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The aetiology of inflammatory bowel disease (IBD) is a multifactorial interplay
between heredity and environment*2. Here we report that deficiency in SETDBI, a
histone methyltransferase that mediates the trimethylation of histone H3 at lysine 9,
participates in the pathogenesis of IBD. We found that levels of SETDB1 are decreased
in patients with IBD, and that mice withreduced SETDBL in intestinal stem cells
developed spontaneous terminal ileitis and colitis. SETDB1 safeguards genome
stability?, and the loss of SETDB1 in intestinal stem cells released repression of
endogenous retroviruses (retrovirus-like elements with long repeats that, in humans,
comprise approximately 8% of the genome). Excessive viral mimicry generated by
motivated endogenous retroviruses triggered Z-DNA-binding protein1(ZBP1)-
dependent necroptosis, whichirreversibly disrupted homeostasis of the epithelial
barrier and promoted bowel inflammation. Genome instability, reactive endogenous
retroviruses, upregulation of ZBP1and necroptosis were all seen in patients with IBD.
Pharmaceutical inhibition of RIP3 showed a curative effect in SETDB1-deficient mice,
which suggests that targeting necroptosis of intestinal stem cells may represent an
approach for the treatment of severe IBD.

To find critical molecules that cause or favour the development of
IBD, we analysed whole-genome transcriptome profiling data from
patients with IBD*, which showed that SETDB1was nearly cutin halfin
samples from patients compared to tissues from unaffected controls
(Fig.1a). The reduction of SETDBI protein was confirmed in biopsy
specimens (including inflamed regions) from patients with IBD (Fig. 1b).
SETDBI1 expression was restricted in epithelial stem cells in normal
crypts (Fig. 1c, orange arrowhead) and decreased in patients with
IBD (Fig. 1d, Extended Data Fig. 1a). SETDB1 was deleted in the mouse
intestinal epithelium by generating VIL-CreERT2 Setdb " mice, which
show tamoxifen-inducible knockout of Setdb1 in intestinal epithelial
cells (IECs); Setdb1™“*° refers to tamoxifen-induced VIL-CreERT2 Set-
db™" mice. Considering the fact that environmental factors become
influential postnatally and that the onset of IBD happens frequentlyin
young adults®, adult mice were treated with tamoxifen (Extended Data
Fig.1b) to completely delete Setdb1 inintestinal epitheliumas detected
by immunohistochemical (IHC) staining at three days post-induction
(dpi) (Extended DataFig. 1c). Setdb1"**° mice had severe enteritiswith
reduced body weight (Extended Data Fig. 1d) and diarrhoea at 5 dpi.
Endoscopic examination showed mucosal thickening, ulcerationand
ischaemic lesions (Fig. 1e) in the Setdbi1-knockout colon. The mutant
mice had intestinal oedema (Extended Data Fig. 1e) and most of them
died ataround 10 dpi (Extended Data Fig. 1f). Pathological anatomy con-
firmed the diagnosis of terminalileitis and colitis in Setdb1"*° mice at

8 dpi. The terminal ileum exhibited destroyed epitheliumwith atrophy
of thevilliand crypt deformation (Fig. 1f). More Ki67* proliferative cells,
and fewer MUC2' goblet cells and disordered lysozyme® Paneth cells,
were observed (Extended DataFig.2a, b). The colon showed deformity
at 8 dpi (Fig.1f) and severe barrier breakdown at 10 dpi (Extended Data
Fig. 2c). The epithelial barriers of VIL-CreERT2 mice remained intact
(Extended Data Fig. 2d). There were expanding infiltrated lymphocytes
in the lamina propria and epithelium of Setdb1"*° mice, indicating
thatastrongbowel inflammation is caused by SetdbI deletion (Fig. 1g).

Consistent with pathological diagnosis, the transcriptome landscape
of guts in which Setdb1 was deleted presented a bowel inflammatory
signature (Fig. 1h). Substantial reductions of mucins and antimicro-
bial peptides (Fig. 1i), upregulated TNF and other pro-inflammatory
cytokines, as well as chemokines, were observed in Setdbi-knockout
intestines (Extended Data Fig. 2e). A similar inflammatory pathol-
ogy was also observed in VIL-Cre Setdb?"" mice, most of which died
within the first two weeks of life (Extended Data Fig. 3a). A few of these
mice that showed uneven knockout efficiency lived up to 3-7 weeks
(Extended DataFig.3b) and developed adenomain100% penetration
(Extended DataFig. 3c), whichis consistent with clinical observations
of ahigher risk of developing tumoursin patients with IBD®. All mutant
mice had abnormal bowel architecture with inflammation (Extended
DataFig.3d-f). Given the higher SETDB1 expressioninintestinal stem
cells (ISCs) and the fact that a similar bowel inflammatory pathology
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Fig.1|Epithelial SETDB1depression triggersIBD.a, SETDBI expressionin
patients with IBD (IBD) (n=36) and unaffected controls (U) (n=32), revealed by
analysing a database of RNA-sequencing data (Gene Expression Omnibus (GEO)
accessionnumber GSE112366). b, SETDB1 proteinin normalintestinal tissues
(N) (n=4) and biopsies from patients with IBD (n=4), with quantifications
shownontheright. The two lanes with the same patient number are two
biopsies that were collected under the endoscope at the same time. ¢, SETDB1
IHC innormal humanileum and colon. Boxed regions are shown in high
magnificationontheright. Orange, greenand red arrowheads show crypts,
villiand non-epithelial cells, respectively. n=3individual experiments were
repeated.d, SETDB1IHC intensity innormal tissue (n=17) and surgical
specimens from patients with IBD (n=30). Datashown here arerelated to those
inExtended DataFig. 1a. Details of statistical quantificationare providedin
Methods. Non-epi, non-epithelial cells. e, Endoscopicimages of the colon at
8dpi(n=3 mice).f,Haematoxylinand eosin (H & E) staining of intestinal
sections. Five or more mice were stained for each time point, with similar
results. Green arrows between the two dashed lines show elongated crypts.
Insets show crypt bottom with detached cells. Graphs on theright are lengths
ofileal crypts and villi (50 crypt-villus axes were counted). Details of statistical
quantificationare provided in Methods. g, Lymphocyte IHC signalsinileumor
colon of Setdb?"" (Ctrl) and Setdb1"™*° (Mut). n =50 crypt-villus axes; statistics
arethesameasinFigs.3f, 4e and Extended Data Fig. 3f. Three individual
experiments were repeated. Datashown here arerelated to thosein
SupplementaryFig. 3. h, Bowel inflammatory signature of ileal crypts in 4-dpi
Setdb1"™*° mice (n=1mouse). Pvalue determinationis described in Methods.
Thesize of the circlesinthe bottomright represents the number of
differentially expressed genes.i, Quantitative (q)PCR of antimicrobial peptides
and mucins ofintestinal crypts at 4 dpi (n=3 mice). Scale bars, 50 um. Dataare
mean s.e.m.Box plots show median and 25th to 75th percentiles, and whiskers
indicate the minimum and maximum values. Pvalues are determined by two-
sided, unpaired t-test. ***P<0.001.

was seenin mice with ISC-specific Setdbl deletion (by Olfm4-creERT2)
(Extended Data Fig. 3g), we concluded that deletion of Setdb1in1SCs
triggers bowel inflammation in mice.

Whole-genome transcriptome sequencing using crypts at continu-
ous time points after tamoxifen administration (Extended Data Fig. 4a)
revealed the activation of innate immunity from 2 dpi (Extended Data
Fig. 4b). Differentially expressed genes at 2, 3 and 4 dpi are shown as
volcano plots (Extended Data Fig. 4c). Clu, a unique marker of revival
stem cells for intestinal regeneration upon damage to ISCs’ (Extended
Data Fig. 4d), emerged at the top of the list of the most significantly
(statistics provided in Methods, Extended Data Table 1) upregulated
genes (Fig. 2a, Extended Data Table 1), suggesting stem cell death in
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Fig.2|Bowel inflammation is associated with genome instability and stem
cell death. a, qPCR of Clu expression level from mouse crypts at continuous dpi
(n =4 micefor each day). b, Numbers of GFP* cells from a continuous 50 crypts
of Lgr§-eGFP-Setdb1™*° mice after tamoxifen induction. n=2 mice for each
day. ¢, Representative images of 4-dpi organoids grown in ENR medium
(n=6experimental repeats).Yellow lines, live organoids; red lines, cells
undergoing anoikis. d, Numbers of single ISC-derived spheroids per well

(n=10 wells) from VIL-CreERT2 Setdb "/ mice treated with 4-hydroxytamoxifen
(4-OHT), or EtOH as control. Data shown are related to those in Extended Data
Fig.4g.e, Plot of YH2AXIHC. n =30 surgical samples from patients with IBD.
Details of the analysis strategy are included in Methods. f, Correlation analysis
for yH2AX and SETDBL in patients (n =23). Details of the determination of
correlation are shown in Methods. g, h, Numbers of yH2AX" and TUNEL cells in
crypts. Datashown are related to those in Extended Data Fig. 4i. A total of

100 intact crypts (from 3 experimental repeats) were counted each day. Scale
bars, 50 pm. Data are mean +s.e.m. Pvalues were determined by two-sided
unpaired t-test. NS, not significant.

