alignment of the murine Ripk3 promoter region
with sequences from cow, chimpanzee, and human genomes from the
NCBI DCODE website (http://www.dcode.org). Peak heights indicate
degree of sequence homology; pink bars above peaks denote evolu-
tionarily conserved regions; red peaks are found in intragenic regions;
yellow shading represents the Ripk3 5’ untranslated region; blue
shading indicates Ripk3 exons. Boxed regions were selected for further
analysis by chromatin immunoprecipitation (ChIP) in b and ¢; num-
bers below boxed regions denote approximate distances upstream of
the Ripk3 transcription start site (TSS). b ChIP assays were performed
in C166 endothelial cells after 24-h treatment with vehicle (water) or
with CoCl, (200 uM), using antibodies against CHD4 or against rabbit
IgG (as a negative control). Immunoprecipitated (IP) DNA was iso-
lated and amplified by polymerase chain reaction (PCR) to determine
whether CHD4 bound conserved regions in the Ripk3 promoter. Input
DNA was isolated from chromatin prior to IP and was used to confirm
PCR efficiency. H,O was amplified instead of DNA as a negative
control for PCR. PCR lanes for each amplicon were run on the same
gel but were noncontiguous. In the right panel, PCR band densities
from three independent experiments were quantified using Imagel],
normalized to IgG controls for each experiment, and combined. Data
are presented as fold change in CHD4 ChIP levels over the IgG ChIP
levels; error bars represent SD. Statistical calculations were performed
using a two-way ANOVA with Sidak’s multiple comparisons test.
¢ ChIP assays were performed in C166 endothelial cells following 24-
h knockdown with nonspecific (NS)- or with CHD4-specific siRNA
oligos and with a subsequent 24 h CoCl, (200 uM) treatment period,
using antibodies against pan-acetylated histone 3 (H3Ac) or rabbit IgG
(as a negative control). ChIP-PCR was performed as in b with addi-
tional analyses near the Ripk3 TSS at —0.1, 0.0 (the TSS), and
+0.1kb. Statistical calculations were performed using a two-way
ANOVA with Sidak’s multiple comparisons test. For b and ¢, asterisk
indicates P <0.05

trigger endothelial cell death. In our hands, CHD4 knock-
down in hypoxia-treated or CoCly-treated C166 endothelial
cells does not elevate RIPK3 protein levels (Supplementary
Fig. S9) or cause cell death (data not shown). This resistance
to changes in RIPK3 protein levels and to cell death may be
due to the fact that C166 endothelial cells are transformed
[22]. Alternatively, it may indicate that embryonic endothelial
cells require an additional unknown trigger to promote
RIPK3-mediated death. This concept is supported by our
evidence that RIPK3 protein is elevated in endothelial cells
throughout Chd4™:Tie2-Cre* embryos at midgestation
(Fig. 2b, ¢ and Supplementary Fig. S2), although only the
large vasculature in the midregion of these embryos is prone
to rupture at E11.5 [4]. One possible additional trigger of
RIPK3-mediated embryonic endothelial cell death may be the
rapid influx of oxygen that occurs into the hypoxic embryonic
environment when fetal-placental circulation is established at
E10.0. This influx may lead to reactive oxygen species (ROS)
generation, cellular damage, cytokine release, and cell death
[34], all of which could compromise the integrity of the lar-
gest embryonic vessels. We speculate that wild-type embryos
evolved protective mechanisms against this rapid oxygenation
to prevent cellular damage and vessel rupture. However,
when the molecular machinery that controls cell death is

imbalanced, as occurs in embryos with insufficient Casp$,
Fadd, or Cflar, the rapid oxygenation aberrantly favors
RIPK3-mediated death over endothelial cell survival. Like-
wise, when endothelial RIPK3 is aberrantly upregulated at
midgestation in Chd4 mutant embryos, we suspect that there
is not enough endogenous apoptotic pathway machinery to
prevent RIPK3-mediated necroptosis and vascular rupture.
However, future experiments will be needed to determine if
excessive RIPK3 and rapid oxygenation are sufficient to
trigger embryonic endothelial cell death.

