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Viral infection outcomes are sex biased, with males generally more
susceptible than females. Paradoxically, the numbers of antiviral natural
killer (NK) cells are increased in males. We demonstrate that while
numbers of NK cells are increased in male mice, they display decreased
effector function compared to females in mice and humans. These
differences were not solely dependent on gonadal hormones, because
they persisted in gonadectomized mice. Kdmé6a (which encodes the
protein UTX), an epigenetic regulator that escapes X inactivation, was
lower in male NK cells, while NK cell-intrinsic UTX deficiency in female
mice increased NK cell numbers and reduced effector responses.
Furthermore, mice with NK cell-intrinsic UTX deficiency showed
increased lethality to mouse cytomegalovirus. Integrative multi-omics
analysis revealed a critical role for UTX in regulating chromatin
accessibility and gene expression critical for NK cell homeostasis and
effector function. Collectively, these dataimplicate UTX as a critical
molecular determinant of sex differences in NK cells.

Evolutionarily conserved sex differences existin both innate and adap-
tive immune responses’*. While males are less susceptible to autoim-
munity, they alsomount aless potent antiviralimmune response than
females®. For instance, males have a higher human cytomegalovirus
(HCMV) burden after infection, suggesting increased susceptibility
to viral threats®. This has also been recently illustrated during the
coronavirus disease 2019 (COVID-19) pandemic, in which the strong
male bias for severe disease has been postulated to reflect sex differ-
ences in immune responses’. Multiple studies in humans and mice
have recently reported differences inimmune cell distribution and/
or function in males versus females®’. However, the molecular basis
for these differences, and the mechanisms by which these differences
influence disease outcomes, remain poorly understood.

Sex differences in mammals are defined not only by divergent
gonadal hormones, but also by sex chromosome dosage'. Expression
of asubset of X-linked genes, for example, is higher in females (XX)
than males (XY)%. While females undergo random X-chromosome
inactivation (XCI) to maintain similar levels of X-linked pro-
tein expression between sexes, XCl is incomplete, with 3-7% of
X-chromosome genes escaping inactivation in mice and 20-30%
escaping inactivation in humans®’. As such, differential levels of
X-linked gene expression in females versus males have been linked
to sex differences in awide range of conditions including neural tube
defects' and autoimmune disease™".

Ascirculatingtypelinnate lymphocytes, NK cells serve asanearly
line of defense against herpesvirus family members®. Theimportance
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of NK cellsinantiviralimmunity isillustrated in patients with defective
NK cell numbers or functionality, who are highly susceptible to infec-
tion by herpesviruses such asHCMV and Epstein-Barr virus*. In mice,
NK cells arerequired for the control of mouse cytomegalovirus (MCMV)
and other viral infections®. Mice with either genetic deficiency in NK
cell function or loss of NK cell numbers have a significant increase in
viral titers and mortality following MCMV infection . Thus, NK cells
are critical in antiviralimmunity in both mice and humans.

Given the potent antiviral function of NK cells, it was therefore
unexpected that virus-susceptible males display higher numbers of
NK cells®’. Beyond NK cell numbers, other previously unappreciated
sexually dimorphic NK cell feature(s) may instead account for sex dif-
ferences during viral infection. We demonstrate that while male NK cells
display enhanced cellular fitness inmice, they show decreased effector
function in mice and humans. These sex biases in NK cell composi-
tion and function were not completely due to hormonal differences,
because they persisted in gonadectomized mice. Through differential
expression screening, we identified the X-linked epigenetic regulator
and known XClI escapee UTX, which was expressed at significantly
lower levels in both mouse and human male NK cells. UTX regulated
both NK cell fitness and effector function in a dose-dependent man-
ner, because UTX haploinsufficiency in female NK cells was sufficient
to increase NK cell numbers while impairing cytokine production
and cytotoxicity. Female UTX-deficient NK cells displayed enhanced
persistence in vivo and resistance to apoptosis ex vivo, as well as
increased susceptibility to MCMYV infection. These effects were inde-
pendent of UTX’s intrinsic demethylase activity, as NK cell numbers
andinterferon (IFN)-y production were unaltered in mice expressing a
‘demethylase-dead’ UTX mutant. Integrative analysis using the assay for
transposase-accessible chromatin using sequencing (ATAC-seq), bulk
RNA sequencing (RNA-seq) and anti-UTX CUT&Tag (Cleavage Under
Targets and Tagmentation Assay) of wild-type (WT) and UTX-deficient
NK cellsrevealed acritical role for UTX in regulating expression of gene
lociinvolved in NK cell fitness and effector responses. Our findings
identify UTX asamajor driver of sex differences in NK cellhomeostasis
and effector function through demethylase-independent modulation
of gene expression.

Results

NK sexual dimorphismis independent of gonadal sex
hormones

A recent investigation examining spleens of C57BL/6 mice reported
increased numbers of NK cells in males versus females”. Consist-
ent with these data, we observed that splenic NK cells (identified as
CD3 TCRPB™NK1.1%; Extended Data Fig. 1a) are increased in frequency
(Fig. 1a,b) and absolute numbers (Fig. 1c) in male C57BL/6 mice com-
pared to females. These findings suggest that other sexually dimorphic
features beyond NK cellnumbers may account forincreased male sus-
ceptibility to viralinfections. Inresponse to viral infection, NK cells are
criticalfor early production of pro-inflammatory cytokines, particularly
IFN-y?* %%, To test if sex differences exist in NK cell-intrinsic function,
we compared effector cytokine production in NK cells isolated from
female versus male mice ex vivo. Stimulation with the pro-inflammatory
cytokines interleukin (IL)-12 and IL-15 resulted in lower IFN-y produc-
tion by male NK cells (Fig. 1d,e and Extended Data Fig. 1b). Similar
results were observed in response to IL-12 and IL-18 (Extended Data
Fig. 1c,d), suggesting a respective defect in male NK cell respon-
siveness to cytokine stimulation. Additionally, human NK cells
(TCRBCD3°CD56%)isolated from peripheral blood mononuclear cells
(PBMCs) activated with IL-12 and K562 leukemia cells resulted in lower
percentage IFN-y* (Fig. 1f and Extended Data Fig. 1e) and IFN-y mean
fluorescence intensity (MFI; Fig. 1g) in male versus female NK cells.
Thus, although NK cell numbers are increased, male NK cell effector
cytokine productionis consistently reduced inboth mice and humansin
response to pro-inflammatory cytokines induced during viral infection.

Female or male sex is based on acomposite of gonadal hormones
(for example, estrogens or androgens) and sex chromosomes (for
example, 46XX or 46XY)". Previous studies demonstrated direct effects
of gonadal hormones in regulation of IFN-y production by NK cells®,
butitremains possible that NK cell sex differences could also be attrib-
uted to cell-intrinsic factors. To identify sex hormone-mediated effects,
we examined NK cell abundance and function in gonadectomized mice.
Gonadectomy failed to eliminate sex differences in NK cell frequency
(Fig.1h and Extended Data Fig. 1f), absolute numbers (Fig. 1i) and IFN-y
protein production in response to cytokine stimulation (Fig. 1j,k and
Extended Data Fig. 1g), indicating gonadal hormones are not solely
responsible for sex differences in NK cells. While NK cell maturation
subsets identified by CD11b and CD27 expression have differential
capacities for survival and effector function?, splenic NK cells derived
from either WT or gonadectomized female and male mice did not dis-
play significant differences in the frequencies of NK cell maturation
subsets (Extended Data Fig. 1h-k). These results indicated that the
observed sex biases in NK cell number and effector function are not
due to differential maturation states. Thus, we hypothesized that sex
chromosome dosage may contribute to differential NK cellabundance
and function between sexes.

UTX escapes X inactivation and is expressed more in females
While 46XX females undergo XCI to control dosages of X-linked genes,
asubset of genes escapes XCI (termed XCl escapees), often resulting in
higher expression in females compared to males*?. Thus, increased
XClescapee expression in females compared to males could potentially
mediate sex differencesin NK cells. While different genes escape X inac-
tivationin humans and mice, five genes (XIST, DDX3X, KDM6A, EIF253,
KDMS5C) have previously beenidentified as XCl escapeesin both”. XIST
was excluded from further analysis because it is not expressed in male
cells due to its known role in XCI in female cells’. All four remaining
geneswere significantly downregulated inmale versus female NK cells,
inboth human (Fig. 2a) and mouse (Fig. 2b). Kdméa (which encodes
UTX) transcript levels displayed the most sexually dimorphic expres-
sion in both human and mouse NK cells (Fig. 2a,b). Male NK cells also
expressed lower UTX protein levels compared to female NK cells in
mice (Fig.2c,d). These differences in Kdméatranscriptlevelsand UTX
proteinlevels persisted in both gonadectomized mice (Fig. 2e-g) and
Four Core Genotypes (FCG) mice (Extended Data Fig. 2a) in which
sex chromosome complement (XX or XY) is uncoupled from gonadal
sex organ (ovaries or testes)?. These data indicate expression levels
of Kdméa (UTX) are sex biased in NK cells and primarily dictated by
X-chromosome dosage rather than gonadal hormones.

UTX suppresses NK cell fitness

Todetermineif UTX mediates the observed sex differencesin NK cells,
we generated a series of mice with dose-dependent loss of UTX. First,
we generated female mice with a heterozygous deletion of UTX in
NK cells (Kdm6a™ " Ncr1¢*, hereafter referred to as UTX"; Supple-
mentary Data Table 1) to mimic the single copy of UTX expressed in
males. We confirmed similar NK cell UTX protein expression between
female UTX" and male WT (Kdméa"™ Ncr1“) mice (Extended Data
Fig.2b). Female UTX"* mice displayed similar splenic NK cellnumbers
compared to male WT (Fig. 3a,b), and both displayed increased num-
bers of NK cells compared to female WT. No significant differences in
maturationby CD11b and CD27 expression were observed between NK
cells from female WT, male WT and female UTX"** mice (Extended Data
Fig.2c). Thus, loss of one copy of UTX was sufficient to increase NK
cell numbers in a maturation-independent manner.

