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SUMMARY
We report a novel translation-regulatory function of G9a, a histone methyltransferase and well-understood
transcriptional repressor, in promoting hyperinflammation and lymphopenia; two hallmarks of endotoxin
tolerance (ET)-associated chronic inflammatory complications. Using multiple approaches, we demonstrate
that G9a interacts with multiple translation regulators during ET, particularly the N6-methyladenosine (m6A)
RNA methyltransferase METTL3, to co-upregulate expression of certain m6A-modified mRNAs that encode
immune-checkpoint and anti-inflammatory proteins. Mechanistically, G9a promotes m6A methyltransferase
activity of METTL3 at translational/post-translational level by regulating its expression, its methylation, and
its cytosolic localization during ET. Additionally, from a broader view extended from the G9a-METTL3-m6A
translation regulatory axis, our translatome proteomics approach identified numerous ‘‘G9a-translated’’ pro-
teins that unite the networks associated with inflammation dysregulation, T cell dysfunction, and systemic
cytokine response. In sum, we identified a previously unrecognized function of G9a in protein-specific trans-
lation that can be leveraged to treat ET-related chronic inflammatory diseases.
INTRODUCTION

Inflammation is a key host innate immune response to microbial

and pathogen challenge. Ordinarily, the immune system releases

inflammatory factors to combat an infection. However, by largely

unknown mechanisms, dysregulated inflammation can result in

severe immunopathogenic consequences such as sepsis and

acute respiratory distress syndrome (ARDS). For example,

sepsis is a dysregulated inflammatory response elicited by

gram-negative bacterial infection1,2 and is the third leading

cause of death in the US after heart disease and cancer.3,4

Sepsis occurs when immunity is unbalanced so that harmful

anti-inflammatory factors are released in a ‘‘cytokine storm’’

that damages multiple organs.5 Sepsis has no cure because a

lack of detailed mechanistic understanding of its pathogenesis

has severely restrained effective therapeutic options.
Cell Che
Endotoxin (lipopolysaccharide, LPS) tolerance (ET)6,7 is a

principal feature of many chronic inflammatory diseases and

associated complications including sepsis and ARDS. Primary

molecular characteristics of ET-related sepsis include (1) down-

regulation of ‘‘tolerizeable’’ pro-inflammatory mediators, such

as TNF-a, IL-1b, and CXCL10, and (2) upregulation of ‘‘non-tol-

erizeable’’ anti-microbial or anti-inflammatory cytokines such

as IL-10 and TGF-b. These inflammatory characteristics

together contribute to impaired adaptive immunity (e.g., T cell

exhaustion or a poor switch to the adaptive response) and sus-

ceptibility to secondary infection with an organ-damaging cyto-

kine storm.6 The current model of inflammation control in

ET macrophages, derived primarily from RNA expression

studies,8,9 involves gene-specific reprogramming of chromatin

and associated histone modifications. That is, with prolonged

LPS stimulation, chromatin of pro-inflammatory (tolerizeable)
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genes transitions from transcriptionally active to a transcrip-

tionally silent state while the other class of anti-microbial

(non-tolerizeable) genes remains transcriptionally active in

ET.10,11 Epidemiology showed that the activity of the histone

methyltransferases G9a (EHMT2) and G9a-like protein (GLP;

hereafter G9a will represent both proteins) was induced in

sepsis patients with trauma.12 Accordingly, we showed that

G9a suppressed the transcription of certain pro-inflammatory

genes in ET via interactions with transcription factors such as

cMyc.13 However, this canonical, transcription-silencing func-

tion of G9a did not explain how translation of mRNAs encoding

anti-microbial or anti-inflammatory proteins was upregulated in

the immunocompromised ET macrophage cells in which G9a is

constitutively (enzymatically) active.

We reported that inhibition of G9a activity mitigated or

reversed ET,13 thereby linking G9a activity to the ET phenotype.

Thus, we first employed our chromatin activity-based chemo-

proteomics (ChaC)-mass spectrometry (MS) approach using

UNC0965,14 a biotin-conjugated small molecule inhibitor of

G9a/GLP, as a mechanistic probe15 to dissect G9a/GLP-associ-

ated pathways and mechanisms in ET. ChaC has unique

strengths to discover new functions of constitutively active

G9a, which can be extrapolated by identifying active G9a inter-

actors with known functions16,17 As expected, ChaC-MS

captured certain transcriptional regulatory proteins. Unexpect-

edly, however, quantitative ChaC-MS also identified numerous

G9a-interacting proteins that are functionally associated with

translation initiation/elongation, RNA metabolism and process-

ing, ribosomal biogenesis, and protein degradation. Specifically,

we detected increased interaction betweenG9a and several reg-

ulators of N6-methyladenosine (m6A) modification that function

during ET. A notable G9a interactor was METTL3, an RNA meth-

yltransferase that catalyzes m6Amodification of RNA to promote

oncogene translation18 and is implicated in inflammation.19–21

Additionally, in the same ET-characteristic UNC0965 pull-down

complex,22 G9a had enhanced interaction with members of

NOP56p-associated pre-ribosomal(r)RNA complex, including

FBL that directs rRNA 20-O-methylation23 and enhancer of zeste

homolog 2 (Ezh2). Based on our quantitative ChaC-MS identifi-

cation of METTL3, Ezh2, FBL, and other G9a activity-dependent

translation regulators, we hypothesized that, via interactions

with these regulators of translation or ribosome biogenesis,

constitutively active G9a has a non-canonical (non-epigenetic)

function in regulating translation-related pathways or mecha-

nisms in ET.

As the first step to test the aforementioned hypothesis, i.e.,

G9a activity may broadly impact translation to promote ET, we

investigated whether and how G9a activity regulates METTL3/

m6A-mediated translation in ET. We used approaches that

included m6A RNA immunoprecipitation-seq (RIP-seq), label-

free quantitative proteomics,24–26 tandem mass spectrometry

(MS/MS) peptide sequencing, and molecular/cellular biology

and immunological assays. We found that G9a upregulates

m6A methyltransferase activity of METTL at the translational

and post-translational modification (methylation) level. Specif-

ically, G9a activity regulates ET-characteristic expression, sub-

cellular localization, and methylation of METTL3 to promote

expression of proteins involved in survival/proliferation of inflam-

matory cytokine-producing macrophage cells27 and impairment
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of T cell function,28 two hallmarks of ET-associated diseases

such as sepsis and ARDS.

Further, we employed a quantitative translatome proteomic

approach to identify proteins on a genomic scale that showed

G9a-dependent translation (G9a-translated proteins) in ET mac-

rophages. In correlation with numerous ChaC-identified interac-

tors that were reported as putative nonhistone substrates of

G9a/GLP, translatome analysis validated the global impact of

G9a translational mechanism: From a broader view extended

from the G9a-METTL3-m6A translation regulatory axis, G9a ac-

tivates the widespread translation of broad-spectrum proteins

that unite the networks associatedwith sepsis and ARDS, partic-

ularly the sepsis-characteristic overexpression of an immune

checkpoint protein CD274 (programmed cell death-ligand 1 or

PD-L1).28 Correspondingly, inhibition of G9a or its interactor

Ezh2 similarly reduced expression of select G9a-translated pro-

teins, which confirmed the function of the G9a interactome in the

ET-characteristic translational regulation.

Overall, we showed that, in parallel with G9a-mediated tran-

scriptional repression of ‘‘tolerizeable’’ pro-inflammatory genes

for immunosuppression, G9a is non-canonically committed to

the translational activation of ‘‘non-tolerizeable’’ or anti-microbi-

al proteins in ET. To our knowledge, this involvement of G9a is

the first reported instance of a unifying molecular mechanism

that accounts for both immunosuppressive and anti-microbial

phenotypes of ET. Correspondingly, the G9a-METTL3-m6A

axis was shown to account for only a subset of G9a-translated

proteins in ET, which suggested that, via interactions with multi-

ple translation regulators other than METTL3, such as Ezh2, G9a

coordinates additional, yet to be characterized mechanisms to

facilitate protein-specific translation. Thus, further study is war-

ranted regarding G9a0s function in global protein translation or

turnover. More importantly, we show that this newly discovered

G9a-mediated translational phenomenon can be leveraged to

hinder proteostasis (i.e., expression, secretion, and/or turnover)

of chronic inflammatory disease-related factors in sepsis and

ARDS, which represents an attractive target for therapeutic

intervention.

RESULTS

Constitutively active G9a is implicated in translational
regulation of ET
Previously, we found by top-down mass spectrometry (MS),

ChIP-PCR, and ChaC analysis that the methylation activity of

G9a was constitutively higher in chronically inflamed (TL) or

endotoxin-tolerant (ET) macrophages compared with acutely in-

flamed (NL) cells.13 Accordingly, to dissect G9a-interacting path-

ways in ET, we first performed label-free quantitation (LFQ)25,26

based ChaC-MS experiments using UNC0965, a biotinylated in-

hibitor of G9a/GLP,15 in murine macrophage cells (Raw 264.7)

under non-stimulated (N), acutely inflamed, and chronically in-

flamed (TL)/ET conditions (Figures 1A and S1A). On the basis

of LFQ ratios that are proportional to relative binding of individual

proteins to G9a in TL(ET) versus N or NL, we identified 365 pro-

teins that showed consistently enhanced interaction with G9a in

TL macrophages (Figures S1B and S1C; Table S1A). In agree-

ment with G9a0s canonical transcription regulatory function,

several of these ET-specific G9a interactors were associated
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with chromatin remodeling and gene expression, such as the

PRC2 complex, the SWI/SNF complex, and BRD4. In addition,

ChaC LFQ-MS identified enhanced associations of G9a

with numerous translation-associated proteins that function

in e.g., m6A modification, rRNA/ribosome/polysome biogenesis,

RNA processing, immunity, and SUMOylation/protein-folding

(Figure 1B).

We next validated dependence of these translation-related in-

teractions on the enzymatic activity of G9a by performing inhib-

itor competition ChaC experiments in Raw264.7 macrophage

cells under N and TL conditions. As a UNC0965 competitor,

we used 99.95% pure UNC0642 (a non-tagged inhibitor of

G9a) that potently binds to active G9a at IC50 < 2.5 nM.29

Increasing amounts of UNC0642 progressively displaced consti-

tutively active G9a binding to UNC0965 (Figure S1D). In parallel,

LFQ ChaC-MS identified 174 proteins whose binding to

UNC0965 was reduced following UNC0642 pre-treatment

(Table S1B). As expected, the majority of these G9a activity-

dependent interactors are functionally associated with transla-

tion regulation, rRNA/ribosome biogenesis, immunity, and RNA

splicing (Figure 1C). These results validated the specificity of

binding between these translation regulators and constitutively

active G9a, which is the determinant of G9a function in the trans-

lational regulation.