SetdbI-knockout crypts. This was further verified by the disappearance
of majority of GFP signalsin Lgr5-eGFP-Setdb1"™*° mice at 3 dpi (Fig. 2b,
Extended Data Fig. 4e). Intrinsic ISC death was reproduced ex vivo in
medium containing EGF, Noggin and R-spondin (ENR medium) for 3D
mini-gutorganoid culture. Organoids with Setdb1 deletion stopped fis-
sionand did notgenerate a crypt-villus structure (Fig. 2c). Propidium
iodide staining revealed abundant cell death (Extended Data Fig. 4f).
Spheroids consisting of ISCs showed disintegration upon SetdbI abla-
tion, which illustrated the death of stem cells (Fig. 2d, Extended Data
Fig. 4g). As SETDB1 maintains chromosomal stability®, we propose
that the genome instability caused by SETDBI inactivation leads to
ISC death. Twenty-two of thirty surgical specimens showed signals
of staining for yH2AX (Fig. 2e), a marker of DNA double-strand break
foci used to assess genome instability. A strong correlation between
SETDB1depressionand genome instability was established by analys-
ing the IHC staining intensity of SETDB1and yH2AX (Fig. 2f, Extended
Data Fig. 4h). The appearance of yH2AX in Setdb1"“*° crypts (Fig. 2g,
Extended Data Fig. 4i) was synchronous with acute expression of Clu
(Fig.2a),implying a tight bond between genome instability and death
of ISCs. Obvious ISC death was detected at 4 dpi by the TdT-mediated
dUTP nick-end labelling (TUNEL) assay (Fig. 2h, Extended Data Fig. 4i),
which detects apoptosis and other types of cell death®°. Thus, bowel
inflammation in Setdb1"*° mice is associated the death of ISCs caused
by genome instability.

Genomeinstability could potentiate inflammationand trigger apop-
tosis" %, However, blocking apoptosis in Setdb1™*° mice by introduc-
ing a further knockout of Casp8in IECs did not attenuate epithelial
damage, but instead aggravated it (Extended Data Fig. 5a); ex vivo
caspase inhibition with zZVAD-fmk, a pan-caspase inhibitor, did not
rescue cell death in Setdb1-null organoids (Extended Data Fig. 5b).
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Fig.3|Necroptosisin SETDBI-deficient cryptslinks cell death to
inflammation. a, IHC of phosphorylated (p)RIP3inileal crypts at 6 dpi, as
indicated. Ileal crypts from SetdbI"“*° Rip3”~ mice at 6 dpiwere included as
negative control for pRIP3IHC. The graph on the rightis the quantification of
pRIP3.n=20crypts.b, Proteins are extracted fromintestinal crypts at 8 dpi,
following the schematic procedure. Cell lysates of L929 cells treated with TNF
and zZVAD-fmk (zVAD) were used as a positive control for both pMLKL and
pRIP3.For pRIP3, arrows point to specific bands and asterisks denote non-
specificbands. The specificities of pMLKL and pRIP3 antibodies are further
confirmedin Supplementary Fig. 4b. c, Electron microscopy images of
necrotic-like ileal crypt cells in 4-dpi Setdb1"**° mice. Dotted blue lines
encircled the swelling mitochondrion. Asterisk marks the low electronic

Necroptosis, a type of cell death that is independent of caspase, has
previously been observed in a mouse model of enteritis when either
Casp8or Fadd was ablated in IECs***. Although the genome instability
caused by SETDBIl inactivation hasnot previously been documented as
causing necroptosis, phosphorylated RIP3 and phosphorylated MLKL—
the hallmarks of necroptosis—were detected in SetdbI-knockout crypts
by IHC and western blot (Fig. 3a, b, Extended Data Fig. 5c). Transmis-
sion electron microscopy images also showed subcellular features of
necrosis-like swelling mitochondria and alow electronic condensation
of cytoplasm (Fig. 3c). To evaluate the pathological contribution of
necroptosis, we used the deletion of Mlkl or Rip3 (also known as Ripk3)
toblock necroptosisin vivo. Compared with SetdbI-mutant crypts, the
number of dying cells was greatly reduced in crypts of Setdb1-knockout
MUk~ or Setdb1-knockout Rip3™”~ mice (Fig. 3d, Extended DataFig. 5d).
Consequentially, the integrity of intestinal epithelium was restored
(Fig. 3e) and the invasion ofimmune cells was largely inhibited (Fig. 3f),
indicating that necroptosis by genome instability links stem cell death
to bowel inflammation.

Necroptosisinduced by the proinflammatory cytokine TNF isa pro-
totypical model of necroptosis, for which RIP1is required®. Although
there was a high level of TNF in organoids with SETDB1 inactivation
(Extended Data Fig. 6a), neither TNF neutralization by TNF antibody nor
RIP1kinaseinhibitionby the RIP1inhibitor Nec-l1impeded the deteriora-
tion of organoids (Extended Data Fig. 6b). The RIP3 inhibitor GSK'872
rescued SetdbI-deficient organoids from cell death (Extended Data
Fig. 6b), indicating genomic instability leads to necroptosis in a RIP1-
independent manner.
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condensation of cytoplasm. n=2mice. TEM, transmission electron
microscopy.d, Numbers of TUNEL" cellsinileal crypts. Datashown here are
related tothosein Extended DataFig. 5d. Fifty intactileal crypts were checked.
The same experiment was performed four times. e, H& E staining ofileum,
proximal colon (PC) and distal colon (DC) at 8 dpi from mice of different
genotypes (asindicated). n=3 mice. Bottom, lengths of ileal crypts and villi as
indicated (n=50 cryptsor villi).f, Lymphocyte IHC signals inileum or colon.
n=50 crypt-villus axes. Details are shown in Supplementary Fig. 3. Scale bars,
50 pum (a,e),1um (c). Dataare mean £s.e.m. Box plots show medianand 25th to
75th percentiles, and whiskers indicate the minimum and maximum values.
Pvalues are determined by two-sided unpaired t-test. NS, not significant;
*P<0.05;**P<0.01;***P<0.001.

ZBPlinteracts with RIP3 viaits receptor-interacting protein homo-
typicinteraction motif (RHIM) domain to trigger necroptosis'®*. The
recruitment of RIP3 by ZBP1 was detectable from 4 dpi in Setdb1"<<°
crypts (Fig. 4a). Genetic ablation of Zbp1 abrogated RIP3 activation
(Fig.4b, Extended Data Fig. 7a) and eliminated cell death almost com-
pletelyinvivo (Fig. 4c, Extended Data Fig. 7b). Sequentially, the villus
atrophy (Fig. 4d) and lymphocyte infiltration (Fig. 4e) were largely
attenuated in SetdbI”**° Zbp1”~ double-knockout mice, indicating
ZBP1is akey mediator of RIP3 activation for necroptosis by Setdb1 dele-
tion. Increased levels of ZBP1and phosphorylated MLKL were observed
inpatients with IBD, indicating that thereis a correlation between ZBP1
and necroptosis in these patients (Fig. 4f); however, we cannot exclude
the possibility that the increase of ZBP1is a consequence rather than
acause of the disease.

We used KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis
to comprehensively describe the intracellular environment required to
activate ZBP1for necroptosisin SetdbI-knockout crypts, whichrevealed
a coupled activation of multiple viral infections and antiviral host-
defence pathways (Fig. 4g). Itis known that silencing SETDB1in acute
myeloid leukaemia leads to the expression of type l interferon®. The
level of IFNB in SetdbI-null organoids was about sixfold thatin wild-type
organoids (Extended DataFig. 7c, left). Zbplis aninterferon-stimulated
gene that is upregulated in SetdbI-knockout crypts and organoids
(Extended Data Fig. 7c right, d). Other interferon-stimulated genes
were also upregulated (Extended Data Fig. 7e). The ZBPlinduced by
IFNB in Setdb1 wild-type organoids (about 4-fold at 4 dpi) (Extended
Data Fig. 7f) cannot promote cell death in wild-type organoids



Fig.4|ZBPl1senses ERVRNA and recruits RIP3 for necroptosis upongenome
instability by SETDB1deficiency. a, RIP3in theimmunoprecipitates of ZBP1
fromaseries of intestinal crypts from tamoxifen-induced mice. n=3 mice. The
specificity of ZBP1antibody forimmunoprecipitationis validated in
SupplementaryFig.5.1B,immunoblot. b, Numbers of pRIP3 cells per crypt
identified by IHC.n=20 crypts. Datashownare related to those in Extended
DataFig.7a.c, Numbers of TUNEL" cells per crypt. Fifty intact crypts were
examined. Datashownarerelated to thosein Extended DataFig.7b.d,H&E
staining of ileum and colon. Plots to the right show cryptand villilength

