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Autophagy is a fundamental cellular process of protein degrada-
tion and recycling that regulates immune signaling pathways via
multiple mechanisms. However, it remains unclear how autophagy
epigenetically regulates the immune response. Here, we identified
TRIM14 as an epigenetic regulator that reduces histone H3K9 tri-
methylation by inhibiting the autophagic degradation of the his-
tone demethylase KDM4D. TRIM14 recruited the deubiquitinases
USP14 and BRCC3 to cleave the K63-linked ubiquitin chains of
KDM4D, which prevented KDM4D from undergoing optineurin
(OPTN)-mediated selective autophagy. Tripartite motif-containing
14 (TRIM14) deficiency in dendritic cells significantly impaired the
expression of the KDMA4D-directed proinflammatory cytokines
interleukin 12 (//72) and //23 and protected mice from autoimmune
inflammation. Taken together, these findings highlight the cross-
talk between epigenetic regulation and autophagy and suggest
TRIM14 is a potential target of therapeutic intervention for
inflammation-related diseases.
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Accumulating evidence has suggested that autophagy, a highly
conserved eukaryotic degradation process, is deeply involved
in the regulation of immune responses, including the elimination
of pathogens, production of inflammatory cytokines and type I
interferons (IFNs), presentation of antigens, development of lym-
phocytes, and immune evasion of cancer (1-4). Autophagy-
mediated protein degradation can be highly selective and relies
on a number of cargo receptors to recognize the diverse sub-
strates and deliver them to autolysosomes by interacting with lipi-
dized ATGS8 family proteins (5). Many cargo receptors—
including p62/SQSTM1, NBR1, NDP52/CALCOCO2, TAX1BP1,
optineurin (OPTN), and Tollip—can recognize polyubiquitin
chains on substrates as autophagic degradation signals (6).
Ubiquitination is an important posttranscriptional modification
that is reversibly controlled by multiple ubiquitin ligases and
deubiquitinases (DUBs) (7). Tripartite motif-containing (TRIM)
proteins, an essential family of E3 ubiquitin ligases, have been
reported to extensively participate in the regulation of innate
immune signaling as well as autophagy (8). We previously dem-
onstrated that TRIM14 positively regulates type I IFN signaling
and noncanonical NF-xB signaling by modulating selective
autophagy, indicating that TRIM proteins might play a critical
role in orchestrating the cross-talk between autophagy and innate
immunity at the cell signaling level (9, 10). However, the auto-
phagic control of innate immune responses at the epigenetic level
remains largely unclear.

Various studies have shown that histone methylation plays a
central role in regulating immune responses and inflammation
at the epigenetic level (11-15). The histone methyltransferase
Wbp7 facilitates Pigp transcription by increasing histone H3
lysine 4 trimethylation (H3K4me3) modification at its promoter
to promote the glycosylphosphatidylinositol anchor-mediated
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membrane binding of CD14 to primary macrophages (16).
Lysine demethylase SA (KDMS5A) removes H3K4me3 modifi-
cation at the Socs! promoter to inhibit the expression of
suppressor of cytokine signaling 1 (SOCS1), leading to signal
transducer and activator of transcription 4 (STAT4) activation
and IFN-y production in natural killer cells, as well as to resis-
tance to Listeria monocytogenes infection in mice (17). G9a
enhances H3K9me?2 at promoters of IFN and IFN-stimulated
genes to inhibit their production in fibroblasts and dendritic
cells (DCs) (18). Histone demethylase KDM4D (also known as
JMJID2D) removes H3K9me3 around Mdc and interleukin 12b
(I112b) enhancers to strictly regulate their expression in DCs
and macrophages (19). Interestingly, it has been reported that
the DUB Trabid specifically promotes 1/12- and 1I23-mediated
inflammation by preventing KDM4D from undergoing proteasome-
dependent protein degradation (20). We also showed that USP38
specifically inhibited proteasomal degradation of KDMS5B to
resolve inflammation, further indicating the importance of his-
tone methylases and demethylases in immune regulation (11).

Significance

Histone methylation regulates gene transcription through a
variety of methylases and demethylases. The regulatory role
of autophagy, an important process of protein degradation
and recycling, in these histone modifiers is still unclear. We
report that TRIM14 stabilized the histone demethylase
KDM4D to facilitate the transcription of interleukin 12 (//12)
and /123 by inhibiting histone H3K9 trimethylation in vitro
and in vivo. Mechanistically, TRIM14 recruited the deubiqui-
tinases USP14 and BRCC3 to remove the K63-linked ubiquitin
chains of KDM4D and prevented it from undergoing
optineurin-mediated autophagic degradation. This study is
valuable not only for increasing our understanding of the
cross-talk between autophagy and epigenetic regulation,
but also for demonstrating the potential of TRIM14 as a tar-
get for therapeutic interventions for inflammation-related
diseases.
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Here, we demonstrated an autophagy-dependent regulatory
mechanism in which TRIM14 reduced histone H3K9 trimethyla-
tion (H3K9me3) to promote [/12- and [/23-mediated inflamma-
tory responses at the epigenetic level. Mechanistically, TRIM14
recruited USP14 and BRCC3 to remove the K63-linked ubiquiti-
nation of KDM4D and prevented it from undergoing OPTN-
mediated selective autophagic degradation. TRIM14 deficiency in
mice causes reduced inflammatory responses in an experimental
autoimmune encephalomyelitis (EAE) model. These results high-
light an epigenetically dependent regulatory mechanism in which
TRIM14 couples autophagy and histone methylation to selec-
tively modulate proinflammatory cytokine production to promote
inflammation.