G9a andGLP lay downH3K9-me1/2marks byway of their cat-

alytic SET domain, and they bind the same marks (methylated

lysine; Kme) by way of their ankyrin repeat regions. In agreement

with these facts, many ET-specific G9a interactors (Figure 1B)

that were verified by competition quantitative ChaC-MS (Fig-

ure 1C) are known or putative nonhistone substrates of G9a,

mostly involved in ribosome biogenesis (Figure S1E). Altogether,

combined ChaC-MS results suggest that, via interaction and/or

methylation of various translation regulators, G9a coordinates

ET-promoting translation in a SET domain-dependent manner.

G9a and METTL3 coregulate m6A-mediated translation
of pro-ET proteins
Notably, among the ChaC-identified G9a interactors, a cluster of

m6A readers and writers showed increased interaction with G9a

in ET macrophages (Figure 1B). Reciprocal IP-MS experiments

using Flag-tagged METTL3, the methyltransferase responsible

for m6A modification, also detected G9a complex members

(EHMT1, EHMT2, WIZ) along with most of the ET-specific trans-

lation regulatory proteins identified by ChaC-MS (Figure S1F;

Table S1C). These results from unbiased interactome screening
Figure 1. Constitutively active G9a is involved in translational regulato

(A) Schematic of ChaC-MS based dissection of G9a interactome in murine macr

(B) Network depicting overrepresented terms among ChaC-identified G9a interac

NL. Physical interactions were curated from StringDB.

(C) Heatmap of ET/TL-specific G9a interactors in Raw264.7 macrophage cells (le

following UNC0642 pre-treatment (n = 3) at indicated concentrations. Specific inte

treated controls. Enrichment analysis for indicated proteins is included (right).

(D) Immunoblots showing increased association between endogenousG9a and va

as positive controls. The Raw264.7 macrophage cell lines either stably expressing

inputs and right = UNC0965 pull-down (PD). Some interactors were pulled down

(E) Polysome analysis of G9a- or METTL3-dependent protein synthesis in Raw264

40S and 60S ribosomal subunits, 80S monosomes, and polysomes (top). Zoom

duplicate.

See also Figure S1 & Table S1.
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indicated that G9a and METTL3 function in the same translation

regulatory pathways. In agreement with the ChaC and IP-MS re-

sults, immunoblotting further confirmed ET/TL-specific associa-

tion of endogenous G9a with various m6A writers (METTL3) and

readers (YTHDC1, YTHDF2, IGF2BP3, HNRNPA2B1) along with

other translation regulators including eIF4E. In macrophage cells

with G9a knock-down, UNC0965 pulled down only proteins that

interacted with residual G9a (Figures 1D and S1G). Pre-treat-

ment with excess UNC0642 reduced the amount of METTL3 in

UNC0965 pull-downs, further confirming specificity of G9a-

METTL3 interaction during ET (Figure S1G). These results,

coupled with the fact that METTL3 promotes mRNA translation

in both methyltransferase activity-dependent and independent

manner,18 led us to investigate the function of G9a in

m6A/METTL3-regulated translation during ET.

We used CRISPR/Cas9 to knock out (KO) G9a or METTL3 in

macrophages subjected to LPS stimulation to generate cells

with different inflammatory conditions (NL, T, or TL). As indicated

by reduced levels of proinflammatory markers such as phospho-

p65 and phospho-IkB in macrophages under prolonged LPS

stimulation, depletion of either METTL3 or G9a caused reduced

ET and re-sensitized ET macrophages to LPS stimulation

(Figures S1H and S1I). These results suggested that ET is core-

gulated by G9a and METTL3. Next, we measured global protein

synthesis based on polysome abundance in wild type versus

G9a KO andMETTL3 KOmacrophages.30 Polysome abundance

similarly decreased in G9a KO, G9a inhibitor (UNC0642) treated,

and METTL3 KO cells compared with wild-type controls under

LPS-treated and untreated conditions (Figure 1E). Thus, deple-

tion of either G9a or METTL3 suppressed global protein synthe-

sis in murine macrophage cells. Further, because cytosolic

translocation of METTL3 is correlated with its translation activ-

ity,18 we investigated the effect of G9a activity/expression on

the subcellular distribution of METTL3 under non-stimulated

(N) and endotoxin tolerant (TL/ET) conditions. Coincident with

the ET-promoting function of METTL3, more METTL3 was pre-

sent in the cytosol of TL macrophages compared with unstimu-

lated controls, and genetic depletion or pharmacologic inhibition

of G9a reduced cytosolic METTL3 (Figure S1J). In sum, G9a in-

teracts with METTL3 and regulates its expression and subcellu-

lar localization in ET macrophages to potentially regulate

METTL3/m6A-dependent translation.

To further clarify how G9a/METTL3-coregulated translation

determines the ET phenotype, we sought to identify specific

mRNAs whose translation was dependent on G9a and
ry pathways in ET

ophage cells (Raw264.7) under different inflammatory conditions (N, NL, TL).

tors in chronically inflamedmacrophages (TL/ET), compared to cells under N or

ft), identified and enriched by UNC0965-based ChaC-MS (FC > |1.4|; p < 0.05)

ractors were competed off by UNC0642 pre-treatment, comparedwith DMSO-

riousm6A regulators in TL comparedwith N or NL, with Ezh2 and Brg1 included

shRNA for G9a knockdown (KD) or empty vector (EV) for G9a wild type. Left =

from G9a KD cells because of residual G9a.

.7 cells. Absorbance profiles of sucrose density gradients show the location of

-in area focuses on polysomes (bottom). Results shown are from biological
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METTL3. Accordingly, we performed RNA-seq and m6A RNA

immunoprecipitation-sequencing (MeRIP-Seq) on wild type,

G9a KO, and METTL3 KO human macrophage cells (THP1) un-

der different inflammatory conditions (N, NL, TL). First, in the

G9a-depletedmacrophages under TL, 440 immune or inflamma-

tory response genes exhibited increasedmRNA abundance (Fig-

ure S2A; Table S2A). This finding of G9a-suppressed genes

aligned with our previous report13 that, via interactions with tran-

scriptional repressors such as cMyc, constitutively active G9a

suppresses the transcription of proinflammatory genes.

Conversely, we identified, in both G9a KO and METTL3 KO cells

under TL, 136 genes with decreased mRNA expression

compared to wild-type cells (Table S2A); these geneswere asso-

ciated mostly with regulation of cell cycle progression, cell

proliferation, and anti-viral or anti-inflammatory responses

(Figure 2A). Like the co-existence of G9a andMETTL3 in TL-spe-

cific translation regulatory complexes, this new finding of G9a/

METTL3-co-upregulated genes indicated that G9a and

METTL3 cooperate to post-transcriptionally activate expression

of pro-survival and anti-inflammatory proteins in TL. Further, 62

of 136 G9a/METTL3-co-upregulated genes were tagged with

m6A (Figure 2A). The integrative genomics viewer plots showed

that the m6A level of most mRNAs that encode these G9a/

METTL3-co-upregulated proteins decreased in either G9a KO

or METTL3 KO macrophages with TL (Figure S2B). Notably,

the ‘‘stabilized’’ or ‘‘actively translated’’ mRNA (total input) that

was proportional to the amount of m6A-tagged transcripts also

showed a dependence on both G9a and METTL3. We also vali-

dated by quantitative PCR the G9a- and METTL3-dependence

of the abundance of m6A-tagged mRNA coding these proteins

(Figure S2C).

Next, we performed LFQ proteomics to identify proteins that

exhibited G9a- or METTL3-dependent expression changes in

the same THP-1 macrophage set (e.g., wild type versus G9a

KO versus METTL3) (Table S2B). Principal component analysis

(Figure S2D) showed that, in TL, G9a KO or METTL3 KO pro-

duced clusters of protein expression profiles that were well

separated from the clusters of wild type macrophages in ET.

This result indicated that depletion of G9a and METTL3 led

to characteristic protein expression patterns that represented

similar inflammatory phenotypes. To determine which proteins

were coregulated by G9a and METTL3 at the translational

level, we compared the m6A transcriptome and proteome

data of the same sample sets including wild type versus

G9a KO versus METTL3 KO (Table S2B). The G9a/METTL3-

co-upregulated m6A mRNA or their encoded proteins that
Figure 2. G9a and METTL3 cooperate to dysregulate cell cycle and im
(A) Overrepresented terms for 136 mRNAs co-downregulated following G9a KO

(B) Immunoblot of protein expression in wild-type versus G9a KO or METTL3 KO

(C) LPS-induced cell-cycle arrest in endotoxin-tolerant conditions requires G9A a

different inflammatory conditions (e.g., N, NL, or TL). Cells were labeled with EdU

content with DAPI and for DNA synthesis with EdU.

(D) Clonogenic survival assay of WT and KO Raw 264.7 cells in different inflamma

inhibitor (UNC0642) or 1 mM EZH2 inhibitor (UNC1999). Mean ± SD of three inde

(E) Depletion of METTL3 or G9a promotes T cell activation and proliferation unde

panel) and proliferation (lower panel). The proliferation and activation markers, inc

day 6 after coculture with wild-type, METTL3 knock-out (KO) or G9a KORAW264.

prolonged LPS stimulation (TL), a mimic of ET.

See also Figure S2; Table S2.
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we identified by nonbiased MeRIP-seq or LFQ proteomics

functionally overlapped with the pathways related to antiviral

immune response and cell fate determination (Figure S2E).

Immunoblotting confirmed that expression of proteins in these

functional clusters had a dual dependence on G9a and

METTL3 (Figure 2B), which indicated that G9a and METTL3

coactivate translation of the same sets of m6A-tagged

mRNA. In agreement with our ChaC-MS finding of enhanced

interactions of G9a with METTL3 and associated translational

regulatory proteins (Figure 1B), this m6A epitranscriptomic-to-

proteomic correlation for specific proteins indicated that, via

interaction with METTL3 complex, G9a and METTL3 work in

concert in the same translation regulatory pathways that

define the ET phenotype.