We next produced mice with a homozygous deletion of UTX
(Kdm6a™ Ncr1**, hereafter referred to as UTX?; Supplementary Data
Table1), resultinginloss of both copies of UTXin NK cells. UTX protein
expression was significantly lower in female UTX"® NK cells compared
tofemale WT NK cells by flow cytometry (Extended Data Fig. 2b), as well
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Fig.1|Sex differences in IFN-y production and NK cell numbers are
independent of gonadal hormones. a-c, Representative dot plots (a),
frequency (b) and absolute numbers (c) of splenic NK cells (CD3 TCRB 'NK1.1)
infemale and male C57BL/6 mice (n =15 per group). d,e, Percentage IFN-y* (d)
and normalized IFN-y MFI (e) of total splenic NK cells from female versus male
mice cultured with no treatment (NT) or IL-15 (50 ng ml™) and IL-12 (20 ng mI™)
for 4 h, normalized to MFI of female IL-15/IL-12 treatment (n = 8 per group).
f.g, Percentage IFN-y* (f) and normalized IFN-y MFI (g) of CD3"CD56" female
(n=6)and male (n =7) human NK cells cultured and stimulated with 10 ng
ml™of IL-12for 16 hin the presence of K562 cells, normalized to MFl of female

Gonadectomized mice

IL-12 treatment. h,i, Frequency (h) and absolute numbers (i) of splenic NK cells
ingonadectomized female and male mice (n =18 per group). j k, Percentage
IFN-y* (j) and normalized IFN-y MFI (k) of total splenic NK cells isolated from
gonadectomized female and male mice and cultured with NT or IL-15 (50 ng ml™)
and IL-12 (20 ng mI™) for 4 h (n =12 per group). Data are representative of 2-4
independent experiments. Samples were compared using a two-tailed unpaired
Student’s t-test and data points are presented as individual mice with the

mean +s.e.m. (*P < 0.05;**P < 0.01; **P < 0.001; ***P < 0.0001). Specific Pvalues
areasfollows:b=0.0002;c=0.006;d =0.0036; e =0.0013;f=0.04;g=0.03;
h<0.0001;i=0.0006;j = 0.0234; k= 0.0019.

aslower compared to NK cells with asingle UTX copy (thatis, male WT
and female UTX"®), The absence of UTX protein at the predicted size
(180 kD) in female UTX™P compared to WT NK cells was confirmed by
western blot (Extended Data Fig. 2d). NK cell frequencies and absolute
numbers increased with decreasing UTX copy number (Fig. 3c,d and
Extended DataFig.3a). These dataimplicate UTXinregulating NK cell
frequency and absolute numbers in a dose-dependent manner.

To define the mechanisms underlying the increased NK cell
numbers in UTX"® mice (CD45.2"), a 1:1 ratio of mixed bone marrow
chimeric (mBMC) mice with WT (CD45.1") were produced. Six weeks
after reconstitution, we observed a marked competitive advantage
of female UTX"P (CD45.2") NK cells compared to WT in female recip-
ients (CD45™?) following bone marrow transplantation (Extended
Data Fig. 3b,c). In contrast to NK cells, T cells from the same donor
(UTXNKP,CD45.2%), which are UTX sufficient due to NK-specific dele-
tion of UTX, displayed the original injection ratio (1:1; Extended Data
Fig. 3b,c). These data suggest UTX repressed NK cell numbersina
cell-intrinsic manner during development. To test whether this phe-
notype was driven by differences in proliferation, we analyzed the cell

division marker Ki67 in splenic NK cells in WT:UTX"" mBMC mice,
injected at a 4:1 ratio to normalize cell number between genotypes.
Paradoxically, UTX" NK cells displayed lower frequencies of Ki67*
cellsand showed less CFSE dilutioninresponsetoIL-15 (Extended Data
Fig. 3d,e). These results suggest that the higher NK cell numbers
observed in UTX™P mice were not due to increased proliferation.
Given these results, we hypothesized that the elevated frequency
of NK cells in UTX"® mice (Fig. 3c,d) could be due to enhanced cellular
fitness of NK cells in the absence of UTX expression. To test this possi-
bility, congenically distinct WT (CD45"?) and UTX™P (CD45.2") splenic
NK cells were labeled with Cell Trace Violet (CTV) and transferred into
WT (CD45.1%) recipients at a 1:1 ratio (Extended Data Fig. 3f). On day 7
after transfer, the transferred population was skewed toward UTXP NK
cells in recipient spleens (Fig. 3e,f), demonstrating cell-intrinsic UTX
suppression of mature NK cellhomeostasis. This difference was not due
toaltered proliferation, because CTV dilutionby both transferred popu-
lations was minimal on day 7 after transfer (Extended Data Fig. 3g). To
test whether UTX repressed NK cell homeostasis through regulation of
apoptosis, we compared cleaved caspase 3 expressioninsorted NK cells
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Fig.2|X-linked UTX displays sexually dimorphic gene expressionindependent
of'sex hormones. a, Normalized expression of XCl escapee genes using DICE
database RNA-seq data onsorted NK cells from human females (n = 36) versus
males (n=54) normalized to female. b, Normalized expression of XCl escapee
genes by quantitative PCR with reverse transcription (RT-qPCR) in splenic NK cells
from female versus male mice (C57BL/6; 8 weeks old, n =5 per group). Genes are
ordered by increasing fold change between female and male from left to right.

c,d, Representative histogram (c) and normalized MFI (d) of UTX protein
expressionin splenic NK cells from naive female versus male mice by flow

Gonadectomized mice

cytometry, normalized to MFI of female mice (C57BL/6; 8 weeks old; n =15 per
group). e, Relative expression of Kdmé6a (UTX) by RT-qPCR of isolated splenic NK
cells normalized to female (n = 6 per group). f,g Representative histograms (f) and
relative UTX MFI (g) of NK cells by flow cytometry from spleens of gonadectomized
female and male mice (n = 6 per group) normalized to female. Samples were
compared using unpaired two-tailed Student’s ¢-test and data points are presented
asindividual mice with the mean +s.e.m. (*P < 0.05; **P < 0.01; **P< 0.001).
Specific Pvalues are as follows: a < 0.001; b: Ddx3x = 0.03, Kdm5c = 0.0017,
Eif2s3=0.0113, Kdm6a = 0.000087;d = 0.003; e = 0.008; g = 0.0029).

incubated with either IL-15 alone or with IL-15and an apoptosis inducer,
Nutlin-3a”. Lower UTX expression correlated with decreased cleaved
caspase 3*NK cellsinthe presence of low-dose IL-15and Nutlin-3a treat-
ment (Fig. 3g,h). Moreover, male NK cells also displayed a modest but
significant decrease in the frequency of cleaved caspase 3" NK cells in
response to Nutlin-3a compared to female NK cells, which also per-
sisted in gonadectomized mice (Extended Data Fig. 3h-k). Moreover,
regulation of NK cell apoptosis and survival relies onthe relative expres-
sion levels of Bcl-2 (anti-apoptotic factor)*°, which can be antagonized
by Bim (pro-apoptotic factor)”. UTX™P NK cells showed increased
intracellular protein expression of Bcl-2 and a modest increase in Bim

(Fig. 3i,j and Extended Data Fig. 31) compared to WT NK cells. This
resulted in a significantly increased Bcl-2:Bim ratio in UTX"" NK cells
(Fig.3k).Male NK cells also displayed a significantincrease in Bcl-2:Bim
ratio (Fig. 31), which persisted following gonadectomy (Fig. 3m).
Together, these datademonstrate that altered UTX levels may underlie
sex differencesin NK cell fitness through regulation of Bcl-2 expression.

UTX enhances NK cell effector function

Because male NK cells exhibited decreased IFN-y production (Fig.1d,e)
independent of gonadal hormones (Fig. 1j,k) we next sought to deter-
mine if this phenotype was regulated by UTX levels. After cytokine
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stimulation, frequencies and absolute numbers of IFN-y-producing cells
(Fig.4aand Extended Data Fig.4a,b) as well as IFN-y MFI (Fig. 4a) were
similar between male WT and female UTX"' NK cells. IFN-y production
by female UTX"* NK cells was intermediate between female WT and
female UTX"P NK cells (Fig. 4a and Extended DataFig. 4a,b). This trend
was also observed by comparing NK cell IFN-y accumulation by ELISA
(Fig.4b). Moreover, this phenomenon was not specific to IFN-y, because
granulocyte-macrophage colony-stimulating factor (GM-CSF) produc-
tion, apro-inflammatory NK effector molecule®, was also reduced with
decreasing UTX copy number in female NK cells (Fig. 4c).
Inaddition to cytokine production, NK cell cytolytic activity is cru-
cial for antiviral® and antitumor defenses*. To assess sex differences
in NK cell cytotoxicity, we performed killing assays with major histo-
compatibility complex (MHC) class I-deficient MC38 cells as targets.
Ata4:1effector:target ratio, male WT NK cells displayed significantly
lower lysis of target cells compared to female WT (Fig. 4d), which was
sustained in gonadectomized mice (Extended Data Fig. 4c). Impaired
target cell killing by male NK cells was not due to differences in degranu-
lation, because CD107a levels were similar between female and male
NK cells (Extended Data Fig. 4d,e). However, males produced signifi-
cantly lower levels of cytotoxic molecules perforin and granzyme Bin
responsetolL-15and anti-NK1.1activating receptor ligation (Extended
Data Fig. 4d,e). Notably, UTX"* and male WT NK cells showed similar
killing capacity (Fig. 4d), which was intermediate between female WT
and UTX"® NK cells (Fig. 4d). Together, these data suggest that UTX
enhances NK cell cytotoxicity in a dose-dependent manner.
Considering the observed effects of UTX loss on NK cell effector
function, we examined whether UTX"® mice were more vulnerable to
viral infection. Rapid IFN-y and GM-CSF production is critical for NK
cell-mediated antiviral control®. Strikingly, UTX"*’ mice rapidly suc-
cumbed toinfection (n = 3/8 survived) upon challenge with asublethal
dose of MCMV (Fig. 4e). Moreover, UTX-deficient splenic NK cells dis-
played amarked defectin IFN-y productionand granzyme B production
in total NK cells on day 1.5 after infection (Fig. 4f and Extended Data
Fig. 4f,g). Additionally, a similar defectin IFN-y production by UTX"¥P
was observed inall maturation subsets (Extended Data Fig. 4h), impli-
cating UTXin control of IFN-y productionin amaturation-independent
manner. To confirm whether dosage of UTX expression in mature NK
cellsassociates with production of IFN-y during viralinfectionin vivo,
we generated transgenic mice to achieve a tamoxifen-inducible UTX
deletion (Kdm6a™" Rosa26 R™*R¥* hereafter referred to as iUTX™;
Supplementary Data Table 1). mBMC mice were produced with a1:1
mix of WT (CD45.1) and iUTX ™" (CD45.2") to limit UTX deletion to the
hematopoietic compartment. WT:iUTX”~ mBMC mice were treated
with tamoxifen immediately before infection with MCMV to ablate
UTX expression (Fig. 4g). iUTX " (CD45.2*) NK cells produced less
IFN-y compared to their WT counterparts (Fig. 4h and Extended Data
Fig. 4i). Tamoxifen administrationin WT:iUTX”"mBMC mice resulted
indifferential degrees of UTX protein loss and displayed a significant
positive correlationbetweenintracellular UTX levels and IFN-y produc-
tionon day1.5after infection (Fig. 4i). These results demonstrate that
cell-intrinsic UTX levelsin mature NK cells regulate effector molecule
production and subsequent protection against MCMV infection.