Results

TRIM14 Negatively Regulates H3K9me2 and H3K9me3 by Stabilizing
KDM4D. To investigate the potential epigenetic regulation functions
of TRIM14, we examined alternations of several histone modifica-
tions in Flag-TRIM14-inducible HeLa cells. We found that
TRIM14 negatively regulated H3K9me2 and H3K9me3 (Fig. 14),
but not other histone modifications, such as H3K4me3, H2A ubiq-
uitination (H2Aub), or H2Bub (SI Appendix, Fig. S14). Trim14 '~
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bone marrow-derived DCs (BMDCs) consistently showed
increased levels of H3K9me2 and H3K9me3 (Fig. 1B) but not
H3K4me3, H2Aub, or H2Bub compared with WT cells (S
Appendix, Fig. S1B). Immunofluorescence analysis showed that
overexpression of TRIM14 led to a reduction in H3K9me3 levels
compared with those in untransfected cells (Fig. 1C). Collectively,
these data suggest that TRIM14 negatively regulates H3K9me3.
Since TRIM14 is not a histone demethylase, we next investi-
gated whether TRIM14 affects H3K9me3 by modulating the
protein stability of specific H3K9 demethylases. With ectopic
expression of TRIM14, the protein levels of H3K9 demethylase
KDM4D increased (SI Appendix, Fig. S1C), while there was
no difference in other H3K9 demethylases, such as KDM3B
(SI Appendix, Fig. S1D), KDMA4A (SI Appendix, Fig. S1E), and
KDM4B (SI Appendix, Fig. S1F). In addition, the KDM4D
protein levels positively correlated with TRIM14 expression
(Fig. 24 and SI Appendix, Fig. S2A4), while the H3K9me3 levels
showed the opposite pattern (SI Appendix, Fig. S2B). However,
the mRNA levels of KDM4D did not change with overexpres-
sion of TRIM14 (Fig. 24). Consistent with these results, we fur-
ther confirmed that knockout of TRIMI4 markedly decreased
KDM4D protein levels and promoted H3K9me3 (Fig. 2B).
To investigate whether TRIM14 affected H3K9me3 through
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Fig. 1.
extracts were collected for immunoblot analysis of H3K9me3, H3K9me2, H3K4me3, H2Aub, and H2Bub. The protein levels of H3K9me3/H3 and H3K9me2/

TRIM14 negatively regulates H3K9me2 and H3K9me3. (A) Flag-TRIM14-inducible Hela cells were treated with 200 ng/mL Doxy for 12 h, and cell
H3 were quantified by ImageJ software (NIH). (B) Cell extracts of WT or Trim14~'~ BMDCs were harvested for imnmunoblot analysis of these histone modi-
fications. The protein levels of H3K9me3/H3 and H3K9me2/H3 were analyzed by ImagelJ software (NIH). (C) Flag-TRIM14-inducible Hela cells were treated
with 200 ng/mL Doxy for 12 h, and then the cells were stained with anti-Flag (green) and anti-H3K9me3 (red) antibodies to detect TRIM14 and H3K9me3
levels via confocal microscopy. The relative intensity of H3K9me3 fluorescence signals (red) in TRIM14-overexpressing cells (green) versus control cells
(no signal) in the same image was analyzed by ImageJ software (NIH). (Scale bars, 100 pym.) In A and B, data are shown as mean values + SEM, with
unpaired two-tailed Student’s t test (three independent experiments). In C, the data show the mean values + SEM, with unpaired two-tailed Student’s
t test (n = ~50 cells), *P < 0.05, **P < 0.01, ****P < 0.0001.
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Fig. 2. TRIM14 reduces H3K9me3 through stabilizing KDM4D. (A) Flag-TRIM14-inducible Hela cells were treated with the indicated concentration of
Doxy for 12 h. Then, the cells were harvested for immunoblot analysis of H3K9me3 and KDM4D levels or to quantify the mRNA levels of TRIM14 and
KDM4D. Image) software (NIH) was used to quantify the protein levels of KDM4D/g-actin. (B) Immunoblot analysis of KDM4D, H3K9me3 and TRIM14 in
WT or TRIM14-KO Hela cells treated with 100 ng/mL LPS, as indicated. The protein levels of KDM4D/p-actin and H3K9me3/H3 were analyzed by Image)
software (NIH). (C) Immunoblot analysis of H3K9me3 and KDM4D in WT or Trim14~'~ BMDCs treated with DMSO or I0X1 (50 uM, 3 h). (D) Immunoblot
analysis of H3K9me3 levels in extracts of WT or KDM4D-KO HEK293T cells, with or without overexpressed HA-TRIM14. In A and B, data are mean values +
SEM and P values were calculated by unpaired two-tailed Student’s t test (three independent experiments). ns, not significant, *P < 0.05, **P < 0.01,

****P < 0.0001.

KDM4D, we blocked the activity of KDM4D with 10X1, a
broad-spectrum inhibitor of histone demethylases, and found
that TRIM14 deficiency no longer resulted in an up-regulation
of H3K9me3 (Fig. 2C and SI Appendix, Fig. S2C). Moreover,
the reduction in H3K9me3 caused by ectopic expression of
TRIM14 was abolished by KDM4D deficiency (Fig. 2D and SI
Appendix, Fig. S2D). These results suggest that TRIM14 nega-
tively regulates H3K9me3 by up-regulating the protein levels of
KDM4D.

TRIM14 Interacts with KDM4D to Inhibit Its Autophagic Degradation.
To discover the underlying mechanisms of how TRIM14 stabil-
izes KDM4D, we examined the interaction between TRIM14
and KDM4D. TRIM14 interacted with KDM4D under physio-
logical conditions, and this interaction increased as TRIM14
abundance increased upon lipopolysaccharide (LPS) treatment
in BMDCs (Fig. 34 and SI Appendix, Fig. S2E). Confocal
microscopy analysis showed that TRIM14 and KDM4D coloc-
alization was elevated after tumor necrosis factor-o (TNF-o)
treatment (Fig. 3B). Since the overall expression of TRIM14
also appeared to increase with TNF-a treatment, we transfected
plasmids encoding HA-TRIM14 into HeLa cells to detect inter-
actions between KDM4D and HA-TRIM14. We observed no
difference in HA-TRIM14-KDM4D interactions with LPS
stimulation, indicating that LPS does not directly affect the
interaction of TRIM14 and KDM4D (SI Appendix, Fig. S2F).
We next determined which degradation pathway of KDM4D
was blocked by TRIMI14 and found that the autophagy-
sequestration inhibitor 3-methyladenine (3MA) reduced the
effect of TRIM14 overexpression on KDM4D levels (Fig. 3C).
Moreover, Earle’s balanced salt solution (EBSS) induced auto-
phagic degradation of KDM4D, which could be rescued by
TRIM14 overexpression (SI Appendix, Fig. S34). Consistent
with these findings, TRIM14 failed to stabilize KDM4D in
ATGS knockout (KO) (Fig. 3D and SI Appendix, Fig. S3B) or
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BECNI-KO (SI Appendix, Fig. S3C) HEK293T cells, in which
autophagy is severely attenuated. Therefore, TRIM14 plays a
role in controlling KDMA4D stability via the autolysosome path-
way. Microtubule-associated protein 1A/1B-light chain 3 (LC3)
is considered a marker of autophagosomes and reflects the
autophagy process (21). As Sparrer et al. showed a modest
effect of TRIM14 overexpression on the induction of GFP-LC3
puncta formation (22), we overexpressed different concentra-
tions of plasmids encoding HA-TRIM14 in HeLa cells and found
that the protein levels of LC3 II, a conjugated form of LC3, were
dependent on the dose of exogeneous TRIM14 (SI Appendix, Fig.
S3D). In our experimental system, modest TRIM14 overexpression
did not affect global autophagy (SI Appendix, Fig. S3 E and F).
We further demonstrated that TRIM14 overexpression blocked
the interaction of KDM4D and LC3 both in a coimmunoprecipita-
tion (co-IP) assay (Fig. 3E and SI Appendix, Fig. S3G) and in
immunofluorescence analysis (SI Appendix, Fig. S3H). Collectively,
our data demonstrate that TRIM14 suppresses the autophagic
degradation of KDM4D.

