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Immunotherapies targeting the PD-1/PD-L1 axis have become first-line

treatments in multiple cancers. However, only a limited subset of individuals
achieves durable benefits because of the elusive mechanisms regulating
PD-1/PD-L1. Here, wereport thatin cells exposed to interferon-y (IFNy), KAT8
undergoes phase separation withinduced IRF1and forms biomolecular
condensates to upregulate PD-L1. Multivalency from both the specific and
promiscuous interactions between IRF1and KATS8 is required for condensate
formation. KAT8-IRF1 condensation promotes IRF1K78 acetylation

and binding to the CD247 (PD-L1) promoter and further enriches the
transcription apparatus to promote transcription of PD-L1 mRNA. Based on
the mechanism of KAT8-IRF1 condensate formation, we identified the
2142-R8 blocking peptide, which disrupts KAT8-IRF1 condensate formation
and consequently inhibits PD-L1 expression and enhances antitumor
immunity in vitro and in vivo. Our findings reveal a key role of KAT8-IRF1
condensates in PD-L1regulation and provide a competitive peptide to
enhance antitumor immune responses.

PD-L1expressed by tumor cells has been demonstrated to be a domi-
nant suppressor of antitumor immune surveillance'”. When engaging
with PD-10on T cells, PD-L1induces inhibition of cytotoxic T cell pro-
liferation and subsequent exhaustion and apoptosis of these cells**.
Withincells, PD-L1exerts multiple functions to promote tumorimmune
evasion, such asincreasing the resistance of tumor cells to interferon
(IFN) cytotoxicity®, enhancing DNA damage repair® and promoting
the expression of immunosuppressive genes’®. Targeting PD-L1 has
become one of the most promising treatments for individuals with
cancer, especially those with late-stage disease. Thus, fully understand-
inghow PD-L1isregulated helpsin designing new targeting strategies
for cancer immune therapy.

Molecular assemblies are increasingly being found to form mem-
braneless biomolecular condensatesin a phase separation-dependent
manner®’°, Biomolecular condensates are involved in a broad range
of physiological processes and have also been reported to control
cancer-related dysregulation®. Investigating the mechanism of
biomolecular condensate formation in detail may present oppor-
tunities to develop effective targeting strategies, as targeting phase
separation processes in tumor cells seems to produce clinical bene-
fits'*". Although some progress has been made in disrupting phase
separation with kinase inhibitors™?, it is still challenging, especially
for condensates formed by intrinsic disordered regions (IDRs),
which lack defined, stable three-dimensional (3D) structures',
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suggesting that a detailed investigation of the condensate forma-

tion process is needed to bring new insights into the development of

phase separation-targeting drugs.

Here, we performed whole-genome CRISPR-Cas9 gene knockout
screensand found that the histone acetyltransferase KAT8 transcription-

ally upregulates PD-L1 via cocondensation with IRF1. Mechanistically,
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Fig.1| CRISPR-Cas9 screening identified KAT8 as a PD-L1regulator.

a, Schematic of the experimental design. b, Plot of whole-genome CRISPR-Cas9
gene knockout screen results using MAGeCK analysis. Cells were sorted after

14 d ofinfection. The x axis indicates the fold change of each gene, the y axis
shows the Robust Rank Aggregation (RRA) score of each gene, and the bubble
size of the indicated genes indicates the number of good sgRNAs. ¢,d, Western
blotting (c) and quantitative PCR with reverse transcription (RT-qPCR) (d)
analyses of A375 cells expressing the indicated sgRNAs in the presence or absence
of100 U mI™ IFNy for 6 h; n =3 biologically independent experiments. e,f, A375
cells expressing the indicated sgRNAs were infected with sgRNA-resistant WT
KAT8 or the C316S mutant, asindicated, and analyzed by western blotting (e)
and RT-qPCR (f); n =3 biologically independent experiments. g, Cytotoxicity
assay of A375 cells expressing the indicated sgRNAs; n = 3 biologically
independent experiments. h-m, LLC1 cells expressing the indicated sgRNAs
were subcutaneously injected into mice. Tumor growth (h) and tumor weights

(i) were measured, and the extent of CD3*CD8" T cell infiltration was analyzed by
FACS (j). Tumor slices were stained with anti-PD-L1and anti-CD8 (k), and CD8"
cell counts (I) and mean fluorescence intensity (MFI) of PD-L1 (m) were analyzed.
Datain h-mwere generated from n = 6 mice for each group. n,0, Mice bearing
tumors formed by LLCI cells expressing sgNC and sgKAT8 were treated with IgG
oranti-PD-1on days 4, 6 and 8. Tumor sizes were measured at the indicated time
points (n). Weights of the resected tumors were measured at the endpoint (0);
n=6micepergroup. Errorbarsind, f-jand I-oindicate the mean + s.d. Pvalues
inhand nwere calculated by two-way ANOVA with Tukey’s multiple-comparison
test. Pvaluesind, f, g, i,j, 1, mand o were calculated by two-tailed Student’s t-test.
p, Crosstab shows the distribution of cancer tissues in the human multiple organ
cancer tissue arrays according to the median IHC score of PD-L1and KAT8. The
Pvalue and chi-square value were calculated using Pearson’s chi-square test,

and the R value was calculated using Spearman’s correlation test.

after cell exposure to IFNy, KATS8 first binds to amino acids 21-42 in
the N-terminal DNA-binding domain (DBD) of induced IRF1, and the
IDRs of the two proteins promote KAT8-IRF1 condensate formation.
Meanwhile, KAT8 acetylates IRF1 at K78 to promote its DNA binding,
whichsynergizes with H4K16 acetylation to enhance the transcription
of PD-LImRNA (encoded by CD247). Based on the condensate formation
mechanism, we developed a cell-penetrating blocking peptide 2142-R8,
which disrupted KAT8-IRF1 condensates, inhibited PD-L1 expression
and enhanced antitumor immunity in vitro and in vivo.

Results
CRISPR-Cas9 screening identified KAT8 as a PD-L1regulator
Considering that IFNy secreted by T cells has been demonstrated
to be a profound modifier of the tumor microenvironment”'® and
one of the key and strongest inducers of PD-L1 (ref. ), we used
whole-genome CRISPR-Cas9 gene knockout screens to identify the
regulators of PD-L1 expression in tumor cells after IFNy exposure in
anunbiased manner. Well-established genes encoding key regulators
of PD-L1, such as JAK1, IFNGR2, STATI, IRF2 and the recently reported
CMTM6 and STUBI (refs.?°?"), were enriched among the top-ranked
genes. Interestingly, the gene encoding the histone acetyltransferase
KAT8 was one of the most significantly enriched genes in our screens
(Fig.1a,b, Extended Data Fig. 1a and Supplementary Tables 1and 2).
As the major lysine acetyltransferase catalyzing histone H4 lysine 16
acetylation (H4K16ac) inmammalian cells?**, KATS can also acetylate
non-histone proteins*** and plays important rolesin various cellular
processes, including autophagy?®®, the stress response?” and nucleus-
mitochondria communication®’. However, the role of KATS in tumor
progressionand how KAT8 regulates the tumorimmune microenviron-
ment remain poorly defined.

Ectopic expression of Cas9 and single guide RNAs (sgRNAs)
targeting KATS8 in multiple cell lines (osteosarcoma cell line 143B,

malignant melanoma cell line A375 and lung cancer cell line A549)
significantly decreased the total protein and mRNA levels of PD-L1
with or without IFNy exposure (Fig. 1c,d and Extended Data Fig. 1b,c).
Cell surface PD-L1 levels were also decreased (Extended Data
Fig.1d). Moreover, depleting KAT8 did not affect PD-L1 protein half-life
(Extended DataFig.1e). These results suggest that KAT8 regulates PD-L1
mRNA transcriptioninvarious cancer cell lines. Further, reduced PD-L1
expression induced by KAT8 depletion was observed in an extensive
set of cell lines (Extended Data Fig. 1f). Importantly, wild-type (WT)
KATS, but not its C316S catalytically deficient mutant, rescued the
downregulation of PD-L1and H4K16ac in KAT8-depleted cells, indicat-
ing that the acetyltransferase activity of KAT8 is critical for regulation
of PD-L1 expression (Fig. 1e,f). Likewise, treatment of cells with small
interfering RNA targeting KAT8resulted in decreased PD-L1expression
(Extended Data Fig. 1g-i).

Next, we examined whether the downregulation of PD-L1expres-
sion by KAT8 depletionimpacts the antitumor response. Invitro cyto-
toxicity assays showed that depleting KAT8 significantly enhanced
T cell killing (Fig. 1g), while overexpression of PD-L1 reversed the
enhancement (Extended DataFig. 2a). No further T cell killing enhance-
ment after KAT8 depletion was observed in CD247-knockout cells
(Extended DataFig.2a).Invivo, KAT8 depletionin the Lewis lung carci-
nomacellline LLClinhibited tumor growth and reduced tumor weight
(Fig. 1h,i) while increasing the tumor infiltration of CD3"'CD8" T cells
in mice (Fig. 1j-m). Moreover, the antitumor effect of KAT8 deple-
tion could be reversed by ectopic PD-L1 expression (Extended Data
Fig. 2b,c). KAT8 depletion could not further retard tumor growth
in mice treated with anti-PD-1 (Fig. 1n,0). These data suggest that
depletion of KAT8 enhances antitumor immunity via the PD-L1/
PD-1 axis in vitro and in vivo. Moreover, 33 of 43 (76.74%) samples
from human multiple organ cancer tissue arrays showed synchro-
nized high or low expression levels of KAT8 and PD-L1 as detected by

Fig.2| KAT8 interacts and forms dynamic condensates with IRF1, which

is correlated with PD-L1 expression. a, Schematics of the proximity

labeling system using V5-TurbolD-tagged KAT8. b, Endogenous IRF1 was
immunoprecipitated with endogenous KAT8 in A375 cells treated with 100 U ml™?
IFNy for 6 h; IP,immunoprecipitation. ¢, Condensate formation was analyzed
in143B cells transfected with the indicated constructs (left). Droplet formation
was analyzed in the indicated protein mixture (10 pM each) at room temperature
inthe presence of 150 mM NaCl and 10% PEG 8000 (right). d, Differential
interference contrast microscopy images of purified KAT8 and IRF1 proteins
without fluorescent protein tags at room temperature. e, Arrows point to

the representative droplets formed by mEGFP-KAT8 and IRF1I-mCherry that
fused over time. f,g, FRAP assay of the droplets formed by mEGFP-KAT8 and
IRF1-mCherry; n = 6 biologically independent experiments. h, Reversibility of
mEGFP-KAT8-IRF1I-mCherry (10 pM each) droplets in response to treatment
with high NaCl concentrations at room temperature. i, Droplets formed by 50 uyM
recombinant mEGFP-KAT8 and IRF1I-mCherry with or without 10%1,6-hexanediol

(1,6-Hex) treatment in the presence of 100 mM NaCl without crowding agent.
j—m, SIManalysis of endogenous KAT8 and IRF1localization in A375 cells after
treatment with 100 U mI™ IFNy for 6 h. Hoechst 33342 was used to stain nuclei.
Colocalization of the two proteins is shown as yellow dots. Images (j), droplet

area (k), circularity (I) and line scan analysis (m) are shown; n =287 puncta for
KAT8 and n =236 puncta for IRF1. n, Colocalization ratio defined by IRF1I-KAT8
colocalized area/IRF1total areain each cell; n =232 cells. 0,p, Condensate
formation was analyzed in the mEGFP-KAT8 and IRF1I-mCherry mixtures at the
indicated concentrations of each protein at room temperature (0). The areas of
250 random droplets in 0 were quantified and plotted in p. q, Phase diagrams of
the mEGFP-KAT8 and IRF1-mCherry mixtures at the indicated concentrations for
each protein at room temperature measured at an optical density at 600 nm.

r, Tissue samples from individuals with lung cancer were costained with anti-PD-L1
and either anti-KAT8 or anti-IRF1as indicated. The experiments shownin

b-e, h-j, 0, qand r were repeated independently three times with similar results.
Errorbarsing, k, nand pindicate the mean +s.d.
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immunohistochemistry (IHC; Fig. 1p and Supplementary Table 3), KATS8 interacts and forms dynamic condensates with IRF1
indicating that thereis apositive correlation betweenKAT8 and PD-L1  To investigate how KAT8 regulates PD-L1 mRNA transcription, we
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KATS into A375 cells to label potential interacting proteins™ (Fig. 2a).
Using mass spectrometry, we identified IRF1as one of the labeled pro-
teins (Extended Data Fig. 3a and Supplementary Table 4), which has
beenreported as the main transcription factor in the IFNy pathway that
induces PD-L1 mRNA transcription”. Indeed, cells expressing sgRNAs
targeting IRF1showed substantial inhibition in the induction of PD-L1
expression by IFNy (Extended Data Fig. 3b). Spatial colocalization of

KAT8 and IRF1was confirmed by the BirA* proximity labeling method*
(Extended Data Fig. 3c,d). The interaction between KAT8 and IRF1
was further confirmed by immunoprecipitations at endogenous and
exogenous levels (Fig. 2b and Extended Data Fig. 3e).