UTXregulates NK cellsin a demethylase-independent manner
As a histone demethylase, UTX may control NK cell homeostasis and
effector gene expression programs by catalyzing the removal of a
methyl group from trimethylated histone H3 Lys27 (H3K27me3; a
repressive histone mark) to poise chromatin for active gene expres-
sion®. However, UTX also possesses demethylase-independent
activities by interacting with epigenetic regulators and chromatin
modifiers to coordinate gene expression®*”. To explore the role of UTX
demethylase activity in modulating NK cell homeostasis and effector
function, we leveraged mice that express a catalytically inactive UTX
(UTX ‘demethylase-dead’ or UTX"MP mice; Supplementary Data Table 1)

harboring p.His1146Ala and p.Glul148Ala point mutations in the
catalytic domain®®. Interestingly, female UTX"P and WT mice exhib-
ited similar frequencies and absolute numbers of splenic NK cells
(Fig. 5a-c), while UTX"® mice showed increased splenic NK cell num-
bers compared to both. These findings suggest that UTX’s repression
of NK cell numbers was demethylase independent. Moreover, no dif-
ferences were observed between WT and UTXPP NK cells in the ability
to produce IFN-yinresponseto cytokine stimulation (Fig. 5d-f). These
results demonstrate that UTX’s functioninrestraining NK cell numbers
and promoting IFN-y production is demethylase independent.

In addition to a single copy of UTX, males express the cata-
lytically inactive Kdmé6c (which encodes the protein UTY), the
Y-chromosome-linked homolog of UTX. We confirmed that UTY is
only expressed in male NK cells from humans (Extended Data Fig. 5a)
and mice (Extended Data Fig. 5b) and was not altered by gonadec-
tomy in mice (Extended Data Fig. 5b). As discussed above, no differ-
enceswere seen in NK cell numbers or effector function between male
WT (one copy of UTX and UTY) and female UTX" (one copy of UTX)
mice (Figs. 3a,b and 4a,d), suggesting a limited role for UTY in regu-
lating NK cell homeostasis and effector function. Additionally, male
UTXNK (Kdmé6a™ Ncr1e*) mice showed increased NK cell frequency
and absolute numbers (Extended Data Fig. 5¢,d) and produced
less IFN-y (Extended Data Fig. 5e-h), compared to male WT controls,
which mirrors changes seen in females with NK cell UTX deficiency.
(Figs. 3a,b and 4a,b). Thus, UTX loss in NK cells has similar effects in
females and males.

UTX controls NK cell transcriptome by remodeling chromatin
Recent studies have identified NK cell regulatory circuitry (regu-
lomes) that prime innate lymphoid cells for swift effector responses
even before NK cell activation®. As an epigenetic modifier, UTX can
alter transcription by organizing chromatin at regulatory elements
of target gene loci*’. To investigate the UTX-mediated modifications
on chromatin accessibility and gene expression in NK cells, we per-
formed ATAC-seq in tandem with bulk RNA-seq on sort-purified WT
(CD45.1") and UTXMP (CD45.2*) NK cells from 4:1 WT:UTX"* mBMC
mice (Extended Data Fig. 6a). Using mBMC mice allowed for aninter-
nally controlled experiment and minimized environmental confound-
ing factors. Principal-component analysis (PCA) of both ATAC-seq
and RNA-seq datarevealed sample clustering by genotype (Extended
Data Fig. 6b). ATAC-seq revealed 3,569 peaks decreased and 2,113
peaks increased in accessibility in UTX"? compared to WT NK cells
(log, fold change > +0.5, adjusted P value < 0.05, false discovery rate
(FDR) < 0.05; Supplementary Data Table 2). Moreover, RNA-seq identi-
fied 701 decreased and 554 increased genes in UTX"" versus WT (log,
fold change > +0.5, adjusted Pvalue < 0.05, FDR < 0.05; Extended Data
Fig. 6c and Supplementary Data Table 3). These findings suggest pro-
found changesinboth the chromatinlandscape and transcriptome of
NK cellsin the absence of UTX.

Integrative analysis of ATAC-seq and RNA-seq identified 395 genes
that are both differentially accessible and expressed with a significant
positive correlation (Spearman correlation: R=0.62, P<2.2 x107%)
between the mean log, fold change of ATAC-seq peaks and log, fold
change of RNA-seq expression (Extended Data Fig. 6d). Fuzzy c-means
clustering of both the ATAC-seq and RNA-seq datasets identified six
major clusters that were significantly decreased (clusters1,2,3 and 6)
or increased (clusters 4 and 5) in accessibility (Fig. 6a) and expres-
sion (Fig. 6b) in UTX™P NK cells. For functional enrichment analysis,
g:Profiler was used to analyze clusters of differentially expressed genes
identified by RNA-seq (Fig. 6¢). Major pathways such asimmune system
process, cytokine production, IFN-y production, lymphocyte activa-
tion and immune effector process were associated with decreased
expression in UTX® (clusters 1, 2, 3 and 6; Fig. 6¢). Meanwhile, path-
ways such as developmental process, biosynthetic process and meta-
bolic process were significantly associated with increased expression
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Fig.4 | UTX enhances NK cell effector function and is required for survival
against viral infection. a, Percentage IFN-y* and normalized IFN-y MFl of NK
cells from female WT (n = 8), male WT (n = 8), female UTX"® (n =12) and female
UTX™P (n = 6) mice with no treatment (NT) or IL-15 (50 ng mI™) and IL-12 (20 ng
ml™) for 4 h, normalized to MFl of female IL-15/IL-12 treatment. b,¢, IFN-y (b) and
GM-CSF (c) concentrations measured by ELISA in supernatants from female WT
(n=4),UTX" (n=5)and UTX™P (n=3) NK cells with NT or IL-12 (20 ng mI™*) and
IL-18 (10 ng ml™) for 4 h. d, Specific lysis of MHCI-deficient MC38 (target) cells
by female WT (n =5), male WT (n=8), female UTX"** (n=12) or female UTX""
(n=6) NK (effector) cells for 16 h at a 4:1 effector:target ratio, normalized to lysis
by female WT. e, Kaplan-Meier survival curves of WT and UTX® mice infected
withMCMV (n = 8). Mantel-Cox test (P= 0.0093). f, Percentage IFN-y* (n =14),
normalized IFN-y MFI (n =14) and granzyme B (GzmB) MFI (n = 8) relative to

WT insplenic NK cells on D1.5 after MCMV infection of 4:1 WT:UTX mBMC
mice. g, Schematic of 1:1 WT (CD45.1") and iUTX”" (CD45.2") bone marrow (BM)
transferred into busulfan-depleted hosts and treated with 1 mg tamoxifen for

3 d before MCMV infection. h, Percentage IFN-y" and normalized IFN-y MFI of NK
cells from1:1 WT:iUTX”~mBMC mice on D1.5 after MCMV infection, normalized
toWT (n=6). 1, Two-tailed Pearson correlation of IFN-y versus UTX MFI of NK
cells (n=12;7=0.775; P< 0.0001). Data are representative of 2-3 independent
experiments. Two-way ANOVA (a-c), one-way ANOVA with Tukey’s correction
for multiple comparisons (d) or paired two-tailed Student’s ¢-test (f,h) were
used. Data points are individual mice with the mean + s.e.m. *P < 0.05; **P< 0.01;
***P < 0.001; ***P< 0.0001. Specific Pvalues: a: F WT versusM WT = 0.0027, FWT
versus FUTX"and FWT versus F UTX" < 0.0001, M WT versus F UTX"*' = 0.269,
FUTX"versus FUTX™P=0.0007; b: WT versus UTX"*=0.0037, UTX"*' versus
UTX™P =0.0011, WT versus UTXP < 0.0001; c: WT versus UTX"' = 0.0026,
UTX" "t versus UTX™P = 0.0349, WT versus UTX™P < 0.0001; d: F WT versus M

WT =0.0005, FWT versus F UTX"and F WT versus F UTX"® <0.0001, MWT
versus FUTX" = 0.1616, F UTX" versus F UTX" = 0.0439; f: IFN-y* < 0.0001,
IFN-y MFI = 0.0024, GzmB = 0.0032; g: %IFN-y* < 0.0001, IFN-y MFI = 0.0018.

PI, postinfection.
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Fig.5|UTX controls NK cell homeostasis and IFN-y productionindependent
of demethylase activity. a-c, Representative density plots (a), frequency (b)
and absolute number (c) of NK cells in the spleens of female WT, UTX"™ and
UTX™P mice (n =5 per group). d—f, Representative contour plots (d), percentage
IFN-y* (e) and normalized IFN-y MFI (f) of female WT, UTX"™P and UTX"" NK cells
(n=5per group) normalized to WT. Data are representative of 2-3 independent
experiments. Samples were compared using one-way ANOVA with Tukey’s

correction for multiple comparisons. Data points are presented as individual
mice withthe mean +s.e.m.*P < 0.05;**P < 0.01; ***P < 0.0001. Specific Pvalues
are as follows: b: WT versus UTX"™P = 0.7353, WT versus UTX™P and UTXMP
versus UTX™P < 0.0001; c: WT versus UTXP = 0.4888, WT versus UTX"<P

and UTX"™Pversus UTX™P < 0.0001; e: WT versus UTXPMP = 0.855, WT versus
UTX™P =0.0030, UTX"MP versus UTX? = 0.0380; f: WT versus UTX"° = 0.1382,
WT versus UTX™P = 0.0079, UTX"™Pversus UTX? = 0.0166.

in UTX™P (clusters 4 and 5; Fig. 6¢). Of note, analysis of cell death
pathway genes revealed multiple genes to be differentially expressed
(Extended DataFig. 6e). Notably, expression of the anti-apoptotic gene
Bcl2wasincreased, while the pro-apoptotic gene Casp3was decreased
(Extended Data Fig. 6e). Collectively, these findings implicate loss of
UTXresults inmodifications of chromatin accessibility and expression
of genes associated with NK cell homeostasis and effector function.
Considering the genome-wide differences in accessibility and
gene expression we observed by ATAC-seq and RNA-seq, we also
explored direct UTX-mediated effects. We performed anti-UTX
CUT&Tag followed by sequencing, allowing detection of DNA
regions bound to UTX using an antibody-based immunoprecipitation
method*. Anti-UTX CUT&Tagon sort-purified WT and UTXY*® NK cells
revealed 5,746 UTX-bound peaks (FDR < 0.01, adjusted Pvalue < 0.05;
Fig. 6d and Supplementary Data Table 4). PCA of both ATAC-seq and
RNA-seq data revealed sample clustering by genotype (Extended
DataFig. 6f). We identified 191 genes that were UTX bound, differen-
tially accessible by ATAC-seq and differentially expressed by RNA-seq
(Fig. 6d). Within these 191 genes, amajority of UTX-bound peaks were
located in promoter (20.58%), intronic (46.94%) and intergenic (27.4%)
regions (Fig. 6e). Noteworthy genes involved in NK cell homeostasis
(Bcl2 and Thyl; Fig. 6f)**** and effector function (Ifng and Csf2) were
UTX bound, differentially accessible and differentially expressed
(Fig. 6g). Moreover, of the 191 UTX-bound genes, 140 genes were
decreased in expression, while the remaining 51 genes wereincreased
(Supplementary Data Table 3) corroborating a prior reportin T cells
that UTX functions in both activating and repressing gene transcrip-
tion**. Enrichr pathway analysis* on these 191 UTX-bound genes
revealed decreased inflammatory response, IFN-y signaling and NK
cell cytotoxicity pathways in UTX NK cells (Extended Data Fig. 6g).
Conversely, increased cellular catabolic process and apoptosis signal-
ing pathways, which include both pro-apoptotic and anti-apoptotic
genes (for example, Bcl2, Bbc3 and Gadd45g), were seen in UTXYP NK
cells. Among 865 UTX-bound peaks with UTX-dependent expression

and chromatin accessibility differences (191 unique genes), linear
regression analysis showed asignificant positive correlation (Pearson’s
R=0.5165, P<0.0001) between chromatin accessibility and gene
expression (Extended Data Fig. 6h,i). UTX occupied regions within
the Bcl2, Thyl, Ifng and Csf2 gene loci corresponded with regions in
whichdifferencesin accessibility and gene expression were also noted
(Fig. 6f,g). These datasuggest UTX regulates chromatin accessibility
and gene transcription pathways important in regulating NK cell
homeostasis and function.