TRIM14 Inhibits OPTN-Mediated Selective Autophagic Degradation
of KDM4D. Autophagy can be highly selective, with the specific-
ity of substrate recognition by selective autophagy dependent
on cargo receptors (6). To identify which cargo receptor is
involved in the autophagic degradation of KDM4D, we exam-
ined the interaction of KDM4D and several known cargo
receptors and found that KDM4D interacted with p62, OPTN,
and NDP52 in the overexpression system (Fig. 44). To confirm
that whether these receptors mediated KDM4D stability, we
constructed SOSTMI- (a gene encoding p62), CALCOCO2-
(a gene encoding NDP52), and OPTN-KO cell lines and found
that only the OPTN-KO, but not of the SOQSTMI- or CAL-
COCO2-KO, led to increased protein levels of KDMA4D.
TRIM14 overexpression was unable to further stabilize KDM4D
in the absence of OPTN (SI Appendix, Fig. S4 A and B).

PNAS | 30f10
https://doi.org/10.1073/pnas.2113454119

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113454119/-/DCSupplemental

(@)
]

A BMDC C DMSO MG132 3MA s e
= ——— HA-TRIM14 — -+ -+ - + 3 H — 2
IP IgG anti-KDM4D oo kOMMD &+ 3 % % s & o !
LPSthr) 0O 0 6 65 kD - I N Fiag 2 3+
BafAl + + + s 5
MG132 + + + 45 KD - -— -— — HA Q 24
o |45 o - TRIM14 PO en @ W oocin P
=[%°°" g &, « KDM4D D -
WT  ATG5-KO 0
_|eske- ——  KDN4D _ A B b
O HA-TRIM14 - -4 T
< |45kD- “ TRIM14 B5 KD - e e s e KDM4D &Q} &Q} &Q}
45 kD - - i
W (-actin 45kD-| = —HA DMSO MG132 3MA
45KkD - ATGS
45 KD - e e e e B-actin
B HelLa E HelLa
TRIM14 KDM4D DAPI IPTgG _anti-KDM4D
Myc-TRIM14 - - +
» EBSS+BafAl + + +
é N 15kD-w -_l LC3
% | ssio- i A KOM4D
65 kD - — = KDM4D
— —
g 15KD - - LC3
45kD - - Myc
B5KD = - — B-actin
o
L
Z
'—

Fig. 3. TRIM14 interacts with KDM4D to inhibit its autophagic degradation. (A) BMDCs were treated with 100 ng/mL LPS, 0.3 uM BafA1, and 5 uM
MG132, and cell extracts were collected for co-IP and immunoblot analysis of the interaction of TRIM14 and KDM4D. The red asterisk indicates the band
of heavy chains. WCL, whole-cell lysates. (B) HeLa cells were treated with 50 ng/mL TNF-a for 6 h, and then the cells were stained with anti-TRIM14 (red)
and anti-KDMA4D (green) antibodies, as well as DAPI (blue) to detect the colocalization of TRIM14 and KDM4D by confocal microscopy. (Scale bar, 10 pm.)
Statistics shown refer to the correlation between TRIM14 and KDM4D in the indicated samples. (C) Immunoblot analysis of KDM4D stabilization in
HEK293T cells transfected with Flag-KDM4D or HA-TRIM14, followed by DMSO, MG132 (5 uM), or 3MA (5 mM) treatment for 6 h. The protein levels of
Flag-KDM4D/p-actin were quantified by ImageJ software (NIH). (D) Immunoblot analysis of KDM4D in WT or ATG5-KO HEK293T cells transfected with
HA-TRIM14. (E) Hela cells were transfected with Myc-TRIM14 and treated with EBSS for 3 h and 0.3 uM BafA1 for 6 h. Then, the cell extracts were
harvested for co-IP and immunoblot analysis of the interaction of KDM4D and LC3 II. In B, the data show the mean values + SEM, and P values were
determined by unpaired two-tailed Student'’s t tests (n = ~50 cells). In C, data are mean values + SEM and P values were calculated by unpaired two-

tailed Student'’s t tests (three independent experiments). ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Knockdown of TRIMI14 did not influence the protein levels of
endogenous KDM4D in OPTN-KO cells (Fig. 4B and SI
Appendix, Fig. S4C). We further showed that KDM4D interacted
with OPTN in BMDC:s through co-IP assays and mass spectrome-
try (MS) analysis (Fig. 4 C and D and SI Appendix, Fig. S4D). We
found that the interaction of KDM4D and OPTN was inhibited
by TRIM14 (Fig. 4E). Confocal analysis also showed reduced
colocalization puncta of KDM4D-OPTN upon TRIM14 overex-
pression (SI Appendix, Fig. SAE).