G9a and METTL3 promote proliferation of ET
macrophages that produce hyperinflammatory factors
One cluster of proteins co-upregulated by G9a andMETTL3 was

composed of BIRC5,31 CDC20,32,33 NUSAP1,34 CDCA7,35

TOP2A, and ALCAM, functionally associated with cell division,

mitotic cell cycle, and cell proliferation34,36–39 (Figure 2A). This

observation not only aligned with the function of METTL3 in pro-

moting cell cycle progression and survival,40 but more impor-

tantly implicated constitutively active G9a in promoting

METTL3-mediated translation of pro-survival proteins, e.g.,

METTL3-mediated m6A promotes translation of cMyc mRNA

and is responsible for cMyc stability in AML cells.41 Therefore,

we used flow cytometry to determine the effect of G9a and

METTL3 on the cell cycle in different inflammatory conditions.

Conditions that mimicked chronic inflammation (TL/ET) caused

a dramatic accumulation of macrophages in G1 compared with

non-stimulated (N) or acutely inflamed (NL) conditions (72% vs.

46%; Figure 2C). This G1 accumulation was accompanied by

fewer S phase cells (23% vs. 43%). Neither G9a nor METTL3

knockout delayed the G1 phase under the TL condition. Pro-

longed LPS stimulation (TL) caused these G9a- or METTL3-

knockout lines to spend more time in S phase relative to wild-

type cells and relative to the same cells under acute inflammation

conditions. The clonogenic assay (Figure 2D) showed both

knockout lines survived less well than controls during TL treat-

ment, and the G1 delay could serve a protective function. Akin

to our proteomic finding that G9a and METTL3 coactivate

expression of multiple pro-survival proteins, these cell cycle an-

alyses indicated that constitutively active G9a and METTL3

cooperate to restrain cell cycle progression and promote

increased survival of the slow-processing macrophages during
pair T cell function under ET
and METTL3 KO in THP-1 cells under TL (RNA-Seq; p < 0.05).

THP-1 cells under TL.

nd METTL3. Flow cytometry of the impact of G9a and METTL3 on cell cycle in

(10 mM) for 30 min before harvesting and analyzed by flow cytometry for DNA

tion conditions. WT cells were either treated with DMSO (0.05%) or 1 mM G9a

pendent experiments. *p < 0.05, **p < 0.01 versus control cells.

r the TL conditions. Histograms obtained from the CD8 T cell activation (upper

luding CD25 of P14 CD8+ T cells, were analyzed by flow cytometry at day 5 and

7 cells that were untreated (N) or treated with an acute LPS stimulation (NL) and
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chronic inflammation, possibly by targeting pro-survival mRNAs

for translation specifically in the growth phase (G1).

G9a and METTL3 co-upregulated ET overexpression of
PD-L1 to impair T cell function
Another cluster of G9a/METTL3-co-upregulated proteins

composed of PD-L1, CX3CR1, and IRF8 is functionally associ-

ated with immune checkpoint regulation and antimicrobial

response. PD-L1 is overexpressed in sepsis with impaired

T cell function28; likewise, our MeRIP-seq data showed an

increased level of PD-L1 (CD274) m6A mRNA under ET (Fig-

ure S2B). Although PD-L1 m6A mRNA exhibited little depen-

dence on G9a or METTL3 similar to certain METTL3-regulated

genes,18 results from LFQ proteomics and immunoblotting

consistently showed that the ET overexpression of PD-L1 was

dependent on G9a and METTL3 (Figures 2B and S2E). Thus,

we hypothesized that G9a and METTL3 impair T cell function

via promoting translation or overexpression of PD-L1 in ET mac-

rophages. To test this hypothesis, we performed a similar T cell

proliferation assay42 to determine the effect of either G9a KO or

METTL3 KO on T cell function under the TL/ET condition. We

compared T cell activation and proliferation by incubation of

wild type, G9a KO, or METTL3 KO Raw cells collected under

different inflammatory conditions (N, NL, and TL) with T cells

from a P14 transgenic mouse. By monitoring T cell activation

marker CD25, we observed that the co-existing TL/ET wild-

type cells suppressed activation of CD8+ T cells, whereas incu-

bation with G9a KO or METTL3 KO cells produced efficiently

activated T cells (Figure 2E, upper panel). Similarly, we found a

greater number of proliferated P14 CD8+ T cells after six days

of co-incubation of T cells with either G9a KO or METTL3 KO

cells, whereas wild-type cells lost the ability to promote prolifer-

ation of T cells in ET (Figure 2E, lower panel). Overall, these re-

sults showed that G9a andMETTL3 impair T cell function by pro-

moting overexpression of immune checkpoint proteins such as

PD-L1.
Figure 3. G9a regulates activity, expression, and methylation of METT

(A) Bar chart depicting the effect of G9a depletion on level of m6A modified RNA i

TL). Mean ± SD of three independent experiments. (Top): Knocking down G9a (

endotoxin tolerance condition. *p < 0.05. (Bottom): Knocking out G9a or METT

tolerance condition. *p < 0.05, **p < 0.01

(B and C) Heatmaps showing RNA-Seq (B) and LFQ proteomics (C) results for v

under different inflammatory conditions (N, NL, TL). Two biological replicates w

distribution of m6A regulator signature in each column and results of pairwise com

****p < 0.0001. (See also Table S2).

(D) Immunoblots confirming LPS/time-dependent interaction between G9a and M

293/TLR4-MD2-CD14 cells and their interaction confirmed by both ‘‘forward’’ HA-

and HA-G9a (1:3) in 293/TLR4-MD2-CD14 cells followed by HA-G9a IP confirmed

were monitored by p65 phosphorylation; (right): Time-course dependent intera

following 1 mg/mL LPS treatment for indicated time points.

(E) Mapping the interacting domains of G9a and METTL3; (top): G9a mutant lacki

deletion (D 201-580) mutant of METTL3 (M1) did not interact with G9a.

(F) Schematic showing position of LC-MS/MS identifiedmethylated lysine (K) resid

increased (red), decreased (blue), or was not detected (gray) following UNC0642

(G) Bar chart depicting changes in METTL3 methylation following UNC0642 trea

MD2-CD14 cells that were subjected to LPS stimulation (TL) 24 h after transfecti

enrichment, trypsinization, and LC-MS/MS analysis for identification and quan

samples relative to DMSO-treated controls, normalized by total METTL3. Mean ±

individual site identification represented by a dot. **p < 0.01, ***p < 0.001, ****p <

See also Figure S3; Table S2.
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G9a regulates METTL3-driven translation at the
translational and post-translational levels
To investigate how G9a regulates METTL3-dependent transla-

tion, we first looked at the total m6A level of RNA under different

inflammatory conditions (N, NL, T, and TL). Prolonged endotoxin

treatment (T/TL) increased global m6Amodification in Raw 264.7

and THP-1 macrophages compared with unstimulated controls

(N), whereas G9a KO and METTL3 KO reduced m6A levels

across all inflammatory conditions (Figure 3A). Interestingly,

despite no change in transcript levels (Figure 3B), protein

expression of METTL3 decreased significantly following G9a

KD in ET macrophages (Figures 1D and S1G), where both G9a

and METTL3 were induced. However, UNC0642 treatment did

not affect METTL3 expression (Figure S1G) but altered its sub-

cellular localization (Figure S1J) in ET macrophages. These find-

ings suggested that G9a regulates METTL3 expression and/or

methyltransferase activity at the post-translational level. In

contrast, protein expression of other m6A regulators remained

largely unchanged in ctrl-KO macrophage cells under TL

compared with N/NL, despite significantly lower transcript levels

(Figures 3B and 3C). G9a KD led to a significant reduction in pro-

tein expression for most m6A regulators with minimal difference

at the RNA level (Figures 3B and 3C). Taken together, these data

suggested that G9a regulates/promotes expression, m6A meth-

yltransferase activity, and cytosolic localization of METTL3 in ET

macrophages by a combination of translational and post-trans-

lational mechanisms.

Further, we investigated exactly how ET-activated G9a inter-

acts with and regulates METTL3-mediated translation in the pro-

tein-specific control of chronic inflammation. We co-transfected

equal amounts of HA-tagged G9a and Flag-tagged METTL3 into

LPS-responsive 293/TLR4-MD2-CD14 cells43 under different in-

flammatory conditions (N, NL, or TL). As expected, using ‘‘for-

ward’’ (anti-HA) and ‘‘reverse’’ (anti-Flag) immunoprecipitation

(IP), we confirmed that enhanced interaction between G9a

and METTL3 occurred specifically in T or TL (ET), and that their
L3 during ET.

n Raw264.7 and THP-1 cells under different inflammatory conditions (N, NL, T,

shRNA) in Raw 264.7 macrophage cells reduced the total mRNA m6A level in

L3 in THP-1 monocyte cells reduced the total mRNA m6A level in endotoxin

arious m6A regulators in wild-type versus G9a KO or METTL3 KO THP-1 cells

ere performed per condition with their median shown. Boxplot at top shows

parisons are shown as ns = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001,

ETTL3; (Left): HA-G9a and Flag-METTL3 (1:1) were co-transfected in naive (N)

G9a IP and ‘‘reverse’’ Flag-METTL3 IP; (middle): Co-transfecting Flag-METTL3

increased G9a-METTL3 interaction in T/TL. Cell responses to LPS stimulation

ction between Flag-METTL3 and HA-G9a (1:3) in 293-TLR4/CD14/MD2 cells

ng its catalytic domain (D4) did not interact with METTL3; (bottom): C-terminus

ues acrossMETTL3 protein. Circle color indicates whethermethylation at a site

(1 mM) treatment. NLS = nuclear localization signal; ZNF = zinc finger domain.

tment. Flag-METTL3 and HA-G9a were transiently transfected into 293/TLR4-

on, along with 1 mM UNC0642 or DMSO treatment, followed by Flag-METTL3

tification of protein methylation. The y axis shows ratio of UNC0642 treated

SD of three independent experiments each performed in duplicate, with each

0.0001 compared to DMSO-treated control.
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co-expression (input) and interaction increased with prolonged

LPS stimulation that mimicked ET (Figure 3D). Next, using

domain-truncated constructs, we showed that the catalytic

SET domain of G9a interacts with the C-terminus region (aa

201–580) of METTL3 (Figure 3E). In coordination with the results

from inhibitor competition ChaC analysis (Figure S1E), this

domain mapping result suggested that G9a methylates

METTL3 via G9a catalytic domain in ET. Phosphorylation,44

SUMOylation,45,46 and ubiquitination,45 of METTL3 have been

reported, suggesting the propensity ofMETTL3 to be post-trans-

lationally modified. However, literature on METTL3 methylation

is lacking. Initially, we conductedmethyltransferase activity anal-

ysis that showed that the G9a SET domain alone had negligible

activity on purified METTL3 as opposed to nucleosome control

in vitro (data not shown). This result suggested that, in vivo,

G9a requires additional cofactors or acts as a scaffold to recruit

other coenzyme(s) to facilitate METTL3 methylation. Therefore,

to identify in vivo G9a methylation site(s) on METTL3, first, we

carried out ‘‘forward’’ IP with anti-Flag (METTL3) antibody and

‘‘reverse’’ IP with anti-Kme1/me2/me3 antibody in the 293/

TLR4-MD2-CD14 cells, which confirmed increased METTL3

methylation under LPS treated conditions (T and TL) compared

with N/NL (Figures S3A and S3B). Then we used LC-MS/MS to

sequence tryptic digests from the immunoprecipitated Flag-

METTL3 and unambiguously identified six mono/di-methyl-ly-

sines (K215, K281, K286, K296, K327, and K345), all within the

C-terminus region of METTL3 (aa 201–580) that directly inter-

acted with the catalytic SET domain of G9a (Figure 3F). Similarly,

in line with immunoblotting results (Figure S3B), multiple

METTL3 lysine residues (K215, K327) showed increased methyl-

ation in T or TL compared to N/NL conditions (Figure S3C).