UTXisknowntointeract with transcriptionfactors (TFs) to orches-
trate target gene transcription*’, To identify putative TF motifs with
differential accessibility due to loss of UTX, we performed HOMER
(Hypergeometric Optimization of Motif Enrichment)* TF motif analy-
sisondifferentially accessible peaks identified by ATAC-seq (Extended
DataFig. 6j). TFs associated with NK cell effector function (for example,
Runt (Runx1and Runx2)*® and T-box (Eomes, T-bet, Tbrl and Tbx6)*
family members) were more significant and had a higher percentage
of target motifs associated with decreased accessibility in UTX"<P
(clusters1,2,3and 6; Extended DataFig. 6j). Conversely, TFs associated
with proliferation, differentiation and metabolism in the zinc finger
and ETS family TFs*® were more significantly associated with increased
accessibility (clusters 4 and 5; Extended Data Fig. 6j). Furthermore,
TF motifanalysis of UTX-bound peaks by UTX CUT&Tag corroborates
theseresults by revealing TFs criticalinboth NK cell effector processes
(T-bet, Eomes, Runx1 and Tbx5) and developmental programs (ETS1
and AP-1; Extended Data Fig. 6k). These data suggest both differential
accessibility and direct UTX binding of important TF binding motifs
implicated in regulating NK cell fitness and effector processes. These
analyses suggest that UTX modulates the chromatin landscape to
control expression of genes important in NK cell homeostasis (Bcl2
and Thyl) and effector function (/fngand Csf2). Ultimately, these find-
ings suggest amodel in which differential UTX expression levels may
underlie sexual dimorphismin NK cellsasacentral regulator of NK cell
fitness and effector function (Fig. 6h).
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Fig. 6 | Global changes in NK cell chromatin accessibility and transcription
mediated by UTX. a-c, 4:1 WT:UTX"*® mBMCs were generated by transferring
WT (CD45.1) and UTX™P (CD45.2") bone marrow into lymphodepleted host mice
(CD45™) and allowed to reconstitute for 6 weeks. Splenic NK cells were sorted
for ATAC-seq and RNA-seq library preparation (n = 3 per group). Line graphs
(left) and heat map (right) of fuzzy c-means clustered differentially accessible
peaks identified by ATAC-seq (a) and differentially expressed genes identified

by RNA-seq (b) of splenic NK cells from WT:UTX¥" mBMC mice (adjusted

Pvalue < 0.05and membership score > 0.5). Line graphs show mean (black line)
and standard deviation (red ribbon) of mean-centered normalized log, values of
significant (FDR and adjusted Pvalue < 0.05). ¢, Pathway analysis of significant
fuzzy c-means clustered RNA-seq genes using g:Profiler with point size indicating

-log,o(Pvalue; calculated by g:GOSt using Fisher’s one-tailed test). d-g, Anti-UTX
CUT&Tag was performed in WT and UTXY® NK cells and identified 5,746 unique
UTX-bound peaks (n=3 per group). d, Venn diagram outlining overlapping
differentially accessible (DA) genesidentified by ATAC-seq and differentially
expressed (DE) genes identified by RNA-seq. e, Location of UTX-bound peaks.
f.g, Representative gene tracks from UCSC Integrated Genome Browser of
anti-UTX CUT&Tag (‘anti-UTX’), ATAC-seq and RNA-seq of Bc[2 and ThylI (f)

and Ifng and Csf2 (g);y axis depicts counts per million (CPM). h, Schematic of
how differential UTX expression levels underlie sexual dimorphismin NK cell
composition and function (left). Diagram of how UTX may be regulating gene
programs involved in NK cell numbers and effector function during homeostasis
and viralinfection (right). Created with BioRender.com.

Discussion

Sex is a critical biological variable in determining outcomes to viral
infections®. This was recently illustrated with COVID-19, in which male
sex was identified as amajor risk factor for severe disease’. Moreover,
recent studies have linked NK cell dysfunction to severe COVID-19
disease*. Given the importance of NK cells in antiviral immunity,
understanding the root causes of sex differences in NK cell biology
will have far-reachingimplications in optimizing endogenous effector
responses. Inthis study, we demonstrate that lower UTX expressionin
male NK cells contributes to their increased numbers and decreased
effector functionality. NK cell UTX is required for controlling NK cell
fitness, modulating accessibility of TF binding motifs, increasing chro-
matin accessibility at effector gene loci and poising NK cells for rapid
response to viral infection.

Inaddition to NK cells, sexual dimorphism hasbeenreportedin B
cells, monocytes, neutrophils, CD4* T cellsand CD8' T cells®. While sex
differences inimmune cells have previously been reported to be medi-
ated by gonadal sex hormones® %, it remains possible that a subset of
these disparities may also be attributed to differential UTX expression.
In support of this possibility, UTX deficiency has been associated
with decreased T cell and invariant NK T cell numbers®**; and UTX
transcripts are lower in male versus female cells for multiple immune
celltypes (CD4" Tcells, CD8*T cells, monocytes, B cells) queried inthe
DICE database*®. Further phenotypicstudies are needed to determine
UTX’s role in modulating sex differences in otherimmune cell types.

NK cell-mediated effector functionsinclude cytokine production
and cytotoxic molecule expression. Our multi-omic analyses suggest
that UTX poises the chromatinlandscape of NK cells to quickly respond
toviral challenge by increasing accessibility and transcription of effec-
tor loci. These studies revealed 191 genes (including Ifng and Csf2)*°*
that were simultaneously bound by UTX, differentially accessible and
expressed. Decreased IFN-y and GM-CSF cytokine production and
impaired cytolytic capacity of UTX-deficient NK cells support UTX’s
role in promoting effector functionality during inflammation. How-
ever, there may be additional indirect consequences of UTX-mediated
generegulation that playimportantrolesin NK cell effector function,
asevidenced by the additional genes that are differentially expressed
butnotbound by UTX.

As a H3K27me3 demethylase, UTX poises chromatin for active
gene expression”. In addition to its catalytic activity, UTX func-
tions in multiprotein complexes with other epigenetic regulators
(for example, SWI/SNF, MLL4/5 and p300) to mediate chromatin
remodeling in a demethylase-independent manner**’. We report
demethylase-independent functions of UTX in regulating homeosta-
sis and effector programs in NK cells. This is in contrast to UTX’s role
ininvariant NK T cells, in which its demethylase activity is required®.
Thus, the molecular mechanisms by which UTX functions may be line-
age specific. In support of this hypothesis, UTX has been reported to
interact with lineage-specific TFsin T cells to target effector loci*’. Our
HOMER motif analysis revealed potential UTX interactions with Runx1,
Runx2, Eomes and other TFs important for NK cell effector function

during viral infection*®*’. Moreover, these analyses also point to UTX
interactions with KLF1, KLF5, Sp2 and other TFs associated with NK
cell proliferation, differentiation and metabolism*S. Furthermore, our
results support previously published studiesin which UTX inother cell
types has been reported to coordinate responses with T-bet, Eomes
and Tbx5 (ref. *°), ETS1 (ref. **) and AP-1 (ref.*®). Finally, Runx1has been
shown tointeract with UTX-regulated BRG1and SWI/SNF complexes*®.
However, due to the correlative nature of HOMER analysis, further
studies with co-immunoprecipitation and mass spectrometry are
needed to experimentally verify these interactions in situ. Further-
more, as a constitutive XCl escapee, UTX may have cell-type-specific
mechanisms through two possibilities: (i) pool of cofactors present
and (ii) availability of its epigenetic binding partners. UTX relies on
byproducts of metabolic pathways for cofactors (for example, Fe(ll),
a-ketoglutarate and oxygen) crucial for its enzymatic activity™. Thus,
dependent on the metabolic state, there are distinct pools of cofac-
tors accessible for UTX’s demethylase function, allowing differential
levels of catalytic activity based on the cell type. Additionally, UTX’s
functionality may also be contingent on the activity and expression
level of its binding partners (for example, MLL3/4, SWI/SNF and p300)
which are autosomally encoded.

Weighing factors that define patient subsets with different
immune responses will allow us to move past a‘one-size-fits-all’ thera-
peutic approach to a precision medicine paradigm. UTX deficiency
has been associated with Kabuki syndrome and Turner syndrome®,
two human conditions associated with immune dysregulation and
increased infections. Our findings suggest the possibility that UTX
deficiency inhuman NK cells may contribute to decreased viralimmu-
nosurveillance observed in these patients, although future work will
be needed to support this hypothesis. Moreover, understanding sex
differences in NK cell function is required to incorporate sex as a bio-
logical factorintreatment decisions. Inmales with severe viralillness,
forinstance, enhancing NK cell UTX activity may provide therapeutic
benefit. We expect that these insights will be important not only in
the setting of viral infections, but also in other infections and cancer,
where NK cells also play an important role. These findings may also
have importantimplications for adoptive cellular therapies, in which
NK cells are the subject of intense interest®".
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Methods

Mice

Micewerebred at UCLAin accordance with the guidelines of the Insti-
tutional Animal Care and Use Committee. The following mouse strains
were used in this study: C57BL/6 (CD45.2*; Jackson Labs, 000664),
B6.SJL (CD45.1%; Jackson Labs, 002114), Rosa26 "™ (Jackson Labs,
008463), NcrI® (ref. ©2), Kdm6a™ (ref. ©3), UT XHI46AEI4SA (T DMD)38
and FCG mice®® (B6.Cg-Tg(Sry)2Ei Srydl1RIb/Arno}; Jackson, 10905).
For experiments with gonadectomy, the procedure was performed
by Jackson Laboratories Surgical Services. To generate UTX" and
UTX" mice de novo for this study, Ncr1“““" mice were crossed to
Kdmé6a"" mice to generate either Ncr1““VTKdméa™™ (UTXYP) or
NcrI€“TKdmea™™™ (UTXMeY) offspring. To generate iUTX ™™ mice
with a full body tamoxifen-inducible deletion of UTX de novo,
B6.129-Gt(ROSA)26Sor"tml(cre/ERT2)Tyj/) (Rosa26""¢) mice were
crossed toKdméa™" miceto generate F2 progeny Rosa26™"* Kdméa™"
offspring. CD45™ mice were generated de novo by crossing CD45.1"
B6.SJL and CD45.2" C57BL/6 mice. For all mouse experiments, 6- to
8-week-old age-matched littermates were used in accordance with
approved institutional protocols. mBMC mice were generated by
depleting host CD45™? mice by intraperitoneal (i.p.) injection of busul-
fan (1 mg ml™) at 20 mg per kg body weight for 3 consecutive days,
followed by reconstitution 24 h later with various mixtures (specified
for each experiment in figure legends) of bone marrow cells from
WT (CD45.1") and knockout (CD45.2%) donor mice in the presence of
anti-NK1.1 (1 mg ml™; clone PK136) to deplete any remaining mature
NK cells. For inducible deletion of UTX in iUTX”" mice, mBMC mice
produced with WT and iUTX”~ bone marrow were treated with 1 mg
tamoxifeni.p.daily for 3 d before MCMV infection. No statistical meth-
ods were used to predetermine sample sizes, but our sample sizes are
similar to those reported in previous publications®. Experimental
cohorts were randomized within cages to avoid cage-specific effects.
Littermate cre-negative WT controls for experimental mice were used
whenever possible.