Cells transfected with monomeric enhanced green fluorescent
protein-KAT8 (mEGFP-KATS8) and IRF1I-mCherry showed droplet-like
condensates in the nuclei (Fig. 2c, left). Three-dimensional (3D)
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structured illumination microscopy (3D-SIM) reconstruction also
showed droplet-like structures (Extended Data Fig. 4a). These con-
densates were negative for the lipid marker dye DiD (Extended Data
Fig.4b), did not colocalize with the nucleolus and partially colocalized
with Cajal bodies and PML bodies (Extended Data Fig. 4c), indicat-
ing that the condensates were membraneless structures. We then
examined the dynamic properties of KAT8-IRF1 condensates. Puri-
fied mEGFP-KAT8 or IRFI-mCherry alone showed a weak capacity for
droplet formation, while mixing both together dramatically enhanced
droplet formation (Fig. 2c, right, and Extended Data Fig. 4d). Droplet
formation was not dependent on fluorescent protein tags nor KAT8
acetyltransferase activity (Fig. 2d and Extended Data Fig. 4e). Moreo-
ver, droplets were able to fuse over time and partially recovered after
photobleaching (fluorescence recovery after photobleaching (FRAP))
invitroandincells (Fig. 2e-g and Extended Data Fig. 5a,b); these drop-
lets could be disrupted by 1,6-hexanediol and high concentrations of
NaCl (Fig. 2h,i). Collectively, these results indicate the dynamic and
reversible properties of KAT8-IRF1 condensates.

Superresolution imaging showed that endogenous KAT8 and
IRF1 formed small condensates in cells, and colocalized condensates
were observed (Fig. 2j-n). Moreover, KAT8-IRF1 droplets formed
invitro when the two protein concentrations were higher than 75 nM
(Fig.20-q); these concentrations were comparable to the endogenous
expression levels of KAT8 and IRF1 (152.3 nM for KAT8 and 246.81 nM
for IRF1 after IFNy stimulation), as determined by quantitative west-
ern blotting® and 3D reconstruction of cell nuclei (Extended Data
Fig. 6a-d). Further, we observed concentration-dependent conden-
sate formation of exogenous mEGFP-KAT8 and IRF1-mCherry in
cells via a doxycycline-inducible expression system (Extended Data
Fig. 6e). More importantly, in samples from individuals with cancer
(lung cancer, melanoma, breast cancer and gastric cancer), KAT8 and
IRF1 condensates were also observed, and the fluorescence intensi-
ties of both proteins were positively correlated with PD-L1 expression
(Fig. 2r and Extended Data Fig. 6f-h). Together, these results demon-
strate that KAT8 and IRF1 can form condensates in vivo and in vitro.

KATS8-IRF1 condensation depends on multivalent interactions
Toexplore the structural basis of KAT8-IRF1condensates, we analyzed
the amino acid sequences of the two proteins using IUPred2 (ref. **).
Aminoacids 1-68 of KAT8 (KAT8" %) and IRF1'*°-** (which includes the
transactivation domain®) were scored as IDRs (Fig. 3a,b). Depletion
of KAT8"®8 or IRF1"*°*% disrupted condensate formation (Fig. 3c,d),
indicating that the predicted IDRs contribute to this process. However,
coimmunoprecipitation experiments showed that IRF1'**° (containing
the N-terminal DBD (amino acids 1-115)*), but not the predicted IDR of
IRF1, was responsible for the KAT8 interaction (Fig. 3e), and deletion
of the IRF1DBD (that is the IRF1" % fragment) also impaired conden-
sate formation with KAT8 (Fig. 3¢,d), indicating that the DBD of IRF1

mediates interactions with KAT8 and is also required for condensate
formation. Furthermore, fusing IRF1' *°with IDRs from the unrelated
transcription factors MYC or OCT4 restored condensate formation
with KAT8, whereas IDR constructs alone from MYC or OCT4 could not
(Fig. 3f). An optoDroplet assay* also showed that when the KAT8 and
IRF1IDRs were fused with Cry2, blue light induction enhanced con-
densate formation between the IDRs of the two proteins (Fig. 3g,h and
Supplementary Videos1-3). Collectively, these observationsindicate a
multivalentinteraction model where theinteraction between the IRF1
DBD and KAT8 might be a prerequisite for condensate initiation, and
the weak promiscuousinteractions between the IDRs of both IRF1and
KAT8 promote condensate formation.

KATS8-IRF1 condensates promote PD-L1 mRNA transactivation
Next, we investigated whether KAT8-IRF1 condensates can enhance
transcription. Transcriptional machinery components, including
MED1IDR, CDK7, CDK9, BRD4 and active RNA polymerase Il phos-
phorylated at serine 5 (RNA Pol II-S5P), were enriched in KAT8-IRF1
condensates (Fig. 4a,b). To test the contribution of IDR-mediated
KAT8-IRF1condensationin transcription enhancement, we designed
arapamycin-inducible interaction systemto uncouple the structured
IRF1 DBD-KAT8 interaction and the promiscuous IDR interaction by
fusing the KAT8 IDR or IRF1IDR with FKBP12 or the FRB-Gal4 DBD.
After rapamycin treatment, cells cotransfected with KAT8 IDR-FKBP12
and IRF1IDR-FRB-Gal4 DBD showed small condensates in the nuclei
(Fig.4c), indicating that this system can simulate condensation induced
by the KAT8 and IRF1 IDR interaction. We then evaluated the transac-
tivation effect of IDR condensation using a Gal4 upstream activation
site (UAS) reporter assay (Fig. 4d). Transfection of IRFIIDR-FRB-Gal4
DBD increased reporter expression, while no-IDR control and KATS8
IDR-FKBP12 showed no activity, and rapamycin induction could not
further enhance reporter expression. Cells cotransfected with KAT8
IDR-FKBP12 and IRF1IDR-FRB-Gal4 DBD showed similar reporter
expression levels as cells only transfected with IRF1 IDR-FRB-Gal4
DBD in the absence of rapamycin, while reporter expression was sig-
nificantly enhanced after rapamycin treatment (Fig. 4¢). Moreover,
rapamycin dose-response curves displayed anonlinear activation pat-
ternin KATS8 IDR-FKBP12 and IRF1IDR-FRB-Gal4 DBD stably integrated
UAS reporter cells (Fig. 4f). These results suggest that IDR-mediated
KAT8-IRF1 condensation promotes transactivation. Further, after
performing dCas9-SunTag-sgARRAY-mediated in situ labeling®®, we
observed that endogenous KAT8 and IRF1 formed condensates at the
PD-L1promoter in cells (Fig. 4g-k).

Ithasbeenshown that KAT8 serves as the catalytic core subunitin
male-specific lethal (MSL) and non-specific lethal (NSL) complexes®**°,
which have different catalytic activities on histone and non-histone
substrates. Our datashowed that both MSL and NSL complex subunits
arealsoinvolvedin KAT8-IRF1 condensates (Extended DataFig. 7a,b).

Fig. 5| KAT8 acetylates IRF1at K78 and promotes IRF1binding to the
PD-L1promoter. a,b, HEK293T cells were cotransfected with the indicated
constructs. Cell lysates were immunoprecipitated with streptavidin beads and
immunoblotted with the indicated antibodies. ¢, In vitro acetylation assay using
antibodies to IRF1K78ac. d, Analysis of endogenous IRF1K78acin A375 cellsin
the presence of 100 U mI' IFNy for 12 h. e-g, Droplet formationin the in vitro
acetylation assay (e). The K78ac products were detected via western blotting
and quantified (f). Bulk protein and protein from droplets from the reaction
products were centrifuged and isolated for western blotting and quantification
(g); n=3Dbiologically independent experiments. h, Western blotting of PD-L1and
K78acin A375 cells transfected with IRFIWT or IRF1K78R mutant. i, Schematic
representing the amplicons of the two primers used for ChIP-qPCR at the PD-L1
promoter region. j, ChIP-qPCR analysis of IRF1 abundance at the PD-L1 promoter
in A375 cells after treatment with 100 U mI IFNy for 12 h; n =3 biologically
independent experiments. k, Western blotting of IRF1 K78ac and PD-L1in
parental A375 cells and IRF1K78R gene-edited A375 cells (K78R) with or without

100 U mI' IFNy treatment for 6 h. 1, ChIP-qPCR analysis of IRF1abundance at the
PD-L1promoterin WT and K78R A375 cells after 100 U mI IFNy treatment for

12 h; n =3 biologically independent experiments. m, Puncta formed by mEGFP-
KAT8 with IRF1I-mCherry or IRFLK78R-mCherry in143B cells. n, Representative
confocalimages showing the localization of TagBFP-KATS8, IRF1I-mCherry/
IRF1K78R-mCherry and endogenous RNA Pol II-S5P in 143B cells; line scan
analyses are shown on the right. 0,p, Representative confocal microscopy images
showing the overlap of mEGFP-KATS, IRF1I-mCherry/IRF1IK78R-mCherry and
the indicated PD-L1 promoter-derived DNA probes Quasar 705 in vitro. Mut
represents DNA probe with mutated IRF1 motifs (0). The droplet areas of mEGFP-
KAT8 and IRF1-mCherry/IRF1K78R-mCherry cocondensates in o in the presence
of WT DNA probes were plotted (p); n = 519 droplets for IRF1; n = 425 droplets

for K78R.Datainf,g,j, 1and p are shown as the mean + s.d., and Pvalues were
calculated by two-tailed Student’s ¢-test. The experimentsina-h, kand m-o were
repeated three times with similar results.
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KAT8 acetylates and promotes IRF1activity

Next, we tested whether KAT8 can acetylate IRF1. IRF1 acetyla-
tion was detected and enhanced after treatment with the histone

deacetyltransferase inhibitors trichostatin A (TSA) and nicotinamide

(Extended Data Fig. 8a). Cotransfection of WT KATS, but not its cata-
lytically deficient C316S mutant, with IRF1significantly enhanced the
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Fig. 6| IRF1acetylation enhances KAT8 recruitment and H4K16 acetylation
at the PD-L1 promoter as positive feedback. a, Western blotting of H4
acetylation status in A375 cells expressing the indicated sgRNAs. Experiments
consisted of three biological replicates with similar results. b, ChIP-seq data of
the HepG2 cell line from the ENCODE database showing KAT8 and IRF1 peaks
enriched at the promoter region of PD-L1; kb, kilobases. ¢, ChIP-qPCR analysis
of H4K16 acetylation abundance at the PD-L1 promoter in A375 cells expressing
sgNC or sgRNAs targeting KATS with or without 100 U mI! IFNy treatment for

12 h.d,e, ChIP-qPCR analysis of KAT8 (d) and H4K16 acetylation (e) abundance at
the PD-L1 promoter in A375 cells expressing sgNC or sgRNAs targeting /RFI with
orwithout 100 U mI™ IFNy treatment for 12 h. f,g, ChIP-qPCR analysis of KATS (f)
and H4K16 acetylation (g) abundance at the PD-L1 promoter in WT and IRF1K78R
gene-edited A375 cells with or without 100 U mlI™ IFNy treatment for 12 h. Datain
c-gareshown as themean + s.d.; n =3 biologically independent experiments.
Pvalues were calculated by two-tailed Student’s ¢-test.

acetylation of IRF1(Fig. 5a). By mass spectrometry analysis, we identi-
fied a total of seven acetylated lysine residues of IRF1 (K43, K66, K70,
K78, K117, K275 and K299; Extended Data Fig. 8b and Supplementary
Table 5). We then constructed IRF1single-point mutants by replacing
each identified acetylated lysine with arginine. Only the IRF1 K78R
mutant did not show enhanced acetylation when cotransfected with
WT KATS8 (Extended Data Fig. 8c). Importantly, IRF1K78 acetylation
(IRF1K78ac) was specifically catalyzed by KAT8 but not by other his-
tone acetyltransferases (Extended Data Fig. 8d). After application of
aspecificantibody toacetylated IRF1K78 (K78ac), the direct catalytic
activity of WT KAT8, but not the C316S mutant, on IRF1K78 was further
confirmed throughacetylation assaysinvivo andinvitro (Fig. 5b,cand

Extended DataFig. 8e). More importantly, depleting KAT8 resulted in
decreased acetylation of endogenous IRF1at K78 (Fig. 5d). Collectively,
these data suggest that KAT8 specifically acetylates IRF1K78.