Next, we identified differentially methylated lysine(s) on

METTL3 following pharmacologic (UNC0642) inhibition of

G9a during ET. UNC0642 is more than 20,000-fold selective/

specific for G9a and GLP over 13 other methyltransferases

(IC50 > 50,000 nM) and more than 2,000-fold selective over

PRC2-EZH2 (IC50 > 5,000 nM).29 Thus, any Kme site(s) that

show UNC0642-suppressed abundance should be G9a regu-

lated. Accordingly, we performed LFQ LC-MS/MS sequencing

experiments on the METTL3 isolated from the 293/TLR4-MD2-

CD14 cells with and without UNC0642 treatment under TL con-

ditions. We unambiguously identified three methyl-lysine (Kme)
Figure 4. G9a promotes global protein turnover, partly by the G9a-METT

proteins in ET macrophages

(A) Overview of translatome strategy to determine protein half-lives (also see sup

(B) Bar chart depicting number of proteins in each condition for which turnover inf

(degradation), or both curves.

(C) Distribution of global protein turnover half-lives in different conditions are depi

shown in red at bottom. p < 0.0001 (one-way ANOVA with Tukey’s post hoc an

significant, ****p < 0.0001.

(D) Hierarchical clustering for median half-lives of G9a-translated proteins. Anno

G9a/GLP andm6Amodified genes (MeRIP-Seq) identified earlier in the study with

protein half-lives in individual conditions with median of each condition depicted b

(E) Pathway enrichment analysis for indicated comparisons. Size of the circle de

Figure S5).

(F) Protein interaction network for G9a/METTL3 coregulated m6A-target genes. G

(G) Heatmap showing that ET promotes turnover of inflammation/sepsis/ARDS-re

G9a loss/inhibition reverses this effect.

See also Figures S4 and S5; Table S3.
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residues, K286, R296, and K345, that showed UNC0642-

reduced methylation, whereas K215me and K327me were not

identified in high confidence in UNC0642-treated cells (Fig-

ure 3G), likely due to extremely low abundance of lysine methyl-

ation of nonhistone proteins. We also compared MS/MS-

sequenced methylation regions of METTL3 with reported

G9a-target motifs. Interestingly, K215 is in the SRKH motif that

matches G9a-target sequence (ARKS) where R before K is crit-

ical for lysine methylation.47,48 Moreover, K215 SUMOylation

suppressed the m6A methyltransferase activity of METTL3,45

and increased methylation at K215 in T/TL represents post-

translational activation of METTL3 complex, thus explaining

earlier observations (Figures 3A–3D, 1D, and S1G) of higher total

m6A levels in T/TL despite lower levels of m6A regulator tran-

scripts. Also, K215 is within the nuclear localization signal,

potentially explaining the changes observed in METTL3 nu-

clear/cytosolic distribution following depletion or inhibition of

G9a (Figure S1J). Altogether, multiple lines of evidence indicated

that G9a-regulated METTL3 methylation is involved in ET

translation.

G9a accelerates global protein turnover in ET
ET-specific association of numerous translation regulators

(Figures 1B and 1C), including known and putative substrates

involved in rRNA/ribosome biogenesis (Figure S1E), together

with polysome analysis results (Figure 1E) suggested that consti-

tutively active G9a promotes global protein translation in ET

macrophages, with partial contribution from the G9a-METTL3-

m6A axis. To test this hypothesis and proteome-wide identifica-

tion of ‘‘G9a-translated’’ proteins, we employed an amino acid

coded tagging (AACT)49 or SILAC pulse-labeling-based transla-

tome50 strategy to determine rates of synthesis, degradation,

and overall turnover for individual proteins (Figure 4A

and Methods S1). Briefly, cells grown in Lys0-Arg0 (K0/R0,

‘‘light’’, L) were pulse-labeled with Lys4-Arg6 (K4/R6, ‘‘medium’’,

M) supplemented media. At 2h, 4h, 8h, 24h, 48h, and 72h after

the medium switch, protein was extracted and subjected to

tryptic digestion, fractionation, and LC-MS/MS. This experi-

mental design yields (i) increasing signals from the K4R6-labeled

protein molecules due to nascent protein synthesis and (ii)

decreasing signals from K0R0-labeled proteins due to degrada-

tion or secretion of pre-existing protein molecules. Accordingly,
L3-m6A axis, and affects kinetics of numerous sepsis/ARDS-related

plemental information).

ormation was reliably calculated using label increase (syhtesis), label decrease

cted using violin plots with median protein half-life for each condition [in hours]

alysis, Fð5;23332Þ = 63.01). Asterisks indicate difference from control. ns = non-

tations on right depict G9a/GLP interactors (ChaC), nonhistone substrates of

frequencymentioned in the legend (in red). Boxplot at top shows distribution of

y the horizontal line inside the box and mentioned [in hrs] above each column.

picts number of proteins, and color depicts log transformed p value (also see

9a-translated proteins (�60%) and relevant pathways are shown.

lated proteins in macrophages, partly by the G9a-METTL3-m6A axis, whereas
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the inhibitor-induced rate changes in nascent protein synthesis

or protein degradation were estimated by fitting the intensities

of L or M labels at different time points in wild type, G9a KO,

and UNC0642-treated macrophages under non-stimulated

(N) or prolonged endotoxin stimulation (T) conditions (Figure 4A).

The model assumed steady-state equilibrium conditions, in

which the rate of increase was counterbalanced by the rate of

decrease, leading to stable intracellular protein levels. Effects

of amino acid recycling and differences in cell division rate be-

tween different conditions were also considered. Fit qualities

were estimated using least-squared regression (R2), root-

mean-squared error (RMSE), and additional thresholds on fitted

parameters to ensure good/meaningful estimates of protein

turnover (Table S3A).

We obtained synthesis and/or degradation half-lives for

6,243 protein groups in the combined dataset (i.e., wild-type/

Ctrl, G9a-KO, UNC0642-treated cells under N and T condi-

tions). For 78–94% of fitted proteins, information was available

for both AACT-label increase and decrease, which provided an

internal duplicate measurement of protein turnover time for

each sample in a steady-state system (Figure 4B; Table S3B).

Half-life determination was reliable across labeling pairs

(R = 0.99) and cell culture replicates (R = 0.29–0.99) as evi-

denced by Pearson correlation coefficients and covariance

(Figures S4A and S4B). Under N and T conditions, whereas

principal component analysis hinted at distinct proteostasis

landscapes in macrophages, G9a knock-out or inhibition pro-

duced large effects on protein turnover compared with wild-

type macrophages (Figure S4C). Consequently, we observed

significant pairwise differences in global protein turnover time

upon G9a inhibition as well as ET (Figure S4D). Estimated pro-

tein turnover times spanned four orders of magnitude (with

some outliers), from minutes to thousands of hours. Accord-

ingly, the rates of global translation or protein turnover were

increased in ET as evidenced by shorter median half-lives in

T (24.8–32.9 h) compared with N (34.7–38.4 h)-treated samples

(Figure 4C). These ET-accelerated translation rates were

reduced in G9a-KO or UNC0642-treated macrophages, specif-

ically under T (32.9, 26.9h). Thus, in agreement with the poly-

some results that showed G9a-dependent protein synthesis

(Figure 1C), this nonbiased translatome profiling indicated

that G9a-interacting complexes accelerated global protein syn-

thesis and degradation (i.e., global proteostasis) in ET

macrophages.

G9a-mediated translation unites multiple pathways
associated with chronic inflammatory complications
Among the 6,243 proteins with AACT-quantified rates of turn-

over, 3,994 proteins showed G9a-dependent turnover based

on pairwise comparisons of protein half-lives (Figure S4E). In

line with global results, ET promoted turnover of G9a-translated

proteins, whereas depletion or inhibition of G9a reversed this

effect on global proteostasis landscape (Figure 4D). Overall,

G9a promotes turnover of proteins involved in immune

response, cell cycle, translation/proteostasis, cellular ener-

getics, RNA biogenesis, and viral or coronavirus infection-

related pathways (Figure 4E; Table S3C). Notably, 472 proteins

with ET-characteristic turnover rates were encoded by G9a

and/or METTL3-regulated m6A modified mRNAs, of which,
282 proteins (�60%) showed more than 2-fold difference in

turnover rates in a G9a-dependent manner (Figure 4D;

Table S3B). These m6A-modified-mRNA encoded, G9a-trans-

lated proteins were primarily involved in immune response,

inflammation, cell cycle, and cellular metabolism-related path-

ways (Figure 4F). Interestingly, we observed considerable vari-

ation in net protein turnover through individual pathways, which

indicated that the global protein turnover trend did not

completely capture the underlying complexity of G9a-regulated

proteostasis in ET (Figure S5). Correspondingly, the G9a-

METTL3-m6A axis accounted for only a subset of all G9a-trans-

lated proteins (i.e., 472 out of 3994), which suggested that via

interactions with distinct translation regulators other than

METTL3 (Figure 1B), G9a coordinates additional, as yet un-

known, mechanisms to facilitate gene-specific translation to

regulate chronic inflammation in ET macrophages. More impor-

tantly, our translatome strategy showed that G9a promoted

turnover of 79 proteins associated with chronic inflammatory

complications, such as sepsis and ARDS, in ET macrophages

(Figure 4G). Genetic depletion or pharmacologic inhibition of

G9a slowed turnover of sepsis or ARDS-related proteins,

revealing a new mechanism of action in which G9a is an attrac-

tive target to suppress the translation of a range of immunopa-

thogenic proteins.