MCMV infection

MCMV (Smith strain)®* was serially passaged through BALB/c hosts
three times, and then salivary gland viral stocks were prepared with a
dounce homogenizer for dissociating the salivary glands of infected
mice 3 weeks after infection. Experimental mice in studies wereinfected
with MCMV by i.p. injection of 7.5 x 10% plaque-forming unitsin 0.5 ml
of PBS. Mice were monitored and weighed daily and killed when body
weight dropped over 20% from initial weight. A ‘sublethal dose’ of
MCMV was determined by infection of mice with different dosages to
identify the dose in which WT C57BL/6 would survive after 7 d.

Isolation and enrichment of mouse NK cells

Mouse spleens, livers, lungs and blood were collected and prepared into
single-cell suspensions as described previously®. Splenic single-cell
suspensions were lysed inred blood cell lysis buffer and resuspendedin
EasySep buffer (StemCell). Toavoid depleting Ly6C* NK cells, we devel-
oped acustom antibody cocktail as follows: splenocytes were labeled
with 10 pg per spleen of biotin-conjugated antibodies against CD3
(17A2), CD19 (6D5), CD8 (53-6.7), CD88 (20/70), Ly6G (1A8), SiglecF
(S17007L), TCRP (H57-597), CD20 (SA275A11), CD172a (P84) and mag-
netically depleted from total splenocyte suspensions with the use of
anti-biotin-coupled magnetic beads (BioLegend)*.

Ex vivo stimulation of mouse NK cells

For cytokine stimulation experiments, 2 x 10* mouse NK cells were
stimulated for 4 hin CR-10 (RPMI1640 + 25 mM HEPES (Gibco-15630-
080) +10% FBS, 1% L-glutamine, 1% 200 mM sodium pyruvate, 1%
MEM-NEAA, 1% penicillin-streptomycin, 0.5% sodium bicarbonate
and 0.01% 55 mM 2-mercaptoethanol), brefeldin A (1:1,000 dilu-
tion; BioLegend) and monensin (2 uM; BioLegend) with or without

recombinantmouselL-15(50 ngml™;PeproTech), mouselL-12 (20 ngml™;
PeproTech) and/or recombinant mouse IL-18 (10 ng mI™; BioLegend,
767002). Cells were cultured in CR-10 medium alone as a negative
control (no treatment). The absolute number of IFN-y-producing NK
cellswere determined by acquiring and counting individual cells with
an Attune NxT after intracellular flow cytometry staining to deter-
mine cell count of IFN-y* of the 2 x 10* cells plated per condition. For
plate-bound antibody stimulation experiments, 2 x 10*isolated NK cells
for each condition were stimulated with 4 mg ml™ precoated antibody
against NK1.1(PK136) for 4 hin complete medium containing brefeldin
A (1:1,000 dilution; BioLegend) and monensin (2 pM; BioLegend). Cells
were cultured in medium alone as a negative control (no treatment).

Proliferation assays

CellTrace CFSE (Thermo) stock solution was prepared according to
the manufacturers’ instructions and diluted at 1:10,000 in 37 °C PBS.
Isolated NK cells wereincubated in 0.5 ml of diluted CFSE solution for
5minat37 °C. Thesolution was quenched with10x the volume of CR-10
medium. Cells were then washed and plated at 50 ng recombinant
mouse IL-15 (PeproTech) and cultured for 4 d to assess proliferation.

Human NK cell culture and stimulation

Human PBMCs from anonymous healthy donors were obtained from
leukoreduction filters after platelet apheresis from the UCLA Virol-
ogy Core. NK cells were isolated using the EasySep Human NK Cell
Isolation Kit (Stem Cell Technologies) following the manufacturer’s
instructions. Following isolation, cells were maintained in 24-well
G-Rex plates (Wilson Wolf) in NK MACS medium (Miltenyi Biotech)
supplemented with human IL-2 (100 IU ml™, PeproTech) and human
IL-15 (20 ngml™, PeproTech) at a plating density of 5 x 10 cells per well.
For cytokine stimulation, either freshly isolated human NK cells or cells
activated for 14 d with IL-2/IL-15 were plated with K562 leukemia cells at
an effector:target ratio of 2.5:1in addition to human IL-2 (100 IU mI 7,
PeproTech), human IL-15 (20 ng mI™, PeproTech), human IL-12 (10 ng
ml™, PeproTech) and/or humanIL-18 (100 ng ml™, PeproTech) in CR-10
media. NK cells were stimulated with cytokines for 16 hbefore analysis
by flow cytometry.

Cleaved caspase 3 induction

Around 2 x 10* mouse NK cells were cultured in CR-10 mediawith 5 ng
ml™ recombinant mouse IL-15 (PeproTech; 210-15) and control DMSO
or 2.5 uM Nutlin-3a (MedChem Express, HY-10029) for 24 h before
intracellular staining for cleaved caspase 3 by flow cytometry.

Adoptive transfer of NK cells

Freshly isolated congenically distinct NK cells were labeled with CTV
(Thermo Fisher, C34557) following the manufacturer’s instructions.
CTV-labeled cells were mixed at a 1:1ratio, resuspended in PBS, and
5x10°cells were injected i.v. into WT recipient mice.

Tumor killing assays

Low-passage MHC class I-deficient MC38 tumor cells were labeled
with CTV (Thermo Fisher, C34557) following the manufacturer’s
instructions. Freshly isolated splenic NK cells were cultured with
1x10* B2 M7~ MC38 cells per well at effector:target ratios of 4:1,
2:1and 1:1in the presence of 50 ng ml™ recombinant mouse IL-15
(PeproTech, 210-15) for 16 h. Remaining CTV-positive tumor cells were
quantified by flow cytometry using the Attune NxT Acoustic Focusing
cytometer and data were analyzed with FlowJo v10.7.2 (TreeStar).

Flow cytometry and cell sorting

Cells were analyzed for cell surface markers using
fluorophore-conjugated antibodies (BioLegend, eBioscience). Cell
surface staining was performed in FACS Buffer (2% FBS and 2 mM
EDTA in PBS) and intracellular staining was performed by fixing and
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permeabilizing using the eBioscience Foxp3/Transcription Factor
kit (00-5523-00) for intranuclear proteins or BD Cytofix/Cytoperm
(554714) kits for cytokines. Flow cytometry was performed using the
Attune NXT Acoustic Focusing cytometer (Thermo Fisher) and data
were analyzed with FlowJov10.7.2 (TreeStar). Cell surface andintracellu-
lar staining was performed using the following fluorophore-conjugated
antibodies: CD45.1(A20), CD45.2 (104), NK1.1(PK136), TCR[3 (H57-597),
CD3 (17A2), IFN-y (XMG1.2), Ly6C (HK1.4), Bcl-2 (BCL/10C4), CD11b
(M1/70), CD27 (LG.3A10), granzyme B (GB11), UTX (N2Cl1, GeneTex),
goatanti-rabbit H&L (Abcam, ab6717), Bim (c34¢5), Ki67 (16A8), CD107a
(1D4B), cleaved caspase 3 (Asp175), human CD56 (TULY56), human CD3
(UCHT1) and humanIFN-y (B27).Isolated splenic NK cells were sorted
using Aria-H Cytometer (BD) to >95% purity.

Quantitative PCR

For quantitative PCR experiments, up to 5 x 10° cells were isolated
using NK EasySep magnetic Isolation kit (StemCell, 19855) as detailed
above.RNA wasisolated from cells using the Quick-RNA Micro-prep kit
(Zymo, R1051). Then, RNA was quantified using aNanoDrop and up to
1pgwas used to synthesize cDNA using High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher, 4368813). Then, 1 pl of undiluted
cDNAwas directly usedina Tagman Real-Time PCR assay ina386-well
plate. Each sample was plated at a minimum of three technical repli-
cates per tagman probe. Tagman probes (/fng: Mm01168134_m1, Csf2:
MmO01290062_m1, Kdm6a: Mm00801998 ml1, £if2s3: Mm01236979 g1,
KdmS5c: Mm00840032_m1, Kdméc (Uty): Mm00447710_m1, Ddx3x:
Mm04207948 gH) were ordered from Thermo Fisher Tagman probe
catalog (4331182). Normalized expression was calculated as follows: (1)
B-actinwas used as ahousekeeping gene and to normalize the amount
of each sample for each probe; then (2), each sample was normalized
to female WT for each gene.

ELISA

Around 2 x 10* mouse NK cells were stimulated with recombinant
mouse IL-12 (20 ng mI™; PeproTech, 210-12) and recombinant mouse
IL-18 (10 ng mI™; PeproTech) for 4 h before conditioned medium was
harvested and stored at -80 °C.Mouse IFN-yand GM-CSF were detected
using Legend Max ELISA kits (BioLegend) following the manufacturer’s
instructions.

Western blot

Protein was extracted from enriched primary splenic NK cells using
Pierce RIPA buffer (Thermo Fisher) with Halt protease inhibitor cocktail
(Thermo Fisher) and protein concentration was quantified using the
Pierce BCA Protein Assay kit (Thermo Fisher). Samples were electro-
phoresed on NuPage Novex 4-12% Bis-Tris Protein Gels, transferred to
PVDF membranes, and blocked overnight at 4 °C with 5% wt/vol nonfat
milkin1x TBS and 0.1% Tween-20. Immunoblots were performed using
rabbit anti-UTX (1:1,000 dilution; Cell Signaling Rabbit monoclonal
antibody, 33510), rabbit anti-f-actin (1:10,000 dilution; Cell Signal-
ing, CST4970) and goat anti-rabbit horseradish peroxidase secondary
antibody (1:20,000 dilution; Thermo Fisher, 31466). Proteins were
detected using the SuperSignal West Pico PLUS ECL kit (Thermo Fisher)
and visualized using the Azure Biosystems c280 imager.

RNA-seq library construction

RNAwasisolated from 50,000 sort-purified NK cells per sample using
RNeasy Mini kit (Qiagen). RNA quality was verified using High Sensi-
tivity RNA Screen Tape and excluded samples with an RNA Integrity
Number equivalent (RIN®) < 6.0. RNA-seq libraries were sequenced
using an Illumina HiSeq 4000 platform (single end, 50 bp).