Biomolecular condensate formation is used as a mechanism to
increase enzymatic reaction rates, as enzymes and substrates are
concentratedinthedroplet**, Toexplore whether KATS-IRF1conden-
sation promotes IRF1K78ac, in vitro histone acetyltransferase activity
assays withor without droplet formation were performed. IRF1K78ac
was substantially increased in droplets (Fig. 5e,f), and the acetylation
ability of KAT8 in droplets was ~39.67 + 1.997-fold higher than in bulk
(Fig. 5g). These results provide evidence that KAT8 promotes IRF1
acetylation via cocondensation.
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Next, we evaluated the effect of IRF1 K78ac on PD-L1 expres-
sion. The IRF1 K78R mutant failed to upregulate PD-L1 expression
and showed reduced abundance at the PD-L1 promoter (Fig. 5h and
Extended Data Fig. 9a). Additionally, IRF1 homodimerization was
not affected by acetylation at IRF1 K78 (Extended Data Fig. 9b).
These results indicate that acetylation at K78 is important for DNA
binding of IRF1. Consistent with these data, depletion of KAT8 by
sgRNA treatment significantly reduced the abundance of IRF1 at the
PD-L1 promoter (Fig. 5i,j). To further support this conclusion, we
generated a locus-specific K78R knock-in A375 cell line (hereafter
termed K78R cells) using CRISPR-Cas9-mediated homology-directed
repair (Extended Data Fig. 9c-e). K78R cells demonstrated a signifi-
cant reduction in PD-L1 mRNA and protein expression (Fig. 5k and
Extended DataFig. 9f). The abundance of IRF1at the PD-L1 promoter
was also significantly reduced in K78R cells subjected to IFNy treat-
ment (Fig. 5I). Consistently, intracellular condensates formed by
KAT8-IRF1K78R showed large irregular and less dynamic clusters
without colocalization with RNA Pol II-S5P (Fig. 5m,n and Extended
Data Fig. 9g,h). Although the K78R mutant showed a similar abi-
lity to interact and cocondensate with KAT8 in vitro (Fig. 50,p and
Extended Data Fig. 9i), droplets formed by KAT8-IRF1K78R showed
significantly reduced recruitment of the DNA probes derived from
the PD-L1 promoter compared to the WT droplets (Fig. 50). Taken
together, these results indicated that KAT8 acetylates IRF1 at K78,
which enhances the DNA binding activity of IRF1and its localization
to the PD-L1 promoter and subsequent activation of PD-L1 mRNA
transcription.

IRF1acetylation recruits KAT8 to the PD-L1 promoter

Given that KAT8 is the main acetyltransferase required for H4K16ac
in mammalian cells**?*’, we investigated whether KATS regulates
H4K16acin the PD-L1 promoter. Cells expressing sgRNAs targeting
KAT8showed anoverallreductionin H4K16ac, while other H4 acetyla-
tion sites (H4K5ac, H4K8ac and H4K12ac) remained unaffected (Fig. 6a).
Chromatin immunoprecipitation with sequencing (ChIP-seq) data
fromthe ENCODE database revealed that KAT8 and IRF1were enriched
at the promoter region of PD-L1 (refs. ****¢; Fig. 6b). ChIP-quantita-
tive PCR (ChIP-qPCR) showed that H4K16ac at the PD-L1 promoter
was also significantly reduced when KAT8 expression was depleted
by sgRNAs (Fig. 6¢).

In light of the cocondensation of KAT8 and IRF1, we assessed
whetherIRFlinturnenhances KAT8 recruitmentat the PD-L1 promoter
inresponse to IFNy. Cells with IRF1 depletion had asignificant reduc-
tion in the abundance of KAT8 and H4K16ac at the PD-L1 promoter
after IFNy treatment (Fig. 6d,e). Moreover, K78R cells also showed
reduced KAT8 localization and H4K16ac at the PD-L1 promoter after
IFNy exposure (Fig. 6f,g), suggesting that IRF1 acetylation enhances
KAT8 recruitment and H4K16ac modification at the PD-L1 promoter
as positive feedback.

Disrupting KAT8-IRF1 condensates inhibits PD-L1 expression
Considering the role of KAT8-IRF1 condensates in regulating PD-L1
transcription, we reasoned that disrupting the phase separation of
KAT8-IRF1couldinhibit PD-L1mRNA transcription. Deletion of the IRF1
DBD resulted inimpaired condensate formation (Fig. 3c,d), while fusing
theIDRs of the two proteins with Cry2 (blue light-inducible interaction;
Fig.3g,h) or FKBP12-FRB (rapamycin-inducible interaction; Fig. 4c,d)
enhanced condensate formation of the IDRs. These results highlighted
the vital role of the structured domain interaction between IRF1 DBD
and KAT8in condensate formation, suggesting thatinstead of targeting
the unstructured IDRs, which is much more challenging, targeting the
structured domaininteraction might also disrupt KAT8-IRF1 conden-
sates. To test this hypothesis, we constructed aseries of IRFIDBD trun-
cations (Fig. 7a) and cotransfected each with KAT8 in cells to identify
the minimal region of IRF1 responsible for interaction with KAT8. The
fully conserved N-terminal region (amino acids 21-42, hereafter 2142)
in humans and mice, which contains atwo-stranded B-sheet structure’®,
was then identified as the main region responsible for the IRFI-KAT8
interaction (Fig. 7b-d), and mutation of the predicted key residues of
B-sheets**® (Mut) abolished the interaction (Fig. 7c-f).

Next, we synthesized two peptides, 2142-R8 and Mut-R8, derived
from 2142 and Mut with eight arginine residues fused to their C termini
(R8), which enhance cell membrane penetration and nuclear locali-
zation (Extended Data Fig. 10a). The peptides could enter the cell
nuclei and had low cytotoxicity (Extended Data Fig. 10b,c). To assess
the disrupting ability of 2142-R8 for KAT8-IRF1 condensates under
physiological conditions in cells, the proximity labeling system with
V5-TurbolD-tagged KAT8 was used (Fig. 2a). After cells were treated with
2142-R8, the levels of biotin-labeled IRF1 were significantly reduced
(Fig. 7g), indicating that theinteraction between IRF1and KAT8 in cells
was inhibited. Consequently, the acetylation of IRF1K78 was inhibited,
and H4K16ac at the PD-L1 promoter was reduced (Fig. 7h,i). Consist-
ently, KAT8-IRF1condensates were reduced after 2142-R8 treatment
in cells and in vitro (Fig. 7j,k). Most importantly, 2142-R8 effectively
suppressed upregulation of PD-L1 expression (mRNA and protein) in
cells treated with IFNy (Fig. 7I,m) but failed to further reduce PD-L1
mRNA and proteinlevelsin cells expressing sgRNAs targeting KAT8 or
ingene-edited K78R cells (Extended Data Fig. 10d-g), indicating that
inhibition of PD-L1by 2142-R8 depends on the KAT8-IRFlinteraction.
Additionally, RNA-sequencing analysis showed that 2142-R8 treatment
downregulated PD-L1, while the expression of major histocompat-
ibility complex class1 (MHC class|)-related genes and most of the IRF1
downstream remained unchanged, consistent with the data from
KAT8-depleted cells (Fig. 7n,0 and Supplementary Tables 6 and 7).

2142-R8 peptide enhances antitumor immunity

We then assessed the efficacy of 2142-R8 in enhancing antitumor
immunity. Anin vitro cytotoxicity assay showed that 2142-R8, but
not Mut-R8, enhanced T cell killing (Fig. 8a). In vivo, intraperitoneal

Fig. 7| Disrupting KAT8-IRF1 condensates inhibits PD-L1 expression.

a, Diagram featuring major domains in the IRF1N terminus (amino acids 1-140)
and the truncated constructs that were analyzed in b; o, achelix; B, B-sheet.

b, Interactions between V5-KAT8 and the indicated constructs in HEK293T
cells.c, The sequence of amino acids 21-42 of IRF1(2142) and Mut. The core
amino acids of the 3-sheet predicted by BETApro are in red; aa, amino acids.

d, AlphaFold prediction of the structures of the 2142 and Mut fragments.

e, Interactions between V5-KAT8 and 2142-SFB/Mut-SFB constructs in HEK293T
cells. f, Biotin-conjugated 2142 and Mut peptides at the indicated concentrations
were immunoprecipitated from A375 or 143B cell lysates. g, Proximity labeling
assay of V5-TurbolD-KAT8 and endogenous IRF1in cells with the indicated
peptide treatments (Methods). h, HEK293T cells transfected with IRF1-SFB were
treated with 10 uM peptides, and K78ac levels were analyzed; NS, normal saline.
i, ChIP-gPCR analysis of H4K16ac abundance at the PD-L1 promoter in A375

cells treated with peptides for 24 hand 100 U mI™' IFNy for 12 h. j, Puncta formed

by mEGFP-KAT8 and IRF1-mCherry in 143B cells treated with 10 uM peptide
for12 h; n=36 cellsin three independent experiments. k, Droplets formed by
50 uM recombinant mEGFP-KAT8 and IRF1I-mCherry mixture in the presence
of 50 uM 2142-R8 or Mut-R8 peptide in 100 mM NaCl and no crowding agent.
Quantification of the droplet area in the shown images is plotted on the right;
n=208droplets for Mut-R8; n =207 droplets for 2142-R8.1,m, RT-qPCR (I)

and western blotting (m) analysis of PD-L1 expression in A375 cells treated with
10 pM of the indicated peptides. n,0, RNA-sequencing analysis of A375 cells
with peptide treatment (2142-R8/Mut-R8) or KAT8 depletion (sgKAT8/sgNC).
Cells were exposed to 100 U mI' IFNy for 6 h before collection; n =2 biologically
independent replicates for each treatment. The experimentsinb, e-h, j, kand
mwere repeated three times with similar results. Data in h-1are shown as the
mean +s.d.; n =3 biologically independent experiments. P values were calculated
by two-tailed Student’s t-test.
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injection of the peptides could infiltrate tumor tissues (Extended Data
Fig.10h). Treatment with 2142-R8, but not Mut-R8, reduced the colo-
calization of KAT8-IRF1 puncta, tumor volumes and tumor weightsin
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micebearing LLC1tumors (Fig. 8b-e). Likewise, tumor PD-L1 expression
was reduced, and the infiltration of active CD8" T cells was increased
by 2142-R8 but not Mut-R8 (Fig. 8f-I). Treatment with 2142-R8 also
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enhanced activation of the infiltrated CD8" T cells in mouse tumors
(Extended DataFig.10i). The tumor-inhibitory effects of 2142-R8 were
alsoobservedin CT26 and 4T1tumor models (Extended DataFig.10j-1).
By contrast, 2142-R8 failed to further enhance tumor reductionwhen
blocking the PD-1/PD-L1 axis by anti-PD-1 treatment or in NOG mice
(Extended Data Fig.10j—-m). Taken together, these resultsillustrate that

the 2142-R8 peptideinhibits PD-L1expression and enhances antitumor
immunity in vivo.

Discussion
Understanding the mechanism of PD-L1regulationis critical to develop
more strategies for cancer immunotherapy, as targeting the PD-1/
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Fig. 8|2142-R8 peptide enhances antitumor immunity. a, Cytotoxicity
assay of A375 cells treated with 10 pM of the indicated peptides for24 h;n=3
biologically independent experiments. b,c, Inmunostaining for KAT8 and
IRF1in peptide-treated mouse tumor tissues (b). Colocalization ratios and
colocalized puncta numbers for each cell are plotted in c. The colocalization
ratio was calculated as the area of colocalized puncta divided by the area

of IRF1 puncta; n =150 cells for 2142-R8; n =140 cells for Mut-R8. d-1, Mice
bearing LLC1tumors were randomly divided into three indicated groups (n =6
mice per group). Peptides (5 mg per kg (body weight)) were administered
viaintraperitoneal injection at the indicated time points. Tumor size (d)

and weights (e) were measured. The immunofluorescence intensity of PD-L1
expression in each group was analyzed (fand g). The ratios of CD3*CD8"*

T cells in CD45" tumor-infiltrating lymphocytes (h) and total live cells (i)
were analyzed. The percentages of IFNy (j), IL-2* (k) or granzyme B* (I) cells

inthe tumor-infiltrating CD8* T cells were plotted; TILs, tumor-infiltrating
lymphocytes. Datainc, d, e and g-l1are shown as the mean + s.d.; Pvaluesin

d were calculated by two-way ANOVA with Tukey’s multiple-comparison test,
and Pvaluesinc, e and g-1were calculated by two-tailed Student’s ¢-test; AU,
arbitrary units. m, Schematic illustration showing that disruption of KAT8-IRF1
condensates diminishes PD-L1 expression. Left, without IFNy stimulation,
KAT8localizes to the promoter region of PD-L1and acetylates H4K16. Middle,
with IFNy stimulation, in addition to H4K16ac, KAT8 also acetylates IRF1K78 to
promote its binding on the PD-L1 promoter. The condensates formed by KAT8
and IRF1, probably facilitated by other transcription factors, cofactors and
mediators, could further recruit the transcription apparatus to boost PD-L1
transcription. Right, the 2142-R8 peptide disrupts KAT8-IRF1 condensate
formation, inhibits IRF1K78ac and DNA binding and subsequently inhibits
PD-L1transcription eveninthe presence of IFNy.