Consistent with these findings, interaction of KDM4D and
OPTN was increased in TRIM14-KO cells compared with WT
cells (Fig. 4F and SI Appendix, Fig. S4F). As KDM4D functions
as a demethylase of H3K9me2 and H3K9me3, we stimulated
WT and OPTN-KO HEK293T cells with TNF-a to induce
inflammation and investigated the dynamic changes in
H3K9me2 and H3K9me3. We found that TNF-a treatment

40f10 | PNAS
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decreased the levels of H3K9me2 and H3K9me3 in WT cells.
In addition, the abundance of H3K9me3 in OPTN-KO cells
with TNF-a stimulation was further attenuated than that in WT
cells (Fig. 4G). Next, we detected the protein levels of OPTN
and KDM4D in WT and TRIM14-KO HeLa cells and found
that KDM4D, but not OPTN, was obviously decreased in
TRIM14-KO cells compared with WT cells (SI Appendix, Fig.
S4G). In addition, TRIM14 overexpression did not affect the
interaction of OPTN and LC3 II (SI Appendix, Fig. S4H).
Although we observed that TRIM14 interacted with OPTN in
HeLa cells (SI Appendix, Fig. S4I), further experiments showed
that the KDM4D-TRIM14 interaction was not dependent on
OPTN (SI Appendix, Fig. S47). Taken together, these results
indicate that TRIM14 inhibits OPTN-mediated selective auto-
phagic degradation of KDM4D by blocking the KDM4D-
OPTN interaction.
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Fig. 4. TRIM14 inhibits OPTN-mediated selective autophagic degradation of KDM4D. (A) Co-IP and immunoblot analysis of the interaction of KDM4D
and cargo receptors in extracts of HEK293T cells transfected with HA-KDM4D, Flag-NDP52, Flag-Tollip, Flag-OPTN, or Flag-p62. (B) Immunoblot analysis of
WT and OPTN-KO HEK293T cells transfected with TRIM14 siRNAs (#1, #4) or scrambled siRNA (Scr). (C) Co-IP and immunoblot analysis of the interaction of
KDM4D and OPTN in BMDCs treated with EBSS (3 h) and BafA1 (0.3 uM, 6 h). (D) MS analysis of proteins that interacted with KDM4D, including the OPTN
peptide. (E) HelLa cells were transfected with Myc-TRIM14 and treated with EBSS (3 h) and BafA1 (0.3 pM, 6 h). Then, cell extracts were harvested for co-IP
and immunoblot analysis to detect the interaction of KDM4D and OPTN. (F) Co-IP and immunoblot analysis of the interaction of KDM4D and OPTN in WT
and TRIM14-KO HEK293T cells. (G) Immunoblot analysis of H3K9me3 and H3K9me2 levels in WT and OPTN-KO HEK293T cells stimulated with or without
TNF-a (50 ng/mL, 6 h). H3K9me3/H3 and H3K9me2/H3 were quantified with Imagel) software (NIH). In A-C and E-G, all the experiments were repeated

three times with similar results.

TRIM14 Recruits USP14 and BRCC3 to Remove the K63-Linked Ubig-
uitination of KDM4D. Ubiquitin chains serve as a major signal for
cargo receptor recognition (23). To investigate whether OPTN-
mediated degradation of KDM4D depends on the ubiquitin
chains attached to it, we constructed plasmids encoding
OPTN mutants deficient in the ubiquitination-binding domain
(OPTN-AUBD) and found that the interaction of KDM4D
and OPTN-AUBD was significantly decreased (SI Appendix,
Fig. S54). Since the ubiquitination of KDM4D was involved
in its degradation, we hypothesized that TRIM14 inhibited
the interaction of KDM4D and OPTN by affecting its ubiquiti-
nation state. Indeed, TRIMI14 overexpression significantly
decreased the ubiquitination of KDM4D (Fig. 54). As the type
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of polyubiquitination has been shown to determine protein fate
(7), we set out to analyze which type of KDM4D ubiquitination
was inhibited by TRIM14. Our results showed that K63-linked
ubiquitination of KDM4D was significantly decreased by
TRIM14 overexpression (SI Appendix, Fig. S5B). The level of
K63-linked ubiquitination of KDM4D was consistently elevated
in TrimI4~'~ BMDCs compared with that in WT BMDCs
(Fig. 5B). We next found that knockdown of ubiquitin-
conjugating enzyme 2N (UBE2N, a Ko63-specific ubiquitin
conjugase) (24, 25) decreased not only the K63-linked ubiquiti-
nation of KDM4D but also the interaction of KDM4D and
OPTN (SI Appendix, Fig. S5C). Additionally, we constructed
several plasmids encoding mutants of KDM4D, which had a
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Fig. 5. TRIM14 recruits USP14 and BRCC3 to deubiquitinate KDM4D. (A) Co-IP and immunoblot analysis demonstrate decreased ubiquitination of
KDM4D in Flag-TRIM14 inducible HeLa cells treated with Doxy (200 ng/mL) in the presence of 3MA (5 mM). (B) WT or Trim14 '~ BMDCs were treated
with 0.3 pM BafA1 for 6 h, and then cell extracts were collected for co-IP and immunoblot analysis of K63-linked ubiquitination of KDM4D. (C) Co-IP and
immunoblot analysis of the interaction of KDM4D and TRIM14, USP14, or BRCC3 in BMDCs with or without LPS (100 ng/mL) treatment. (D) Hela cells
were transfected with siTRIM14 (#1+4) or scrambled siRNA (Scr), and treated with BafA1 (0.3 uM, 6 h). Then, cell extracts were collected for co-IP and
immunoblot analysis of the interaction of KDM4D and USP14 or BRCC3. Quantifications of IP: USP14/KDM4D and IP: BRCC3/KDMA4D were performed in
Image) software (NIH). **P < 0.01, ***P < 0.001. (E and F) Immunoblot analysis of KDM4D levels in WT or USP14/BRCC3 DKO HEK293T cells transfected
with increasing doses of HA-TRIM14 (E) or treated with TNF-a (50 ng/mL) for the indicated times (F). (G) Co-IP and immunoblot analysis of K63-linked
ubiquitination of KDM4D in WT or DKO HEK293T cells transfected with HA-TRIM14 and treated with BafA1 (0.3 uM, 6 h). In A-G, all of the experiments
were repeated three times with similar results.

or pl00/p52 (9, 10). In the present study, we observed that both
USP14 and BRCC3 were recruited to KDM4D in BMDCs

single K-to-R substitution at potential ubiquitination sites that
were predicted in silico (http://bdmpub.biocuckoo.org/), and

found that the KDM4D K472R mutant was no longer stabilized
by TRIM14 (SI Appendix, Fig. S5D). Furthermore, co-IP assays
and immunoassays showed that the K63-linked ubiquitination
of the KDM4D K472R mutant was markedly lower than that of
WT KDMA4D (SI Appendix, Fig. SSE), suggesting that the ubiq-
uitination of KDM4D is critical for OPTN recognition as well
as its degradation.

