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We previously showed that potassium channel tetramerizath domain containing 9
(KCTD?9) is aberrantly expressed in natural killer (NK) selh patients with hepatitis
B virus-associated acute-on-chronic liver failure and mie with experimental fulminant
hepatitis. However, the mechanism underlying the regulath of NK cell function and
fulminant hepatitis progression by KCTD9 is unknown. Herewe investigated the role
of Kctd9 in regulation of early development, maturation, ashfunction of NK cells using
Kctd9-knockout mice. Compared to wild-type mice, Kctd9-de cient mice exhibited

impaired NK cell lineage commitment, as evidenced by seleste reduction in the re ned

NK progenitors, and incomplete NK cell maturation, as margsted by a higher proportion
of CD11b NK cells and a lower percentage of CD116 NK cells with high proliferative
potential. Moreover, Kctd9-depleted NK cells displayed insuf cient IFNg production,

degranulation, and granzyme B production in response to cyikine stimulation, and
attenuated cytotoxicity to tumor cellsin vitro. The defect in NK cells was further
supported by ameliorated liver damage and improved survivan Kctd9-de cient mice

following murine hepatitis virus strain-3 (MHV-3) infectn, which otherwise leads to
immune-mediated fulminant hepatitis, a phenotype homologus to that caused by NK
cell depletion in wild-type mice. Further investigation tmentify the underlying mechanism
revealed that Kctd9 de ciency hindered the expression of @nscription factors, including
Ets1, N 13, Eomes, and 1d2 in NK cells. Collectively, our dat reveal that Kctd9 acts as a
novel regulator for NK cell commitment, maturation, and edictor function.

Keywords: NK cells, Kctd9, fulminant hepatitis, liver damage, development

INTRODUCTION

Natural killer (NK) cells are the major e ector lymphocytes tife innate immune system in

host defense against tumors and invading pathogens. Complgteation of NK cells which

doesn't require prior sensitization is vital for initial cdrat against infection as well as for
activating the adaptive immune response by physical intesactiith dendritic cells or secretion of
immunoregulatory cytokines.
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In adults, NK cell development from common lymphoid Eomes and T-bet are master regulators reciprocally involved
progenitors (CLPs) occurs in the bone marrow (BM) throughin NK cell maturation. Hematopoietic-speci ¢ depletion of
three stages: NK progenitors (NKPs), immature NK (iNK)Eomes results in the selective reduction of 5Xér CD11
cells, and mature NK (mNK) cells1. NKPs were initially NK cells, with TRAICDX5 immature cells dominating the
de ned as CD129NK1.1 ; however, fewer than 10% of cellsNK cell population, whereas, T-bet-de cient mic&hx21 = )
with this phenotype give rise to NK cells?)( Therefore, contain DX%¥ NK cells without maintaining EomesTrail®
the NKP phenotype has been rede ned into re ned NKPsNK cells (L6). Deletion of both results in the absence of
('NKP; CD2F CD244 CD12F#CD125XCD135 )and pre-NKP  NK antigen-expressing cells without aecting CDE2NK
(CD27CD244CD12¥#CD122 CD135 ) with full potential  cells precursors, suggesting the complementary requiremient
of NK cell lineage commitment3{ 4). CD3 NK1.1° cells Eomes and T-bet for the late development of NK cells. ID2
acquire expression of several integrins in the order of Alphas required for late maturation, IL-15-dependent metabolism,
V, DX5 and Mac-1 (CD11b) during the maturation processand survival of NK cells because it regulates IL-15 siggalin
(5). The expression of NK cell receptors such as NKG2without aecting the transcription factors required for NK
followed by the Ly49 receptors, is initiated in an IL-15-cell development § 17). TOX-de cient mice maintained
dependent manner after the acquisition of NK13, ¢). The normal numbers of iNK cells but reduced numbers of
acquisition of NK1.1 marks the iNK stage, during which themNK cells with low ID2 expression1@). Notably, thymic
cells undergo a sequential maturation program that includesnd liver-resident NK cells are of independent origins from
four discrete steps discriminated by surface expression &7TCD bone marrow-derived NK cells (also termed conventional NK
and CD11b (CD11bCD27 , CD11b CD27, CD11¥CD27, cells), and share a developmental program including GATA3
and CD115CD27 ) (7). CD11b NK cells are less mature NK expression distinct from that of conventional NK cells as
cells and are mainly found in the bone marrow and lymphwell (19, 20).
nodes. S1P5R expression after the acquisition of CD11lbemnabl Potassium channel tetramerization domain containing 9
CD11 NK cell migration from the bone marrow to the (KCTD9), a pentapeptide repeat-containing protein that mimics
periphery, where they are equally distributed to other organ®NA structure 1), was rst identi ed to be highly expressed
(8). CD11b CD27NK cells express high levels of NKG2A in NK cells in an animal model of viral fulminant hepatitis and
and low levels of Ly49 receptors; however, CIADB27 in patients with hepatitis B virus-associated acute-on-clico
and CD115CD27 NK cells, which are mainly located in the liver failure 2, 23). Knockdown of KCTD9 in immortalized NK
periphery, are equipped with a full repertoire of Ly49 receptorgells impaired cytokine production and cytotoxicity, sugges
and cytotoxic potential §). Another discrepancy between iNK its potential role in regulation of NK cells function2§).
cells and mNK cells is the proliferative capacity, which os@atr However, direct evidence of the involvement and mechanism
a high potential in the immature stages and wanes upon furtheof KCTD9 in NK cell functionin vivo is not yet available.
maturation. Speci cally, the proliferating potential duringKk In this study, we investigated the role of Kctd9 in NK cell
cell development continued after acquiring NK1.1 expresaimh commitment, maturation, e ector function, and involvemeirt
before terminal maturation marked by high CD43 and KLRG1viral fulminant hepatitis.
expression, 10).