PD-L1axis has been proven effective and has become afirst-line treat-
ment in multiple cancers*. PD-L1is often upregulated in tumors by
intrinsic oncogenic signaling and extrinsic stimulations®. IFNy, which
is predominantly secreted by T cells, is a key regulator in the tumor
immune response and exerts complex effects on the tumor microenvi-
ronment’*2, PD-L1upregulates the expression of MHC/HLA molecules
on tumor cells, which enhances recognition and killing by cytotoxic
T cells™. However, at the same time, IFNy potently induces upregula-
tion of PD-L1in tumor cells, which induces exhaustion and eventual
apoptosis of tumor-infiltrating T cells®. In fact, preclinical studies and
clinicaltrials on IFNy treatment show discrepancies inits effectiveness
against tumors®. IRF1, one of the transcription factors downstream
of IFNy and induced by STAT], is the key transcription factor required
to activate PD-L1 expression'**, while the IFNy signaling pathway
does not always require IRF1 (refs. '>*). Ectopic expression of IRF1is
sufficient to induce PD-L1 upregulation even in the absence of IFNy".
Cells with IRF1 depletion show impaired PD-L1 upregulation and are
moresusceptibleto T cell-mediated killing*®. In this report, asillustrated
inFig. 8m, we demonstrated that KAT8 could cocondensate with IRF1,
which promotes IRF1K78ac and enhances PD-L1 promoter binding
and subsequently activates transcription, highlighting the critical
role of KAT8-IRF1 condensates in shaping the tumor microenvironment
by regulating PD-L1 transcription.

Although KATS is a well-established histone acetyltransferase
harboring histone and non-histone proteins as substrates* %, previous
studies focused on the specific structured enzyme-substrate interac-
tions and whether the predicted IDR of KAT8 is functional remains
unknown. In this study, we uncovered aninteresting KAT8-IRFlinterac-
tion pattern that forms transcriptional condensates. The formation of
KAT8-IRF1condensates depends on both structured domain and pro-
miscuous IDRinteractions. We further uncoupled specific KAT8-IRF1
interactions using a rapamycin-inducible system and demonstrated
that KAT8-IRF1IDR-mediated condensation contributes to transac-
tivation. After IFNy stimulation, KAT8-IRF1 condensate formation
may be facilitated by interactions with other transcriptional factors,
cofactors and mediators, collaboratively boosting PD-L1 mRNA tran-
scription. These findings support a notion that epigenetic modifiers
and transcription factors may act as biomolecular condensates to
synergistically amplify the transactivation effect and thus respond
rapidly to environmental stimulation.

There is growing evidence of biomolecular condensates in the
regulation of cancer development™®°, suggesting that targeting this
process may be promising. In the context of KAT8-IRF1 condensates,
we demonstrated that the specific structured interactionbetween the
IRF1DBD and KAT8 s a prerequisite for condensate initiation, while the
weak promiscuous interactions of the IRF1 and KAT8 IDRs promote
condensate formation. Based on this mechanism, we identified the
2142-R8 peptide, which can block IRF1 DBD and KATS8 interaction
and disrupt the formation of KAT8-IRF1 condensates, subsequently

suppressing PD-L1 expression and enhancing antitumor immunity
invitroandinvivo. Overall, our data show thatinhibiting cancer-related
condensate formation mightbe a potential strategy for cancer therapy.

Methods

Ethics statement

The Ethics Committee of Sun Yat-sen University Cancer Center and
Animal Research Committee of Sun Yat-sen University Cancer Center
approved this study (GZKJ2020-019 and L102012018110H). All experi-
ments performed in this study conform to related ethical guidelines.
The maximal tumor size of animal experiments was 2,000 mm?,and all
experiments did not exceed this limit. The paraffin-embedded cancer
tissue samples mentioned were obtained from the Department of
Pathology at Sun Yat-sen University Cancer Center. Human peripheral
blood mononuclear cells (PBMCs) were obtained from healthy donors.
All blood donors in this study signed informed consent. The human
multiple organ cancer tissue arrays were purchased from Shanghai
Outdo Biotech.

Celllines

Celllines143B, HCT116 and U20S were obtained from ATCC. HEK293T,
A375,A549,LLC1, OVCAR3, PC9,HCC1937, PC3, T24,DU145, CT26 and
4Tl cell lines were obtained from Cellcook. SNU-1040 was obtained
from Biospes. All cell lines included in this study were validated by
short-tandem repeat DNA profiling and were consecutively passaged
less than 10 times. Cell culture was performed following instructions
from ATCC.

Plasmid construction

For mammalian expression plasmids, KAT8 and IRF1 sequences were
amplified and assembled into the expression vectors with tags (HA,
3xMYC, FLAG, SFB, V5, mEGFP, TagBFP or mCherry). Plasmids con-
taining CBP, P300, GCNS5, PCAF and Tip60 were obtained as described
previously®. KAT8 C316S and IRF1 K78R constructs were generated
from WTKAT8 and IRF1 with a one-step cloning kit (Vazyme, C113-02),
and the sequences were verified by Sanger sequencing. MED1 IDR
includesamino acids 948-1574 of MED1, MYCIDRincludes amino acids
210-360 of MYC, and OCT4 IDR includes amino acids 1-138 of OCT4.
Prokaryotic expression plasmids of 6xHis-mCherry, 6 xHis-mEGFP,
6xHis-KATS8, 6xHis-mEGFP-KATS, 6xHis-mEGFP-KAT8 C316S,
6xHis-IRF1, 6xHis-IRFI-mCherry and 6xHis-IRF1IK78R-mCherry were
clonedintoamodified pGEX-4T vector with glutathione S-transferase
sequences deleted.

Animal experiments

Six-to 8-week-old C57BL/6N and NOG female mice were purchased from
Beijing Vital River Laboratory Animal Technology. Four to 6 d after sub-
cutaneousinjection of LLC1cells (1 x 10°) expressing non-targeted con-
trol sgRNA (sgNC) or KAT8 sgRNA at the right inguinal area of C57BL/6N
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mice (n= 6 per group), tumor lengths and widths were measured every
2 d using calipers. Tumor volumes were calculated aslength x width?/2
(mm?). For anti-PD-1treatment groups, sgNC- and sgKAT8-expressing
LLCl1 cellswererandomly divided into two subgroups (n = 6 per group),
one foranti-PD-1(BioXcell, BEO146) and one for IgG (BioXcell, BEOO89)
treatment. Antibodies were dissolved in InVivoPure (pH 7.0) dilution
buffer (BioXcell,IPO070) and intraperitoneally injected into mice ata
dose of 100 pg at the indicated times. For peptide treatment assays,
mice were randomly assigned into three treatment groups: normal
saline, 2142-R8 and Mut-R8 (n = 6 per group). Mice from the 2142-R8
or Mut-R8 groups were intraperitoneally injected with 5 mg per kg
(body weight) peptide in normal saline every other day. Mice from
the normal saline group were intraperitoneally injected with normal
saline every other day. For peptide and antibody combination thera-
pies, LLC1(1x10°), CT26 (1x10°) and 4T1(3 x 10°) cells were injected as
mentioned above. Mice were treated with peptide (5 mg per kg (body
weight) peptide) and/or antibody (100 pg for eachmouse) asindicated.
The experimental procedure used for peptide treatment of immuno-
deficient mice was similar to that used forimmune-competent mice.

ChIP assays

ChIP assays were performed using the EZ-Magna ChIP A/G chromatin
immunoprecipitation kit (Millipore, 17-10086) following the manu-
facturer’s instructions. Briefly, 1 x 107 cells were cross-linked with 1%
formaldehyde. After lysis, cell nuclei were subjected to sonication with
a Covaris E220 focused ultrasonicator (150 peak incident power, 7.5%
duty factor, 200 cycles, 1 min) to shear DNA. For immunoprecipita-
tion, 100 pl of sheared chromatin was diluted to a total volume of 1 ml.
Antibodies to H4K16ac, KAT8 and IRF1as well asnormal IgG were added
andincubated overnight at 4 °C. Protein A/G beads were added to the
sheared chromatin andincubated for another2 hat 4 °C. After washing,
the DNA was purified using a Tiangen Universal DNA purification kit
(DP214-03) according to the manufacturer’sinstructions. The purified
DNA was used for qPCR analysis. ChIP-qPCR primer sequences are
provided in Supplementary Table 8.

FRAP

FRAP assays were performed using a Zeiss LSM880 confocal micro-
scope. Droplets were formed with 50 pM recombinant mEGFP-KATS8
and IRF1I-mCherry in the presence of 500 mM NaCl and 4% PEG
8000. To bleach the corresponding fluorescence signal, 100% of the
maximum laser power of the 488-nm laser and 30% of the maximum
laser power of the 561-nm laser with 300 interations were used. The
bleached areawas approximately 2 pmin diameter, and 60 rounds of
imaging were performed after bleaching with the indicated intervals.
Relative recovery was normalized to the initial intensity for each con-
densate, and the means and standard deviation of the recovery time
were calculated.

Invitro acetylation assay

Purified SFB-KATS, IRF1-SFBWT and IRF1-SFB K78R mutant were incu-
bated with acetyl-coenzyme A (acetyl-CoA) in HAT buffer (Millipore,
17-329) at 30 °Cfor 0.5 h. Acetylation of IRF1was analyzed by SDS-PAGE.

Acetylation in droplets and bulk samples

For the total acetylation samples, purified mEGFP-KATS8 and IRF1-
mCherry at the indicated concentrations were incubated in reaction
buffer (25 mM Tris-HCI, 150 mM NacCl, 10% PEG 8000, 10% glycerol,
1mMDTTand 20 pM acetyl-CoA, pH7.4) at 30 °Cfor 1 h. For acetylation
indropletsandinbulk samples, reaction products with 5 uM mEGFP-
KAT8 and IRF1-mCherry were centrifuged for 30 min at 21,000g at
25°C, and the droplets and bulk samples were transferred to inde-
pendent tubes. The reactions were terminated by the addition of 5x
SDS-PAGE loading buffer, boiled at 99 °C for 10 min and quantified
by western blotting.

IRF1K78ac antibody production

Two synthetic IRF1acetylation peptides (DPKTW-(acetyl)K-ANFRC and
CPDPKTW-(acetyl)K-ANFRSA) were conjugated with carrier protein
KLH for immunization of rabbits; the unmodified IRF1 K78 peptide
(DPKTWKANFRC) was used for depletion of non-K78ac-reacting anti-
bodies. This antibody was customized at PTM Biolabs and validated by
enzyme-linked immunosorbent assay and western blotting.

Cellimmunofluorescence

Immunofluorescence was performed as described previously®*. Briefly,
cells were washed with PBS twice before fixation in 4% paraformal-
dehyde for 15 min. After permeabilization with PBS containing 0.5%
Triton X-100 for 10 min and blocking with serum for 30 min, cells were
incubated with primary antibodies for 1 hand washed with 0.05% Triton
X-100in PBS for 5 min four times and in PBS for 5 min once. Afterward,
cellswereincubated with secondary antibodies for 45 min. Cell nuclei
were stained for 3 min with Hoechst 33342 (Thermo Fisher, H3570).
After washing, cells were mounted (Beyotime, PO128M) and analyzed.

Tissue IHC and fluorescence IHC

For IHC analysis of the human multiple organ cancer tissue arrays,
sliceswere stained with anti-PD-L1 (GeneTex, GTX104763) or anti-KAT8
(Abcam, ab200660), followed treatment with anti-rabbit IgG second-
ary antibody and DAB reagents. Each case on the array was scored by a
pathologist who was blinded to the study. For the correlation analysis of
PD-L1and KAT8 expressionin cancer tissues, the median IHC scores of
PD-L1and KAT8 were used to assignthe casesto the high and low expres-
siongroups, and a chi-square test was used to determine the Pvalue.