ATAC-seq library construction
ATAC-seq libraries were produced by the Applied Genomics, Compu-
tation and Translational Core Facility at Cedars Sinai in the following

manner: 50,000 cells per sample were lysed to collect nuclei and
treated with TnS5 transposase (Illumina) for 30 min at 37 °C with gen-
tle agitation. The DNA wasisolated with DNA Clean & Concentrator Kit
(Zymo) and PCR amplified and barcoded with NEBNext High-Fidelity
PCR Mix (New England Biolabs) and unique dual indexes (Illumina).
The ATAC-seq library amplification was confirmed by real-time PCR,
and additional barcoding PCR cycles were added as necessary while
avoiding overamplification. Amplified ATAC-seq libraries were purified
with DNA Clean & Concentrator Kit (Zymo). The purified libraries were
quantified with Kapa Library Quant Kit (KAPA Biosystems) and quality
assessed on a 4200 TapeStation System (Agilent). The libraries were
pooled based on molar concentrations and sequenced on anlllumina
HiSeq 4000 platform (paired end, 100 bp).

CUT&Taglibrary preparation

For anti-UTX CUT&Tag library preparation, nuclei were isolated with
cold nuclear extraction buffer (20 mM HEPES, pH 7.9,10 mMKClI, 0.1%
Triton X-100,20% glycerol, 0.5 mM spermidine in1x protease inhibitor
buffer) andincubated with activated concanavalin A-coated magnetic
beads (Polysciences, 86057-3) in PCR strip tubes at room temperature
for10 min.A1:100 dilution of primary antibody (anti-UTX Cell Signal-
ing Rabbit monoclonal antibody no. 33510 or IgGisotype control: Cell
Signaling Technology, 3900S) in antibody buffer (20 mM HEPES pH
7.5;150 mM NacCl, 0.5 mM spermidine, 1x protease inhibitor cocktail
(Roche), 0.05% digitonin,2 mMEDTA, 0.1% BSA) was added and nuclei
wereincubated with primary antibodies overnight at4 °C. The next day,
the strip tubes were incubated ona magnetic tube holder and superna-
tantswere discarded. Secondary antibody (guinea pig anti-rabbit IgG;
Fisher Scientific, NBP172763) was added diluted at 1:100 in Dig-Wash
(20 MM HEPES pH 7.5,150 mM NacCl, 0.5 mM spermidine, 1x protease
inhibitor cocktail, 0.05% digitonin) and nuclei were incubated for1h
at room temperature. Nuclei were washed four times in Dig-Wash
and thenincubated with a1:20 dilution of pAG-Tn5 adaptor complex
(EpiCypher) in Dig-300 buffer (1x protease inhibitor cocktail, 20 mM
HEPES pH7.5,300 mM NacCl, 0.5 mM spermidine) for 1 h at room tem-
perature. To stop tagmentation, 25 pl Dig-300 buffer with 10 pl 1M
MgCl, 7.5ul 0.5 MEDTA, 2.5 pl 10% SDS and 5 pl 10 mg ml™ proteinase
K was added to each reaction and incubated at 55 °C for 1 h. DNA was
extracted by phenol:chloroform:isoamylalcohol separation. DNA was
barcoded and amplified using the following conditions: a PCR mix of
25 pINEBNext 2x mix, 2 pl each of barcoded forward and reverse 10 pM
primers, and 21 pl of extracted DNA was amplified at: 58 °C for 5 min,
72°C for 5min, 98 °C for 45's,16x 98 °C for 15 s followed by 63 °C for
105,72 °Cfor1min. Amplified DNA libraries were purified by adding a
1.3x volume of KAPA pure SPRI beads (Roche) to each sample and
incubating for 10 min at 23 °C. Samples were placed on a magnet
and unbound liquid was removed. Beads were rinsed twice with
80% ethanol, and DNA was eluted with 25 pl TE buffer. All individu-
ally i7-barcoded libraries were mixed at equimolar proportions for
sequencing on an Illumina NovaSeq 6000 sequencer.

Sequencing data analysis

ATAC-seq and anti-UTX CUT&Tag fastq files were trimmed to remove
low-quality reads and adaptors using Cutadapt®® (version 2.3). The
reads were aligned to the reference mouse genome (mm10) with
bowtie2 (version 2.2.9)**. Peak calling was performed with MACS2 (ver-
sion2.1.1)%. Peaks/regionsidentified as UTX-bound (UTX CUT&Tag) and
differentially accessible (ATAC-seq) were annotated using the annotate-
peaks.pl function from the HOMER analysis package. To determine the
distancetothe nearest transcription start site (TSS), we used the default
settings in annotatepeaks.pl, which utilizes RefSeq TSSs to determine
the closest TSS. For genomic annotation, we used the ‘basic annota-
tion’ output provided by the assignGenomeAnnotation program in
annotatePeaks.pl. The TSS was defined from -1kB to +100 bp, and the
transcriptionterminationsite (TTS) was defined from-100 bp to +1 kB.
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‘Basic annotation’ is based on alignments of RefSeq transcripts to the
UCSC hosted mouse genome file (mm10). HTseq (version 0.9.1)* was
used to count the number of reads that overlap each peak per sample.
The peak counts for ATAC-seq were analyzed with DESeq2 (version
1.24.0)°® to identify differentially accessible genomic regions. Peaks
with adjusted Pvalue < 0.05were considered significantly differentially
accessible. UTX CUT&Tag peak counts were trimmed for low counts <50
and WT was compared with UTX™P as a control for background signal.
The peak counts for ATAC-seq and anti-UTX CUT&Tag were visualized
with Integrated Genome Browser (version 9.1.8) using mouse genome
2011. RNA-seq analysis was carried out by first checking the quality of
thereads using FastQC. Then, they were mapped with HISAT2 (version
2.2.1) to the mouse genome (mm10). The counts for each gene were
obtained by HtSeq®. Differential expression analyses were carried out
using DESeq?2 (version 1.24.0)°® with default parameters. Genes with
anadjusted Pvalue < 0.05 were considered significantly differentially
expressed. Sequencing depth normalized counts were used to plot the
expression values for individual genes.

Fuzzy c-means clustering® was used for both ATAC-seq and
RNA-seq using significant (adjusted P value and FDR < 0.05, log, fold
change + 0.5) normalized counts generated from DESeq2. Mfuzz pack-
age (version 3.14) within R was used to perform this analysis into six
clusters with a membership score of >0.5. The differentially acces-
sible ATAC peaks were analyzed using the findMotifsGenome.pl func-
tion from HOMER"® (version 4.9.1) of each cluster to identify enriched
cis-regulatory motifs of TFs. Pathway analysis of clustered RNA-seq data
was performed using g:Profiler’ using the g:GOSt function. Top rel-
evant pathways were selected from KEGG Biological Pathways and Gene
Ontology Pathways (Biological Processes and Molecular Function).

DICE expression data analysis

Gene expression data in sorted human NK cells by donor sex were
provided by the Database of Immune Cell Expression, expression quan-
titative trait loci and Epigenomics (DICE) Project™. Expression data
were downloaded as transcripts per million per sorted immune cell
type and male or female sex. Expression was then normalized to the
average of females.

Data collection and statistical analyses

Data collection and analysis were not performed blind to the condi-
tions of the experiments. Data points were only deemed to be outli-
ersinthe case of experimental contamination or technical error and
excluded from analysis. For graphs, data are shown as mean + s.e.m.,
and unless otherwise indicated, statistical differences were evalu-
ated using a student’s ¢-test. For graphs containing multiple groups,
either one-way (one treatment or condition) or two-way (multiple
treatments or conditions) ANOVA with Tukey’s correction for mul-
tiple comparisons was used as stated. For Kaplan-Meier survival
curve, samples were compared using the log rank (Mantel-Cox) test
with correction for testing multiple hypotheses. A Pvalue < 0.05 was
considered significant. Graphs were produced and statistical analy-
ses were performed using GraphPad Prism and ggplot2 library in
R. Spearman correlation on best fit regression line was performed
using ggpubr libraryinR. Data distribution was assumed to be normal,
but this was not formally tested.

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

Data availability

Sequencing datasets are accessible from the Gene Expression Omnibus
under accessionnumber GSE185065. Source data are provided with this
paper. Further information and requests for resources and reagents
should be directed and will be fulfilled by the corresponding authors.
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Extended Data Fig.1|Sex differences in IFN-y productioninresponse to IL-
12/18. a) Representative dot plots showing gating strategy to identify CD3 TCRf
NK1.1' mouse NK cells. b) Representative contour plots, (c) percentage IFN-y*,
and (d) normalized IFN-y MFI of female and male WT NK cells with cultured no
treatment (NT) or IL-12 (20 ng/mL) and IL-18 (10 ng/mL) for 4 hours (n = 14 per
group). e) Representative contour plots of CD3°CD56" female (n = 6) and male
(n=7) human NK cells cultured and stimulated with 10 ng/mL of IL-12 for 16 hours
inthe presence of K562 cells. f) Representative dot plots of splenic NK cells

(CD3 TCRp NK1.1") in gonadectomized female and male mice. g) Representative
contour plots of total splenic NK cells isolated from gonadectomized female

and male mice and cultured with no treatment (NT) or IL-15 (50 ng/mL) and
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(CD11b SP) of total splenic NK cells from female and male mice (n =7 per group). j)
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Extended Data Fig. 2| UTX expression in Four Core Genotypes mice and
maturation in UTX mouse models. a) Relative expression of Kdméa (encodes
the protein UTX) by RT-qPCR in Four Core Genotypes mice, in which male or
female gonads present are independent of XX or XY chromosome composition,
normalized to female WT expression (XX with ovaries) (XX ovaries: n = 4; XY
ovaries: n=5; XX testes: n = 3; XY testes: n = 5). b) Relative UTX MFlin splenic NK
cellsisolated from female WT (n=19), male WT (n=19), female UTX"** (n =7),
and female UTX" (n =4) mice. ¢) CD11b and CD27 expression within NK cells
isolated from female WT (n=13), male WT (n = 7), and female UTX"®* (n = 8)
mice. d) Representative western blot showing protein expression of UTX in NK
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control. Data are representative of 2-3 independent experiments. Samples were
compared using a) unpaired two-tailed Student’s t test, b,c) one-way ANOVA
with Tukey’s correction for multiple comparisons. Data points are presented
asindividual mice with the mean + SEM (N.S., Not Significant; **, p < 0.01; ***,
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Extended Data Fig. 3| UTX regulates NK cell fitness. a) Representative flow
cytometry plots of splenic NK cells from female WT, male WT, and female UTX",
and female UTX™ mice. b) Representative contour plots and ¢) percent of
WT(CD45.1%) or UTXP(CD45.2") cells of total splenic T (left) and NK (right) cells
in 1 WT:UTX"® mBMC mice (n = 3). d) Percentage of Ki67" cellsin blood of 4:1
WT:UTXMP mBMCs (n = 28), injection ratio used to normalize WT and UTX"®
NK cell numbers. e) Representative histogram (left) and quantification (right)