While RIPK3 is an indisputably important mediator of
MLKL-mediated necroptosis, recent evidence indicates that it
also plays roles outside of necroptosis, including in activation
of the NLRP3 inflammasome [35-40]. This concept is sup-
ported by the observation that Ripk3 genetic deletion is cap-
able of rescuing some disease models to a greater extent than
does Mikl deletion [41]. We believe that the necrotic
appearance of the E10.5 Chd4™Tie2-Cre* endothelial cells
we observe by electron microscopy suggests that the elevated
RIPK3 in those cells does cause necroptosis. However, our
failure to rescue vascular rupture in Chd4"Tie2-Cre*
embryos with concomitant deletion of Mikl suggests that
excessive RIPK3 may compromise embryonic vascular
integrity through mechanisms other than necroptosis. Since
RIPK3 can promote inflammation independently of MLKL
[39], we immunostained for macrophages in control and
Chd4™:Tie2-Cre* embryos at E10.5, one day prior to vas-
cular rupture. Surprisingly, we saw fewer CD68" macro-
phages surrounding major blood vessels in Chd4™; Tie2-Cre*
mutants versus controls (Supplementary Fig. SI0A—C). Fur-
thermore, transcripts for Caspl, interleukin 1 beta (/11b), and
tumor necrosis factor alpha (Tnfa) were significantly
decreased in Chd4™Tie2-Cre" mutant endothelial cells at
E10.5 (Supplementary Fig. S10D). Therefore excessive
RIPK3 correlates with a reduction—rather than an increase—
of inflammatory markers in Chd4";Tie2-Cre™ embryos. We
suspect that this reduced inflammation is not a significant
contributor to vascular fragility, since CD68% macrophages
are also decreased in E10.5 Ripk3"";Chd4™Tie2-Cre*
embryos (Supplementary Fig. S10C), which are less prone to
vascular rupture than are Chd4™:Tie2-Cre™ embryos at
midgestation (Fig. 2f). Finally, there are new reports that
RIPK3 can enhance aerobic respiration and ROS generation
[42], which may disrupt the preferred metabolic route of
glycolysis in endothelial cells at midgestation. Further
experiments will be needed to address whether a RIPK3-
mediated imbalance in endothelial cell metabolism or exces-
sive ROS generation contributes to vascular rupture in Chd4”
M Tie2-Cre* embryos.

An important future goal is to determine if hypoxia and
CHD4 continue to regulate endothelial Ripk3 transcription
beyond midgestation and past birth. Our lab has reported
that CHD4 expression levels decrease dramatically in some
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Fig. 5 Model of Ripk3 transcriptional regulation in embryonic endo-
thelial cells. Our data indicate that embryonic endothelial cells undergo
a basal level of Ripk3 transcription under normoxia conditions and that
hypoxia results in the recruitment of transcriptional repressors (CHD4/
NuRD complexes and HIF-1a; red) to the Ripk3 promoter. Upon
CHD4 depletion, however, transcriptional activators [H3Ac epigenetic

embryonic tissues between midgestation and birth [31].
Therefore, other suppressors of hypoxia-induced Ripk3
transcription may compensate for CHD4 after midgestation.
Hypoxia is an important mediator of ischemic tissue
damage, and several mouse models of ischemic diseases are
ameliorated on a Ripk3” background [32, 33, 43, 44].
Further investigation will be needed to determine if
hypoxia-mediated endothelial Ripk3 transcription con-
tributes to the vascular fragility associated with these
pathologies. Likewise, it will be interesting to determine if
RIPK3-mediated endothelial cell necroptosis is triggered by
ischemia/reperfusion injuries and whether such necroptosis
causes collateral damage to surrounding cells through
release of damage-associated molecular patterns and other
inflammatory mediators. Finally, a recent report that neu-
ronal cells are susceptible to ischemia/reperfusion-mediated
necroptosis [45] may indicate that Ripk3 transcription is
regulated by oxygen availability in non-endothelial cells as
well as endothelial cells. Identifying cells susceptible to
hypoxia-mediated Ripk3 transcription and damage could
provide new therapeutic strategies for combating a variety
of human pathologies associated with ischemia.