For fluorescence IHC staining of PD-L1 expression on mouse tumor
tissues with peptide treatment, fresh tumor tissues were fixed with
10% formalin. After paraffinembedding, tissue blocks were sliced ata
thickness of -4 pm. Slices were subjected to deparaffinization, antigen
retrieval and blocking and were stained with anti-PD-L1 (Cell Signaling
Technology, 64988) for 2 hatroom temperature, followed by treatment
with Alexa Fluor 594-conjugated secondary antibody (Invitrogen,
A32754) for 45 min at room temperature. Cell nuclei were stained for
3 min with Hoechst 33342.

For fluorescence IHC costaining of PD-L1and CD8 or KAT8 and IRF1
onmouse tumor tissues slices, experiments were performed following
the instructions from the Panovue TSA kit (Panovue, 10079100020).
Briefly, slices were incubated with anti-CD8a (Cell Signaling Technol-
ogy, 98941) or anti-IRF1 (Cell Signaling Technology, 8478) for 2 h, incu-
bated with anti-rabbit IgG secondary antibody for 10 min, washed and
treated with PPD520-conjugated TSA reagent for 10 min. Slices were
then washed and subjected to antigen retrieval and blocking again,
and slices were stained with anti-PD-L1 (Cell Signaling Technology,
64988) or anti-KAT8 (Abcam, ab200660) for 2 h at room temperature.
Slices stained for PD-L1 were incubated with anti-rabbit IgG secondary
antibody for 10 min, washed and treated with PPD650-conjugated TSA
reagent for 10 min. Slices with KAT8 staining were incubated with Alexa
Fluor 594-conjugated secondary antibody (Invitrogen, A32754) for
45 min. After washing, slices were stained with DAPI for 15 min.

For fluorescence IHC analysis of samples from individuals with
cancer, slices were stained with either anti-KAT8 (Abcam, ab200660;
1:400) and anti-PD-L1 (Cell Signaling Technology, 29122) or anti-IRF1
(Cell Signaling Technology, 8478) and anti-PD-L1 (Cell Signaling
Technology, 29122) for1 hat room temperature. Afterward, the slices
were incubated with secondary antibodies for 45 min followed by
Hoechst 33342 for 3 min. The mountedslices were analyzed by confocal
microscopy and Fiji software.

Invitro cytotoxicity assay

Human PBMCs were isolated from the buffy coat of whole blood by
gradient centrifugation using Ficoll400. PBMCs were then stimulated
for 48 hin 12-well plates (approximately 5 x 10 cells per well) coated
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with T cell activators (anti-CD3 and anti-CD28, STEMCELL Technolo-
gies, 10971) in RPMI1640 medium supplemented with10% fetal bovine
serum (FBS). Activated T cells were counted and seeded into 48-well
plates with tumor cells (1 x 10° cells per well for both cell types) in RPMI
1640 medium. For peptide treatment, 10 pM 2142-R8 or Mut-R8 was
added into the cell medium and incubated for 24 h. T cells were care-
fully washed away with PBS, and the adherent tumor cells were fixed
with 4% paraformaldehyde for 15 min before they were stained with
crystal violet for 30 min.

IRF1K78R knock-in A375 cells

The knock-inexperiment was performed as previously described®. An
efficient IRFI-targeting sgRNA was selected, and aDNA donor template
containing mutations was designed. The donor template was cloned
into the pSIN vector with EF1a promoter deletion. To increase the
efficiency of positive clone selection, a fragment encoding EGFP was
insertedinto the donortemplateinthe intron sequence between exon
3 and exon 4. Additionally, aninternal ribosome entry site was placed
upstream of EGFP. CRISPR-Cas9 and the generated donor constructs
were then cotransfected into A375 cells. Six days after transfection,
flow cytometry sorting was performed to obtain EGFP* cells, and single
clones were picked. Site-specific PCR and Sanger sequencing were used
to validate the gene-edited clone. The sequences of K78R knock-in
donor template and sgRNA are provided in Supplementary Table 8.

Peptide pulldown assay

The 2142-biotin and Mut-biotin peptides with >98% purity were
synthesized and purchased from Genscript Biotech. One milligram
of cell lysate from A375 or 143B cells was incubated with peptides at
theindicated concentrations for 2 hat 4 °C, and precleared strepta-
vidinsepharose (GE, 17511301) was added to the lysates with rotation
for another 2 h. The coimmunoprecipitated KAT8 was analyzed by
western blotting.

Peptide penetration assays

FITC-Ahx-2142-R8 peptides with >98% purity were synthesized and
purchased from Genscript Biotech. For cell penetration, 143B cells
were treated with 100 nM FITC-Ahx-2142-R8 peptide for 6 hand fixed.
For tumor tissue infiltration analysis, mice bearing LLC1 tumors were
intraperitoneally injected with 5 mg per kg (body weight) FITC-Ahx-
2142-R8 peptides. Twenty-four hours later, the tumors were isolated
and frozenimmediately. Cryostat sections (4-pm thickness) were fixed
with 4 °C acetone for 10 min. Hoechst 33342 was used to stain nuclei.
Images were captured using a Zeiss LSM880 microscope.

Protein expression and purification

Protein purification was performed as described previously®*. Prokar-
yotic expression plasmids containing 6xHis-mEGFP, 6xHis-mCherry,
6xHis-KATS, 6xHis-mEGFP-KATS, 6xHis-mEGFP-KAT8 C316S,
6xHis-IRF1, 6xHis-IRF1I-mCherry and 6xHis-IRF1IK78R-mCherry were
expressed in Escherichia coli BL21(DE3) cells at 18 °C overnight with
0.5 mM isopropyl-p-D-thiogalactoside (Biofroxx, 1122GR100). Bacte-
ria were suspended in Tris buffer (50 mM Tris-HCI, 500 mM NaCl and
1mM DTT, pH 7.4) and lysed in an ultrahigh-pressure homogenizer.
The cleared supernatant was obtained after lysates were centrifuged at
12,000gfor 30 min at 4 °C. BeyoGold His-tag purification resin (Beyo-
time, P2218) was preequilibrated and used to purify the His-tagged
recombinant proteins with rotation at 4 °C for 2 h. The resin was cen-
trifuged at1,000g for 5 min at4 °C and washed with 10 volumes of lysis
buffer four times. Proteins were eluted with elution buffer (50 mM
Tris-HCI, 500 mM NaCl,1 mMDTT and 500 mMimidazole, pH7.4) and
dialyzedin~-300 times the volume of the samples in Tris buffer (50 mM
Tris-HCI, 500 mM NaCland1 mM DTT, pH 7.4) at4 °C overnight. Finally,
the dialyzed proteins were concentrated and purified by size-exclusion
chromatography using aSuperdex200increase 10/300 GL column (GE

Healthcare). For purification of SFB-KATS8, IRF1-SFB and IRF1 K78R-
SFB, HEK293T cells were used for transfection. SFB-tagged proteins in
celllysates were enriched using streptavidin sepharose (GE, 17511301).
The proteins were then eluted with 2 mg ml™ biotin. The size and purity
oftheeluted proteins were analyzed by SDS-PAGE and Coomassie blue
staining. The protein concentrations were measured by UV absorbance
at 280 nm, and the extinction coefficients were calculated using the
ProtParam tool®.

Phase separation assay

Protein purifications were performed as described previously®*.
In vitro-purified proteins were incubated in phase separation buffer
(25 mM Tris-HCl and 0.5 mM DTT, pH 7.4) at the indicated NaCl con-
centrations in the presence or absence of PEG 8000, as described in
the figure legends. After a 5-min incubation, the protein mixture was
transferredinto a384-well plate (Cellvis, p384-1.5H-N) and analyzed by
confocal microscopy. Quantification of the droplets was determined
using ImageJ, and the following batch analysis parameters were used:
image type, 8 bit; adjust, auto threshold; method = RenyiEntropy white;
analyze particles, size = O-Infinity; circularity = 0.00-1.00. For turbidity
assays, nEGFP-KAT8 and IRF1I-mCherry proteins (0.075-10 uM) were
mixed in phase separation buffer at150 mM NaCland 10% PEG 8000 for
5 min. The mixtures were measured at an optical density at 600 nm using
an MD SpectraMax Plus 384 microplate reader (Molecular Devices).

OptoDroplets assay

The optoDroplets assay was performed as described previously®®.
IRF1'5*5-mCherry-Cry2 and KAT8" **-~-mEGFP-Cry2 were transfected
into HEK293T cells separately or together. Cells were illuminated
with a 488-nm laser every 10 s. Images were captured for mCherry,
mEGFP or both signals every 10 s using a Nikon CSU-W1spinning disk
confocal microscope.

Gal4-UAS-mEGFP reporter assay

For the Gal4-UAS-mEGFP reporter cells, a reporter vector contain-
ing nine Gal4 UAS upstream of the mEGFP and flanked SB IRDR-L/R
elements were cotransfected with SB100 (Addgene, 34879) into 143B
cells via Lipofectamine 3000. Twenty-four hours after transfection,
2 ug ml™ puromycin was used to select the integrated cells. One week
after selection, fluorescence-activated cell sorting (FACS) was used
to isolate a subset of uniform mEGFP* cells and culture for further
investigation. The Gal4 DBD was assembled with IRF1'>** and FRB, and
KAT8" *® was assembled with FKBP12 into pSIN vector using a one-step
cloningkit (Vazyme, C113-02). The sequences were verified by Sanger
sequencing. These two vectors were transfected into Gal4-UAS-mEGFP
reporter cells separately or together and with a pSIN-mCherry vec-
tor as a quantification control. Medium was changed 6 h later, and
DMSO or rapamycin (200 nM) was added into the medium for 18 h. The
expression levels of mEGFP and mCherry were quantified by FACS. To
furtherinvestigate the rapamycin dose-dependent activation on UAS
reporter cells, IRF1'**-FRB-Gal4 DBD and KAT8' *8-FKBP12 vectors
containing SB IRDR-L/R elements and the blasticidin resistance gene
were cotransfected with SB100 into the UAS-mEGFP reporter cells.
Blasticidin (10 pg ml™) was used for selection for 1 week. Cells were
then seeded into 96-well plates via limiting dilution, and moderate
mEGFP-expressing single clones were isolated to get the IRF15-3%-
FRB-Gal4 DBD and KAT8' **-FKBP12 stably integrated UAS-mEGFP
reporter cells. Reporter cells were treated with the indicated con-
centrations of rapamycin for 24 h, and mEGFP signal intensity was
quantified by FACS. CytExpert (2.4) was used for analysis of the flow
cytometric data.

Estimation of 143B nuclear volume
Nuclear volume was measured as previously described®. Briefly, live
143B cells were stained with Hoechst 33342. Three-dimensional images
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were captured by confocal microscopy (ZEISS LSM880). For each
nucleus, the length (/), width (w) and depth (d) were measured using
ZEN software (ZEISS). The nuclear volumes were calculated with the
ellipsoid volume formula V= (4/3)m(l/2 x w/2 x d/2). Thirty randomly
selected cells were measured and analyzed.

CCKS8 assay

The CCKS assay was performed as described previously®®. Briefly,
A375 cellswere seeded into 96-well plates with 2,000 cells per well for
24 hand treated with normal saline and the indicated concentrations
of 2142-R8 or Mut-RS8 for 48 h. Afterward, CCK8 was added into the
medium for 1 h. CCK8 signal was detected with a microplate reader
at450 nm.

Quasar 705 DNA probe production

The probe DNA fragment was amplified from tumor DNA by PCR
from the specific region of the PD-L1 promoter using a pair of Quasar
705 fluorophore-labeled PCR primers (RuiBiotech). Amplification of
genome DNA templates was performed using KOD FX Neo polymerase
(TOYOBO, KFX201). Quasar 705-labeled probes were purified using a
gel extraction kit (Tiangen, DP209-2). The wild-type and IRF1 motif
mutation PD-L1 promoter DNA sequences are provided in Supple-
mentary Table 8.

Proximity labeling assay

A proximity labeling assay was performed as described previ-
ously®. To label KATS8-interacting proteins, doxycycline-inducible
V5-TurbolD-KAT8-expressing A375 stable cells were treated with
500 ng ml™* doxycycline for 24 h. Cells were then stimulated with
100 U mI' IFNy for 6 h, and 15 min before collection, 50 uM biotin was
addedtothe culture medium. Afterward, cellswere lysed and sonicated
inRIPA-SDS buffer (50 mM Tris-HCI (pH7.5),150 mM NacCl, 0.125% SDS,
0.125% sodium deoxycholate and 1% Triton X-100). The clear lysates
wereincubated with streptavidinbeads at4 °C overnight, and the beads
were then washed with buffers in the following order: 1M KCl buffer,
0.1 MNa,CO,buffer,2 Mureain10 mM Tris buffer and RIPA-SDS buffer
twice. The washed beads were suspended in 5x loading buffer (Beyotime,
POO015L) containing10% SDS and boiled for 5 min, and the boiled proteins
were subjected to mass spectrometry analysis. For analysis of the effect
of 2142-R8 peptide on blocking the KAT8-IRFlinteraction under physi-
ological conditions, doxycycline-inducible V5-TurbolD-KAT8-expressing
A375 stable cells were treated with 10 pM 2142-R8 or Mut-R8 peptide
and doxycycline (500 ng ml™) for 24 h. The cells were then exposed to
100 UmI ' IFNy for 6 h, and 50 uM biotin was added to the cell culture
medium 15 min before cell collection. Proteins were then prepared as
mentioned above and subjected to SDS-PAGE analysis.