(n=50 crypts orvilli).e, Lymphocyte IHC signalsinileumor colon.n=50 crypt-
villus axes. f,ZBP1, MLKL and pMLKL expressionin biopsies from patients;
repeated three times with similar results. g, Global transcriptome of 4-dpi ileal
crypts shows multiple viralinfection and host defence responses of
upregulated differentially expressed genes.n=1mouse. Pvalue determination
isdescribedinMethods. h, ZBP1-T2A-GFP, ZBP1(AZ«) (AZa) or ZBP1(RHIM)

(Extended Data Fig. 7g); whereas the approximately twofold ZBP1
upregulation in SetdbI-null organoids evidently induced cell death
(Extended Data Fig. 7g). Blocking IFN with anti-IFNAR neutralizing
antibody eliminated IFNfB-induced ZBP1 expressionin wild-type orga-
noids (Extended Data Fig. 7f), but did not inhibit ZBP1 upregulation
(Extended DataFig. 7g) or cell death in SetdbI-null organoids (Extended
DataFig.7g). This suggests that theinduction of celldeathin organoids
requires notonly the upregulation of ZBP1but also an unknown factor
or factors toinitiate ZBP1-mediated necroptosis. IFNf is not required
for cell deathin SetdbI-null organoids ex vivoin our experimental set-
ting, butits participationinthe pathological changes that are mediated
by Setdbl in vivo cannot be excluded.

ZBP1 has two nucleic-acid binding domains, Zaland Za2. Za2 has
previously been reported to sense genomic RNA of the influenza A
virus for cell death™®, Therefore, we examined whether the Za domains
were required for ZBP1-mediated necroptosis in SetdbI” 1SCs. VIL-
CreERT2 Setdb ™ ZbpI”~1SCs were reconstituted with full-length ZBP1,
ZBP1withthe Zaland Za2 domains deleted (ZBP1(AZ«)) or ZBP1witha
mutant RHIM domain (ZBP1(RHIM)) (Extended Data Fig. 7h). Lentiviral
infectionyielded about 40% GFP* spheroids in each group. Reconstitut-
ing the expression of ZBP1and its mutants had no effect on the survival
of Setdb1 wild-type, Zbp1’~1SCs, as shown by the fact that the ratio of
GFP*spheroids was comparableinall groups at four days after infection
(Fig. 4h, left histogram). After Setdbl was deleted, Setdb1”~ Zbp1/"1SCs
reconstituted with vector, ZBP1(RHIM) and ZBP1(AZa) maintained the
original proportions of GFP* spheroids whereas GFP* spheroids were
barely found in Setdb1”~ Zbp1”~ 1SCs reconstituted with full-length
ZBP1(Fig.4h, right histogram, Extended Data Fig. 7i). The requirement
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(Z(RHIM)) mutants were expressed in ISCs (VIL-CreERT2 Setdb?™ ZbpI™~ mice)
(Extended DataFig. 7h). The percentage of GFP* spheroids is shown in the left
histogram. After Setdbl deletion by treatment with 4-OHT, the percentage of
GFP*spheroids (Extended DataFig. 7i) is shownin the right histogram
(n=10wells). Thisexperiment was repeated three times. FL, full-length ZBP1;
yWENR, ENR medium supplemented with WNT3A and Y-27632.1i, qPCR
verification of relative expression of ERVs from 4-dpiintestinal crypts.
n=3experimental repeats. The y-axislabels refer to mouse ERVs, details of
which canbe foundinref.”. IAP, intracisternal A particle; MulV, murine
leukaemia virus.j, Cross-linkimmunoprecipitation assay shows the binding of
ZBP1with dsRNA. Further details are provided in Extended Data Fig. 7n.
n=3experimental repeats.Scale bars, 50 pm. Data are mean+s.e.m. Box plots
showmedian and 25th to 75th percentiles, and whiskers indicate the minimum

and maximum values. Pvalues were determined by two-sided unpaired ¢-test.
**P<0.001.

of both of the Za domains and the RHIM domain suggested that ZBP1
senses ‘viral’RNA throughits Zodomains and recruits RIP3 throughits
RHIM domain in necroptosis caused by Setdb1 deletion.

Considering there was no viral infection in Setdbi-knockout ISCs,
de-repressed endogenous RNA in cells could function as viral RNA
to prime ZBP1 for necroptosis. Massive double-stranded (ds)RNAs
were detected in SetdbI-knockout crypts and organoids (Extended
DataFig.7j, k). RNA sequencing for repeats revealed that large endog-
enous retroviruses (ERVs) were dysregulated in SetdbI-knockout crypts,
presenting a unique profile compared with the activation of ERVs in
other tissues (Extended Data Fig. 71). Because the SETDB1-mediated
trimethylation of histone H3 at Lys9 (H3K9me3) maintains genome
integrity by enforcing the repression of ERVs', we performed H3K9me3
chromatinimmunoprecipitation with sequencing, which revealed that
25 reactive ERVs were regulated by H3K9me3 in cis (Fig. 4i, Extended
DataFig.7m). A cross-linkimmunoprecipitation assay?® (Extended Data
Fig. 7n) in Setdb1-knockout crypts showed the binding of ZBP1 with
dsRNAs (Fig. 4j), which we found to be ERVRNAs by sequencing the PCR
products from ZBP1immunoprecipitates (Extended DataFig. 70). Col-
lectively, our data strongly suggested that RNAs from reactivated ERVs
bind and activate ZBP1for necroptosis mediated by SetdbI deletionin
ISCs. Despite the high sequential variability of ERVs between species,
we also observed the dysregulation of viral mimicry in patients with
IBD through an analysis of a public database of repeat sequencing®
(Extended DataFig. 7p).

Because SETDB1in patients withIBDis reduced rather than abolished,
we examined SetdbI-heterozygous (VIL-CreERT2 Setdb?"*; hereafter,
Setdb1" " —referring to induced VIL-CreERT2 Setdb”*mice) mice
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(Extended DataFig. 8a). The Setdb1"®"* mice showed mild symptoms
of bowelinflammation (Extended Data Fig. 8b-f) after tamoxifeninduc-
tion. A few of the Setdb1""* mice developed destroyed epithelium
(Extended DataFig. 8g). Semi-deletion of Setdbl generated more dead
cells ex vivo than did Setdb " in organoid culture (Extended Data
Fig. 8h). In addition, mice with mosaic SetdbI deletion in intestinal
epithelium by VIL-Cre also showed bowel inflammatory pathology
(Extended DataFig. 3c-f).

The luminal microbiota could be involved in the pathogenesis of
IBD under particular circumstances’. However, when the intestinal
microbiota was eliminated, the epithelial architecture of Setdb1"<*°
mice showed little amelioration at 8 dpi (Extended Data Fig. 9a),
which excludes a vital role for the microbiota in bowel inflammation
by SETDBI deficiency. Genetic deletion of Mlkl or Rip3 obviously pro-
longed (whereas deletion of Casp8 even shortened) the lifespan of
Setdb1™*° mice (Extended DataFig. 9b). Administration of ahigh dose
of GSK'872 showed partially curative effects in these mice (Extended
Data Fig. 9b, ). Setdb1"“*° Rip3~~ mice had slightly longer survival
time than that of Setdb1™*° Miki”~ mice, probably because RIP3 has an
additionalrole in cytokine production?. Neither Rip3nor Mlki deletion
had as marked an effect as that of Zbp1 knockout in rescuing the death
of SetdbI™*° mice. Setdb1™*° ZbpI”~ mice looked healthy and none
ofthemdied duringthe entire period under observation. Necroptosis
could switch to apoptosis when Rip3 or Miklis deleted®>; thisis likely
to bethe case here, as shown by the fact that an additional deletion of
Casp8in the Setdb1™*° Rip3™~ background extended the lifespan of
the mice toaperiod comparable to that of the Setdb1"“*° Zbp17~ mice
(Extended Data Fig. 9b). ZBP1 could trigger the parallel pathways of
apoptosis and necroptosis®** but it seems that the role of apoptosis
in contributing to the pathology of Setdb1"*“*° mice is not critical,
because Casp8 deletion or inhibition did not attenuate—but instead
even enhanced—the epithelial damage induced by Setdb1 deficiency
(Extended DataFig. 5a, b). Collectively, necroptosis is the primary cause
of death for Setdb1™*° mice. Genome instability caused by Setdb1
deficiency in ISCs induces ZBP1-mediated necroptosis, which trig-
gers bowel inflammation (Extended Data Fig.10). Interfering with the
sensing of ERV RNA by ZBP1 may provide benefits in the treatment of
auto-inflammation in patients with IBD.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized and investigators were not blinded
to allocation during experiments and outcome assessment.