of CFSE expansion, division and proliferation indices calculated using FlowJo’s
Proliferation tool of CFSE-labeled splenic NK cells isolated from WT and UTX"<P
mice stimulated ex vivo with IL-15 (50 ng/mL) for 4 days (n = 4). f) Schematic
showing adoptive transfer of CTV-labeled congenically distinct WT (CD45"?) and
UTX" (CD45.2") NK cells transferred into WT (CD45.1") recipients at a 1:1 ratio
with analysis of CTV dilution and WT:UTX"" ratio on D7 by flow cytometry. g)
Representative histograms showing CTV dilution of congenically distinct WT
(CD45"2) and UTX"¥? (CD45.2") NK cells transferred into WT (CD45.1%) recipients
before transfer (left) and on day 7 post-transfer (right). h) Representative

histograms and i) percentage of cleaved caspase 3" splenic NK cells from female
WT and male WT treated ex vivo with IL-15 (5 ng/mL) and DMSO (Female WT:
n=7;Male WT:n=8)or2.5uM Nutlin-3a (Female WT:n =3; Male WT: n = 4) for
24 hours. j) Representative histograms and k) percentage of cleaved caspase 3*
splenic NK cells from gonadectomized female and male mice (n = 6) treated ex
vivowithIL-15 (5 ng/mL) and DMSO or 2.5uM Nutlin-3a for 24 h. 1) Representative
histograms of Bcl-2 (left) and Bim (right) of flow cytometry in splenic NK cells
from female WT and UTX™® mice (n = 5). “Ctrl”:unstained flow cytometry
controls. Data are representative of 2-3 independent experiments. Samples were
compared using unpaired two-tailed Student’s t test with Welch’s correction

and data points are presented as individual mice with the mean + SEM (N.S.,

Not Significant;*, p <0.05;**, p < 0.01; ***, p < 0.0001). Specific p-values are as
follows: c:[T cells=0.705; NK Cells=0.0202]; d < 0.0001; e:[Expansion=0.0192;
Division=0.0253; Proliferation=0.0032]; i:[DMSO = 0.0096; Nutlin-3a = 0.0473];
k:[DMSO =0.001; Nutlin-3a = 0.0013].
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Extended Data Fig. 4 | UTX enhances effector functionindependent of
gonadal hormone and maturation. a) Representative contour plots of total NK
cells from female WT, male WT, female UTX", and female UTX"" mice cultured
with IL-15 (50 ng/mL) and IL-12 (20 ng/mL) for 4 h. b) Absolute number of IFN-y*
NK cells from female WT, male WT, and female UTX"* mice stimulated with no
treatment (NT) or IL-15 (50 ng/mL) and IL-12 (20 ng/mL) for 4 h (n = 8). ¢) Specific
lysis of MHC Class | deficient MC38 (Target) cells by female WT (n = 4), male WT
(n=5),and gonadectomized female (n =3) and male (n = 6) NK cells for 16 hat
4:1effector:target ratio, normalized to lysis by female WT. d) Representative
histograms and e) MFl of CD107a (n =5 per group), granzyme b (GzmB)
(Female:n = 5; Male:n = 4), and perforin (n = 5) of female WT and male WT NK
cellsincubated with IL-15 (50 ng/mL) only or additionally stimulated with plate-
bound anti-NK1.1antibody (PK136). “Ctrl” refers to matched unstained control
for flow cytometry. Representative f) contour plots of IFN-y and g) histogram

of GzmB expressing total splenic NK cells on D1.5 post MCMV infection of 4:1
WT:UTX™P" mixed bone marrow chimeras (mBMCs), ratio used to normalize cell

numbers between genotypes. h) IFN-y protein production in UTX" compared
to WT NK cells within maturation subsets: CD27 CD11b™ (DN), CD27°CD11b~
(CD27SP),CD27'CD11b* (DP), and CD27 CD11b* (CD11b SP) isolated from 4:1
WT:UTX™P mBMC 1.5 days post-MCMYV infection (n = 6). i) Representative
contour plots of total NK cells derived from 1:1 WT:iUTX” mBMC mice on day
1.5 post MCMV infection, normalized to WT (n = 6). Data are representative of
2-3independent experiments. Samples were compared using paired two-
tailed Student’s t test and data points are presented as individual mice with

the mean + SEM (N.S., Not Significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****,
p <0.0001). Specific p-values are as follows: b:[F WT vs. MWT = 0.0162; MWT vs.
UTX"=0.968; F WT vs. F UTX" = 0.0288]; c:[F WT vs. F Gonadectomy=0.245;
FWTvs.MWT =0.0086; MWT vs. M Gonadectomy=0.998; F Gonadectomy
vs.M Gonadectomy=0.0247]; e:[CD107a - NT = 0.54 and NK1.1=0.772; GzmB
-NT =0.0004 and NK1.1=0.00129; Perforin - NT = 0.0101 and NK1.1<.0001];
h:[DN = 0.03281; CD27 SP = 0.0186; DP = 0.0231; CD11b SP = 0.0114].
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| UTY is expressed but not sufficient to compensate
forloss of UTX in NK cell homeostasis and effector function. a) Expression
intranscripts per million of KDM6A (encodes the protein UTX) and KDM6C
(encodes the protein UTY) using DICE database RNA-seq data on sorted NK cells
from human females (n = 36) vs. males (n = 54). b) Relative expression of Kdmé6a
(encodes the protein UTX) and Kdméc (encodes the protein UTY) by RT-qPCRin
splenic NK cells isolated from female WT, male WT, and gonadectomized female
and male mice (n = 6 per group). ¢) Representative flow cytometry dot plots and
quantification of d) frequency and absolute numbers of NK cells in spleen of male
WT and UTX™P mice (n = 8 per group). e) Representative flow cytometry contour
plots and quantification of f) percentage IFN-y  and normalized IFN-y MFI of
total NK cells from male WT vs. male UTX® mice with no treatment (NT) or in
response to IL-15 (50 ng/mL) and IL-12 (20 ng/mL) stimulation for 4 hours ex vivo,

MFInormalized to male WT (n = 8 per group). g) Representative flow cytometry
contour plots and quantification of h) percentage IFN-y* and normalized IFN-y
MFI of total NK cells from male WT vs. male UTX" mice with no treatment (NT)
orinresponse toIL-12 (20 ng/mL) and IL-18 (10 ng/mL) stimulation for 4 hours
ex vivo, MFInormalized to male WT (n = 8 per group). Data are representative
of 2-3independent experiments. Samples were compared using paired two-
tailed Student’s t test and data points are presented as individual mice with the
mean + SEM (N.S., Not Significant; **, p < 0.01; ***, p < 0.001; ***, p < 0.0001).
Specific p-values are as follows: a < 0.0001; b:[UTX - Female vs. Male=0.0008;
rest<0.0001]; d:[%NK = 0.0003; No. NK = 0.002]; f:[%IFN-y*-NT = 0.112;
15+12=0.00133; IFN-yMFI - NT = 0.145;15 + 12 < 0.0001]; h[%IFN-y*-NT = 0.112;
12 +18=0.00135; IFN-yMFI - NT = 0.155;12 + 18 < 0.0001].
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Integrative ATAC, RNA, anti-UTX CUT&Tag sequencing
analysis reveal concomitant changes in chromatin accessibility and
transcription mediated by UTX. a) Schematic of mBMC generated by 1:4

WT (CD45.1") and UTX™P (CD45.2") bone marrow into alymphodepleted host
(CD45™). After 6wks of reconstitution, splenic NK cells were sorted for ATAC-
seqand RNA-seq library preparation. b) Principal component analysis (PCA)

of (left) ATAC-seq and (right) RNA-seq changes in WT and UTX™® NK cells. c)
Volcano plot of differentially expressed genes by RNA-seq plotted by Log2FC
of UTX™Pvs, WT (x-axis) and Log2 Mean Expression (y-axis). Dotted lines
represent Log2FC cut offs (0.5and 1). Red dots are genes in NK cell effector and
developmental pathways. d) Scatter plot highlighting differentially accessible
and expressed genes (FDR and p-value<0.05) colored by fuzzy c-means

cluster (see Fig. 6). Mean log,FC of ATAC accessibility peaks (y-axis) and log,FC
(x-axis) of RNA-seq transcript levels. Best fit regression line (red) with standard
error (light red ribbon) (SEM). Positive correlation calculated by two-tailed
Spearman correlation of dataset (R = 0.62, p < 2.2x10%). e) Heatmap displaying
expression of cell death genes between WT and UTX™P NK cells FDR < 0.05,
adjusted p-value<0.05, and log,FC > 0.5.f) PCA analysis of anti-UTX CUT&Tag

insort-purified WT and UTX™P NK cells (n = 3). g) Pathway analysis on UTX-
bound genes that are decreased (red) or increased (blue) by expression by
RNA-seq using Enrichr (p-value by Fisher’s exact test). h) Log,FC in UTX"Pys,
WT of ATAC accessibility (y-axis) plotted by either decreased (>-0.5Log,FC)
(blue) orincreased (>+0.5Log,FC) (purple) expression by RNA-seq (x-axis) of
the UTX bound genes with significant accessibility and expression differences.
i) Correlation plot of Log,FC of UTX"*’vs. WT RNA-seq values compared to
corresponding ATAC-seq values for each UTX-bound gene. Linear regression
was performed (black line) with the standard error 95% confidence intervals
plotted (dotted red lines). Two-tailed Pearson’s correlation was performed
(r=0.5165; p-value<0.0001). j) HOMER motif analysis of ATAC-seq peaks
grouped by transcription factor family (top) and transcription factor (bottom).
Point size indicates percentage of target sequences featuring motifand red
gradient indicates -log,,(p-value) of enrichment. k) HOMER Motif analysis
performed on UTX-bound peaks. % Target Sequences refers to percent of target
motifs identified by the HOMER algorithm out of the background motifs. j,k)
Cumulative binomial distribution statistical analysis was performed.
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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.
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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.