Whole-genome CRISPR-Cas9 gene knockout screens
Whole-genome CRISPR-Cas9 gene knockout screens were performed
according to a previous study®’. Briefly, 143B cells (approximately 60
million cells) were infected with a low multiplicity of infection (-0.3)
of the whole-genome CRISPR-Cas9 knockout lentivirus library. After
24 h, cells were passaged and cultured for 7 d or 14 d in medium sup-
plemented with 0.5 pg ml™ puromycin. Twenty-four hours before cell
sorting, cells were exposed to 100 U mI™ IFNy. For cell sorting, cells
were collected and suspended in cold PBS before they were stained
with anti-PD-L1 (BD, 558017) and sorted. Cells in the total population
with the top 5% and tail 5% PD-L1 expression intensity were collected
and subjected to DNA extraction, sgRNA amplification and sequenc-
ing. The resulting data were analyzed by the model-based analysis of
genome-wide CRISPR-Cas9 knockout method (MAGeCK)™.

dCas9-SunTag PD-L1 promoter visualization
The assay for PD-L1 promoter visualization was performed as previ-
ously described’®. In brief, 20 sgRNAs (sgARRAY) around the PD-L1

promoter were cloned into a PUC19 backbone via Golden Gate reaction.
The sgARRAY was verified via EcoRI digest. pTETON-dCas9-24*GCN4,
pTETon-scFv-GCN4-sfGFP and sgARRAY were cotransfected into 143B
cells for 6 h, and 0.5 pg mI™* doxycycline was added into the medium.
Eighteen hourslater, cells were treated with 100 U mI™ IFNy for another
6 h. Afterward, cells were prepared forimmunofluorescence staining.
Primary antibodies were anti-KAT8 (Atlas, HPA066324) and anti-IRF1
(Santa Cruz, sc-74530). Secondary antibodies were anti-rabbit
Alexa Fluor 594 (Invitrogen, A32754) and anti-mouse Alexa Fluor 405
(Invitrogen, A-31553). SIM analysis was performed using the N-SIM S
superresolution microscope (Nikon). The sequences of the sgARRAY
are provided in Supplementary Table 8.

Mass spectrometry

To identify the acetylated lysine residues of IRF1, HEK293T cells
were cotransfected with KAT8 and IRF1-SFB for 24 h and treated
with 5 uM TSA and 5 mM nicotinamide for another 24 h. IRF1-SFB
protein was then enriched by streptavidin beads. The washed beads
were boiled for 5 min in buffer containing 2% SDS to elute bound
proteins in preparation for SDS-PAGE analysis. The band corres-
ponding to approximately 55-72 kDa was excised. For analysis of
KAT8-interacting proteins, after SDS-PAGE analysis, the whole lane
was excised and digested with trypsinat 37 °C overnight to obtain the
peptide extract. Peptides were then desalted and lyophilized. After
separation on an analytical column, the peptides were analyzed by
mass spectrometry.

Flow cytometry

Flow cytometry was performed as described previously”. For analysis
of the tumor-infiltrating cytotoxic T cells in mice, resected tumors were
first cutinto small pieces and incubated in digestion buffer (50 U ml™
DNaseland 0.4 mg ml™ collagenase IVin RPMI1640 medium) at 37 °C
for 1 h with shaking at 100 r.p.m. After passing through a 70-pum cell
strainer, suspensions of single cells were washed with PBS three times.
BD Horizon fixable viability stain 700 (FVS700; BD, 564997) was used
to label non-viable cells. After the 10-min incubation, FVS700 was
washed away with staining buffer (2% FBS in PBS). For experiments with
sgKAT8 tumors, cells were stained with primary antibodies (anti-CD45
(Biolegend, 103112), anti-CD3¢ (Biolegend, 100308) and anti-CD8x
(eBioscience, 11-0081-82)) at 4 °C for 30 min. For experiments with pep-
tidetreatment, cells were stained with primary antibodies (anti-CD45
(Biolegend, 103134), anti-CD3e¢ (Biolegend, 100306) and anti-CD8«
(Biolegend, 100708)) at 4 °C for 30 min. Stained cells were analyzed
by flow cytometry.

For analysis of cell surface PD-L1 expression in human cancer cell
lines, flow cytometry was performed using anti-CD274 (Biolegend,
329706).

For intracellular marker analysis, single cells obtained from
mouse tumors were suspended in RPMI1640 medium with 10% FBS
ataconcentration of about1 x 10° cells per ml. A leukocyte activation
cocktail (BD, 550583) was added into the medium at a concentration
of 2 pl for 1 ml of cell suspension. After incubating at 37°C for 4 h,
cells were collected, and FVS700 (BD, 564997) was used to label
non-viable cells. After washing, cells were incubated with anti-CD8a
(Biolegend, 100708) at 4 °C for 30 min. Cells were then subjected
to IFNy (Biolegend, 505832), interleukin-2 (IL-2; Biolegend, 503810)
and granzyme B (eBioscience, 35-8898-82) staining using a fixation/
permeablization kit (BD, 554714) according to the manufacturer’s
instructions.

Flow cytometry analysis was performed using a CytoFLEX LX flow
cytometer (Beckman Coulter). Data were analyzed with CytExpert
2.4 software. The gating strategies used for surface marker analysis
are provided in Supplementary Fig. 1, and strategies for the analysis
of intracellular markers (IFNy, IL-2 and granzyme B) are provided in
Supplementary Fig. 2.
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RNA sequencing and analysis pipeline

A375 cells treated with 10 pM peptides for 24 h or expressing sgRNAs
targeting KATS were stimulated with 100 U mI' IFNy for 6 h. Cells were
then collected, and total RNA was extracted using TRIzol (Life Tech-
nologies, 15596026). RNA integrity was measured with an Agilent
2100 Bioanalyzer System, and RNA libraries were prepared by poly(A)
capture and reverse transcription of cDNA. After quality validation.
Libraries were sequenced with 150-base pair paired-end sequencing
strategies using an IlluminaNovaSeq 6000. For RNA-sequencing data
analysis, the pipeline nf-core/rnaseq (v3.8.1)">”* was used. The MHC
class I-associated gene list was retrieved from the Reactome class |
MHC mediated antigen processing presentation gene set in the the
Molecular Signatures Database of gsea-msigdb.org (ref. ”*). The IRF1
target gene set was downloaded from the Harmonizome” database.

Statistics and reproducibility

No statistical methods were used to predetermine sample sizes; sam-
ple sizes were chosen empirically and are similar to those reported
in previous studies. No data were excluded from the analysis. All
of the statistical tests used in this study are indicated in the figure
legends. For in vivo experiments, all mice were randomly allocated
into experimental groups. For cell line-based experiments, randomi-
zation was not required because all samples were analyzed equally.
Theinvestigators were not blinded to allocation during experiments
and outcome assessment. GraphPad Prism software (v8.2) was used
for all statistical analyses except for the chi-square test and the cor-
relation analysis of KAT8 and PD-L1 expression in the multiple organ
cancer tissue arrays, which were analyzed using SPSS (IBM SPSS
Statistics 25). For qPCR and ChIP-qPCR data, the results of three
independent experiments were tested using two-tailed Student’s
t-tests. To test differences in mouse tumor growth, atwo-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparisons test
was used. Data distribution was assumed to be normal, but this was
not formally tested.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-sequencing datathat support the findings of this study have been
depositedinthe Genome Sequence Archive for Humans with accession
code HRA003184. Mass spectrometry datahave been depositedin the
ProteomeXchange Consortium via the iProX partner repository’s’’
with the accession codes PXD038565 and PXD038568. ChlP-seq data
of KAT8 (ENCSR954KIC and ENCFF656USH) and IRF1 (ENCSR890DSP
and ENCFF775DML) were retrieved from the ENCODE database (https://
www.encodeproject.org/). Source data are provided with this paper.
All other datasupporting the findings of this study are available from
the corresponding author onreasonable request.

Code availability

No unique code was developed for this study.
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Extended Data Fig.1| KATS8 is a PD-L1 transcriptional regulator. a, Plot of

the whole-genome CRSIPR-Cas9 gene knockout screen result using MAGeCK
analysis. The cells were sorted after 7 days of infection. The X axis indicates the
fold change of each gene, the Y axis shows the robust ranking score of each gene,
the bubble size of the indicated genes indicates the number of good sgRNAs.

b, Western blot analysis of PD-L1in 143B (left) and A549 (right) cells with sgNC
or sgRNAs targeting KAT8 with or without 100 U/mL IFN-y treatment for 6 h.c,
gqRT-PCR analysis of PD-LImRNA levelsincellsin (b). d, Flow cytometric analysis
of cell surface PD-L1in A375,143B and A549 cells with sgNC or sgRNAs targeting
KAT8 after 100 U/mL IFN-y treatment for 6 h. e, 143B cells expressing sgNC or
sgRNAs targeting KAT8 were transfected with PD-L1-HA vector for 24 h, after

that, cells were treated with cycloheximide (20 pg/mL) for indicated time. Then
cells were lysed and analyzed by western blot. f, Western blot analysis of PD-L1
expressionin the indicated cell lines expressing sgNC or sgRNAs targeting KAT8
with or without 100 U/mLIFN-y treatment for 6 h. g-i, Western blot (g), flow
cytometric analysis (h) and qRT-PCR (i) analysis of PD-L1in A375 cells transfected
with siNC or mixture of siRNAs targeting KAT8 for 72 h with or without 100 U/
mL IFN-y exposure for 6 h. Only cells treated with IFN-y were subject to flow
cytometric analysis. Datain ¢,iare shown as mean + SD, n = 3 biologically
independent experiments. p valuesin c,i were calculated by two-tailed Student’s
t-test. The experiments in b,d-h were repeated three times with similar results.
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Extended Data Fig. 6 | Calculation of KAT8 and IRF1endogenous protein
concentrations and the staining of KATS8 or IRF1in patient samples.

a, Representative 3D reconstruction of confocal image of 143B cells stained with
Hoechst 33342. The nuclear volumes were calculated by the ellipsoid volume
formulaindicated on top of the plot. A total of 30 randomly selected cells were
measured and analyzed. The statistical data were plotted on the right. Error bar
indicates the mean + SD. b, SFB-KAT8 and IRF1-SFB were expressed in HEK293T
cells and purified by streptavidin beads. Coomassie blue staining were applied
to validate the protein purity and were quantified by Quantity One. Protein
concentrations were calculated by the standard curve generated from Bovine
Serum Albumin (BSA) protein. ¢,d, Quantification of endogenous KAT8 (¢) and
IRF1(d). Quantified SFB-KAT8 and IRF1-SFB were used to generate standard
curves to estimate the endogenous KAT8 and IRF1 protein numbers from 100,
000 143B cells with or without IFN-y 100 U/mL for 12 h. Western blot signals
were quantified by Quantity One. Protein concentrations were estimated by

the protein numbers per cell divided by the mean nuclear volume. e, pTeton-
mEGFP-KAT8 and IRF1-mCherry were integrated into the genome of 143B cells by
transposase (see Method for details). A concentration gradient of doxycycline
from 0.125 to 2 pg/mL were used to induce mEGFP-KAT8 and IRF1-mCherry
expressions for 12 hours in the presence of IFN-y 100 U/mL, then cells were fixed
and visualized by confocal microscope (on the left side), proteins were harvested
and detected by western blot (on theright side). f-h, Indicated patient tissue
samples were stained with anti-PD-L1antibodies and either anti-KAT8 or anti-IRF1
antibodies as indicated. Representative images are shown (f). The fluorescence
intensities of KAT8, IRF1and PD-L1 of each cellin the representative images were
measured using Fiji. Data of KAT8 and PD-L1(g), IRF1and PD-L1 (h) are plotted.
Spearman’s correlation coefficients (p) and the two-sided p values are shown.
The fitted linear regression lines are also depicted in grey. The experimentsin
b-e were repeated three times with similar results. The experiments in fwere
repeated twice with similar results.
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conjugated secondary antibodies. Cell nuclei were stained by Hoechst 33342.
The corresponding line scan analysis of the fluorescence intensity along the
indicated line is shown on the right. The experiments were repeated three times
with similar results.
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Extended Data Fig. 8 | IRF1K78is acetylated by KATS. a, HEK293T cells
transiently transfected with IRF1-SFB for 24 h were treated with DMSO, 5 uM
TSA, 5 mM NAM, or both compounds for another 24 h. Then, cell lysates

were immunoprecipitated with streptavidin beads and immunoblotted with
theindicated antibodies. b, The seven acetylated lysines identified by mass
spectrometry were as follows: K43,K66, K70, K78,K117, K275, K299. ¢, HEK293T
cells transiently cotransfected with vector or HA-KAT8 and the indicated
mutants of IRF1-SFB for 48 h. Then, cell lysates were immunoprecipitated

with streptavidin beads and immunoblotted with the indicated antibodies.

d, HEK293T cells transiently cotransfected with IRFIWT or K78R mutant and the
indicated acetyltransferases for 48 h. Then, cell lysates were immunoprecipitated
with streptavidin beads and immunoblotted with the indicated antibodies. e,
HEK293T cells transiently cotransfected with IRF1-SFB and HA-KAT8 or HA-KATS8-
C316S mutant as indicated for 48 h. Then, cell lysates were immunoprecipitated
with streptavidin beads and immunoblotted with the indicated antibodies.