Mice

Information about the individual mice strains has been included in
Supplementary Table 1. VIL-CreERT2 or VIL-Cre mice were crossed
with Setdb?"" mice to ablate Setdbl in IECs or ISCs. VIL-CreERT2
SetdbF"" mice were crossed with Casp&8™, MIkl”"~, Rip3”~ or ZbpI”~mice
to generate inducible double-knockout mice. For induction of VIL-
CreERT2- or Olfm4-creERT2-mediated recombination, eight-week old
mice were received one dose of tamoxifen 400 mg per kg body weight
(mg/kg) by gavage. For induction of Lgr5-eGFP-IRES-creERT2-mediated
recombination, mice were received 1 dose of tamoxifen 200 mg/kg by
gavage for 3 consecutive days. Sample sizes for mouse experiments
were empirically determined, and mice were randomly assigned to the
control or experimental groups. For all experiments, littermates were
used as controlindicated in each figure. No blinding was necessary for
the mouse experiments present here. Sex preference did not existed
inthe mouse model of bowel inflammation used here. Allmice were in
the C57BL/6 background and housed in a conventional environment
under al2-hlight:dark cycle at the Xiamen University Laboratory Ani-
mal Center. Allmouse experiments were approved by the Institutional
Animal Care and Use Committee and were in strict accordance with
good animal practice as defined by the Xiamen University Laboratory
Animal Center.

Antibodies and reagents

Information about primary and secondary antibodies has beenincluded
inSupplementary Table 1. For intestinal organoid cultures, advanced
DMEM/F12 (8118302, GIBCO), N2 (17502-048, GIBCO), B27 (1799273,
GIBCO), EGF (10605-HNAE, Sino Biological), Matrigel matrix (356231,
Coring) and WNT3A (Peprotech) were purchased; R-spondin 1- and
Noggin-expressing HEK293T cells were a gift from L. Hui?. For RIP1,
RIP3 or caspase blockade experiments, Nec-1(4311-88-0), GSK'872
(1346546-69-7), zZVAD-fmk (187389-52-2) were purchased from Med-
ChemExpress. In vitro monoclonal antibody anti-TNF neutralization
antibody and IFNAR blocking antibody were from BioXCell. For induc-
tion of Cre recombinase in vivo andin vitro, tamoxifen and 4-OHT were
purchased from StruChem and Tocris Bioscience, respectively.

Human tissue specimens

For westernblot, the specimens from patients with IBD were collected
under endoscopy for periodic review from the First Affiliated Hospi-
tal of Fujian Medical University. Paraffin-embedded specimens from
patients with IBD were obtained surgically, and were from the Second
Affiliated Hospital of Zhejiang University School of Medicine. Control
samples were normal tissues of surgical patients, from the Second
Affiliated Hospital of Zhejiang University School of Medicine or the
Zhong Shan Hospital of Xiamen. Collection of all samples was approved
by the local ethical committee and the institutional review board of
their respective hospitals. Each patient gave written informed consent
and patient data has been made anonymous. Detailed information of
patientsisincluded in Supplementary Table 1.

Histology

Mice were anaesthetized before being killed. Small-intestinal tissues
were flushed withice-cold PBS, coiled into a‘Swiss roll’and fixed in 4%
PFA for 2 h at 4 °C. For TUNEL staining, TUNEL kit (MK1023, Boster)
was used according to the manufacturer instructions. IHC staining
orimmunofluorescence was performed as previously described?.
Microscopy images were captured by Zeiss Axio observer or LeicaDM4B
(bright field) and Leica SP8 (fluorescence).

Endoscopy

Mice were anaesthetized using an intraperitoneal injection of Nem-
butal, and a high-resolution mini-endoscope (R. Wolf) was used to
determine the mouse endoscopic conditions.

Western blots

Cell lysates from isolated crypts were prepared as previously
described®.Images were taken using an azure biosystems c280. Crypts
were lysed by RIPA and then the insoluble fractions that remained
were resuspended by RIPA solution of 6 M urea. The final residue was
dissolved in 1x SDS loading buffer.

Dotblot

Purified RNA was used to examine dsRNA, as previously described®.
A total of 2 pg RNA extracted from 4-dpi small-intestinal crypts of
Setdb?" or Setdb1"“*° mice treated with mock or RNase Il were dotted
on Hybond N+ membranes and immunoblotted with dsRNA-specific
J2 antibody.

Quantitative PCR with reverse transcription

Total RNA was extracted from purified crypts, intestinal lamina pro-
pria, organoids or single cells isolated by fluorescence-activated cell
sorting (FACS), using trizol reagent (Life Technologies), and reverse
transcribed into cDNA with the GoScript Reverse Transcription System
(Promega). qPCR (ChamQ Universal SYBR qPCR Master Mix, Vazyme)
was performed using the CFX Connect Real-Time PCR Detection System
(Bio-Rad). Detailed information about the primers used for mouse gene
sequencesis supplied in Supplementary Table 1.

Immunoprecipitation

Freshlyisolated crypts were resuspended and lysed withimmunopre-
cipitation buffer. After centrifuging at 13,000 rpm for 10 min at 4 °C,
protein A and Gbeads were added to the supernatant to prehybridize
at4 °Cfor1h. Anti-ZBP1 antibody was added to the supernatant to
rotate for incubation at 4 °C overnight. Then protein A and G beads
were added and rotated for 2 h at 4 °C. The beads were washed with
immunoprecipitation buffer 8 times at 4 °C and then mixed with an
equal volume of 2x SDS sample buffer for western blot.

TEM

Freshlyisolated crypts were fixed by 2.5% glutaraldehyde in PBS imme-
diately. Afterembedding in Epon Araldite, ultrathin sections were cut
and analysed using a Hitachi HT-7800 TEM.

IHCintensity of human sections and mouse intestinal length
analysis

Allhuman IHC slides were scanned using a Leica Aperio Versa 200 to
generate high-contentand -resolution digitalimages. The expression
of SETDB1 protein was scored and quantified as previously described™.
In brief, a multiplicative index of the average staining intensity (0-3)
and extent of staining (0-3) in the crypts yields a 10-point staining
index thatranged from O (no staining) to 9 (extensive, strong staining).
For yH2AX, the amount of staining (0-3) in the crypts yields a4-point
staining index that ranged from O (no staining) to 3 (extensive, strong
staining). Spearman correlation coefficients were used to evaluate the
relationships between SETDB1 and yH2AX in 23 SETDB1-low (0-3) or
-medium (3-6) patients. For crypts and villi analysis, a total of 50 intact
ileal crypts and ileal villi were scaled by Photoshop CS5 and rescaled
to MUT/WT as relative length.

Flow cytometry analysis

Crypts from Lgr5-eGFP-IRES-creERT2;Setdb ™ mice were isolated™.
GFP"e"CD24'°* ISCs were sorted by FACS (MoFlo Astrios EQS, Beck-
man Coulter); the sorting strategy isincluded in Supplementary Fig. 6.
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Sorting efficiency was checked under a Leica SP8 confocal instrument
(datanot shown).

Isolation of crypts and culture of intestinal organoids
Small-intestinal crypts were isolated as previously described®, with
slight modifications. In brief, 10-cm small intestines were cut into
2 pieces and incubated in cold PBS containing 4 mM EDTA for 1h on
ice without shaking. Intestines were then shaken toisolate cryptsand
filtered througha 70-umstrainer and centrifuged at400gfor 5minto
gather crypts. Then, single cells and broken fragments were expelled
by centrifuging twice at 400g for 25-30 s to get purified crypts. For
intestinal organoid culture, crypts were cultured in ENR medium or
WENR medium (advanced DMEM/F12 supplemented with B27, N2,
EGF and 10% conditioned medium from HEK293T cells expressing
Noggin or R-spondin1with or without WNT3A) with Matrigel. Primary
crypts were allowed to grow for 12 h and then treated with 200 nM
4-OHT for 24 h and removed. For ISC-derived spheroid experiments,
500 cells were plated in a 96-well plate, treated with EtOH or 200 nM
4-OHT for 24 h and then removed and 2 d later clones were counted
(3dpi).If not noted, the medium was changed every 2d and organoids
were shot and collected 2 d after 4-OHT induction (4 dpi). zZVAD-fmk
(10 uM, stock solution 100 mM resolved in DMSO), Nec-1(30 uM, stock
solution 300 mM resolved in DMSO), GSK'872 (2 uM, stock solution
20 mMresolved in DMSO) and TNF neutralization antibody (20 pg/ml,
stock solution 10 mg/ml) were added into organoid growth medium
the same time with 4-OHT, and the medium was changed every day;
images were taken on the indicated days. Gradient IFNB1 and IFNAR
blocking antibodies (10 pg/ml, stock solution 10 mg/ml) were used as
indicated in Extended DataFig. 7f, g.