Additionally, of the 3,994 G9a-translated proteins, 774 pro-

teins were also identified by ChaC-MS as ET-phenotypic G9a

interactors and 760 proteins were known or putative sub-

strates51,52 of G9a (Figure S4F; Table S3B). G9a-mediated

methylation of the nonhistone substrate FOXO1 induces pro-

teasomal degradation.53 Therefore, our results not only support

our identification of METTL3 as both a G9a interactor and a

nonhistone substrate of G9a (Figure 3C), but the results also

indicate that G9a may upregulate gene-specific turnover by in-

teracting with or methylating select translation regulators. Over-

all, combined results from ChaC-MS, m6A RIP-Seq, and trans-

latome analysis show that, via interacting or methylating

various translation regulators, particularly METTL3, enzymati-

cally active G9a upregulates the turnover of a battery of pro-

teins to regulate chronic inflammation in ET and associated

diseases.

G9a-interacting translation regulators promote
proteostasis of disease-related proteins
Bao et al. indicated the involvement of Ezh2 in the ARDS-asso-

ciated pulmonary fibrosis.54 Our translatome analysis revealed

the G9a-dependent translation of PRC2 complex proteins in

ET (see Table S3B), implicating G9a and Ezh2 in cooperatively

regulating the translation of disease-related proteins. Because

clinically validated inhibitors of Ezh2 are in antitumor clinical tri-

als, we considered Ezh2 inhibitors for sepsis therapy and

compared the proteomic effects of a G9a inhibitor (UNC0642)

with an Ezh2 inhibitor (UNC1999).55We used various quantitative

proteomic approaches,24–26 i.e., LFQ or TMT-based quantitative

methods, to quantify effect of enzymatic inhibition of G9a and

Ezh2 on expression and secretion of sepsis- or ARDS-related

proteins in ETmacrophages (Figure S6A). Based on their overex-

pression in ET macrophages, we identified 43 and 34 proteins

whose expression or secretion was suppressed by either or

both inhibitors (Figures S6B and S6C) with immunoblotting
Cell Chemical Biology 30, 1–17, December 21, 2023 11



Figure 5. Inhibition of G9a interactome enzymatic activity suppresses sepsis/ARDS related proteins

(A) Heatmap showing decrease in expression and secretion of select sepsis/ARDS-related proteins in LPS tolerant (‘‘T’’) Raw264.7 macrophages compared with

naive (‘‘N’’) cells upon pharmacologic inhibition of G9a (UNC0642, 1 mM) and Ezh2 (UNC1999, 1 mM). Cells were harvested 24h and 48h post-treatment. Sta-

tistically significant comparisons are marked by a dot, and annotations on right depict expression in COVID19 patients along with G9a-dependent translation

status of the proteins.

(B) Venn diagram shows that G9a downregulates expression, secretion, and/or turnover of numerous sepsis and ARDS-related proteins in ET macrophages.

(C) Aberrantly activated G9a in ET macrophage cells suppresses transcription of pro-inflammatory genes while upregulating translation of anti-microbial/anti-

inflammatory genes, in a METTL3 methyltransferase activity-dependent (m6A) manner, to promote hyperinflammation and associated pathologies including

sepsis and ARDS.

See also Figure S6; Table S4.
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results being consistent with our mass-spectrometric findings

(Figure S6D). More importantly, 22 sepsis- or ARDS-related pro-

teins that showed overexpression in ET (T) macrophages

compared to naive (N) cells also showed reduced expression

and/or secretion following inhibition of G9a and/or Ezh2, with

translation of 9 of these proteins being controlled by G9a (Fig-

ure 5A; Table S4). Interestingly, sepsis and ARDS are leading

complications associated with severe COVID-1956,57 and

several ET-dysregulated UNC0642/UNC1999-reversed proteins

identified were aberrantly expressed in mild/severe COVID-19

patients, compared with healthy controls (Figure 5A). Altogether,

combined with translatome results, G9a promotes proteostasis

(e.g., expression, secretion, and turnover) of 92 sepsis- and

ARDS-related proteins in ET macrophage (Figure 5B). Moreover,

G9a and Ezh2 cooperatively regulate sepsis- or ARDS-charac-

teristic inflammation, at least during the course of inhibitor treat-

ment, primarily by altering protein turnover as opposed to chang-

ing protein expression and/or secretion. More importantly, G9a

inhibition reduces turnover (see Figure 4G) as well as expression

and secretion (see Figure 5A) of numerous sepsis/ARDS-related

proteins, making it an attractive target for treatment of chronic

inflammation related-pathologies.
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DISCUSSION

G9a has a non-canonical function in gene-specific
translational control of chronic inflammation
Transcriptional mechanisms chart the host inflammatory

response to infection by expressing proteins that control of

inflammation. Prior to this study, the best-understood function

of G9a/GLP was suppression of transcription of select pro-in-

flammatory genes. This function did not explain how the expres-

sion of certain antimicrobial (anti-inflammatory) genes is upregu-

lated in ETwherein G9a is enzymatically active. Here, we reveal a

new biological concept that G9a, a well-understood epigenetic

regulator, complexes with translation regulatory machinery to

produce proteins that contribute to chronic inflammatory

pathogenesis.

Our ChaC-MS analysis of ET macrophages revealed that

constitutively active G9amay act as a global regulator of multiple

pathways that involve translation regulators. As the first step to

elucidate G9a translational mechanisms, we determined how

G9a regulates METTL3-mediated translation.18 Using multi-

omics approaches, we showed that G9a and METTL3 co-upre-

gulate expression of select m6A-tagged mRNAs involved in the
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host hyperinflammatory response and T cell dysfunction, two

hallmarks of ET-related pathogenesis (Figures 1 and 2). We

showed that G9a regulates expression, localization, and lysine

methylation of METTL3 to promote its m6A methyltransferase

activity. The G9a SET domain interacts with the N-terminus (aa

201–580) region of METTL3, and UNC0642 treatment lowered

METTL3 methylation in vivo (Figure 3). This ET-specific G9a-

regulated methylation of METTL3 is consistent with ChaC iden-

tification of multiple translation regulators as known/putative

substrates of G9a and GLP. More importantly, this result indi-

cated the involvement of constitutively (enzymatically) active

G9a in global translation mechanisms in ET.

Accordingly, using our quantitative translatome approach to

specifically identify newly translated proteins or proteins under-

going degradation in a G9a activity-dependent manner, we

confirmed that G9a activity mediates a widespread translation

mechanism:G9a accelerates global turnover of proteins involved

in regulatory pathways related to immunity, cell cycle, translation/

proteostasis, cellular energetics, RNAbiogenesis, and viral/coro-

navirus infection (Figure 4). Notably, our quantitative translatome

approach precisely measured the real-time abundances of pro-

teins with minimum contributions from gene transcription, a

method superior to Ribo-seq that correlates actively translated

mRNAs to protein products. The G9a-METTL3-m6A axis ac-

counted for only a subset of G9a-translated proteins which,

coupled with ChaC-MS identification of numerous nonhistone

substrates of G9a involved in translation/proteostasis, hints to-

ward additional mechanisms by which aberrantly activated G9a

controls protein turnover under chronic inflammatory conditions.

In this regard, G9a-binding-quantitative ChaC-MS also identified

regulators of ribosome biogenesis as G9a interactors in ET mac-

rophages, including members of FBL/NOP56-associated pre-

rRNA complex that directs 20-O-methylation-dependent transla-

tion. Indeed, global and secretome proteomic studies of G9a/

Ezh2 inhibitor effects further revealed that G9a promotes proteo-

stasis (expression, secretion. and/or turnover) of numerous pro-

teins related to sepsis or ARDS (Figure 5). Altogether, we discov-

ered that G9a has a novel, non-canonical (non-epigenetic)

function in translational control of chronic inflammation, partly

through the G9a-METTL3-m6A axis.

Inhibition of G9a translational mechanism for effective
intervention of chronic inflammatory diseases
We showed that G9a interacts with METTL3 to promote prolifer-

ation of inflammatory cytokine-producing macrophages (hyper-

inflammation), reduce proliferation of CD8+ T cells, and impair

T cell function (lymphopenia) by promoting overexpression of im-

mune checkpoint proteins such as PD-L1 (CD274) and CD25

(IL2RA) (Figure 2), both proteins being hallmarks of ET-related

complications such as sepsis, ARDS, and COVID-19. Impor-

tantly, absence of G9a and METTL3 reversed these effects and

restored T cell function, which indicated that G9a and its interac-

tome (EZH2) can be targeted to reverse systemic cytokine pro-

files in sepsis, ARDS, and COVID-19 by reducing proteostasis

(expression, secretion, and/or turnover) of 92 hyperinflamma-

tion-related proteins (Figures 4, 5, and S6). As proteins are the

actual executors of disease and regulation of protein synthesis

occurs on a much faster timescale compared with gene tran-

scription,58 targeting a translational regulatory mechanism is a
more specific and robust approach to therapeutic intervention.

Bypassing de novo nuclear control (epigenetic) mechanisms,

pharmaceutical inhibition of G9a can directly suppress transla-

tion of a spectrum of immunopathologic genes to disrupt the dis-

ease-driving proteome. Thus, unlike most anti-inflammatory and

anti-viral therapies that target one protein/epitope at a time and

are susceptible to escape mutations, targeting host pathogen-

esis-relatedmechanisms likeG9a-activated gene-specific trans-

lation is a more effective approach to treat sepsis and ARDS.

Limitations of the study
Findings in this study should be considered in light of the

following limitations that could be addressed by additional

research. First, we have an incomplete picture of themechanism

by which G9a regulatesMETTL3methylation while the functional

consequences of individual methyl-lysine residues remain

elusive—although UNC0642 regulated methyl-lysine residues

near the ZNF1/ZNF2 domains (Figure 3F), which may affect

METTL3 RNA substrate recognition. We note that G9a regulated

methylation of METTL3 affected METTL3-eIF3 interaction (data

not shown); non-methylatable mutants of METTL3 weakened

METTL3 interaction with eIF3 by approximately 30%, which re-

quires further investigation. Owing to low abundance of nonhis-

tone protein methylation (less than 5% of parental proteins),

unambiguous detection of methylation-dependent binding

changes in replicates are technically challenging. Therefore,

we removed this G9a methylation-dependent mechanism from

this paper. Second, despite identification of most m6A regula-

tors, we did not detect endogenous METTL3 by ChaC-MS (Fig-

ure 1B), however, we confirmed ET-specific G9a-METTL3 inter-

action by multiple approaches including immunoblotting

(Figures 1D and S1G), co-overexpression/co-IP (Figure 3D),

and domain mapping (Figure 3E). The reasons for this discrep-

ancy could be: (1) UNC0965 and METTL3 share binding sites

onG9a0s SET domain, (2) MS in ‘‘top_n’’ modemissed low-abun-

dance proteins, and (3) METTL3 peptides had poor ionization

and low signal-to-noise ratio in MS. Third, this study largely

focused on G9a-KO cells lines, as G9a-KO was more potent in

hindering protein turnover/translation, compared to UNC0642

treatment alone, as evidenced by polysome and translatome re-

sults (Figures 1E, 4C, and 4D). However, because of high spec-

ificity and potency of UNC0642 toward both G9a and GLP

(IC50 < 2.5nM), our translatome approach precisely identified/

profiled the proteome whose translation is coregulated by G9a

and GLP. Therefore, further studies to dissect the exact role of

GLP during G9a/GLP complex-mediated translation are needed.