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

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
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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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  Flow Cytometry: Attune NxT Software v3.1.2

Data analysis Flow cytometry quantification was performed using FlowJo v10.7.2 (https://www.flowjo.com/solutions/flowjo)
Statistical analysis was performed using GraphPad Prism v9.1.1c (https://www.graphpad.com/scientific-software/prism)

ATAC-seq and anti-UTX CUT&Tag fastq files were trimmed to remove low-quality reads and adapters using Cutadapt (version 2.3). The reads
were aligned to the reference mouse genome (mm10) with bowtie2 (version 2.2.9). Peak calling was performed with MACS2 (version 2.1.1).
Peaks/regions identified as UTX-bound (UTX CUT&Tag) and differentially accessible (ATAC-seq) were annotated using the annotatepeaks.pl
function from the HOMER analysis package. To determine the distance to the nearest TSS (transcription start site), we used the default
settings in annotatepeaks.pl, which utilizes RefSeq transcription start sites to determine the closest TSS. For genomic annotation, we used the
“Basic Annotation” output provided by the assignGenomeAnnotation program in annotatePeaks.pl. The TSS was defined from -1kB to +100bp,
and TTS (transcription termination site) was defined from -100 bp to +1kB. “Basic Annotation” is based on alignments of RefSeq transcripts to
the UCSC hosted mouse genome file (mm10). HTseq (version 0.9.1) was used to count the number of reads that overlap each peak per
sample. The peak counts for ATAC-seq were analyzed with DESeq?2 (version 1.24.0) to identify differentially accessible genomic regions. Peaks
with adjusted p-value < 0.05 were considered significantly differentially accessible. UTX CUT&Tag peak counts were trimmed for low counts
<50 and WT was compared with UTXNKD as a control for background signal. The peak counts for ATAC and anti-UTX CUT&Tag were visualized
with Integrated Genome Browser (version 9.1.8) using mouse genome 2011. RNA sequencing analysis was carried out by first checking the
quality of the reads using FastQC. Then, they were mapped with HISAT2 (version 2.2.1) to the mouse genome (mm10). The counts for each
gene were obtained by HtSeq. Differential expression analyses were carried out using DESeq?2 (version 1.24.0) with default parameters. Genes
with adjusted p value <0.05 were considered significantly differentially expressed. Sequencing depth normalized counts were used to plot the
expression values for individual genes.

Fuzzy c-means clustering was used for both ATAC-seq and RNA-seq using significant (adjusted p-value andFDR <0.05, log2 fold change +/- 0.5)
normalized counts generated from DESeq2. Mfuzz package (version 3.14) within R was used to perform this analysis into 6 clusters with a
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membership score of > 0.5. The differentially accessible ATAC peaks were analyzed using the findMotifsGenome.pl function from HOMER
(version 4.9.1) of each cluster to identify enriched cis-regulatory motifs of transcription factors. Pathway analysis of clustered RNA-seq data
was performed using g:Profiler using the g:GOSt function. Top relevant pathways were selected from KEGG Biological Pathways and Gene
Ontology Pathways (Biological Processes and Molecular Function).

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.

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 sequencing datasets are accessible from GEO with accession number GSE185065. Gene expression data in sorted human NK cells by donor sex was provided by
the Database of Immune Cell Expression, Expression quantitative trait loci (eQTLs) and Epigenomics (DICE) Project. RNA, ATAC, and CUT&Tag sequencing was
aligned using reference mouse genome mm10.
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Life sciences study design

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

Sample size A suitable sample size was chosen based on our previous studies to ensure adequate reproducibility of results. Sample sizes were chosen
based on previously published experiments.

Riggan L, Ma F, Li JH, Fernandez E, Nathanson DA, Pellegrini M, O’Sullivan TE. Flil restricts the formation of memory precursor NK cells during
viral infection. Nature Immunology (2022)

Riggan, L., Hildreth, A.D., Rolot, M., Wong Y.Y., Satyadi, W., Sun, R., Huerta, C., and O’Sullivan, T.E. CRISPR Cas9 ribonucleoprotein-mediated
genomic editing in primary mature innate immune cells. Cell Reports (2020)

Orr-El Weizman, Eric Song, Nicholas M. Adams, Andrew D. Hildreth, Luke Riggan, Chirag Krishna, Oscar A. Aguilar, Christina S. Leslie, James R.
Carlyle, Joseph C. Sun, and Timothy E. O’Sullivan. Mouse cytomegalovirus-experienced ILC1s acquire a memory response dependent on the
viral glycoprotein m12. Nature Immunology (2019)

Sample size for mouse experiments was at least 3 per group.
Data exclusions  None
Replication Experimental findings were reproducible across multiple experiments. Experiments were repeated independently 2-3 times.
Randomization Experimental groups in mouse experiments were not randomized. Age-matched and sex-matched mice were used for our experiments.

Blinding Experiments were not performed in a blinded fashion. Blinding was not relevant to our study, since we are studying and comparing the
property of known cell types.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq

Eukaryotic cell lines [ 1IDX| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
|:| Human research participants
[] Clinical data

[ ] Dual use research of concern

XNXXOXOOS

Antibodies

Antibodies used CD45.1 (A20) PE/Cy7 1:400 Biolegend #110729
CD45.2 (104) FITC 1:400 Biolegend #109829
NK1.1 (PK136) Percp/Cy5.5 1:100 Biolegend #108728
TCRB (H57-597) APC/Cy7 1:100 Biolegend #109220
CD3 (17A2) APC/Cy7 1:100 Biolegend #100222
Ly49H (3D10) Alexa Fluor 647 1:100 Biolegend #144710
IFN-y (XMG1.2) APC 1:100 Biolegend #505809
Ly6C (HK1.4) PacBlue 1:600 Biolegend #128013
BCL2 (BCL/10C4) PE 1:50 Biolegend #633508
CD11b (M1/70) A700 1:100 Biolegend #101222
CD27 (LG.3A10) APC 1:100 Biolegend #124212
Bim (C34C5) PE 1:50 Biolegend #12186S
UTX (N2C1) Unconjugated 1:200 GeneTex #121246
Goat anti-rabbit H&L (Polyclonal - ab6717) FITC 1:200 Abcam #ab6717
Granzyme B (GB11) FITC 1:100 Biolegend #515403
Ki-67 (16A8) Alexa Fluor 700 Biolegend #652419
CD107a (1D4B) PE 1:100 Biolegend #121611
Cleaved caspase 3 (Asp175) Unconjugated 1:100 Cell Signaling #9661
Human CD56 (TULY56) APC 1:200 Thermo Fisher 17-0566-42
Human CD3 (UCHT1) FITC 1:400 Thermo Fisher 11-0038-42
Human IFN-y (B27) PE 1:100 Biolegend #506507
Goat anti-rabbit H&L horseradish peroxidase (polyclonal) 1:10,000 Thermo Fisher 31466
UTX (D3Q1l1) 1:1,000 Cell Signaling #33510
B-actin (13E5) 1:2,000 Cell Signaling #4970
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Validation The antibody validation is provided on the supplier website. All antibodies were validated with proper isotype controls using primary
mouse or human lymphocytes.

Supplier validation from Biolegend was described as follows: Specificity testing of 1-3 target cell types with either single- or multi-
color analysis (including positive and negative cell types). Once specificity is confirmed, each new lot must perform with similar
intensity to the in-date reference lot. Brightness (MFI) is evaluated from both positive and negative populations. Each lot product is
validated by QC testing with a series of titration dilutions.

Supplier validation from Thermo Fisher was described as follows: antibody has been pre-titrated and tested by flow cytometric
analysis of normal human peripheral blood cells.

Supplier validation from Abcam was described as follows: We include relevant controls, routinely running unstained, positive,
negative, isotype, viability, Fc-blocking, fluorescence minus one (FMO), and single-staining controls. For an FMO control, we stain all
our samples with fluorescent conjugates except the one that is being tested. This shows the contribution of the other fluorescent
conjugates in the signal of the unlabeled channel. This control is important for determining non-specific binding of an antibody.

Supplier validation from Cell Signaling was described as follows: CST scientists test all our products in relevant applications such as
western blotting, immunoprecipitation, immunofluorescence, immunohistochemistry, flow cytometry, and chromatin
immunoprecipitation. When an antibody is recommend for a particular application, it indicates that the antibody has passed rigorous
application-specific testing standards. Additionally, our scientists create specialized (optimized) immunostaining protocols for
individual products, saving you time and reagents. We routinely test our antibodies on multiple species including human, monkey,
mouse, and rat.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) MC38 B2M KO cells were derived in the lab of Dr. Antoni Ribas, MD, PhD. The MC38 cell line was originally generated at the
NCI Surgery Branch (originally labeled as Colo38), and was obtained from Dr. Robert Prins (Department of Neurosurgery,
UCLA).

Authentication Cell lines were not authenticated before use.




Mycoplasma contamination Cell lines were tested negative for mycoplasma before use using MycoAlert Mycoplasma Detection Kit (Lonza).

Commonly misidentified lines | Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The following mouse strains were used in this study: C57BL/6 (CD45.2+) (Jackson Labs, #000664), B6.SJL (CD45.1+) (Jackson Labs,
#002114), Rosa26ERT2Cre (Jackson Labs, #008463), Ncri1Cre, Kdm6afl/fl, UTXH1146A+E1148A (UTXDMD)60, and Four Core
Genotypes mice (B6.Cg-Tg(Sry)2Ei Srydl1RIb/ArnoJ; Jackson strain #10905). For experiments with gonadectomy, procedure was
performed by Jackson Laboratories Surgical Services. To generate UTXNKD and UTXHet mice de novo for this study, NcriCre/WT
mice were crossed to Kdm6afl/fl mice to generate either Ncr1Cre/WTKdm6afl/fl (UTXNKD) or Ncr1Cre/WTKdm6afl/WT (UTXHet)
offspring. To generate iUTX-/- mice with a full body tamoxifen-inducible deletion of UTX de novo, B6.129-Gt(ROSA)26Sor tm1(cre/
ERT2)Tyj/J (Rosa26ERT2Cre) mice were crossed to Kdméafl/fl mice to generate F2 progeny Rosa26ERT2Cre/+Kdm6afl/fl offspring.
CD451x2 mice were generated de novo by crossing CD45.1+ B6.SJL and CD45.2+ C57BL/6 mice. For all mouse experiments in 6-8
week old age-matched littermates were used in accordance with approved institutional protocols.
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Mice were housed in UCLA animal facilities on a 12 hour dark/light cycle with ambient temperatures of 20-26C and relative humidity
of 30-70%.

Wild animals No wild animals were used in this study.
Field-collected samples  No field-collected samples were used in this study.

Ethics oversight Mice were bred at UCLA in accordance of the Institutional Animal Care and Use Committee (IACUC).

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

Flow Cytometry

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

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
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 Spleens were dissociated by mashing using a plunger from a 1 ml syringe through a 40 uM filter into complete media. To
isolate lymphocytes from liver, the tissues were physically dissociated using a glass tissue homogenizer and purified using
40% Percoll. Lung lymphocytes were incubated with Collagenase D and then filtered into a single cell suspension. Bone
marrow isolated by a mortar and pestle. Red blood cells in all tissues were lysed using ACK lysis buffer.

Instrument Attune NxT Acoustic Focusing Cytometer, BD FACS Aria lll

Software Attune NXT Software v3.1.2, with quantification performed using FlowJo v10.7.2

Cell population abundance Cell populations were sorted to > 95% purity post sort in pilot experiments, as determined by flow cytometry. NK cells
comprised approximately 2-5% of CD45+ cells in spleen.

Gating strategy Mouse NK cell = CD3,TCRb- NK1.1+

Human NK cell = CD3-CD56+

Viable lymphocytes were identifed by FSC/SSC at approximately FSC 400K/SSC 150K-600K based on FSC voltage 190/SSC
voltage 380.

For IFNy positive populations, the boundary between positive and negative populations was determined based on the upper
boundary of IFNy expression in unstimulated control cells. For cleaved caspase 3 positive populations, the positive boundary

was determined based on cleaved caspase 3 expression in DMSO treated control cells.

Please refer to Extended Figure 1d for detailed gating strategy.

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