Lentivirus production and ZBP1-reconstituted organoids
Lentivirus vector of pPCDH-MCS-T2A-CopGFP-MSCV was produced
according to the manufacturer’s instructions (System Biosciences,
CD500B-1-CD523A-1). The ZBP1N-terminal DNA/RNA binding domain
(Zo) truncation, RHIM domain mutation (IQIG to AAAA), and full-length
ZBP1were each clonedtoapCDH vector. Purified crypts were cultured
firstin WENR medium supplemented with Y-27632 (Sigma) and nicoti-
namide (Sangon Biotech) for 4 d to enrich ISCs. Then, organoids were
trypsinized into single cells and infected with ZBP1 lentivirus or con-
trol virus®, In brief, single cells mixed with virus were spinoculated
in400g and 20 °C for 1 h and then plated in culture incubator for 6 h
with WENR medium supplemented with Y-27632, nicotinamide and
8 ug/ml polybrene. After infection, cells were reseeded to grow for
4 d. The spheroids were a snapshot for counting the percentage of
GFP* spheroids, before being trypsinized again into single cells for
Setdbl deletion by 12 h of treatment with 200 nM 4-OHT. Three days
after reseeding, asnapshot of spheroids was taken again for counting
the percentage of GFP* spheroids.

Cross-linkimmunoprecipitation

Small-intestinal crypts were isolated as described®. For cross-link
immunoprecipitation (CLIP), cells were overlaid with 3 ml PBS and
crosslinked with 150 mJ/cm?*(254 nm) (CX-2000, analytik Jena). Cells
were lysed for 30 minin1mlRIPA buffer (50 mM Tris-HCI pH8.0;150mM
NaCl;1%NP-40;0.1% SDS; 0.5% deoxycholate; 2 mM EDTA). Lysates were
added with12.5 plRNasin Plus (Promega). Lysates were centrifuged for
15minat12,000rpmand 50 pl supernatant was used as input. Samples
were incubated with 6 pg of anti-ZBP1and IgG overnight at 4 °C. Anti-
body wasimmunoprecipitated with 80 pl protein Aand G plus agarose
beads (Millipore). After 3 h, beads were washed twice with high-salt
wash buffer (50 mM Tris-HCI pH 8.0; 500 mM NacCl; 1% NP-40; 0.1% SDS;
0.5% deoxycholate) and once with RIPK buffer. Beads were resuspended
in 100 pl of reverse buffer (100 mM Tris-HCI pH8.0; 10 mM EDTA; 1%
SDS;100 mM DTT) with 10 pl 5M NaCl and 50 pg proteinase K. Beads
werethenincubatedinaheatingblockat42 °Cfor1htodigest peptide,

and 65 °Cfor1.5htoreverse the crosslink. The trizol method was used
to extract total RNA. Finally, purified RNA was used to examine dsRNA,
as previously described®.

Image acquisition and analysis of organoid cell death

For the propidium-iodide (PI)-traced organoid cell-death assay,
organoids were stained with 1 pg/ml Pl after removal of 4-OHT and
images were taken using a ZEISS Axio observer, the percentage of PI
and organoid area was calculated by Photoshop CS5.

Administration of antibiotics

Antibiotics were administered as previously described?*. Ciprofloxa-
cin hydrochloride (0.2 mg/ml), ampicillin sodium salt (1 mg/ml),
metronidazole (1 mg/ml), vancomycin hydrochloride (0.5 mg/ml)
and kanamycin sulfate (0.5 mg/ml) were dissolved in sterile water.
Mice involved in the experiment were pretreated with antibiotics
water two weeks ahead of induction. During the experiment, all
instruments and reagents were refreshed every other day. All of
experiment instruments were sterilized at high temperature and
pressure before use.

GSK’872 administration

First,2mg/ml GSK'872 was dissolved insolvent. The solvent comprised
2%DMSO, 2% Tween-80, 35% PEG-300 and sterile water. Mice received
10 pl/g solvent as control or solvent with GSK'872, by intraperitoneal
injection every 2 d, from the start of the experiment until death.

Transcriptome RNA sequencing and analysis

Purified total RNA from Setdb ' and Setdb1"™*° crypts was used for
RNA-sequencing (RNA-seq) preparation. cDNA library construction
and sequencing were performed by Beijing Genomics Institute using
aBGISEQ-500 sequencer. At least 21 million clean reads were aligned
to the mouse genome (mm10) by HISAT2. Then, the gene-expression
level of each sample was calculated with RSEM. On the basis of the
gene-expression level, the differentially expressed genes were detected
by DEGseq and PossionDis algorithms. The P value was calculated by
PossionDis®. Differentially expressed genes were defined as genes
with a false discovery rate of less than 0.001 and fold change larger
than 2. We performed pathway functional enrichment using phyper,
afunction of R, and the Pvalue was calculated.

RNA-seq for repeats and analysis

ISC-related RNA-seq was performed in-house. Total RNA was extracted
from GFP"€"CD24'°" ISCs from Lgr5-eGFP-IRES-creERT2;Setdb " mice
(corn-oil-treated, n=3; tamoxifen-treated, n=9) 5d after the first gav-
age. After depletion of ribosomal RNA, a strand-specific cDNA library
was constructed by Beijing Genomics Institute, and then subjected
to sequencing with Illumina HiSeq X-ten. The 150-bp paired-end raw
reads were qualified and cleaned by fastp with default settings®. Clean
reads were mapped onto the mouse genome (GRCm38/mm10) using
HISAT2to obtain the aligned .bam files®”. The annotation file of mouse
ERVswas generated by RepeatMasker v.4.0.7, comparing with Repbase
consensus sequences (edition-20181026) and a further-customized ERV
.gtf file with high Smith-Waterman scores (>2,000) was produced as
per a previous report. The overlap reads for ERVs were summarized
by featureCounts®* and then quantified by EdgeR with the Benjamini-
Hochberg-corrected Pvalue <0.05. Detailed information about repeats
isincluded in Supplementary Table 1. Raw RNA-seq data of repeats of
other cells, including B cells®, immortalized mouse embryonic fibro-
blasts®, pro-B cells*®, mouse embryonic stem cells* were publically
available.

Chromatinimmunoprecipitation with sequencing, and analysis
GFP"e"CD24'¥ ISCs were prepared as described in ‘Flow cytometry
analysis’. The chromatin immunoprecipitation with sequencing



(ChIP-seq) protocol was performed as previously described*?, with
slight modifications. In brief, approximately 3 x 10° cells were cross-
linked with 1% formaldehyde for 10 min at room temperature, followed
by quenching in 125 nM glycine. Cell nuclei were collected and lysed
in lysing buffer (50 mM HEPES/KOH pH 7.6,1 mM EDTA, 140 nM NacCl,
10% v/v glycerol, 0.5% NP-40, 0.25% v/v Triton X-100) supplemented
with protease inhibitor. Nuclei were subjected to sonication to acquire
DNA fragments of 200-350 bp in size. The sonicated chromatin was
applied toimmunoprecipitation by incubation with H3K9me3 antibody
overnightat4 °C, followed by collection using 50 pl protein Aand G plus
agarose beads (Millipore). Subsequent processes were implemented
according to the protocol. The ChIP-seqlibrary was prepared using a
KAPA HyperPrep Kit (Roche, 07962347001), according to the manu-
facturer’sinstructions. Library concentrations were mixed equally for
sequencing at Hiseq-Xten to generate 150-bp reads from paired-ends.
Theanalysis of ChIP-seq data was performed as previously described®.
In brief, after quality assessment by fastp, clean reads were aligned to
the mouse genome (GRCm38/mm10) using Bowtie2 (version 2.2.8).
Enriched peaks of H3K9me3 were identified by HOMER v.4.10.1 with
histone style (http://homer.ucsd.edu/homer). The aligned H3K9me3
.bam file was converted into a .bigwig file and processed to plot the
H3K9me3 density on the ERVs of interest using deepTools2.0.

Statistical analysis

Data shown in graphs are mean + s.e.m., except for mouse weight
curves, which are mean + s.d. All values are calculated from at least
three independent biological replicates, unless specifically stated.
In all tests (except survival curves), the two-tailed unpaired ¢-test was
used; survival curves were conducted under log-rank test and a 95%
confidenceinterval was used. Statistical analysis was performed using
GraphPad Prism 8, SPSS 19 and Microsoft Excel 2017.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The datasets generated during the current study are available in the
GEO database, with the accession code GSE129174. All other data gen-
erated in this Article are provided in the Supplementary Information
and Source Data; Source Datafor Figs.1-4 and Extended Data Figs.1-9
are provided with the paper. The Setdb?" mice are available from the
corresponding authors upon request.
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Extended DataFig.1|Mouse model to mimic SETDBlinactivationin
patientswithIBD.a, SETDB1IHC of human surgical samples; data arerelated
thosein Fig.1d. Insets show high magnifications of crypts. The complete set of
imagesisincludedinSupplementaryFig.2 (n=17).n=30samples from
patients with IBD. b, Mouse model and work flow. One dose of tamoxifen was
used.c, Left, SETDB1IHC in mouseileal and colonic sections. SETDBL1 s highly
expressedinISCs (insetintop panel; red arrows) and is absent in the Paneth
cell (insetin top panel, black arrow). Middle and right, SETDB1 disappearsin
epithelial cells (dotted line and insets) and remains in non-epithelial cells.