Since TRIM14 is not a DUB, we hypothesized that TRIM14
might function as a platform to recruit other DUBs to remove
the ubiquitin chains on KDM4D (9). Previously, we identified
two TRIM14-associated DUBs, USP14 and BRCC3, from MS
analysis and showed that TRIM14 specifically recruited USP14
to remove different types of ubiquitin chains attached to cGAS
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upon LPS stimulation (Fig. 5C). Moreover, the interaction of
KDM4D and USP14/BRCC3 was increased with TRIM14 over-
expression (SI Appendix, Fig. S5F), while TRIM14 deficiency
significantly abrogated this interaction (Fig. 5D). Interestingly,
we found that TRIM14 still stabilized KDM4D in USP14-KO
(SI Appendix, Fig. S5G) and BRCC3-KO (SI Appendix, Fig.
S5H) cells. Thus, we constructed USP14/BRCC3 double KO
(DKO) cells to examine whether these two DUBs were both
necessary to mediate the deubiquitination and stabilization of
KDM4D. We found that TRIM14 no longer influenced the pro-
tein levels of KDM4D in USP14/BRCC3-DKO HEK293T cells
(Fig. 5E and SI Appendix, Fig. S5I). Consistent with this find-
ing, there was no difference in the abundance of KDM4D in
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Fig. 6. TRIM14-deficient mice are resistant to EAE. (A) ChIP assays of H3K9me3 modification at the promoter of //12b in WT or Trim14~/~ BMDCs with or
without LPS (100 ng/mL, 6 h) treatment. (B) gRT-PCR analysis of the mRNA levels of //12a, I/12b, and //23a in WT and Trim14~'~ BMDCs treated with LPS
at the indicated time points. (C-G) WT and Trim14~~ mice (n = 5 per group) were immunized with MOG(35-55) and PTX to induce EAE. WT and Trim14~/~
mice were scored daily for disease severity (C). At 14 d posttreatment, brain tissues of these mice were collected, stained with H&E and assayed by a light
microscope at 20x magnification. (Scale bar, 100 pm.) Red arrows show the infiltration of immune cells (D). At 14 d posttreatment, the brains and spinal
cords of these mice were collected to detect the infiltration of IL-177A*CD4" cells and IL-21*CD4™" cells into the CNS (brain and spinal cord) by flow cytometry
analysis (E). At 14 d posttreatment, cell lysates of spinal cords (F) and brains (G) of these mice were harvested to detect the mRNA levels of //12a, 1/112b, and
1l23a by gqRT-PCR analysis. In A and B, bar graphs show mean values + SEM, and the P values were calculated by unpaired two-tailed Student’s t test
(three independent experiments). In C and E-G, the data are the mean values + SD, and the P values were calculated by unpaired two-tailed Student’s

t test (n = 5); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

USPI14/BRCC3-DKO cells treated with TNF-a (Fig. 5F). The
mammalian target of rapamycin (mTOR) inhibitor rapamycin
(Rapa) induced autophagic degradation of KDM4D in both
WT and DKO cells, which could be rescued by bafilomycin Al
(BafAl) treatment (SI Appendix, Fig. S5J). We also observed
that USP14/BRCC3-DKO enhanced the K63-linked ubiquitina-
tion of KDM4D, which was not inhibited by TRIM14 (Fig. 5G).
To further confirm the function of DUBs in KDM4D stabilization,
we constructed a plasmid encoding a fusion protein of the USP
domain of USP14 and TRIM14 (Myc-fUT14) and found that it
stabilized KDMA4D even in USP14/BRCC3-DKO HEK293T cells
(SI Appendix, Fig. S5K), indicating that DUB activity is required
for TRIM14-mediated KDM4D stabilization. Collectively, these
results suggest that TRIM14 recruits USP14 and BRCC3 to
cleave the K63-linked polyubiquitin chains of KDM4D and pro-
tected it from autophagic degradation.

TRIM14-Deficient Mice Are Resistant to Inflammation. KDM4D
was reported to specifically demethylate H3K9me3 to regulate
the transcription of the proinflammatory cytokines [/12 and
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1123, which enhanced autoimmune inflammation in an EAE
model (20). We found that LPS promoted the removal of
H3K9me3 at the 1/12b promoter in WT BMDCs via chromatin
IP (ChIP) assays (Fig. 64). Compared with WT BMDCs,
Trim14~'~ BMDCs showed higher levels of H3K9me3 at the
promoters [l12b, Il12a, and II23a, especially after LPS treat-
ment (Fig. 64 and S Appendix, Fig. S64). Consistent results
were observed in WT and TRIMI4-KO HeLa cells (S
Appendix, Fig. S6B). We next investigated whether TRIM14
promoted /12 and /123 expression. The mRNA levels of 1l12a,
II2b, and II23a in TrimI4~'~ BMDCs were 51gn1ﬁcantly
decreased compared with those in WT BMDCs treated with
LPS (Fig. 6B). To identify the gene occupancies at the genomic
level, we performed a ChIP—se(}uencing (ChIP-seq) assay of
H3K9me3 in WT and TrimI4~'~ BMDCs that were subse-
quently treated with LPS. TiimI4 deficiency changed the distri-
bution pattern of H3K9me3 at the genomic level (SI Appendix,
Fig. S6 C and D), and the occupied genes mainly contributed to
the MAPK signaling pathway (SI Appendix, Fig. S6E). After
LPS stimulation, the occupied genes were mainly involved with
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the T helper (Th) cell differentiation pathway compared to
those in untreated cells (SI Appendix, Fig. S6E). Consistent
with these findings, the occupancy profile of H3K9me3 was
increased at the [123a and IlI7b loci in TrimI4~'~ BMDCs
treated with LPS compared with that in WT BMDCs; the occu-
pancy profile of H3K9me3 at the /13 and /6 loci in Trim14~/~
BMDC:s treated with LPS were similar to that in WT BMDCs
(81 Appendix, Fig. SOF).

These results further support the hypothesis that TRIM14
modulates the differentiation of Th cells to promote an inflam-
matory response. By comparing the phenotypes of WT and
Trim14~'~ EAE mouse models immunized with the myelin oli-
godendrocyte glycoprotein (MOG) peptide MOG(35-55) and
pertussis toxin (PTX), we found that the TrimI4 '~ mice exhib-
ited reduced clinical symptom severity of EAE (Fig. 6C), with
less infiltration of immune cells into the brain (Fig. 6D). Immu-
nofluorescence staining showed a decreased infiltration of
CD45" immune cells into the brains of Trim14~/~ mice com-
pared with WT mice (SI Appendix, Fig. S7A). Similarly, flow
cytometry analysis indicated reduced quantities of
IL17A*CD4™ cells (Q2) and IL21*CD4™ cells (Q6) in the CNS
(brain and spinal cord) of TrimI4~'~ mice relative to WT mice
(Fig. 6E and SI Appendix, Fig. S7TB). The mRNA levels of
1112a, 1112b, and II123a were decreased in both the spinal cord
(Fig. 6F) and brain (Fig. 6G). In summary, our data illustrate
that TRIM14 deficiency helps resolve inflammation to promote
resistance to EAE.