Materials and Methods
Mice

Chd4-floxed mice (Chd4™") [46), Tie2-Cre transgenic mice
[14], Ripk3” mice [47], Cdh5(PAC)-Cre®®"? transgenic
mice [15], Vav-iCre transgenic mice [18], and MIKI” mice
[48] have been described. Ripk3-floxed mice were gener-
ated by Cyagen Biosciences, as described in Supplementary
Fig. S3. All mice were maintained on a mixed genetic
background at the Oklahoma Medical Research Foundation
(OMRF) animal facility. The OMREF Institutional Animal
Care and Use Committee approved all animal use protocols.
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marks and an unknown transcription factor (TF?); green] overlay the
promoter and support additional Ripk3 transcription. We find that the
excessive endothelial cell Ripk3 transcription that occurs in Chd4ﬂ/ﬂ;
Tie2-Cre™ mutant embryos leads to lethal vascular rupture at
midgestation

For induction of the Cdh5(PAC)-Cretf? transgene,
tamoxifen (#T5648; Sigma) was sonicated in peanut oil
(Hain Pure Foods) to a concentration of 20 mg/mL, and
0.1 mL was administered once daily to pregnant females
from E7.5 to 9.5 by oral gavage.

Genotyping

Tie2-Cre transgenic mice [49], Chd4-floxed mice [50], and
Cdh5(PAC)-Cre®™ ™ transgenic mice [51] were genotyped
as described. Ripk3” genotyping was performed by PCR
using the following three primers: (5'-AGTCAATCGT
TCCTGGATGG-3"), (5'-ACCAGGTGCCCTCCTTACC-3"),
and (5'-CTCTTGCTCCCCAGAAGATG-3’). The PCR pro-
duced a 213-bp wild-type Ripk3 amplicon and/or a 350-bp
Ripk3 knockout amplicon. The Vav-iCre transgene was
detected by PCR using a forward primer (5'-AGATGCCAG
GACATCAGGAACCTG-3’) and a reverse primer (5'-ATCA
GCCACACCAGACACAGAGA-3") that yielded a 236-bp
amplicon. MIkI” genotyping was performed using the fol-
lowing three PCR primers: (5'-TATGACCATGGCAACTC
ACG-3'), (5'-ACCATCTCCCCAAACTGTGA-3'), and (5'-T
CCTTCCAGCACCTCGTAAT-3"). The PCR produced a
498-bp wild-type Mikl amplicon and/or a 158 Mikl knockout
amplicon. Ripk3-flox mice were genotyped by PCR with a
forward primer (5'-CCATCCTCCCTTCATCAAAA-3’) and
a reverse primer (5'-CGGACTTTGAATGAGCGACT-3%)
that yielded a 269-bp Ripk3 wild-type amplicon and/or a 339-
bp Ripk3-flox amplicon.

Semithin light microscopy and TEM

For semithin microscopy and TEM, tissue samples were
fixed by immersion in a mixture of 2% paraformaldehyde
and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
for 1h, followed by postfixation in 1% osmium tetroxide
(90 min) and 1% tannic acid (1h). Samples were
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subsequently dehydrated in a graded ethanol series and
embedded in epoxy resin (EMS). Semithin (500 nm) and
ultrathin sections (70 nm) were cut using an ultramicrotome
(RMC 7000, RMC) equipped with a diamond knife.
Semithin sections were stained with epoxy tissue stain
(EMS) and analyzed with a Nikon Eclipse ESO0M micro-
scope equipped with a Nikon DX1200 digital color camera
and Nikon ACT-1 image acquisition software. Ultrathin
sections were stained with uranyl acetate and lead citrate
before being viewed with a Hitachi H-7600 electron
microscope equipped with a 4 megapixel digital mono-
chrome camera and AMT-EM image acquisition software
(Advanced Microscopy Techniques).