Fourth, G9a, Ezh2, and METTL3 were all induced in ET macro-

phages (Figures 1B and S1G). Interestingly, we showed that

G9a depletion suppressed METTL3 methyltransferase activity

and expression, and other investigators reported that G9a59

and EZH260 transcripts themselves carry m6A modification and

are stabilized by FTO (a m6A eraser) and METTL3 (a m6A writer)

expression, respectively. Thus, possible crosstalk between the

G9a, EZH2, andMETTL3 complexes needs further investigation.

Finally, although we focused on the G9a-METTL3-m6A axis in

this study, our ChaC-MS and translatome results indicated that

G9a and GLP interact with various methyltransferases and E3 li-

gases to control other aspects of protein homeostasis that

deserve further investigation.
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SIGNIFICANCE

Endotoxin-tolerant (ET) macrophage cells have similar mo-

lecular/immunopathological characteristics as chronic

inflammation-associated complications including sepsis

and ARDS. These extreme responses of host immune sys-

tem to persistent infection involve (1) suppression of ‘‘toler-

izeable’’ pro-inflammatory genes coupled with (2) upregula-

tion of ‘‘non-tolerizeable’’ anti-microbial (anti-inflammatory)

factors that, together, contribute to impaired adaptive im-

munity and susceptibility to secondary infection with an or-

gan-damaging ‘‘cytokine storm’’. However, despite signifi-

cant clinical interest in ET, a unifying molecular

mechanism that accounts for these two effects remains

elusive. Prior to this study, the best-understood function of

G9a/GLP was to suppress the transcription of select pro-in-

flammatory genes, which failed to interpretate how the

expression of certain anti-microbial/anti-inflammatory

genes is upregulated in ET wherein G9a is enzymatically

active. Here, for the first time, we revealed a pivotal role of

G9a in ET pathogenesis through its (a) canonical function

in transcriptional repression of ‘‘tolerizeable’’ pro-inflamma-

tory genes, and its (b) non-canonical/non-epigenetic func-

tion in promoting translation of ‘‘non-tolerizeable’’ anti-mi-

crobial/anti-inflammatory factors. Mechanistically, G9a

interacts with translation regulators including METTL3, an

N6-methyladenosine (m6A) RNA methyltransferase, and

methylates/activates it to cooperatively upregulate the

translation and/or expression of certain m6A-modified

mRNAs to promote proliferation of inflammatory cytokine-

producing macrophage cells (hyperinflammation), reduce

proliferation of CD8+ T cells, and impair T cell function (lym-

phopenia); both major hallmarks of COVID-19. Interestingly,

G9a-METTL3-m6A axis accounted for only a subset of G9a-

translated proteins in ET, suggesting that via interactions

with distinct translation regulators other than METTL3,

G9a coordinates additional, as yet unknown, mechanisms

to facilitate gene-specific translation. More importantly, in-

hibition of G9a-regulated translation was shown to reverse

hyperinflammation & lymphopenia and to hinder proteosta-

sis (i.e., expression, secretion, and/or turnover) of numerous

inflammatory disease-related factors involved in sepsis,

ARDS, and COVID-19. Altogether, our findings represent

an attractive target for host-pathogenesis-dependent thera-

peutic intervention to treat ET-related chronic inflammatory

diseases.
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AF647-azide Life Technologies Catalog # A10277

DAPI Life Technologies Catalog # D1306

Dynabeads Oligo (dT)25 Thermo Fisher Catalog # 61006

Dynabeads Protein A Thermo Fisher Catalog # 10001D

N6-Methyladenosine Sigma-Aldrich Catalog # M2780

RNase Inhibitor NEB Catalog # M0314S

RNA Clean & Concentrator-5 kit Zymo Catalog # R1015

SMARTScribe reverse transcriptase Takara Catalog # 639536

Advantage Polymerase Mix Takara Catalog # 639201

AMPure XP beads Fisher Scientific Catalog # A63880

EZ Tn5 Transposase Lucigen Catalog # TNP92110

KAPA HiFi hotstart readymix EMSCO/FISHER Catalog # KK2601

KAPA Library Quantification Kit Fisher Catalog # NC0078468

Critical commercial assays

Cell Counting kit-8 Dojindo Catalog #CK04-05

m6A RNA Methylation Assay Kit Abcam Catalog # ab185912

Deposited data

MS proteomics data This paper PRIDE: PXD044382

RNA-Seq and MeRIP-Seq data This paper GEO: GSE240674

Experimental models: Cell lines

Human: 293/TLR4-MD2-CD14 Invivogen Catalog # 293-mtlr4md2cd14

Mouse: RAW 264.7 ATCC Catalog # TIB-71; RRID: CVCL_0493

Human: THP-1 ATCC Catalog # TIB-202; RRID: CVCL_0006

Human: 293T ATCC Catalog # CRL-3216; RRID: CVCL_0063

Oligonucleotides

RT-PCR BIRC5 for CCACCGCATCTCTACATTCAAG This paper N/A

RT-PCR BIRC5 rev CAAGTCTGGCTCGTTCTCAG This paper N/A

(Continued on next page)

ll
Article

Cell Chemical Biology 30, 1–17.e1–e7, December 21, 2023 e2

Please cite this article in press as: Muneer et al., Non-canonical function of histone methyltransferase G9a in the translational regulation of chronic
inflammation, Cell Chemical Biology (2023), https://doi.org/10.1016/j.chembiol.2023.09.012



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RT-PCR CD274 for TCACTTGGTAATTCTGGGAGC This paper N/A

RT-PCR CD274 rev CTTTGAGTTTGTATCTTGGATGCC This paper N/A

RT-PCR RGS13 for GGTGGAGCAGAATTTCTAGGG This paper N/A

RT-PCR RGS13 rev ACATGTTTCAGTGGGTTCCTG This paper N/A

RT-PCR CX3CR1 for CAGATCCAGAGGTTCCCTTG This paper N/A

RT-PCR CX3CR1 rev ACAGGAACACAGTCCCAAAG This paper N/A

RT-PCR GAPDH for CATGTTCGTCATGGGGTGAACCA This paper N/A

RT-PCR GAPDH rev AGTGATGGCATGGACTGTGGTCAT This paper N/A

sgRNA mG9a for ATGGCGGAAAGACAGCCCGT This paper N/A

sgRNA mG9a rev ACGGGCTGTCTTTCCGCCAT This paper N/A

sgRNA hG9a for CAGGGTTTCTTCACTACGAG This paper N/A

sgRNA hG9a rev CTCGTAGTGAAGAAACCCTG This paper N/A

sgRNA mMettl3 for AGAAAAGAAAGGTCTTGGAG This paper N/A

sgRNA mMettl3 rev CTCCAAGACCTTTCTTTTCT This paper N/A

sgRNA hMETTL3 for ATTCTGTGACTATGGAACCA This paper N/A

sgRNA hMETTL3 rev TGGTTCCATAGTCACAGAAT This paper N/A

Recombinant DNA

pcDNA4/myc-his vector Invitrogen Catalog #V86320

LentiCRISPR V2 Addgene Catalog #52961; RRID: Addgene_52961

pMD2.G Addgene Catalog #12259; RRID: Addgene_12259

psPAX2 Addgene Catalog #12260; RRID: Addgene_12260

pHA-G9a Liu et al.13 N/A

pFlag-G9a-SBP Bian et al.61 N/A

pFlag-G9a(D1)-SBP Bian et al.61 N/A

pFlag-G9a(D2)-SBP Bian et al.61 N/A

pFlag-G9a(D3)-SBP Bian et al.61 N/A

pFlag-G9a(D4)-SBP Bian et al.61 N/A

pFlag-CMV2-METTL3 Lin et al.62 N/A

pFlag-ms2-METTL3 Lin et al.62 N/A

pFlag-ms2-METTL3-(1-350) Lin et al.62 N/A

pFlag-ms2-METTL3-(351-580) Lin et al.62 N/A

pFlag-ms2-METTL3-(1-200) Lin et al.61 N/A

Software and algorithms

The R Project The R Project https://www.r-project.org/

MATLAB (R2017b) Mathworks https://www.mathworks.com/products/

matlab.html

Cytoscape version 3.8.0 Cytoscape Consortium https://cytoscape.org/

FCS Express 7 De Novo Software https://denovosoftware.com/

GraphPad Prism 9 GraphPad https://www.graphpad.com/scientific-

software/prism/

bcl2fastq2 v2.17.1.14 Illumina https://github.com/igorbarinov/bcl2fastq

Trimmomatic-0.32 software Bolger et al.63 https://github.com/usadellab/Trimmomatic

STAR v.2.5.2a Dobin et al.64 https://github.com/alexdobin/STAR

Samtools-1.1 software Li et al.65 http://samtools.sourceforge.net/

Integrative Genomics Viewer (IGV) Broad Institute https://software.broadinstitute.org/software/igv/

UCSC Genome Browser UCSC https://genome.ucsc.edu/

Maxquant version 1.6.10.43 Maxquant https://www.maxquant.org/maxquant/

Perseus version 1.5.1.6 Perseus https://www.maxquant.org/perseus/
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Ingenuity Pathway Analysis Qiagen https://digitalinsights.qiagen.com/products-

overview/discovery-insights-portfolio/

analysis-and-visualization/

qiagen-ipa/

DAVID bioinfomatics DAVID bioinfomatics http://david.abcc.ncifcrf.gov/

STRING STRING http://string-db.org/

Other

Ultra2D nanoLC system Eksigent N/A

Easy nanoLC 1000 Thermo Fisher N/A

Q-Exactive HFX Orbitrap mass spectrometer Thermo Fisher N/A

Attune NxT Beckman Coulter N/A

NextSeq 550 Illumina N/A

NanoLC trap column SCIEX Catalog #5016752

Acclaim Pepmap C18 RP column Thermo Fisher Catalog #164261
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xian Chen

(xianc@e-mail.unc.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNA-Seq andMeRIP-Seq datasets have been deposited at the GEO repository and are publicly available as of the date of pub-

lication. Mass spectrometry proteomics datasets have been deposited to the ProteomeXchange Consortium via the PRIDE

partner repository and are publicly available as of the date of publication. Accession numbers are listed in the key resources

table. All other data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains
For plasmid propagation, DH5a and stbl3 electro-competent bacterial cells were used and cultured in LB medium (plus 100 mg/ml

ampicillin for selection) at 37C with shaking.