NK cell development and function depend on IL-15 signaling
and spatiotemporal expression of intrinsic transcription tast MATERIALS AND METHODS
IL-15- or IL-15Ra-de cient mice selectively lose CD1%%
lineages, including NK cells, NKT cells, and memory €D8 Mice
T cells (L1, 12). Transcriptional factors like ETS1land E4BP4Kctd9 / mice were created on a BALB/c background by
regulate NK cell lineage commitment, whereas other factoch  the Beijing Genomic Institute (Shenzhen, China) using
as Eomes, T-bet, ID2, TOX, IRF2, and GATA3 modulate NK celfranscription activator-like e ector nuclease technology.
maturation (L3). Mice lacking ETS1 or NFIL3/E4BP4 have feweMild-type BALB/c mice were purchased from Charles River
NK cell-committed progenitors in the bone marrow and mNK Laboratories (Beijing, China) and used for preliminary
cells in the periphery, and E4BP4 merely speci es NK cell lipeag<ctd9 /  found breeding and control experiments. Wild-
without a ecting NKT cells or T cells{3-15). ETS1 regulates type mice were co-housed for 1-2 weeks wikttd9 /
the transcription of genes coding for T-bet and ID2, whereasnice to accommodate the environment before use for the
E4BP4 directs Eomes and ID2 expression during NK cell lineageperiments. Mice with two genotypes at the same age (6—
commitment (L4, 15). 10 weeks old) were used and 4-8 mice were commonly
used for each experiment. Mutant genotype was identi ed
by PCR and immunoblotting. The primers are provided in
Supplementary Material All mice were housed in specic
Abbreviations: KCTD9, potassium channel tetramerization domain containing pathogen-free conditions. The animal experiments were
9; NK ce.IIs,' naturgl killer cell; HBV—ACLF, hepatitils.B \./irus—ass'tmdaacute— approved by the Committees on Animal Experimentation of
on-chronlc ||ver_ fallyre; MHV—3—FHF,‘mur|ne r_u‘apaltltls virus strain Beuced Tongji Hospital and performed in compliance with the Animal
fulminant hepatic failure; MHV-3, murine hepatitis virus strain 3; WTilavtype; - E . X X
BM, bone marrow; CLPs, common lymphoid progenitors; NKPs, NK progenitorsCare and Use Guidelines of HuaZhong UnIVEI’SIty of Science
rNKPs, re ned NKPs; iNK cells, immature NK cells; mNK cells, mature NK cells. and Technology.
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Murine Hepatitis Virus Strain 3 antibody as previously describetl5 24). To induce Granzyme
(MHV-3)-Induced Fulminant Hepatitis in B production, puri ed splenic NK cells (2 1CP) were cultured
BALB/c Mice in RPMI 1640 medium (200m) in 96-well U-bottom plates

. . in the presence of recombinant murine IL-15 (20 ng/ml; cat#
MHV-3 was obtained from the American Type Culture n . 2
Collection (Manassas, VA, USA) and was plaque-puri ed On210-15, PeproTech) for 24 H%). Protein transport inhibitors

a monolayer of delayed brain tumor cells and titer-tested Or?olglsmp (cat# 554724, BD Biosciences) and GolgiPlug (cat#

L2 cells according to a standard plaque assay. Mice we 55029’ BD Biosciences) were added 4h in advance of
injected intraperitoneally with MHV-3 (100 PFU/mouse) in cell harvest.

saline solution (200n). For alanine transaminase and aSpartatquO"feration

transaminase measurements, blood was collected to iselaia
at the indicated time after virus infection. Ten to twentyaai
were used for the infection experiments.