The experimentsin a,c-e were repeated three times with similar results.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | IRF1K78 acetylation promotes the DNA binding
of IRF1. a, ChIP-qPCR analysis of ectopically expressed IRF1-3MYC or IRF1
K78R-3MYCin HCT116 cells. Data are shown as the mean + SD, n = 3 biologically

independent experiments. p values were calculated by two-tailed Student’s ¢-test.

b, HEK293T cells were transiently cotransfected with the indicated plasmids and
analyzed by immunoprecipitation. c-e, Schematics of the locus-specific IRF1
K78R knock-in A375 cell line constructed by CRISPR-Cas9-mediated homology-
directed repair. See Methods for details. An sgRNA efficiently targeting IRF1was
used (c). ADNA donor template containing internal ribosome entry site (IRES),
EGFP, and indicated mutations sequence in the intron sequence between exon 3
and exon 4 was used (d). Site-specific PCR amplification and Sanger sequencing

of the K78R gene-edited clone (e). f, qRT-PCR analysis of PD-L1 mRNA levels
inparental WT and K78R A375 cells. Data are shown as the mean + SD,n =3
biologically independent experiments. p values were calculated by two-tailed
Student’s t-test. g,h Representative confocal images showing FRAP of the puncta
formed by mEGFP-KAT8 and IRF1-mCherry or IRF1K78R-mCherry in 143B cells
(g). FRAP curves are shown on the right (h). The data are plotted as the mean + SD
(n=>5biologically independent experiments). The p value was calculated by
two-tailed Student’s ¢-test. i, HEK293T cells were transiently cotransfected with
indicated constructs and analyzed by immunoprecipitation. The experiments in
b,iwererepeated three times with similar results.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Disruption of KAT8-IRF1 condensates by 2142-R8
enhances antitumor immunity. a, Schematics of the amino acid sequences
ofthe peptides. b, Representative confocal images showing the infiltration of
the FITC-2142-R8 in 143B cells. The experiments were repeated three times with
similar results. c, CCK8 assay for the peptide cytotoxicity in A375 cells.n=3
biologically independent experiments. Data are shown as the mean + SD. p values
were calculated by two-tailed Student’s ¢-test. d,e, Western blot (d) and qRT-

PCR (e) analysis of PD-L1 expression in A375 cells expressing indicated sgRNAs
treated with10 uM peptides for 24 hand 100 U/mL IFN-y for 6 h before harvest.
Data are shown as the mean + SD, n = 3 biologically independent experiments.
pvalues were calculated by two-tailed Student’s t-test. f,g, Western blot (f) and
gqRT-PCR(g) analysis of PD-L1in gene-edited IRF1K78R cells after 10 pM peptides
treatment with or without IFN-y stimulation for 6 h. Data are shown as the

mean + SD, n =3 biologically independent experiments. p values were calculated
by two-tailed Student’s t-test. h, Representative confocal images of cryostat

sections showing the infiltration of the FITC-2142-R8 peptide in LLC1 tumor
tissues inimmune-competent mice. The experiments were repeated twice with
similar results. i, The Mean Fluorescence Intensity (MFI) of the IFN-y +,IL2 + cells
and Granzyme B + cells in the tumor infiltrated CD8 + T cells. Data are shown

as the mean + SD, n = 6 mice per group. p values were calculated by two-tailed
Student’s t-test. j-1, Mice bearing LLC1 (j), CT26 (k), 4T1(I) tumors were treated
with5 mg/kg peptide and 100 pg antibody as indicated. The endpoint tumor
weights and tumor volumes were plotted. Data are shown as the mean + SD,
n=6mice per group, p values of tumor volumes were calculated by Two-way
ANOVA with Tukey’s multiple comparisons test. p values of tumor weights were
calculated by two-tailed Student’s ¢-test. m, NOG mice bearing LLC1tumors were
treated with normal saline (NS) or 5 mg/kg peptides; Tumor weights and tumor
volumes were measured. n = 6 mice per group. Data are shown as the mean + SD,
pvalues were calculated by two-tailed Student’s ¢-test.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

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

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

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXX O O XX OOOS

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  LightCycler480 (Roche), ZEISS LSM 880 confocal laser scanning microscope, ENCODE database, Uniprot database, CytoFLEX LX Flow Cytometer
(Beckman Coulter), MoFlo (Beckman Coulter), N-SIM Super Resolution Microscope (Nikon), FV1000 confocal microscopy (OLYMPUS), csu-w1l
spinning disk confocal microscopy (Nikon)

Data analysis GraphPad Prism v8.2, IBM SPSS statistics 25 were used for statistical analysis. Proteome Discoverer 2.2 was used for analyzing the Mass
spectrometry raw data by searching the Uniprot database. MaGeCK 0.5.9 was used for raw data analysis of whole-genome CRSIPR-Cas9 gene
knockout screens.CytExpert 2.4 was used for flow cytometry data analysis.ZEN 2.3 lite was used for ZEISS LSM880 image.Fiji was used for LLPS
related quantification, in vitro cytotoxic assay grayscale value analysis, and the immunofluorescence intensity of in tumor tissue analysis. For
RNA-seq data analysis, the pipeline nf-core/rnaseq (v3.8.1) was used. Briefly, reads were aligned to the GRCh37 reference genome using
HISAT2 and gene expression was quantified with featureCounts. Deferentially expressed genes were identified using DESeq2. The MHC class |
associated gene list was retrieved from the REACTOME_CLASS_|_MHC_MEDIATED_ANTIGEN_PROCESSING_PRESENTATION gene set in the
Molecular Signatures Database of GSEA-msigdb.org. The IRF1 target gene set was downloaded from Harmonizome database.

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

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

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The datasets generated during and/or analyzed during the curent study are available within the main text,extended data and Source data files. RNA—sequencing
data that support the findings of this study have been deposited into the Genome Sequence Archive for Humans with accession code HRAO03184. Mass
spectrometry data have been deposited into ProteomeXchange Consortium via the iProX partner repository with the accession code PXD038565 and PXD038568.
ChIP seq data (ENCSR954KIC, ENCFF656USH, ENCSR890DSP, ENCFF775DML) was retrieved from ENCODE database https://www.encodeproject.org/. All other data
supporting the findings of this study are available from the corresponding author on reasonable request.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The findings in our research do not apply to only one sex. Sex was not considered in our human research participants.

Population characteristics The human multiple organ cancer tissue arrays were purchased from SHANGHAI OUTDO BIOTECH CO., LTD. The information
about of the tissue arrays can be found in Supplementary Table 2. For the tumor slices staining, the patient clinical
information are as follows: lung cancer patient 1, male, 48 years old; lung cancer patient 2, male, 59 years old, lung cancer
patient 3, male, 48 years old; breast cancer patient 1, female, 53 years old; breast cancer patient 2, female, 57 years old;
gastric cancer patient 1, female, 83 years old; gastric cancer patient 2, female, 41 years old; melanoma patient 1, male, 71
years old; melanoma patient 1, female, 56 years old. Healthy blood donor: donor 1, female, 44 years old; donor 2, male, 34
years old; donor 3, female, 35 years old; donor 4, female, 28 years old.

Recruitment The paraffin-embedded tissue slices were obtained from patients who underwent surgical resection at Sun Yat-sen University
Cancer Center. We recruited four healthy blood donors, explained this project and answered all their questions in detail.

Ethics oversight The study design and usage of samples were approved by the Ethics Committee of Sun Yat-sen University Cancer Center
(GZKJ2020-019). All the four healthy blood donors in this study signed informed consent. We provided 100 RMB for
compensation for each donor.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample sizes. Sample sizes were determined based on published papers and previous
experience, and are described in the Figure legends / Methods. For in vitro studies, a sample size of n=3 would allow for adequate analysis to
reach meaningful conclusions of the data. For in vivo studies, a bigger sample size (n=6) was used to compensate for the higher natural
variance in vivo.

Data exclusions  No data was excluded from the experiments.

Replication Our experimental findings were confirmed with at least 3 times independent experiments, unless otherwise indicated. All the experimental
findings were reliably reproduced.

Randomization  For in vivo experiments, all mice were randomly allocated into experimental groups. For cell line based experiments, randomization was not
required because all samples were analyzed equally.

Blinding IHC analysis was performed by a pathologist who had no information about patient clinical data and this study. For remaining experiments, no
blinding was used.
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Antibodies

Antibodies used anti-human CD274 PE-Cy7 (clone MIH1, BD Biosciences, Cat# 558017, 1:50), anti-human CD274-PE (clone 29E.2A3, Biolegend, Cat#
329706, 1:50), anti-human PD-L1 (GeneTex, Cat# GTX104763, 1:2000 for WB, 1:50 for IHC), anti-human PD-L1 (Clone 405.9A11, Cell
Signaling Technology, Cat# 29122S, 1:100 for IF), anti-mouse PD-L1 (Clone D5V3B, Cell Signaling Technology, Cat# 64988, 1:100 for
IF), KAT8 (Clone EPR15803, Abcam, Cat# ab200660, 1:1000 for WB, 1:1000 for IHC), KATS8 ( Atlas Antibodies, Cat# HPA066324, 1:100
for IF, 1:200 for ChlIP), anti-mouse CD8a antibody (clone D4W27, Cell Signaling Technology, Cat# 98941; 1:100), IRF1 (Clone D5EA4,
Cell Signaling Technology, Cat# 8478, 1:2000 for WB, 1:100 for tissue IF), IRF1 (Clone H-8, Santa Cruz, Cat# sc-74530, 1:50 for cell IF),
GAPDH (CWBio, Cat# CW0100M, 1:4000), RNA Pol 1I-S5P (clone 3E8, Millipore, Cat# 04—1572, 1:200), V5 Tag (clone D3H8Q, Cell
Signaling Technology, Cat# 13202, 1:2000), FLAG Tag (clone D6W5B, Cell Signaling Technology, Cat# 14793, 1:2000), MYC Tag (Cell
Signaling Technology, Cat# 9402, 1:1000), HA Tag (clone 6E2, Cell Signaling Technology, Cat# 2367, 1:2000), Ac-K (Cell Signaling
Technology, Cat# 9441, 1:1000), H4K5ac (clone D12B3, Cell Signaling Technology, Cat# 8647, 1:1000), H4K8ac (Cell Signaling
Technology, Cat# 2594, 1:1000), H4K12ac (clone D2W60, Cell Signaling Technology, Cat# 13944, 1:1000), H4K16ac (clone E2B8W,
Cell Signaling Technology, Cat# 13534, 1:1000), Histone H4 (clone L64C1, Cell Signaling Technology, Cat# 2935, 1:1000), Fibrillarin
(clone C13C3, Cell Signaling Technology, Cat# 2639, 1:200), Coilin (clone IH10, Abcam, Cat# ab87913, 1:200), PML (clone EPR16792,
Abcam, Cat# ab179466, 1:200), anti-mouse CD45-BV421 (clone 30-F11, Biolegend, Cat# 103134, 1:50), anti-mouse CD45-APC
(Biolegend, Cat# 103112), anti-mouse CD3e-FITC (clone 145-2C11, Biolegend, Cat# 100306, 1:50), anti-mouse CD3e-PE (clone
145-2C11, Biolegend, Cat# 100308, 1:50), anti-mouse CD8a-PE (clone 53-6.7, Biolegend, Cat# 100708, 1:50), anti-mouse CD8a-FITC
(clone 53-6.7, eBioscience, Cat# 11-0081-82, 1:50), anti-mouse |L-2-APC (clone JES6-5H4, Biolegend, Cat# 503810, 1:50), anti-mouse
IFN-y-Brilliant Violet 650™ (clone XMG1.2, Biolegend, Cat# 505832, 1:50), anti-mouse Granzyme B-PE-Cyanine5.5 (clone NGZB, Cat#
35-8898-82, 1:50), anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488 (Invitrogen, Cat# A-21206,
1:1000), anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 594 (Invitrogen, Cat# A32754, 1:1000),
anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 594 (Invitrogen, Cat# A-21203, 1:1000), anti-Mouse
1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 405 (Invitrogen, Cat# A-31553, 1:1000), anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 647 (Invitrogen, Cat# A-21244, 1:500), anti-Rat 1gG H&L (Alexa Fluor® 488) (Abcam, Cat#
ab150157, 1:500), anti-Mouse 1gG (H+L)-HRP (Promega, Cat# W4021, 1:50,000), anti-Rabbit 1gG (H+L)-HRP (Promega, Cat# W4011,
1:50,000)