Discussion

Accumulating evidence has shown that histone modifications,
especially histone methylation, play a critical role in controlling
the expression of specific inflammatory cytokines at the epige-
netic level. In this study, we identified TRIM14 as a positive
regulator of [/72b and Il123a expression as it maintains KDM4D
stability. TRIM14 deficiency down-regulated KDM4D protein
levels to suppress LPS- or TNF-a—induced transcription of 1112
and /23 by enhancing H3K9me3 at their promoters in DCs.
IL-12 and IL-23 are important in the polarization of CD4* T
cells to Th1 and Th17 cells and thereby affect the development
of EAE (26). It has been reported that deficiency of Trabid, a
DUB known to prevent proteasomal degradation of KDM4D,
inhibits the infiltration of immune cells into the CNS in an
EAE model (20). Here, we found that TRIM14 prevented
autophagic degradation of KDM4D, which was another way of
stabilizing the KDM4D protein. Consistent with these findings,
we found that TRIM14-deficient mice had lower infiltration of
IL-17A*CD4"* T cells and IL-21*CD4" T cells into the CNS
and that these mice were more resistant to CNS inflammation.

Autophagy is induced by nutrient starvation or stress and
involves the formation of autophagosomes for the degradation
and recycling of intracellular organelles and proteins (23). Macro-
autophagy can be in bulk or selective according to the cargo
sequestered (27). During EBSS-induced autophagy, most organ-
elles and proteins are sequestered into autophagosomes for deg-
radation, which is nonselective. However, the cargo receptor
OPTN specifically recognizes KDM4D as a substrate and delivers
it to autophagosomes for selective autophagic degradation. Upon
LPS treatment, the TRIM14 protein level is up-regulated to
inhibit the interaction of KDM4D and OPTN, causing an accu-
mulation of KDM4D.

Autophagy is an important cellular process that mainly occurs
in the cytoplasm. Nuclear components are translocated to the
cytoplasm for autophagic degradation. p62 is a nuclear cargo
receptor that has been reported to interact with nuclear RNF168,
an E3 ligase, to impair histone ubiquitination and DNA damage
repair (28). OPTN is mainly located in the cytoplasm of neurons
in healthy donors, yet colocalized OPTN-ubiquitin-p62 complex
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puncta have been observed in intranuclear inclusions of neuronal
intranuclear inclusion disease patients (29, 30). In this study, we
found that OPTN was mainly located in the cytoplasm, yet we
observed the colocalization of KDM4D and TRIM14 in both the
nucleus and cytoplasm. The possibility that TRIM14 functions as
a coreceptor that mediates the shuttling of nuclear cargo merits
further study.

Numerous studies have shown that polyubiquitin chains are
recognition signals for cargo receptors (23). Unlike the protea-
somal pathway, where K48-linked ubiquitin chains serve as a
major degradation signal, we and other groups have shown that
polyubiquitin chains of other lineages can also be recognized by
cargo receptors for autophagic degradation (9, 11, 31-33). K63-
linked ubiquitination was originally reported as a nondegrada-
tion signal that mediated the activation of signaling cascades in
innate immunity (34, 35). We recently found that K63-linked
polyubiquitin chains on p100/p52 were recognized by p62 and
served as a degradation signal to restrict inflammation (10).
Here, we found that OPTN can also bind to the K63-linked
ubiquitin chains of KDM4D to mediate its degradation. In
addition, TRIM14 cooperated with USP14 and BRCC3 to
cleave the K63-linked ubiquitin chains of KDM4D and prevent
autophagic degradation of KDM4D. We also observed that
K27-linked ubiquitination of KDM4D decreased slightly with
TRIM14 overexpression (SI Appendix, Fig. S54). Since USP14
does not specifically cleave K63-linked ubiquitin chains (36), we
think the slight effect of TRIM14 on K27-linked ubiquitination
may be due to the nonselective deubiquitination activity of
DUBs interacting with TRIM14.

In our previous study, we found that USP14 and TRIM14
often form a deubiquitination complex to inhibit selective
autophagy (9). Here, we found that BRCC3 and USP14 play
redundant roles in removing the ubiquitin chains of KDM4D.
Our data illustrate that TRIM14 serves as a platform to recruit
USP14 and BRCC3 to deubiquitinate ubiquitin chains conju-
gated to KDM4D, which in turn inhibits OPTN-mediated auto-
phagic degradation of KDM4D and up-regulates the expression
of Il12 and 1123 by reducing H3K9me3 at their promoters to
promote inflammation. However, it is an open question how
KDM4D is ubiquitinated. There are three main types of E3
ligases based on their functional domains and mechanisms:
RING E3s, HECT E3s, and RBR E3s (8). The largest family of
ubiquitin ligases, RING E3s, include a zinc-binding domain
called RING (Really Interesting New Gene). Many members
of the TRIM superfamily contain a RING domain and can thus
function as E3 ligases (37). TRIM14 does not contain a RING
domain. We hypothesize that TRIM proteins potentially func-
tion as E3 ligases of KDM4D, although this has not yet been
reported. Interestingly, we found that several E3 ligases of the
TRIM family interacted with KDM4D in our MS dataset: TRIM4,
TRIMS, TRIMY, TRIM11, TRIM23, TRIM32, TRIM36, TRIM37,
TRIMS50, TRIM52, TRIM62, TRIM6S, and TRIM71. Whether
these TRIMs are in charge of KDM4D ubiquitination needs further
investigation.

Collectively, our data provide evidence for the autophagic
control of epigenetic regulation in inflammation, as the
TRIM14-USP14-BRCC3 complex stabilizes KDM4D and pre-
vents its autophagic degradation in DCs to mediate the patho-
genesis of EAE (SI Appendix, Fig. S8). These results suggest
TRIM14 is a potential target for therapy for inflammation-
related diseases in the future.