To examine proliferation, puried splenic NK cells were
labeled with 5nM carboxy uorescein diacetate succinimidyl
ester (CFSE; Bm; cat# C34554, ThermoFisher Scienti c), and
Cell Preparation then were seeded in 96-well U-bottom plates (2.C° cells/200

Liver tissue, mesenteric lymph node, and spleen were CLrJTE') and cultured in the presence of IL-15 (50 ng/ml) for 3 days.

into pieces, and grinded through moisturized 10681 cell
strainer (BD Biosciences, San Jose, CA, USA). Bone marr
were obtained by ushing completed Dulbecco's Modi ed Eagle
Medium (DMEM) through the femurs with a 1-ml syringe. !
Bone marrow cells were collected by mashing throughri®0
cell strainers. Liver lymphocytes were isolated by followin
standard protocol $upplementary Materia). For in vitro
culture treatment, spleen cells were resuspended in lympbecyt
separation medium (cat# DKW33-R0100, Dakewe), upon Whic'li?eal-Time PCR

RPM.I 1640 medium were layered. Centrn‘uged.at 804 for Total RNA from puri ed splenic NK cells was extracted using

20 min and then collected lymphocytes from the interphase. Th Neasy Plus Micro Kit (cat# 74034, OQiagen), and reverse-

cells were subjected to red blood cell lysis, except for Iymp% Y . ’ gen), a

node cells ranscribed using ReverTra Ace qPCR RT Master Mix (cat# FSQ-
' 201, Toyobo, Osaka, Japan). Quantitative PCR was performed

Flow Cytometry with SYBR Green Real-Time PCR Master Mix (cat# QPK-201,

Cells were stained with Fixable Viability Stain 780 (cat#-frOVObo’ Osaka, Japgn). The primers used were listed in the
565388, BD Biosciences) to facilitate the exclusion of dea%upplementary Material
cells during analysis. Cells were pre-incubated with Mouse B%

Fc Block (clone 2.4G2, cat# 553142, BD Biosciences) bef%éat'_St:jczlt '?j‘”"’:g/f'st votailed ormed us
staining. Cells were incubated with antibodies againsfager - Palreéd students-tests (two-tailed) were performed using

molecules, and then were subjected to permeabilization an(&raphPad Prism7 softwarq@  0.05 was considered to be

intracellular antibody staining. Cells were nally subfied statistically signi cant for all tests. The stars in the i@s
to ow cytometry with a BD FACS Canto Il or BD correspond fop-values as followsp  0.05, p  0.005, p

LSR 1l (BD Biosciences). The procedure is detailed in 0.001,and p 0.0001.
the Supplementary Material

I 1ol RESULTS
NK Cell Isolation , . :
Untouched NK cells were isolated from splenocytes usiniljgCtdg De ClenCY Ameliorated LIV?I’
magnetic beads for negative selection, according to th®amage Following MHV-3 Infection

manufacturers instructions of NK Cell Isolation Kit Il (¢4 We previously revealed the vital contribution of NK cells taliv
130-096-892, MiltenyiBiotec). Cells achiev#it% purity were damage, and the involvement of KCTD9 in NK cell function in

totoxicity Assay
uried splenic NK cells (1 10°) were mixed with CFSE-
abeled Yac-1 cells in U-bottom 96-well plates at variousogati
(e ector: target ratio, 20:1, 10:1, 5:1, 2:1) and incubated f
4h. The cell mixtures were harvested for Annexin V staining
%vith the PE Annexin V Apoptosis Detection Kit | (cat# 559763,
BD Biosciences).

applied to functional assay. viral fulminant hepatitis 22, 25). To verify the requirement of
] o Kctd9 for NK cell e ector functionin vivo, Kctd9 /  mice were
In vitro Cell Activation used. Forty nucleotides was deleted in the open reading frame