Cell lines and treatment
HEK293T (female), 293/TLR4-MD2-CD14 (female) and murine Raw264.7 (male) cells were maintained in DMEM medium (Gibco)

while THP-1 (male) cells were grown in RPMI 1640 medium (Gibco). All media were supplemented with 10% fetal bovine serum

(Gibco) and 100 U/ml penicillin and streptomycin. Cells were grown at 37�C in humidified air with 5% carbon dioxide. For ChaC

pull-down experiments, Raw264.7 cells were either unstimulated (’Naive’ or ‘N’) or subjected to a single LPS stimulation with

1 mg/ml (’Naive+LPS’ or ‘NL’) for 15 minutes to induce acute inflammation or first primed with 100 ng/ml LPS to induce endotoxin

tolerance or chronic inflammation for 24 h (’Tolerance’ or ‘T’), followed by a second LPS challenge at 1 mg/ml for 15 minutes

(’Tolerance+LPS’ or ‘TL’). For the condition requiring G9a inhibitor treatment, 1 mM UNC0642 was added at the time of cell plating.

For global protein profiling, Raw264.7 cells were first pretreated with 100 ng/ml LPS for 24h (‘T’), then inhibitor UNC1999 (1 mM) or

UNC0642 (1 mM) was added, and cells were collected 8h, 24h and 48h post treatment. For MeRIP-Seq, THP-1 cells were first incu-

bated in the presence of 60 nM PMA overnight to differentiate into macrophages followed by 48 h resting in PMA-free medium. Like

Raw264.7 cells, THP-1 cells were either left unstimulated (‘N’) or subjected to a single LPS stimulation at 1 mg/ml for 15 min (‘NL’), or

first primed with 100 ng/ml LPS to induce endotoxin tolerance for 24 h (‘T’), followed by the second LPS challenge at 1 mg/ml for

15 min (‘TL’).
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METHOD DETAILS

Chemicals and reagents
All chemicals were HPLC-grade unless specifically indicated. Cell culture media, other components, and fetal bovine serum were

obtained from Gibco. Trypsin was purchased from Promega. LPS (Escherichia coli 0111:B4, ultrapure) was purchased from

InvivoGen (USA, Invivogen, cat# tlrl-3pelps). HEK 293 stable TLR4-MD2-CD14 cell line was also purchased from InvivoGen.

Raw264.7 and THP1 cells were purchased from ATCC (Manassas, VA). UNC0642 (G9a inhibitor) and UNC1999 (EZH2 inhibitor)55

were synthesized in Dr. Jian Jin’s lab. TMT 11-plex isobaric labeling reagent kit was purchased from Thermo Fisher (Cat.

A34808). Antibodies against G9a (07-551) and H3K9me2 (07-441) were from Millipore. Proteintech was the source of antibodies

against EIF4E (11149-1-AP), EIF3B (10319-1-AP), HNRNPA2B1 (14813-1-AP), METTL3 (15073-1-AP), YTHDF2(24744-1-AP), PD-

L1 (66248-1-lg), CDC20 (10252-1-AP), CDCA7 (15249-1-AP), BIRC5 (10508-1-AP), TPX2 (11741-1-AP), TOP2A (24641-1-AP),

NUSAP1 (12024-1-AP), SPP1 (22952-1-AP), SQSTM1 (18420-1-AP), and ACTIN (60008-1-lg). Antibody against p-p65(S536)

(3033) was from Cell Signaling. Antibody against Brg1 (H-88) (sc-10768x) was from Santa Cruz. Anti-HA (clone HA-7) and anti-

flag M2 (clone M2) antibodies were from Sigma. An m6A RNA methylation quantification kit was from Abcam (ab185912).

Plasmids
Plasmid pHA-G9awas described.13 pFlag-CMV2-METTL3, pFlag-ms2-METTL3 and truncated expression plasmids were kindly pro-

vided by Dr. Richard I. Gregory.62 Full-length pFlag-G9a-SBP and truncated plasmids (D1-D4) were kindly provided by Dr. Xiao-

chun Yu.61

UNC0965 pull-down and ChaC sample processing
Similar to our recent report,15 1 mg nuclear protein extracted from Raw 264.7 macrophage cells was incubated overnight at 4�Cwith

2 nmole UNC0965 pre-coupled to 50 ml neutravidin-agarose (Thermo Fisher), and washed three times with 1ml lysis buffer to remove

non-specific proteins. For on-beads sampling and processing, five additional washes with 50 mM Tris-HCl pH 8.0, 150 mM NaCl

were used to remove residual detergent. On-beads tryptic digestion was performed with 125 ml buffer containing 2 M urea,

50 mM Tris-HCl pH 8.0, 1 mM DTT, 500 ng trypsin (Promega) for 30 min at room temperature on a mixer (Eppendorf). The tryptic

digests were eluted twice with a 100 ml elution buffer containing 2 M urea, 50 mM Tris-HCl pH 8.0, 5 mM iodoacetamide. Combined

eluates were acidified with trifluoroacetic acid at final concentration of 1% (TFA, mass spec grade, Thermo Fisher Cat#85183) and

desalted with a C18 stage tip.

Sample preparation for TMT based global proteomic profiling
Cell pellets were resuspended in 8 M urea, 50 mM Tris-HCl pH 8.0, reduced with dithiothreitol (5 mM final) for 30 min at room tem-

perature, and alkylated with iodoacetamide (15 mM final) for 45 min in the dark at ambient temperature. Samples were diluted 4-fold

with 25 mM Tris-HCl pH 8.0, 1 mM CaCl2 and digested with trypsin at 1:100 (w/w, trypsin:protein) ratio overnight at room tempera-

ture. Peptides were desalted on homemade C18 stage tips. Each peptide sample (100 mg) was labeled with 100 mg of TMT reagent

following the optimal protocol.66 The mixture of labeled peptides was desalted and fractionated into 12 fractions in 10 mM TMAB

containing 5-40% acetonitrile.

Polysome analysis
METTL3 KO, G9AKO, and control Raw 264.7 cells were cultured in 10 cmplates until 80% confluent at the time of harvest. Cells were

treated with 100 mg/ml cycloheximide (CHX; Sigma Cat. #66-81-9) for 10 min at 37�C. Media were removed, and the cells were

washed twice with 10 ml PBS containing 0.1 mg/ml CHX, scraped, pelleted by spinning for 10 min at 2200rpm at 4�C. The cells

were resuspendedwith 1ml lysis buffer (20mMTris-HCl, pH 7.4, 140mMKCl, 5mMMgCl2, 1%Triton X-100, 10mMDTT) containing

0.1mg/ml CHX and swelled on ice for 10min followed by passing through a 27-gauge needle 5 times to break the cell membrane. The

lysate was centrifuged for 10 min, and the supernatant was carefully layered onto 10-50% sucrose gradients and centrifuged at

32,000 rpm (no brake) in a Beckman SW-40 rotor for 2 h at 4�C. Gradients were fractionated by monitoring absorbance 254 nm.

Transfection and CRISPR knockout
293/TLR4-MD2-CD14 cells were seeded in 6-well plates for 24 h before transfection, and the constructs were transfected or co-

transfected into cells using reagent jetPRIME (Polyplus). After 24 h, the cells were lysed directly in the plates by adding SDS-

PAGE sample buffer, heating at 95�C for 5 min, and sonicating for 5 seconds to clear the lysate for immunoblotting.

For the CRISPR/Cas9 constructs, oligonucleotides for the sgRNA of human and mouse G9a and METTL3 (see key resources ta-

ble), were annealed and cloned in BsmBI-digested lentiCRISPRv2 (Addgene plasmid #52961). The empty vector was used as a nega-

tive control. Viral production was performed with a standard protocol. In brief, 10 mg of plasmid, including target plasmid, pMD2.G

(Addgene plasmid #12259) and psPAX2 (Addgene plasmid #12260) with a ratio of 10:5:9, was co-transfected into 293T cells with

jetPRIME�. Virus-containing media were collected 48 hours after transfection. Cells at 60-80% confluency were incubated with

the virus containingmedia for 24-48 hours, and then subjected to 1.0 mg/mL puromycin selection. After 4-7 days puromycin selection,

the stably transfected cells were collected.
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RNA isolation and RT-PCR and m6A RNA methylation level
Total RNA was isolated using RNeasy kit (Qiagen, cat# 74104). First-strand cDNA was synthesized by M-MLV reverse transcriptase

(Promega, cat# M170B) and diluted by a factor of 10 for quantitative PCR. Real-time PCR was performed using SYBR Green Master

Mix (Thermo Fisher, cat# 0221). All measurements were normalized to GAPDH and represented as relative ratios. PCR primers for

real-time PCR are summarized in key resources table. The m6A level of isolated RNA was measured by an m6A RNA methylation

quantification kit (Abcam, cat# ab185912).

Cell cycle and FACS analysis
For flow cytometry analyses of cell cycle, cells were incubated with 10 uM EdU (Santa Cruz, sc-284628) for 30 minutes before har-

vesting by trypsinization. Cells were washed with PBS and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, 1571s)

in PBS for 15min at room temperature. Then 1%BSA-PBSwas added and the cells were centrifuged. Fixed cells were permeabilized

with 0.5% Triton X-100 in 1%BSA-PBS at room temperature for 15 min, then centrifuged. Cells were processed for EdU conjugation

with 1 mM AF647-azide (Life Technologies, A10277) in 100 mM ascorbic Acid, 1 mM CuSO4, and PBS for 30 minutes at room tem-

perature in the dark. Lastly, cells were washed and incubated in 1 mg/mL DAPI (Life Technologies, D1306) overnight at 4�C. Samples

were run on an Attune NxT (Beckman Coulter) and analyzed with FCS Express 7 (De Novo Software).