Validation We used the antibodies according to manufacturers' information. For the anti-IRF1-K78ac antibody, we used the IRF1-K78R mutant
protein for the validation (Fig. 5b). All other antibodies used in our study have been validated by manufactures and literatures,
detailed information could be found on the website from manufactures as listed below:
anti-human CD274 PE-Cy7 (BD Biosciences, Cat# 558017), https://www.bdbiosciences.com/en-us/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-cy-7-mouse-anti-human-cd274.558017
anti-human CD274-PE (Biolegend, Cat# 329706), https://www.biolegend.com/nl-nl/products/pe-anti-human-cd274-b7-h1-pd-11-
antibody-4375
anti-human PD-L1 (WB, IHC, GeneTex, Cat# GTX104763), https://www.genetex.com/Product/Detail/PD-L1-antibody/GTX104763
anti-human PD-L1 (IF, Cell Signaling Technology, Cat# 29122S), https://www.cellsignal.com/products/primary-antibodies/pd-
|11-405-9a11-mouse-mab/29122
anti-mouse PD-L1 (IF, Cell Signaling Technology, Cat#64988), https://www.cellsignal.com/products/primary-antibodies/pd-l1-d5v3b-
rabbit-mab-mouse-specific-ihc-specific/64988
KAT8 (WB, IHC, Abcam, Cat# ab200660), https://www.abcam.com/kat8--myst1-mof-antibody-epr15803-ab200660.html
KATS (IF, ChIP, Atlas Antibodies, Cat# HPA066324), https://www.atlasantibodies.com/products/antibodies/primary-antibodies/triple-
a-polyclonals/kat8-antibody-hpa066324/

CD8a (IHC, Cat# 98941), https://www.cellsignal.cn/products/primary-antibodies/cd8a-d4w2z-xp-rabbit-mab-mouse-specific/989417?
site-search-type=Products&N=4294956287&Ntt=98941&fromPage=plp&_requestid=104328

IRF1 (WB, IF for tissue, Cell Signaling Technology, Cat# 8478), https://www.cellsignal.com/products/primary-antibodies/irf-1-d5e4-
xp-rabbit-mab/8478

IRF1 (IF for cell, Santa Cruz, Cat# sc-74530), https://www.scbt.com/zh/p/irf-1-antibody-h-8?requestFrom=search

GAPDH (CWBIo, Cat# CWO100M), https://www.cwbio.com/goods/index/id/10116

RNA Pol 1I-S5P (Millipore, Cat# 04—1572), https://www.merckmillipore.com/DE/en/product/Anti-RNA-polymerase-lI-subunit-B1-
phospho-CTD-Ser-5-Antibody-clone-3E8,MM_NF-04-1572

V5 Tag (Cell Signaling Technology, Cat# 13202), https://www.cellsignal.com/products/primary-antibodies/v5-tag-d3h8q-rabbit-
mab/13202
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FLAG Tag (Cell Signaling Technology, Cat# 14793), https://www.cellsignal.com//products/primary-antibodies/dykddddk-tag-d6w5b-
rabbit-mab-binds-to-same-epitope-as-sigma-s-anti-flag-m2-antibody/14793

MYC Tag (Cell Signaling Technology, Cat# 9402), https://www.cellsignal.com//products/primary-antibodies/c-myc-antibody/9402
HA Tag (Cell Signaling Technology, Cat# 2367), https://www.cellsignal.com//products/primary-antibodies/ha-tag-6e2-mouse-
mab/2367

Ac-K (Cell Signaling Technology, Cat# 9441), https://www.cellsignal.com//products/primary-antibodies/acetylated-lysine-
antibody/9441

H4K5ac (Cell Signaling Technology, Cat# 8647), https://www.cellsignal.com//products/primary-antibodies/acetyl-histone-h4-lys5-
d12b3-rabbit-mab/8647

H4K8ac (Cell Signaling Technology, Cat# 2594), https://www.cellsignal.com//products/primary-antibodies/acetyl-histone-h4-lys8-
antibody/2594

H4K12ac (Cell Signaling Technology, Cat# 13944), https://www.cellsignal.com//products/primary-antibodies/acetyl-histone-h4-lys12-
d2w6o-rabbit-mab/13944

H4K16ac (Cell Signaling Technology, Cat# 13534), https://www.cellsignal.com//products/primary-antibodies/acetyl-histone-h4-lys16-
e2b8w-rabbit-mab/13534

Histone H4 (Cell Signaling Technology, Cat# 2935), https://www.cellsignal.com//products/primary-antibodies/histone-h4-164c1-
mouse-mab/2935

BV421 anti-mouse CD45 (Biolegend, Cat# 103134), https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-
cd45-antibody-7253?GrouplD=BLG6837

anti-mouse CD45-APC (Biolegend, Cat# 103112), https://www.biolegend.com/en-us/products/apc-anti-mouse-cd45-antibody-97
FITC anti-mouse CD3¢ (Biolegend, Cat# 100306), https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd3epsilon-
antibody-23

anti-mouse CD3e-PE (Biolegend, Cat# 100308), https://www.biolegend.com/en-us/products/pe-anti-mouse-cd3epsilon-antibody-25?
GrouplD=BLG6744

anti-mouse CD8a-FITC (eBioscience, Cat# 11-0081-82), https://www.thermofisher.cn/cn/zh/antibody/product/CD8a-Antibody-
clone-53-6-7-Monoclonal/11-0081-82

PE anti-mouse CD8a (Biolegend, Cat# 100708), https://www.biolegend.com/en-us/products/pe-anti-mouse-cd8a-antibody-155
Fibrillarin (Cell Signaling Technology, Cat# 2639), https://www.cellsignal.com//products/primary-antibodies/fibrillarin-c13c3-rabbit-
mab/2639

Coilin (Abcam, Cat# ab87913), https://www.abcam.com/coilin-antibody-ih10-ab87913.html

PML (Abcam, Cat# ab179466), https://www.abcam.com/pml-protein-antibody-epr16792-ab179466.html

IFN-y (Biolegend, Cat# 505832), https://www.biolegend.com/fr-ch/products/brilliant-violet-650-anti-mouse-ifn-gamma-
antibody-7681

IL-2 (Biolegend, Cat# 503810), https://www.biolegend.com/fr-ch/products/apc-anti-mouse-il-2-antibody-950

GranzymeB (eBioscience, Cat# 35-8898-82), https://www.thermofisher.cn/cn/zh/antibody/product/Granzyme-B-Antibody-clone-
NGZB-Monoclonal/35-8898-82

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

143B (Cat# CRL-8303, ATCC); HCT116 (Cat# CCL-247, ATCC); U20S (Cat# HTB-96, ATCC); HEK293T (Cat# CC4003, Cellcook);
A375 (Cat# CC1801, Cellcook); A549 (Cat# CC0202, Cellcook); LLC1 (Cat# CC9044, Cellcook); OVCAR3 (Cat# CC0802,
Cellcook); PC9 (Cat# CC0204, CellCook); HCC1937 (Cat# CC0314, Cellcook); PC3 (Cat# CC1202, Cellcook); T24 (Cat# CC1001,
Cellcook); DU145 (Cat# CC1201, Cellcook); CT26 (Cat# CC9036, Cellcook); 4T1 (Cat# CC9022, Cellcook); SNU-1040 (Cat#
BC2163, Biospes)

All cell lines used in this study were authenticated by short tandem repeat DNA finger printing.

Mycoplasma contamination Cell lines used in this study were routinely tested to be negative for mycoplasma.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Six to eight-week-old C57BL/6N and NOG female mice were purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. Animal housing rooms temperature; 22 + 2 Celsius; humidity: 40-70%; 12 hours cycles of light/darkness. Please see the Animal
experiments section of Methods for details.

No wild animals were involved in this study.

The findings in our research do not apply to only one sex. Sex was not considered in our study design.

No field-collected samples were involved in this study.

Animal experiments were approved by the Animal Research Committee of Sun Yat-sen University Cancer Center (L102012018110H)
and were performed in accordance with established guidelines.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

IZ The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

IZ The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

For analysis of the tumor infiltrated cytotoxic T cells in mice, the resected tumors were first cut into small pieces and
incubated in digestion buffer (50 U/mL DNase | and 0.4 mg/mL Collagenase IV in RPMI 1640 medium) at 37°C for 1 h with 100
r.p.m. shaking. After passing through a 70 um cell strainer, suspension of single cells was washed with PBS three times. BD
Horizon™ Fixable Viability Stain 700 (FVS700) (BD, 564997; 1:1000) was utilized to non-viable cell labeling. After the 10 min
incubation, FVS700 was washed away with staining buffer (2% FBS in PBS). For experiments of sgKAT8 tumors, cells were
stained primary antibodies (anti-CD45 (Biolegend, 103112; 1:50), anti-CD3¢ (Biolegend, 100308; 1:50) and anti-CD8a
(eBioscience, 11-0081-82; 1:50)) at 4°C for 30 min. For experiments of peptide treatment, cells were stained primary
antibodies (anti-CD45 (Biolegend, 103134; 1:50), anti-CD3¢ (Biolegend, 100306; 1:50) and anti-CD8a (Biolegend, 100708;
1:50)) at 4°C for 30 min. Stained cells were analyzed by flow cytometry.

For analysis of cell surface PD-L1 expression in human cancer cell lines, flow cytometry was performed using anti-CD274
(Biolegend, 329706; 1:50).

For intracellular markers analysis, single cells obtained from mice tumors were suspended in RPMI 1640 medium with 10%
FBS, at a concentration of about 1x106 cells / mL. The Leukocyte Activation Cocktail (BD, 550583) were added into the
medium, at a concentration of 2 uL for 1 mL cell suspension. After incubating at 37°C for 4 h, cells were collected and BD
Horizon™ Fixable Viability Stain 700 (FVS700) (BD, 564997; 1:1000) was utilized to non-viable cell labeling. After washing,
cells were incubated with anti-CD8a antibodies (Biolegend, 100708; 1:50) at 4°C for 30 min. Then cells were subjected to IFN-
v (Biolegend, 505832; 1:50), IL-2 (Biolegend, 503810; 1:50) and Granzyme B (eBioscience, 35-8898-82; 1:50) staining using
Fixation/Permeablization Kit (BD, 554714) according to the manufacturer’s instruction.

Flow cytometry analysis was performed using CytoFLEX LX Flow Cytometer (Beckman Coulter).
CytExpert 2.4

Cell sorting of CRISPR-Cas9 screens were performed using MoFlo Cell Sorter (Beckman Coulter). The sort efficiency was no
less than 75% as calculated by MoFlo integrated programme.

For the CRISPR-Cas9 knockout screens, cells in the total population with the top 5% and tail 5% fluorescence intensity of
PD-L1-PE-Cy7 were sorted. For analysis of the cell surface PD-L1 expression of cancer cell lines, cells were first gated by FSC/
SSC to exclude debris. The next gate was FSC-A/FSC-H to eliminate non-singlets. Then PD-L1 expression was analyzed by
gating PE. For TIL analysis, cells were first gated by FVS700/SSC to exclude non-viable cells. The next gate was FSC-A/FSC-H to
eliminate non-singlets. Then gate CD45+ and low SSC-A cell population. Then gate CD3+ polpulation and at last gate CD8+
population.

For intracellular marker analysis in CD8 TlLs, cells were first gated by FVS700/SSC to exclude non-viable cells. The next gate
was FSC-A/FSC-H to eliminate non-singlets. Then cells were gated by FSC/SSC to isolate the lymphocytes population. The
next gate is CD8+ cells. Based on this gate, gate IFN-y, Granzyme B and IL-2, the positive populations were determined by
FMO.

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