Time (days) — dpi

Atleastthree sections were taken each day with similar results. d, Body weight
curves of SetdbI" and Setdb1"*“*° mice after tamoxifen induction
(n=20mice). Pvalues and significance were determined by a two-sided
unpaired t-test, ***P<0.001. e, Anatomy images of 8-dpi intestine of Setdb1"*
and Setdb1"“*° mice after tamoxifeninduction. Red arrow shows signs of
watery diarrhoea; n =3 mice were repeated.f, Kaplan-Meier survival curves of
Setdb1" and Setdb1"**° mice after tamoxifen induction (n=20 mice), Pvalues
were determined by log-rank test, 95% confidence interval of ratio. Scale bars,
50 um.Dataaremeanz+s.e.m.
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Insets are magnified crypts, showing crypt destruction and colitis (n =3 mice).
d,H &Eimages of VIL-CreERT2 mice induced with or without tamoxifen,
n=3micewererepeated with no difference between two groups. e, Heat map of
chemokinesandinterleukinsinilealand colonic lamina propria of 4-dpiand
8-dpimice (n=3mice).Scalebars, 50 um. Dataare mean ts.e.m.

Extended DataFig. 2| Dysplasia and inflammation occur after Setdb1
deletionin the mouse intestine. a, Ki67 staining of ileum and colon of mice at
8dpi(n=6mice).b, Lysozyme (Paneth cells) and MUC2 (goblet cells) of ileum of
mouse at 8 dpi(n=6mice).c,H&Estaining revealed a considerable breakdown
of'the colonic epithelium barrier at 10 dpiin mice of the indicated genotypes.
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Extended DataFig.3|See next page for caption.



Extended DataFig. 3| VIL-Cre Setdbl™" mice and mice with Setdb1 deleted
specifically inISCs also show inflammatory symptoms. a, Weight (n=10 mice
of eachgenotype) and Kaplan-Meier survival curves (n=12mice of each
genotype) of Setdb and VIL-Cre Setdbl" mice. The weight curve was
determined by two-tailed ¢-test. Pvalue of survival curve was determined by
log-rank test, 95% confidence interval of ratio. b, Representative images of
SETDBI-knockout efficacy of VIL-Cre Setdb?™" mice (full knockout (KO),
n=6mice; mosaic knockout, n=2mice were found). Dotted lines in the left
panel denote that no SETDB1 expressed. Dotted linesin the right panel
demonstrate that most of the cells expressed SETDBI; adenomas showninc
shareasimilar SETDB1 expression pattern, as they came from the same paraffin
block. ¢, H & E staining of SetdbI mosaic-knockout mice (postnatal day (P)42)
developed aberrantcrypts (top inset) and adenomas (bottom inset). n=2 mice.
d, H & E staining of SetdbI full-knockout mice at P12 (n = 6 mice). Insets show the

thinbowel and narrowed lumen of Setdb1 full-knockout mice. Dotted lines
depictcrypts. e, Staining for Ki67 (proliferative cells), lysozyme (Paneth cells)
and MUC2 (goblet cells) from P12 ileal sections, asindicated. n=50 crypt-villus
axes.Atleastthreeindividual experiments were performed and cells were
counted, with similar results. f, Lymphocyte IHC signalsinileumor colon.
n=50crypt-villus axes. Threeindividual experiments were performed with
similar results. Box plots show median and 25th to 75th percentiles, and
whiskersindicate the minimum and maximum values. g, Inflammatory bowel
damage in Olfm4-creERT2;Setdb mice. H & E staining at O dpi and 8 dpiwas
compared (20 crypts or villiwere counted). Scale bars, 50 pm. Dataare

mean ts.e.m. Box plots show medianand 25th to 75th percentiles, and whiskers
indicate the minimum and maximum values. Pvalues and significance were
determined by two-sided unpaired t-test. NS, not significant; ***P<0.001.
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Extended DataFig. 4 |SETDB1deficiency activatesinnateimmunity and ISC
death. a, Schematic of RNA-seq. b, Heat map depiction of innate-immunity-
related genes. ¢, Volcano plot of differentially expressed genes (log,-
transformed fold change >3.5or<-3.5; Pvalue <0.001) at 2,3 and 4 dpi.
n=1mouse foreach day. Details of statistical analysis are provided in Methods.
d, Scenario of CLU" revival stem cells (revSCs) for ISCinjury. Revival stem cells
areveryrareunder homoeostasis, but expanded rapidly uponinjury of LGR5*
ISCstoregenerate the intestine. e, Representative images show GFP* cells after
tamoxifen inductionin Lgr5-eGFP- Setdb1"™“*° mice.f, Pl-traced organoids from
VIL-CreERT2 Setdb!" mice treated with EtOH as control or 4-OHT toinduce

Setdbl deletion (four individual experiments were performed with similar
results). Panel to theright of theimages is a statistical analysis of the relative PI
areaper organoid (n=10 organoids). g, Images of single ISC-derived spheroids
inWENR medium. Experiment was repeated three times, with similar results.

h, Representative images of lower SETDB1IHC intensity correlating with higher
YH2AXIHC intensity. The complete set ofimages of yH2AX and SETDB1IHCis
providedinSupplementary Fig.2.n=23samples., Representative images of
yH2AX and TUNEL staining, n =3 experimental repeats for each day. Scale bars,
50 pm.Dataare mean +s.e.m. Pvalues were determined by two-sided unpaired
t-test.
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Extended DataFig.5| Apoptosis blockade does notrescue cell death by ¢, IHCstaining of pRIP3 and pMLKL of ileal crypts (at 6 dpi) from continuous
Setdbldeletioninvivoand exvivo.a, H & E staining of ileum and colon from paraffinsections.n=3mice.d, Representativeimages of TUNEL signalsin
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statistical analysis of the relative Plarea per organoid (n=10 organoids). was determined by two-sided unpaired t-test. NS, not significant; ***P< 0.001.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|ZBP1canbeinduced by IFN but the initiation of
necroptosis by ZBP1requires ERVs. a, IHC staining of pRIP3. Datashown are
related to thoseinFig.4b.n=3 mice.b, TUNEL staining of ileum from mice of
different genotypes (asindicated) at 8 dpi. Datashown arerelated to those in
Fig.4c.n=3mice.c,qPCRof Ifnbl and Zbpl expression in 4-dpi small-intestinal
cryptsand organoids. n=3 experimental repeats.d, Immunoblot of ZBP1from
4-dpismall-intestinal crypts.n=2mice. e, qPCR of expression of interferon-
stimulated genes. n=3 experimental repeats. f, JPCR of relative expression of
interferon-stimulated genesin SetdbI wild-type organoids treated as
indicated. n=2experimental repeats. g, Representative images of PI-traced
organoids. The procedure of the treatments with 0.1ng mI IFNB1,10 pg ml™?
IFNARand 200 nM 4-OHT isshown to the right of the top panel. The bottom
paneltotheright of theimages shows the statistics of relative Plarea per
organoid (n=10 organoids). The bottom panel on the far right shows ZBP1
expression level. n=2experimental repeats. h, Truncated and mutated ZBP1, as
usedinFig.4h. The expressions of full-length ZBP1 (ZBP1-FL) and ZBP1(RHIM)
(Z*""™) were confirmed by anti-ZBP1antibody (sc-271483) raised against amino
acids1-300 of mouse ZBP1, whereas ZBP1(AZ«) was confirmed by anti-Flag
antibody. The asterisk marks a specificband of AZa. The experiment was
repeated three times. i, Representative images of GFP* spheroids. These

images arerelated to the right histogram of Fig. 4h. The experiment was
repeated three times. j, Dot blot by )2 antibody of dsSRNA from 4-dpiintestinal
crypts.n=3experimental repeats.k,J2 staining revealed dsRNA enrichment in
SETDBI1-deprived organoids. n=2experimental repeats. Scale bars, 5 um.