P14 CD8+ T cell proliferation and activation
P14 CD8+ T cell proliferation and activation assay was performed as described.42 Briefly, CD8+ T cells from a P14 transgenic mouse

were first isolated with CD8a microbeads according to manufacturer’s instruction. Isolated CD8+ T cells were resuspended in 1 mL

RPMI-1640 medium and either labeled with 1 mL of the 10 mM Carboxyfluorescein diacetate succinimidyl ester (CFSE) for 8 min at

RT for proliferation assay or kept unlabeled for activation assay. METTL3 KO, G9a KO, and control Raw 264.7 cells were seeded in

6-well plates with indicated treatments followed by 50 mg/mL Mitomycin C treatment for 30 min at 37�C. Cells were washed twice

with 1 mL PBS and then labeled with 0.4 mL of the 30 mg/mL GP33-41 peptide in PBS for 30 min at 37�C. One hundred thousand

P14 T cells were co-cultured with 2 3 105 control, METTL3 KO, and G9a KO cells in 96-well plates in RPMI medium containing

50 U/mL mIL-2. The proliferation and activation of CD8+ T cells were assessed by flow-cytometry at day six.

AACT pulse-labeling and measurement of protein turnover rates
G9a KO and control Raw 264.7 cells were cultured in AACT/SILAC DMEM medium supplemented with regular lysine and arginine

(K0R0) and 10% dialyzed fetal bovine serum (Thermo Fisher), 1% penicillin, and streptomycin for five passages. Control, G9a KO,

and UNC0642 treated (1 mM) cells were either untreated (‘N’) or treated with low dose (100 ng/ml) LPS to induce endotoxin tolerance

(‘T’). The cells were washed twice with PBS to remove light medium (K0R0), and then switched to heavy (K4R6) AACTDMEMmedium

containing stable isotope-enriched D4-lysine and 13C6-arginine to label newly synthesized proteins. The cells were harvested at 2h,

4h, 8h, 24h, 48h, and 72h, and lysed in 8 M urea containing 50 mM Tris-HCl pH 8.0. One hundred micrograms protein from each

condition was digested with trypsin, desalted, and fractionated with C18 material (High pH) into eight fractions followed by LC-

MS/MS analysis.

Mathematical equations used to model synthesis and degradation of proteins in cell-lines/conditions with different doubling times

were inspired from models described previously67–70 and are described in supplemental information (see Methods S1).

QUANTIFICATION AND STATISTICAL ANALYSIS

LC-MS/MS analysis
For ChaC pull-down samples, desalted peptide mixtures were dissolved in 30 ml 0.1% formic acid (Thermo Fisher). Peptide concen-

tration was measured with Pierce� Quantitative Colorimetric Peptide Assay (Thermo Fisher). In the Easy nanoLC- Q Exactive HFX

setup, peptides were loaded on to a 15 cm C18 RP column (15 cm3 75 mm ID, C18, 2 mm, Acclaim Pepmap RSLC, Thermo Fisher)

and eluted with a gradient of 2-30% buffer B at a constant flow rate of 300 nl/min for 30 min followed by 30% to 45% B in 5 min and

100% B for 10 min. The Q-Exactive HFX was also operated in the positive-ion mode but with a data-dependent top 20 method. Sur-

vey scans were acquired at a resolution of 60,000 at m/z 200. Up to the top 20most abundant isotope patterns with chargeR 2 from

the survey scan were selected with an isolation window of 1.5 m/z and fragmented by HCD with normalized collision energies of 27.

The maximum ion injection time for the survey scan and theMS/MS scans was 100 ms, and the ion target values were set to 3e6 and

1e5, respectively. Selected sequenced ions were dynamically excluded for 30 seconds.

For global protein profiling, 0.5 mg of each fraction was analyzed on aQ-Exactive HF-X coupledwith an Easy nanoLC 1200 (Thermo

Fisher Scientific, San Jose, CA). Peptides were loaded on to a nanoEase MZ HSS T3 Column (100Å, 1.8 mm, 75 mm x 150 mm, Wa-

ters). Analytical separation of all peptides was achieved with 100-min gradient. A linear gradient of 5 to 10% buffer B over 5 min, 10%

to 31% buffer B over 70 min and 31% to 75% buffer B over 15 minutes was executed at a 300 nl/min flow rate followed a ramp to

100%B in 1 min and 9-min wash with 100%B, where buffer A was aqueous 0.1% formic acid, and buffer B was 80% acetonitrile and

0.1% formic acid.

Peptides were separated with 45-min gradient, a linear gradient of 5 to 30%B over 29min, 30 to 45%B over 6min followed a ramp

to 100%B in 1 min and 9-min wash with 100%B. LC-MS experiments were also performed in a data-dependent mode with full MS

(externally calibrated to a mass accuracy of <5 ppm and a resolution of 120,000 for TMT-labeled samples or 60,000 for secretome
Cell Chemical Biology 30, 1–17.e1–e7, December 21, 2023 e6



ll
Article

Please cite this article in press as: Muneer et al., Non-canonical function of histone methyltransferase G9a in the translational regulation of chronic
inflammation, Cell Chemical Biology (2023), https://doi.org/10.1016/j.chembiol.2023.09.012
samples at m/z 200) followed by high energy collision-activated dissociation-MS/MS with a resolution of 45,000 for TMT-labeled

global samples and 15,000 for secretome samples at m/z 200. High energy collision-activated dissociation-MS/MS was used to

dissociate peptides at a normalized collision energy of 32 eV (for TMT-labeled sample) or 27 eV in the presence of nitrogen bath

gas atoms. Dynamic exclusion was 45 or 20 seconds. Each fraction was subjected to three technical replicate LC-MS analyses.

There were two biological replicates of samples and two technical replicates were executed for each sample.

Proteomics data processing and analysis
Mass spectra were processed, and peptide identification was performed using the MaxQuant software version 1.6.10.43 (Max

Planck Institute, Germany). All protein database searches were performed against the UniProt human protein sequence database

(UP000005640). A false discovery rate (FDR) for both peptide-spectrummatch (PSM) and protein assignment was set at 1%. Search

parameters included up to two missed cleavages at Lys/Arg on the sequence, oxidation of methionine, and protein N-terminal acet-

ylation as a dynamicmodification. Carbamidomethylation of cysteine residueswas considered as a static modification. Peptide iden-

tifications are reported by filtering of reverse and contaminant entries and assigning to their leading razor protein. The TMT reporter

intensity found in MaxQuant was for quantitation. Data processing and statistical analysis were performed on Perseus (Version

1.6.0.7). Protein quantitation was performed using TMT reporter intensity found in MaxQuant and a one-sample t-test statistics

on three technical replicates was used with a p-value of 5% to report statistically significant protein abundance fold-changes. La-

bel-free quantification (LFQ) was for ChaC interactome and secretome data analysis.

Analysis of functional category and networks
The biological processes and molecular functions of the G9a-interacting proteins were categorized by IPA (http://www.ingenuity.

com/), DAVID (http://david.abcc.ncifcrf.gov/), and STRING (http://string-db.org/).

m6A RNA immunoprecipitation sequencing (MeRIP-Seq) and data analysis
m6A-RIP-Seq was performed as described with slight modifications.71 Messenger RNA from 10 ug total RNA extracted from Ctrl,

METTL3 KO and G9a KO cell samples was purified with Dynabeads Oligo (dT)25 (Thermo Fisher; 61006). Ten percent of 150 ng

mRNA was used as Input mRNA, and the remainder was incubated with 3 ug anti-m6A polyclonal antibody (Synaptic Systems;

202003) which was pre-conjugated to Dynabeads Protein A (Thermo Fisher; 10001D) in 500uL IP buffer (50 mM Tris, pH 7.4,

150 mM NaCl, 0.1% Igepal CA-630) for 2 hours at 4�C. After washing twice with IP-buffer and twice with High-Saltwash buffer

(50 mM Tris pH 7.4, 500 mM NaCl, 0.1% Igepal CA-630) for 5 minutes each, the m6A mRNA was eluted with 100 uL IP-buffer con-

taining 6.7 mMN6-Methyladenosine (Sigma-Aldrich; M2780) and 40 U RNase Inhibitor (NEB, M0314S) and then recovered with RNA

Clean and Concentrator-5 spin columns (Zymo; R1015).

The Input mRNA and m6A-IPed mRNA were subjected to library generation using the SMART-seq protocol as described (Full-

length RNA-seq from single cells using Smart-seq2).72 For the synthesis of the first strand cDNA, the mRNA was mixed with

0.25 mL RNase inhibitor and 1 mL CDS primer (5’-AAGCAGTGGTATCAACGCAGAGTACT30VN-3’) and heated to 70�C for 2 min.

Then the mixture containing 0.5 mL of 100 mM DTT, 0.3 mL of 200 mM MgCl2, 1 mL of 10 mM dNTPs, 0.25 mL RNase inhibitor,

1 mL of 10 mM TSO primer (5’-AAGCAGTGGTATCAACGCAGAGTACATrGrGrG-3’), 2 mL of 5X SMARTScribe RT buffer and 0.5 mL

SMARTScribe reverse transcriptase (Takara, 639536) was added for performing reverse transcription. The cDNA was then amplified

by Advantage Polymerase Mix (TAKARA, 639201) with IS primer (5’-AAGCAGTGGTATCAACGCAGAGT-3’). After purification with

0.8X AMPure XP beads (Fisher Scientific, A63880), the fragmentation of 100 pg cDNA was performed with EZ Tn5 Transposase (Lu-

cigen, TNP92110). Fragments of cDNAwere amplified byKAPAHiFi hotstart readymix (EMSCO/FISHER, KK2601) with theNextera i7

primer and Nextera i5 primer. The DNA was purified with 0.8X AMPure XP beads and quantified by qPCR with KAPA Library Quan-

tification Kit (Fisher, NC0078468). The DNA from different samples was pooled at equal molar amounts, and the final sequencing

library was loaded at concentrations of 2.7 pM, and sequenced on a NextSeq 550 (Illumina) for single-read sequencing.

The raw sequencing data were demultiplexed with bcl2fastq2 v2.17.1.14 (Illumina) and the adapter was trimmed by

Trimmomatic-0.32 software.63 Then the Input and m6A-IP reads were mapped to human genome version hg38 by STAR

v.2.5.2a,64 and only uniquely mapping reads at the exon level for each gene were quantified and summarized to gene counts, which

were further analyzed in R v.3.6.2 using DESeq2. After normalization, sorting, and indexing with Samtools-1.1 software,65 the cor-

responding BAM files for each sample were loaded to UCSC genome browser to generate the peaks plots.
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