Materials and Methods

Generation of Trim14~'~ Mice. Trim14~'~ mice were created with a CRISPR/
Cas9 system, which was described in a previous study (9). The mice were raised
in a specific-pathogen free animal facility at Sun Yat-sen University. All the
experimental protocols related to the handling of mice were approved by the
institution’s Animal Care and Use Committee.
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Induction of EAE Model. Six-week-old female mice were immunized with
MOG(35-55) (2 mg/mL, diluted with PBS) equally mixed with CFA (4 mg/mL,
completed with inactivated Mycobacterium tuberculosis) for a total of 400 uL
per mouse. Two solutions were mixed on ice by ultrasound for 5 min to form
emulsions, and then frozen at —80°C. The emulsion was slowly thawed at
4°C. These mix—freeze-thaw steps were repeated two times. The emulsion
was filtered and injected into the portion of the extremities closest to the
lymph node to induce T cell-dependent inflammation. PTX (200 pL, 2 mg/mL)
was intraperitoneally injected on day 0 and day 2. The health of the mice was
observed, and the daily clinical score was recorded using the standard scale: 0)
no clinical sings; 1) weak tail; 2) paraparesis (weakness, partial paralysis of one
or two hind legs); 3) paraplegia (complete paralysis of two hind legs); 4) para-
plegia with weakness or paralysis of forelimb; and 5) moribund or death. Jelly
was provided on the cage floor in addition to food and water.

Flow Cytometry Analysis. Single-cell suspensions of brains and spinal cords iso-
lated from WT and Trim74~~ EAE mouse models were washed in PBS with
10% FBS. Cells were stained with the following fluorescence-labeled antibod-
ies: APC-Cy7—conjugated anti-CD45 (BD, B557659), PE-ef610-conjugated CD4
(eBioscience, 61004382), BV785-conjugated anti-CD8 (eBioscience, 60-5961),
BV510-conjugated anti-IL-17A (BD, 563295) and PE-conjugated anti-IL-21
(R&D, 1C594P-100). Subsequently, cell suspensions were subjected to flow
cytometry for analysis. Statistical analysis was performed by Flowjo_v10.

Fluorescence Microscopy. Cells were cultured on glass-bottomed culture
dishes (Nest Scientific) and washed with PBS three times before collection.
Then, the cells were fixed with 4% paraformaldehyde for 15 min and washed
with PBS. Subsequently, methyl alcohol was added for 30 min at-20 °C to per-
meabilize the cells. After the cells were washed with PBS three times for 5
min, they were blocked with PBS supplemented with 6% fetal goat serum for
1 h and incubated with primary antibodies diluted in PBS supplemented with
6% fetal goat serum overnight at 4 °C. The cells were washed three times and
stained with the indicated fluorescently labeled secondary antibody on the
second day. DAPI staining was done last. Confocal images were captured by a
microscope (LSM710; Carl Zeiss). The images were analyzed in ImageJ software
(NIH). Approximately 50 cells were quantified per group.

Isolation of BMDCs. BM cells were isolated from WT or Trim14 '~ mice. Then,
they were cultured in RPMI medium 1640 containing 10% FBS. We added
GM-CSF (20 ng/mL) and IL-4 (10 ng/mL) for 7 d to induce BMDCs. Half of the
culture medium was changed after three days and GM-CSF and IL-4 were
supplemented.

Co-IP and Immunoblotting Analysis. For co-IP of KDM4D and OPTN or LC3,
samples were treated with EBSS to induce autophagosome formation, since
the interaction of KDM4D and OPTN or LC3 increased when global autophagy
was initiated. BafA1 is an H"-ATPase inhibitor that blocks autophagosome
degradation in autolysosomes (38); therefore, the interaction between these
proteins is detected more easily in the presence of BafA1. Then, the cells were
lysed in low salt lysis buffer (LSB, 50 mM Hepes [Invitrogen, 15630-080], 10%
glycerol [Vetec, V900122-6X500ML], 1% Triton X-100 [Sigma, T9284-500ML],
150 mM NaCl [Guangzhou Chemical Reagent Factory, 7647-14-5], 1 mM EDTA
[Vetec, V900106-500G], 1.5 mM MgCl, [Vetec, V900020-6X500G], supple-
mented with protease inhibitor and phosphorylation inhibitor) on ice for 30
min. The extracts were centrifuged for 5 min at 4°C. For co-IP, the superna-
tants were incubated with the indicated antibody overnight at 4 °C, followed
by the addition of Protein A/G beads (Pierce). For the ubiquitination assay of
KDM4D, 1% SDS was added to the lysis buffer, and extracts were boiled for 10
min to denature the sample. Then, the samples were diluted to 0.2% SDS for
IP. For IP with anti-Flag, anti-Flag beads (Sigma) were used. The beads were
washed several times by full immersion in LSB and eluted with 2x SDS loading
buffer for subsequent SDS/PAGE. For immunoblotting analysis, the superna-
tants were mixed with 5x SDS loading buffer for SDS/PAGE. The proteins were
transferred to PVDF membranes (Bio-Rad) for further antibody detection.
Image Lab 5.2.1 (Bio-Rad) software was used to capture the immunoblot sig-
nal and to examine all the immunoblots to avoid overexposured images.
Short-term exposure images in the linear range were chosen for protein quan-
tification by ImageJ software (NIH).

Cell Culture. HEK 293T and Hela cells were cultured in DMEM (HyClone) with
10% FBS (GenStar) and 1% L-glutamine (Gibco). BMDCs were cultured in
RPMI-1640 medium (Gibco) with 10% FBS (GenStar) and 1% L-glutamine
(Gibco). Cells were incubated at 37 °Cin 5% CO,.

Plasmids and Small Interfering RNA Transfection. TRIM14, KDM4D, OPTN,
and the other plasmids mentioned were cloned into the pcDNA3.1 vector for
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transient expression. TRIM14 was cloned into FG-EH-DEST for retroviral
expression. Point mutations, including Flag-KDM4D (K4459R) and Flag-
KDMA4D (K472R), were generated by site-directed mutagenesis (Sbsgene). For
the HA-tagged specific ubiquitin chain (K6, K11, K27, K29, K33, K48, and K63)
plasmids, all the other K residues were substituted with R on ubiquitin but the
indicated K; thus, such ubiquitin mutants could only form polyubiquitin chains
by conjugation at the indicated K site. TRIM74 small interfering RNA (siRNA)
and control (scramble) siRNA were obtained from Vigene. For transfection,
plasmids were mixed with the transfection reagent (GenStar) at an optimum
ratio of 1:3. After vortexing and short centrifugation, the mix was allowed to
stand for 10 min before being added to the cell culture. For transfection of
siRNA, siRNA was mixed with Lipofectamine RNAi MAX (Invitrogen) at an
optimum ratio of 1:1. After vortexing and short centrifugation, the mix was
allowed to stand for 15 min before being added to the cell culture. The RNA
oligonucleotides used in this study were:

human TRIM14-siRNA #1 forward: CCGAGAAGCUCAAGGCUAA
reverse: UUAGCCUUGAGCUUCUCGG

human TRIM14-siRNA #2 forward: CAGAUUACUACUUGACGAA
reverse: UUCGUCAAGUAGUAAUCUG

human TRIM14-siRNA #3 forward: CGUGCAGAAACUCAGCCAA
reverse: UUGGCUGAGUUUCUGCACG

human TRIM14-siRNA #4 forward: CCAAGAAAUUCAUUGAUAA
reverse: UUAUCAAUGAAUUUCUUGG

human UBE2N-siRNA #1 forward: GGCUAUAUGCCAUGAAUAAUU
reverse: AAUUAUUCAUGGCAUAUAGCC

human UBE2N-siRNA #2 forward: CCAGAUGAUCCAUUAGCAAUU
reverse: AAUUGCUAAUGGAUCAUCUGG