Microarray

Total RNA was isolated from six control and six Chd4™:
Tie2-Cre" E9.5 stage-matched embryos using the RNeasy
Mini Kit (#74106; Qiagen). After purification, RNA con-
centrations were obtained with a scanning spectro-
photometer (Nanodrop), and assessed for quality by
capillary gel electrophoresis (Agilent 2100 Bioanalyzer,
Agilent Technologies). Biotinylated, amplified RNA was
produced from 300 ng total RNA per sample and hybridized
overnight at 58 °C to mouse WG-6_v2 Expression Bead-
Chip™ microarrays (Illumina Corp.). Microarrays were
washed under high stringency, labeled with streptavidin-
Cy3, and scanned with an Illumina iSCAN scanner. Initial
signal intensity values were obtained using the gene
expression module (v 1.9.1) in Illumina’s Genome Studio
software (v.2011-1). Signal intensities were quantile nor-
malized and log transformed using MatLab software
(Mathworks, Inc.). Differential gene expression analyses
were performed using BRB-ArrayTools (v 4.2.1, National
Cancer Institute, Biometric Research Branch). Genes were
filtered using the log expression variation filter to screen out
genes that were not likely to be informative based on the
variance of each gene across the arrays. Class comparisons
between mutant and control samples identified differentially
expressed genes using two-sample ¢ tests with a random
variance model. Statistical significance was achieved when
P <0.001. Data were exported to Microsoft Excel, where
averages of the classes were used to calculate fold change
values.

Endothelial cell isolation

E10.5 embryos were digested with collagenase-dispase-
DNase solution [1.5mg/mL collagenase B (Roche),
1.5 mg/mL dispase II (Roche), and 25 ug/mL rDNasel
(Invitrogen), in sterile 1X Hank’s balanced salt solution
(Gibco)] at 37 °C with rocking for 45 min. Dynabeads

(Invitrogen) conjugated to PECAM-1 antibody (#557355,
BD Pharmingen) were added, and samples were incubated
for 1 h at 4 °C with rotation. Immunoprecipitated cells were
washed twice with PBS/0.1% BSA and eluted in TRIzol
(Invitrogen) for RNA analysis.

qPCR

To analyze transcript levels, total RNA isolated from
endothelial cells was purified and treated with RNase-free
DNasel (Qiagen). cDNA was prepared using the
iSCRIPT™ Reverse Transcriptase Kit (Bio-Rad), and real-
time quantitative PCR was performed using 2X SYBR
green qPCR master mix (Applied Biosystems) and the
CFX96 Real-Time System (Bio-Rad) with gene-specific
primers. Primers used for qPCR are listed and described in
Supplementary Table S1.

gPCR analysis

The relative fold change in transcription was determined
using the comparative CT method and at least two of the
four housekeeping genes Gapdh, Rnl8s, Rpli3a, and
p-actin as internal controls. Data from at least three inde-
pendent sets of littermate control and mutant embryos or
from at least three independent cell culture experiments
were combined and presented as the mean + standard
deviation (SD). Statistical differences were calculated in
GraphPad Prism 7. Statistical analyses are detailed in the
figure legends.

Western blots

C166 cells were lysed in RIPA buffer with Protease Inhi-
bitor Cocktail (#P8340; Thermo Fisher Scientific). Cell
lysates were centrifuged at 10,000 g for 15 min at 4 °C. The
supernatant was collected and analyzed. Protein con-
centration was determined using the Pierce BCA Protein
Assay Kit and a NanoDrop 2000 from Thermo Fisher
Scientific. Twenty microgram protein was electrophoresed
on a 9% SDS-PAGE gel and then transferred to a PVDF
membrane that was blocked in 5% nonfat dry milk-TBST
for 1 h. Primary antibodies (diluted in 5% milk-TBST) were
incubated at 4 °C overnight with gentle agitation, and
membranes were then washed three times (15 min each) in
TBST. HRP-conjugated secondary antibodies (diluted in
5% milk-TBST) were applied at room temperature for 1h
with gentle agitation, and membranes were then washed five
times (15 min each) in TBST. Secondary antibodies were
detected using ECL Western Blotting Detection Reagent (#
34076; Thermo Fisher Scientific). Primary antibodies used
for immunoblotting: CHD4 (1:1000, #39289; Active
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Motif), RIPK3 (1:3000, clone 1G6.1.4; Genentech), and
GAPDH (1:10,000, #G9545; Sigma-Aldrich).

Gross embryo imaging

Gross embryonic images were obtained with a Nikon
SMZ800 stereomicroscope and Nikon DS-Fil camera and
monitor.