Splenic lymphocytes (1 1(F) were seeded in RPMI 1640 of Kctd9 gene of knockout mice Supplementary Figure 14,
medium (1 ml) in 12-well plates and treated with recombinantwhich may induce frame shift or unspeci c splicing of Kctd9
murine IL-12 (1 ng/ml or 5ng/ml; cat# 210-12, PeproTech,)transcript and result in a loss of Kctd9 protein. Mice were
and IL-18 (10 ng/ml; cat# B002-5, MBL) for 6 h to assess IFNinfected with MHV-3, which otherwise induces liver damage an
g production. To examine degranulation, splenic lymphocytegulminant hepatic failure 25, 26). Interestingly, liver damage
were treated with IL-12 (10 ng/ml) and IL-18 (10 ng/ml) for&h  of Kctd9/ mice was signi cantly alleviated, as evidenced
the presence of PerCP-Cy5.5-conjugated anti-CD107a ahtiboby lower transaminase level§igure 1A). The survival time
(10ml; clone 1D4B, cat# 121625, BioLegend) or an isotype contraind survival rate ofKctd9de cient mice were signi cantly
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FIGURE 1 | Kctd9 de ciency ameliorated liver damage following MHV-3 ifection. Wild-type (WT) andctd9 = mice were injected intraperitoneally with MHV-3.
(A) Serum alanine transaminase (ALT) and aspartate transamse (AST) levels in WT anéctd9 = mice 24 h after MHV-3 infection.(B) Survival curve of WT and
Kctd9 = mice after MHV-3 infection.(C,D) Expression of Granzyme B(C) and IFN-g (D) by CD3 NKp46C DX5C NK cells in liver from WT ancKctd9 = mice 48h
after MHV-3 infection.(a) Flow cytometric analysis for Granzyme BC) and IFN-g (D). Plots represent CD3 NKp46C DX5C NK cells, and frequency of gated
population is indicated.(b,c) Summary of percentage and intensity of expression of CD3NKp46C DX5C NK cells positive for Granzyme BC) and IFN-g (D). All
results were representative of three independent experinms. Ten mice of each genotype were used for measurement of AILAST levels, 15Kctd9 = mice and
20-21 WT mice were used for survival experiment, and 4-6 micef each genotype were used for detection of Granzyme B and IFNg-in each experiment.
Comparison of survival curves: Log-rank (Mantel-Cox) tef® D 0.0069, Gehan-Breslow-Wilcoxon testP D 0.0084; the median survival time: KO: WT 82h vs. 76.5h;
the survival rate: KO: WT (1/15) vs. 0. Error bars indicate staard deviation. *P < 0.01, ***P < 0.001, and ***f < 0.0001.

improved, compared to that of the wild-type mice following virusbone marrow Figure 2B). Consistent with the reduction in
infection (Figure 1B), with less activated NK cells iKctd9 ! rNKPs, the numbers of NKPs, CD11bNK, and CD11

mice evidenced by reduced Granzyme B and ifrixpression NK cells in the bone marrow fromKctd9 = mice were
(Figures 1C,D. Collectively, our data suggest that impaired NKalso reduced Kigures 2C,D). However, the number of total
cell function contributes to attenuated liver damage<ictd9 / NK cells in the liver from Kctd9 = mice were higher

mice infected with MHV-3. than that in the wild-type counterparts={gure 2B). Together,
these data suggest that Kctd9 regulates NK cell commitment
Kctd9 Selectively Speci es rNKPs During and maturation.

NK Cell Commitment
As BALB/c mice lack NK1.1, other surface antigens suckctd9 Is Required for NK Cells Maturation
as NKp46 or DX5 may be used instead of NK1.1 to labeDevelopment of immature NK cells into mature NK
committed NK cells. NK precursors generate NK antigen-bari cells falls into a four-stage program identied by surface
(NK1.1°NKp46©) NK cells that can further develop into the markers: CD11bCD27 , CD11b CD27, CD11¥CD27,
mature phenotype and express DX5 and CD1® {, 27); CD11H°CD27 (7). Compared to wild-type miceKctd9 /
therefore, we used both NKp46 and DX5 as NK cell markers imice showed increased frequency of CD10D27 cells and
our experiments. reduced proportion of CD11bCD27 and/or CD11ty CD27
The number of bone marrow cells were not altered betweesubsets in CD3DX5C cells Figures 3A,B, suggesting the
wild-type and Kctd9/ mice (Supplementary Figure 18  impairment of NK cell maturation. This phenotype was further
Compared with wild-type mice,Kctd9 = mice exhibited conrmed by the lower ratio of CD11p to CD11b NK
reduced number of rNKPs but not pre-NKPs in bone marrowcells in all organs irKctd9 / mice (Figure 30). Acquisition
(Figures 2A,B and Supplementary Figure 1 Moreover, the of CD11b represents a process of NK cell maturation that
number of CLPs, which give rise to a wide spectrum ofestablishes primary e ector function, whereas, loss of CD27
lymphocytes, including NK cells, was not altered in theexpression on CD1TbNK cells predicts a terminal maturation
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FIGURE 2 | Kctd9 selectively speci es rNKPs during NK cell commitment(A,C) Flow cytometry gating strategies for identi cation of NK prgenitors in BM from WT
and Kctd9 = mice. (A) Using CD135 and CD122 to identify CLP (CD13§CD122 ), pre-NKP (CD135 CD122 ), and rNKP (CD135 CD122C) among lineage
(CD3/CD19/CD11b/Ly6d/DX5) CD27C¢CD244CCD127C cells. (C) Using DX5 and CD11b to identify NKP (DX5CD11b ), CD11b NK (DX¥° CD11b ), and
CD11bC NK (DX¥ CD11bC) cells among lineage (CD3/CD19/CD4/CD8/Ter119)CD122C cells. Frequency of gated population is indicated(B,D) The total number
of CLP, pre-NKP and rNKP(B) or NKP, CD11b NK, and CD11b° NK cells (D) in BM. (E) The total number of CD3 CDlZZCNKpAGC NK cells in the BM, spleen,
liver, and mesenteric lymph node (LN) of WT andctd9 = mice. All results were representative of three independergxperiments. Six—eight mice of each genotype
were used in each experiment. Error bars indicate standardeliation. P < 0.05, **P < 0.01, and ***P < 0.001.