I, RNA-seq forrepeatsrevealed the level of ERVsin different cells, including
ISCs, B cells,immortalized myofibroblast (iMEFs), pro-B cellsand mouse
embryonicstem cell (MESCs). m, H3K9me3 intensity profiles on different ERVs
inISCs. Next-generation sequencing plots show the fold of enrichment of
H3K9me3 from-5kbto5kbaround genomic ERV elementsinISCs. TSS,
transcriptionstartsite of ERV. TES, transcription end site.n, Schematic of
CLIP assay. Dataare showninFig. 4j.0, PCRwithreverse transcription was
performed with RNAs in ZBPlimmunoprecipitated from SetdbI-null crypts.
The PCR products using specific primers of six ERVs (Fig. 4i) were sequenced
(bottomsequences) and aligned to Repbase (top sequences), RNA of 4-dpi
crypts from Setdb1"*° mice.n=2mice. p, Biopsies from patients with IBD and
unaffected controls (control, n=5; Crohn’s disease (CD), n= 6; ulcerative colitis
(UC), n=4)showincreased virus mimicry repeatsin patients with IBD. Scale
bars,50 pm.Dataare mean +s.e.m.Pvalues were determined by two-sided
unpaired t-test. NS, not significant (P> 0.05).
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Extended DataFig. 8 | Bowel inflammation in Setdb1"** mice. a, Left,
western blot of SETDB1in 4-dpi crypts. Right, Quantification of western blot
intensities (n=4 mice).b, qPCR of relative expression of ERVs at 4 dpi,
n=7mice.c, Representativeimmunofluorescence of yH2AX staining in 4-dpi
ilealsections.n=50 crypts. Experiments were repeated in three mice.

d, TUNEL assay of 4-dpiileal sections. n=3 mice were examined.n=50 crypts.
e, The expression of genesrelated to the type-l-interferon pathway in 4-dpi
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crypts.n=7 mice.f, The expression of chemokines and interleukins in 4-dpi
crypts.n=7mice.g, H & Estaining of 4-dpiintestinal sections, showing
destroyed epitheliumin SetdbI"“"** mice. n=2 mice were found within 13 mice
collected. h, PI-traced organoids were counted, out of n=10 organoids were
examinedintotal.Scalebars, 50 pm. Dataare mean ts.e.m.Pvalues were
determined by two-sided unpaired t-test. NS, not significant (P> 0.05).
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Extended DataFig. 9| Necroptosisis the primary cause of deathin Setdb1’
mice. a, H& E staining of intestine sections at 8 dpi, from Setdb/ and
SetdbI"™“*° mice treated with or without broad spectrum antibiotics (ABX)
asindicated.n=3 mice were collected and checked, with similar results.

b, Kaplan-Meier survival curves of mice used in this study. ¢, H & E staining of
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multiple viralmimicry dsRNAs to activate ZBP1for RIP3-MLKL necroptosis.
Pro-inflammatory necroptosis breaks the epithelial barrier and promotes
bowelinflammation.



Extended Data Table 1| The most-significantly upregulated
genes in mutant crypts

The most significant upregulated genes
Gene_ID FPKM Log2FC  P-value

2 dpi

Enotb 168.99 8.090454 0

3 dpi

Atg9b 3242 8077706 0
Sledatt 13 8022368 2.10E-210
Phida3 4817 7479032 0
Khdcta 2532 7.306062 1.33E-244
Enotb 96.69  7.284955 0

Clu 0

4 dpi

Gm14085 27.07  11.40248 0
Khdc1a 69.61 8765079 0
Enotb 24479 8625061 0

Atg9b 3429 815861 0

Clu 772 7.666458 0
Phida3 3377  6.966639 5.31E-242
Sifn4 19752 645593 0

Cdg4 20456 6407347 0

Ly6d 13834 6.329666 0

Plet1 2815 6329636 8.15E-246

FPKM = 10; log2FC = 6; p-value < 1E-200

Clu was at the top of the list of the most-significantly upregulated genes. For statistical
analysis, see ‘Transcriptome RNA sequencing and analysis’ in Methods.
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Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
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variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Software and code

Policy information about availability of computer code

Data collection gPCR data were acquired on the CFX Connect Real-Time PCR Detection System(Bio-Rad). Flow cytometry were acquired on a MoFlo
Astrios EQS (Beckman Coulter). Hitachi HT-7800 transmission electron microscopy was used to collect data from transmission electron
microscopy. Immunoblot images were scanned by azure biosystems c280(Azure). Immunofluorescent images were taken by a Leica SP8
confocal microscope. ZEISS Axio imager.Z2 were used to collect bright field. Leica Aperio Versa 200 were used to collect the
immunohistochemical image of human tissues. Richard-wolf was used to take mice intestinal endoscopic images. RNA sequencing were
carried out on an BGISEQ-500 sequencer(Beijing Genomics Institute) and HiSeq X-ten sequencer(lllumina). ChIP sequencing were carried
out on the HiSeq X-ten sequencer(lllumina).

Data analysis Image Zen 2.3 blue, black editions, ZEISS Imager. Z2, Las X 2.0.1 and photoshop CS5 were used to analyze bright field or
immunofluorescence or immunohistochemical images. Azurespot was used to evaluate the expression of immunoblot images. Flow
cytometric analyses were performed with the FlowJo analysis software; Statistical analyses were performed with the GraphPad Prism 6.0
software, SPSS 19.0 and Excel 2017.

Transcriptome RNA-seq: clean reads were aligned to the mouse genome (mm10) by HISAT2. Then gene expression level for each sample
was calculated with RSEM. Based on the gene expression level, the differentially expression genes (DEGs) were detected by DEGseq and
PossionDis algorithms. Gene set enrichment analysis were performed with gsea 3.0.

RNA-seq for repeats: the 150bp paired-end raw reads were qualified and cleaned by fastp with default setting. Clean reads were mapped
onto the mouse genome (GRCmM38/mm10) using hisat2. The annotation file of mouse ERVs was generated by RepeatMasker v4.0.7
comparing with Repbase consensus sequences (Edition-20181026). The overlap reads for ERVs were summarized by featureCounts and
then quantified by EdgeR.
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ChlP-seq: after quality assessment by fastp, clean reads were aligned to the mouse genome (GRCm38/mm10) using Bowtie2 (version
2.2.8). Enriched peaks of H3K9me3 were identified by HOMER v4.10.1 with histone style (http://homer.ucsd.edu/homer). Aligned bam
file was converted into the Bigwig file and processed to plot the H3K9me3 density on the interesting ERVs by using deepTools2.0.The
original sequencing data is uploaded and available online (Gene Expression Omnibus: GSE129174).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The datasets generated during the current study are available in the GEO dataset with the accession code GSE129174 ( https://www.ncbi.nIm.nih.gov/geo/query/
acc.cgi?acc=GSE129174). All other data generated in this paper are attached in supplementary materials and source data, source data includes Fig. 1 to Fig. 4 and
Extended Data Fig. 1 to Extended Data Fig. 9.
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Sample size No sample-size calculations were performed. Sample size was determined to be adequate based on the magnitude and consistency of
measurable differences between groups.

Data exclusions  On principle, data were only excluded for failed experiments, reasons for which included suboptimal activation, misoperation and microbial
contamination. No other strict data were excluded from the study.

Replication If not stated specifically, experiments were reproduced at least three times. And all attempts at replication were successful.
Randomization Mice were randomly assigned to control or experimental group.

Blinding Investigators were not blinded to mouse genotypes during experiments, and blinding was not possible as the authors who performed the
experiment also analyzed the data.
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Antibodies

Antibodies used

Validation

Western blotting

anti-Actin(SCBT,sc-81178,ACTBD11B7,lot#L0117,1:4000),anti-GAPDH(SCBT,sc-32233,lot#K0315,1:4000),anti-

SETDB1(Proteintech,11231-1-AP,6c5,lot#00070910,1:4000),anti-ZBP1(AdipoGen,AG-20B-0010,Zippy-1,1:4000),anti-

MLKL(Proteintech,66675-1-1g,3D4C6,lot#10012588,1:3000),anti-MLKL(phosphorS358)

(ABCAM,ab187091,epr9514,lot#GR212667-41,1:2000),anti-MLKL(phosphoS345) (ABCAM ,ab196436,

EPR9514,I0t#GR3204546-13,1:1000) ,anti-RIP3 (ProSci, 2283,l0t#8337-1701,1:3000) ,anti-flag(Sigma,f3165,M2,1:4000),

Goat anti-Mouse 1gG (H+L) Secondary Antibody, HRP (INVITROGEN, 31430, AB_228307,1:10000), Goat anti-Rabbit IgG (H+L)

Secondary Antibody, HRP (INVITROGEN,31460, AB_228341,1:10000)

Staining

anti-SETDB1 (Invitrogen, MA5-15722, 5H6A12,lot#RK2296211A, 1:500) ,anti-Lysozyme (Abcam, ab108508,

EPR2994(2),l0t#GR230-6,1:1000),anti-Mucin2  (SCBT ,sc-15334, H-300,lot#K0315,1:200) , anti-Ki67 (BD Pharmingen,

550609, B56,l0t#6195670, 1:1000) , anti-F4/80 (eBioscience,12-4801-80,BM8, lot#E04272-1633, 1:500),anti-

CD45(Abcam,ab10558,10t#GR295396,1:500) ,anti-CD45R (B220) (eBioscience,11-0452-85,RA3-6B2,lot#42345301:50),anti-

yH2AX  (CST,2577,lot#12, 1:500) ,anti dsRNA J2  (SCICONS,10010200,J2-1717,1:500) ,anti-

CD3(Abcam,ab5690,lot#GR292058-1,1:500)anti-Ly-6G(Gr-1)(BD Pharmingen,551459,1A8,lot#6294690, 1:500 ) , Cy™3