Immunofluorescence

E9.5 and E10.5 Chd4’c’/ﬂ;TieZ—Cre+ and littermate control
embryos were dissected, fixed in 1% PFA overnight, and
passed through 10% sucrose for 10 min, 15% sucrose for
30 min, 20% sucrose for 1h, and a 1:1 mixture of 20%
sucrose and optimal cutting temperature compound (O.C.T.;
Sakura Finetek) overnight. Embryos were embedded in O.
C.T. the following morning. Yolk sac tissue was used for
genotyping. Twelve micrometer sections were cut with a
Microm HM 505 E cryotome (Microm International) and
adhered to Denville UltraClear microscope slides (Denville
Scientific Inc.). Histological sections were permeabilized in
0.1% Triton X-100 in PBS for 15 min then blocked in
blocking solution (3% BSA) for 2h at room temperature.
Sections were incubated in primary antibody in 1% BSA
overnight at 4 °C, washed three times quickly in cold 1%
BSA, then incubated for 1h at room temperature in sec-
ondary antibody in 1% BSA. Sections intended for viewing
on the confocal microscope were then incubated with 1 uM
TO-PRO’-3 (#T3605; Thermo Fisher Scientific) for 10 min
in 3% BSA. Sections were quickly washed three times with
cold 1% BSA and coverslipped with ProLong Gold (Invi-
trogen). Confocal images were obtained with a Zeiss LSM-
710 confocal head mounted on an Axio Observer Z1 stand
with Zen 2012 SP2 software (Zeiss). Epifluorescent images
were obtained with a Nikon Eclipse Ti-E microscope with
NIS-Elements software. Primary antibodies used for
immunofluorescence were goat-anti-PECAM-1 (1:100,
#AF3628; R&D), rat-anti-CD68 (1:250, #MCA1957,
BioRad), and rat-anti-RIPK3 (1:200, clone 1G6.1.4;
Genentech). Secondary antibodies used were Cy3-donkey-
anti-rat IgG (1:500; Jackson ImmunoResearch) and FITC-
donkey-anti-goat IgG (1:500; Jackson ImmunoResearch).
For epifluorescent images, Hoechst (20 pg/mL) was added
to the secondary antibody incubation.

Hypoxyprobe-1 administration and detection

Pimonidazole HCl (Hypoxyprobe-1, #HP1-100Kit; NPI,
Inc.) was dissolved in saline and injected intravenously into
pregnant female mice at a concentration of 60 mg/kg. After
the probe circulated for 2 h, embryos were dissected and
fixed for 24 h in 1% PFA, then placed in a 1:1 mixture of
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20% sucrose and O.C.T overnight. Embryos were embed-
ded in O.C.T. the following morning and cut into 12 um
sections. Tissue sections were permeabilized with 0.2%
Tween-20 in PBS for 30 min then blocked for endogenous
streptavidin and biotin with the Vector Blocking Kit (#SP-
2002; Vector Laboratories, Inc.). Sections were further
blocked using the M.O.M. Immunodetection Kit (#BMK-
2202; Vector Laboratories, Inc.). Sections were incubated in
primary antibody overnight at 4 °C, washed three times
quickly in cold 1% BSA, incubated for 30 min at room
temperature in M.O.M. Biotinylated Anti-Mouse IgG
reagent provided with the M.O.M Immunodetection Kit,
and then washed again. Sections were incubated in sec-
ondary antibody for 1h at room temperature, washed,
and coverslipped. Images were obtained with a Nikon
Eclipse Ti-E microscope with NIS-Elements software. Pri-
mary antibodies used were goat-anti-PECAM-1 (1:100,
#AF3628; R&D) and mouse-anti-pimonidazole adducts
(1:50) as provided with the Hypoxyprobe-1 Kit. Secondary
antibodies used were FITC-donkey-anti-goat IgG (1:500;
Jackson ImmunoResearch) and Streptavidin-649 (1:100,
#S000-43; Rockland Immunochemicals, Inc.). Hoechst
(20 ug/mL) was also added to the secondary antibody
incubation.

Cell culture and treatment

The murine C166 yolk sac-derived endothelial cell line
(#CRL-2581; American Type Culture Collection) was
maintained as described [49]. For CHD4, HIF-1a, HIF-2a,
and SP1 knockdown, cells were electroporated with 100 nM
of CHD4, HIF-1a, HIF-2a, and SP1 Silencer Select or
nontargeting control siRNA oligonucleotides (#s99016,
#s67530, #s65525, #s74195, and #4390844, respectively;
Ambion) using Gene Pulser II (BioRad; 250 V, 500uF) in
serum-free OptiMEM (Invitrogen). After 24 h, cells were
treated with vehicle or the hypoxia mimetic CoCl, (200 pm)
for an additional 24 h. For the hypoxia culture chamber
system, transfected cells were placed in normoxia (19% O,)
or hypoxia (0.5% O,) chambers for 24 h. Cells were then
harvested at the same respective O, levels for subsequent
transcript analyses.