Reagents. We used StarFect High-efficiency Transfection Reagent (GenStar) to
transfect plasmids into cells according to the manufacturer’s instructions. Cells
were incubated in EBSS (Gibco) to induce autophagy. Puromycin (P9620),
MG132 (C-2211-5MG), doxycycline (Doxy; D9891), BafA1 (H2714), 3-MA
(M9281-100MG), LPS (L4391-1MG), cycloheximide from microbes (CHX, C1988-
1 g), and Triton X-100 (T9284-500ML) were purchased from Sigma. Recombi-
nant TNF-a (300-01A) was purchased from PeproTech. IOX1 (HY-12304) was
purchased from MCE. LSB (50 mM Hepes, 150 mM NaCl, 1 mM EDTA, 10%
glycerol, 1.5 mM MgCl,, and 1% Triton X-100) was used. Hepes (15630-080)
was purchased from Invitrogen. NaCl (7647-14-5) was purchased from Guang-
zhou Chemical Reagent Factory. EDTA (V900106-500G), glycerol (V900122-
6X500ML) and MgCl, (V900020-6X500G) were purchased from Vetec.
MOG(35-55) (T510219-0005) was purchased from Sangon Biotech. CFA
(F5881) was purchased from Sigma. PTX (#180) was purchased from ListLabs.

Antibodies. Anti-TRIM14 (sc-79761), anti-ubiquitin (sc-8017), goat anti-mouse
IgG-HRP, and goat anti-rabbit IgG-HRP were purchased from Santa Cruz. Anti-
K63-linkage polyubiquitin (D7A11) was purchased from Cell Signaling Tech-
nology. Anti-H3K4me3 (A2357) was purchased from Abclonal. Anti-H3K9me3
(61013) and anti-H3K9me2 (39375) were purchased from Active Motif. Anti-
Histone H3 antibody (ab1791) was purchased from Abcam. Anti-H2B (12364S),
anti-H2A (12349S), anti-BRCC3 (#18215), and anti-UBE2N (#6999S) were pur-
chased from CST. Horseradish peroxidase (HRP) anti-Flag (A8592) and anti-
USP14 (WHO0009097M4-100UG) were purchased from Sigma. Anti-KDM4D
(ab93694) was purchased from Abcam. HRP-anti-HA (12013819001) was pur-
chased from Roche. Anti-c-Myc-HRP (11814150001) was purchased from Roche
Applied Science. Anti-ATG5 (12994S) was purchased from Cell Signaling Tech-
nology. Anti-NDP52 (12229-1-AP) and anti-OPTN (10837-1-AP) were purchased
from Proteintech.

RNA Extraction and qRT-PCR. Total RNA was isolated by TRIzol Reagent (Invi-
trogen) and reverse transcribed to cDNA by reverse transcriptase (Takara). We
applied SYBR Green qPCR Mix (GenStar) for real-time PCR and normalized the
data to GAPDH. The following primers were used:

mll12a forward primer: 5'-ACTAGAGAGACTTCTTCCACAACAAGAG-3’
mll12a reverse primer: 5'-GCACAGGGTCATCATCAAAGAC-3/

mll12b forward primer: 5-GGAGACACCAGCAAAACGAT-3'

mll12b reverse primer: 5'-TCCAGATTCAGACTCCAGGG-3'

mll23a forward primer: 5'-GCCAAGAAGACCATTCCCGA-3'

mll23a reverse primer: 5 TCAGTGCTACAATCTTCTTCAGAGGACA3
mGapdh forward primer: 5 GAAGGGCTCATGACCACAGT-3

mGapdh reverse primer:5'-GGATGCAGGGATGATGTTCT-3

ChIP Assays. ChIP assays were performed with BMDCs (1 x 10%) stimulated
with LPS (100 ng/mL) for 6 h and then fixed for the experiments as described
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by the manufacturers of the SimpleChIP Enzymatic Chromatin IP Kit (#9003,
Cell Signaling). Then, gPCR was performed to quantify precipitated DNA by
using the following primer pairs:

I12a forward primer: 5'-ACGCACTTGTCCTTGAGATG-3'
1112a reverse primer: 5'-CTGACCTTGGGAGACACATTT-3/
1112b forward primer: 5'-CATTTCCTCTTAACCTGGGATTTC-3’
1112b reverse primer: 5'-CTGCTCCTGGTGCTTATATACT-3'
1123a forward primer: 5-AGGCACTAGGAAAGAGGATCTA-3
1123a reverse primer: 5'-GTTCATACCTGGAGGAGTTGG-3'

ChiIP-Seq Analysis. For ChIP-seq analysis, paired-end sequencing reads from
ChlIP-seq were mapped to mm10 mouse reference genome by using Bowtie2
(v2.2.5) with default parameters, and the SAM files were converted to BAM
files. The unmapped and multimapped reads were discarded. Then PCR dupli-
cates were marked by Picard Tools (v 2.14.0). ChIP-seq peaks were called by
MACS2 (v 2.2.6) with default options. The Bowtie-aligned peaks were
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visualized by using Integrated Genome Browser (39). Peaks were annotated to
the gene with the closest transcription start sites by ChiPseeker (v1.28.3) avail-
able on Bioconductor. Enrichment analysis was performed by clusterPro-
filer (v4.0.5).

Statistical Analysis. Statistical analysis was conducted in Prism software. Two-
tailed unpaired t tests were used to detect significant differences. ns, not sig-
nificant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Data Availability. ChIP-seq data were deposited in the Sequence Read Archive
repository under the accession code PRJINA800612. All other study data are
included in the main text and S/ Appendix.
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