AffiniPure Donkey Anti-mouse IgG (H+L) (Jackson,715-175-150,1:400) ,Cy™3 AffiniPure Donkey Anti-Rabbit IgG (H+L)
(Jackson,711-165-152,1:400) , Cy™2 AffiniPure Donkey Anti-Rabbit IgG (H+L) (Jackson,711-225-152,1:400) ,Cy™2

AffiniPure Donkey Anti-mouse 1gG (H+L) (Jackson,715-225-150,1:400 )

Dot Blot

anti-dsRNA J2( SCICONS,10010200,J2-1717, 1ug)

CLIP

anti-ZBP1( AdipoGen, AG-20B-0010, Zippy-1, 1:4000)

IP

anti-ZBP1 (AdipoGen, AG-20B-0010, Zippy-1, 2ug)

CHIP

anti-H3K9me3 (Abcam, ab176916, 30-F1,lot#GR246504-5, 21g)

FACS

anti-CD24 (eBioscience,12-0241-81, epr16601,1:200)

All antibodies except p-RIP3(Mus, Home made) are commercially available and have been verified by the manufacturers
according to the immunoblots and/or images on their websites.
anti-Actin:https://www.scbt.com/p/beta-actin-antibody-actbd11b7?requestFrom=search

anti-GAPDH: https://www.scbt.com/p/gapdh-antibody-6c5?requestFrom=search

anti-SETDB1: https://www.ptgcn.com/Products/SETDB1-Antibody-11231-1-AP.htm
anti-SETDB1:https://www.thermofisher.com/cn/zh/antibody/product/SETDB1-Antibody-clone-5H6A12-Monoclonal/MA5-15722
anti-ZBP1: https://adipogen.com/ag-20b-0010-anti-zbp1-mab-zippy-1.html

anti-MLKL: https://www.ptgcn.com/products/MLKL-Antibody-66675-1-1g.htm
anti-MLKL(phosphorS358):https://www.abcam.cn/mlkl-phospho-s358-antibody-epr9514-ab187091.html
anti-MLKL(phosphoS345):https://www.abcam.cn/mlkl-phospho-s345-antibody-epr95152-ab196436.html

anti-RIP3: https://www.prosci-inc.com/rip3-antibody-2283.html,
anti-flag:https://www.sigmaaldrich.com/catalog/product/sigma/f3165?lang=zh&region=CN

Goat anti-Mouse 1gG (H+L) Secondary Antibody, HRP: https://www.thermofisher.com/cn/zh/antibody/product/Goat-anti-Mouse-
|gG-H-L-Secondary-Antibody-Polyclonal/31430

Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP: https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-IgG-H-
L-Secondary-Antibody-Polyclonal/31460

anti-Lysozyme: https://www.abcam.cn/lysozyme-antibody-epr29942-ab108508.htmi

anti-Mucin2: https://www.scbt.com/p/mucin-2-antibody-h-300?requestFrom=search
anti-Ki67:https://www.bdbiosciences.com/cn/applications/research/intracellular-flow/intracellular-antibodies-and-isotype-
controls/anti-rat-antibodies/purified-mouse-anti-ki-67-b56/p/550609
anti-F4/80:https://www.thermofisher.com/cn/zh/antibody/product/F4-80-Antibody-clone-BM8-Monoclonal/12-4801-80
anti-CD45: https://www.abcam.com/cd45-antibody-ab10558.html
anti-CD45R:https://www.thermofisher.com/cn/zh/antibody/product/CD45R-B220-Antibody-clone-RA3-6B2-
Monoclonal/11-0452-85
anti-yH2AX:https://www.cst-c.com.cn/products/primary-antibodies/phospho-histone-h2a-x-ser139-antibody/2577

anti dsRNA J2: https://scicons.eu/en/antibodies/j2/

anti-CD3: https://www.abcam.com/cd3-antibody-ab5690.html
anti-Ly-6G(Gr-1):https://www.bdbiosciences.com/cn/reagents/research/antibodies-buffers/immunology-reagents/anti-mouse-
antibodies/cell-surface-antigens/purified-rat-anti-mouse-ly-6g-1a8/p/551459 Cy™3 AffiniPure Donkey Anti-mouse I1gG (H+L):
https://www.jacksonimmuno.com/catalog/products/715-175-150

Cy™3 AffiniPure Donkey Anti-Rabbit 1gG (H+L): https://www.jacksonimmuno.com/catalog/products/711-165-152

Cy™?2 AffiniPure Donkey Anti-Rabbit 1gG (H+L): https://www.jacksonimmuno.com/catalog/products/711-225-152

Cy™?2 AffiniPure Donkey Anti-mouse IgG (H+L): https://www.jacksonimmuno.com/catalog/products/715-225-150
anti-CD24:https://www.thermofisher.com/cn/zh/antibody/product/CD24-Antibody-clone-30-F1-Monoclonal/12-0241-81
anti-H3K9me3:https://www.abcam.cn/histone-h3-tri-methyl-k9-antibody-epr16601-chip-grade-ab176916.html

All antibodies are commercial and were validated by manufacturers for indicated species and applications except phospho-
RIPK3 was produced by Jiahuai Han lab and licensed to ABCAM (AB205421) as validated in supplementary figure 4.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 293T and L929 were purchased from ATCC.
Authentication Cell line from ATCC has been authenticated by ATCC. The primary lines are cultured for limited number of passages.
Mycoplasma contamination Cell lines tested negative for Mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
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Laboratory animals All mice were in C57BL/6 background and housed in a conventional environment under a 12-hour light: dark cycle at the Xiamen
University Laboratory Animal Center. VilCreERT2; Setdb1fl/fl mice were crossed with Casp8fl/fl, MIkl-/-, Rip3-/- or Zbp1-/- mice
to generate inducible double knock out mice, respectively. VilCreERT2 or Olfm4-CreERT2 mice were received one dose of
tamoxifen 400 mg/kg by gavage with 8 weeks old mice. Lgr5-EGFP-IRES-CreERT2; Setdb1fl/fl mice were received one dose of
tamoxifen 200mg/kg by gavage for three consecutive days with 8 weeks mice. Sample sizes for mouse experiments were
empirically determined, and mice were randomly assigned to control or experimental group. For all experiments, littermates
were used as control indicated in each figure. No blinding was necessary for the mouse experiments present here. Gender
preference was not existed in bowel inflammatory mice model here.For more reference information please see Supplementary

Table 1.
Wild animals The study did not involve wild animals.
Field-collected samples The study did not involve samples collected from the field.

ChlIP-seq

Data deposition

|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE129174
May remain private before publication.

Files in database submission input_1.fq.gz
input_2.fq.gz
ChIP_H3K9me3_1.fq.gz
ChIP_H3K9me3_2.fq.gz
H3K9me3peaks.txt.gz
WT.fq.gz
VEMD?2.fq.gz
VEMD3.fq.gz
VEMD4.fq.gz
VEMDS6.fq.gz
VEMDS.fq.gz
ISC_WT_1.fq.gz
ISC_WT_2.fq.gz
ISC_MUT_1.fq.gz
ISC_MUT_2.fq.gz
RNA_expression_days.txt.gz
RNA_expression_ERVs.txt.gz

Genome browser session http://genome.ucsc.edu/cgi-bin/hgGateway
(e.g. UCSC) Integrative Genomics Viewer (IGV, version 2.4.5).
Methodology
Replicates ChIP sequencing analysis of Igr5-postive cells were performed once.

Sequencing depth Library concentrations were mixed equally for sequencing at Hiseg-Xten to generate 150 bp reads from paired-end.

Antibodies anti-H3K9me3 Abcam ab176916




Peak calling parameters Clean reads were aligned to the mouse genome (GRCm38/mm10) using Bowtie2 (version 2.2.8). Enriched peaks of
H3K9me3 were identified by HOMER v4.10.1 with histone style (http://homer.ucsd.edu/homer).

Data quality Peaks were called using an input control. Peaks were called at an FDR of 0.1% and required 4-fold enrichment over the input
control.
Software bowtie2; homer; fastp0.19.0; deepTools2.0

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

& The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
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|X| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Crypts from Lgr5-EGFP-IRES-CreERT2;Setdb1fl/fl mice were used and digested into single cells with 0.25% Trypsin above ice and
pipetted for 2-3min till most crypts dissociated, then terminated with FBS containing medium and filled through 50um filter.
After centrifugation 1200 rpm/5min, stained with CD24-PE antibody for 20min, then resuspended with PBS for FACS.
Instrument MoFlo Astrios EQS, Beckman Coulter
Software FlowJo

Cell population abundance  For RNA-seq for repeats, at least 1,000,000 GFP high CD24 low ISCs were collected for each genotype, for ISCs specific ChIP, at
least 3,000,000 GFP high CD24 low cells were collected.

Gating strategy Positive and negative gates were set using fluorescence minus one (FMO) background intensity controls. Detailed gating strategy
is provided under supplementary figure 6.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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