Chromatin immunoprecipitation

ChIP was performed as previously described [52]. Specifi-
cally, C166 cells (1 x 10%sample) were fixed on culture
dishes with 1% PFA (10 min) at room temperature. Glycine
(125 mM final) was then added to stop fixation. Cells were
scraped, pelleted, and resuspended in 200 ul lysis buffer
[1% SDS, 10 mM EDTA, 50 mM Tris Base pH 8.1, and
protease inhibitors (#P8349; Sigma) in water] and incubated
on ice (15 min). Lysates were sonicated (four 10 s pulses at
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an amplitude of 50) using a Misonix S-4000 sonicator.
Following sonication, 1.4 ml of dilution buffer (0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris Base pH
8.1, 166.5 mM NaCl, and protease inhibitors in water) was
added to each sample. Samples were then precleared using
protein A/G-conjugated agarose beads (Calbiochem) for 3 h
at 4°C with rotation. Agarose beads were pelleted, and 5 pg
of anti-CHD4 [a cocktail of (#ab70469; Abcam) plus
(#39289; Active Motif)], anti-HIF-la (a cocktail of
#ab179483 plus #ab2185; Abcam), anti-H3Ac (#06-599;
Millipore), anti-H3K4Me3 (#39959; Active Motif), or rab-
bit IgG (#NI01-100UG; Lot 3050723; Millipore) antibodies
were added to supernatants and rotated overnight at 4 °C.
Samples were next incubated with 60 ul of protein A/G
agarose beads for 3 h at 4°C with rotation. Antigen com-
plexes were pelleted by centrifugation and washed (two
times each) with 750 ul of low salt buffer (0.1% SDS, 1%
Triton X-100, 2mM EDTA, 40 mM Tris HCI pH 8.1, and
150 mM NaCl), LiCl buffer (1 mM EDTA, 250 mM LiCl,
and 1% Na Deoxycholate), and TE buffer (1 mM EDTA,
and 5SmM Tris pH 7.4) and rotated at 4°C for 5 min.
Antigen was eluted by incubating with 500 ul of elution
buffer (1% SDS and 100 mM NaHCOj3) under rotation at
room temperature for 30 min. Crosslinks were reversed by
incubating samples in 200 mM NaCl at 65 °C overnight.
DNA was purified by Proteinase K treatment (20 mg/mL),
phenol-chloroform extraction, and ethanol precipitation.
DNA was resuspended in 25 pl of TE and PCR amplified.
Primers used for ChIP-PCR are listed in Supplementary
Table S2. Amplicon density was determined from three
independent experiments using Image] software (NIH).
Band density of the immunoprecipitated samples was nor-
malized to that of the input samples and divided by the IgG
negative control bands.

DNA methylation Assay

Cytosine methylation in the promoter region of Ripk3 was
determined by bisulfite amplicon sequencing as previously
described [52]. Genomic DNA was isolated from C166
cells. Purified genomes were modified with bisulfate and
harvested using the EZ-96 DNA Methylation Mag Prep Kit
(#D5040; Zymo) according to the manufacturer’s instruc-
tions. The modified Ripk3 promoter region near the TSS
was amplified with the following primers: 5'-
TGGGTTTTTTTTTTTATAGAAAAGAA-3" and 5'-
CAACTTCCCTTTCAAATAAAAAAC-3'. PCR products
were cleaned of primers, enzymes, and dNTPs using the
Illustra GFX PCR DNA Purification Kit (GE Healthcare).
Dual-indexed sequencing libraries were generated using
Nextera XT library preparation, sized by capillary electro-
phoresis. Sequencing was performed using the Illumina
MiSeq benchtop sequencer as previously described [53].

FASTQ files were mapped, aligned, and analyzed with
MethylSeq against genomic regions of the Ripk3 locus of
mm10/GRCm38.
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