with full e ector function potential 6, 7). In Kctd9 /' mice, CD118°/CD27 CD11lf) were very similar to those de ned
the ratio of CD27 subset to CD27 subset among CD1fb by DX5, except that double negative NK cells were not altered
NK cells were remarkably decreased in the peripheral orgar{&igure 3. Collectively, these data suggest that Kctd9 regulates
(Figure 3D). Using DX5 to label NK cells may result in the the NK cells maturation.

selection of non-NK cells such as basophils and mast cells ] ) ]

(29). However, mast cells (F8€" SSdi9n may be subjected Kctd9 Restricts the Proliferation of NK

to gate restriction on lymphocytes (F8¢ Ssdv) (29. Cells

Moreover, DX% CD3+ fraction includes about 90-95% NK cell reduction may be due to altered proliferation or
NK cells and <10% basophils in splenocyte€9. Thus, apoptosis. Therefore, to examine the proliferative potential
the use of either DX5 or NKp46 to determine splenic NKof NK cells, NK cells from bone marrow and spleen were
cell development and function is persuasive. To validate theubjected to Ki67 staining. liKctd9 /  mice, the number of
results, NKp46 NK cells were also analyzed to dissect bongyroliferating NK cells, including either CD11bor CD11 cells
marrow NK cell development. Results in terms of less maturevas signi cantly increased in the bone marrowigures 4A,B.

NK cells (CD2¥CD11b) and mature NK cells (CDX7  Substantial increase in proliferating NK cells was also observe
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FIGURE 3 | Kctd9 is required for NK cells maturation(A) Flow cytometric analysis for expression of CD11b and CD27 bgD3 DX5C cells in four organs from WT
and Kctd9 = mice. Numbers in the quadrants indicate the percentage of sbisets de ned by CD11b/CD27 expression in CD3 DXEC cells. (B) Summary of the
percentages of subsets in CD3 DX5C cells. (C) The ratio of the CD11° subset to the CD11b subset among CD3 DX cells in indicated organs.(D) The ratio of
the CD27 subset to the CD27° subset among CD3 DX5°CD11bC cells in indicated organs.(E) The percentages of subsets de ned by CD11b/CD27 expression
in CD3 NKp46C NK cells in BM from WT andKctd9 = mice. All results were representative of three independergxperiments. Four to six mice of each genotype
were used in each experiment. Error bars indicate standardeViation. P < 0.05, **P < 0.01, ***P < 0.001, and ***f < 0.0001.

in Kctdo /

spleen Figures 4C,D. Similar results were further homeostasis via metabolic activation of mTOR vivo (30).

observed irKctd9 = NK cells in response to IL-15 stimulation Together, these data suggest that Kctd9 negatively reguiiK
(Figures 4E, |, which is required for NK cell proliferation and cell proliferation.
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FIGURE 4 | Kctd9 restricts the proliferation of NK cells(A-D) Expression of Ki67 in NK cells and NK subsets in BM and spleemdm WT andKctd9 = mice.

(A,C) Representative ow cytometric analysis for Ki67 expressioin BM (A) and spleen(C). Flow cytometric plots represent total CD3 DX5C NK cells (left),

CD11b CD3 DX5C NK subset (middle), and CD115CD3 DX5C NK subset (right). Frequency of gated population is indicatl. (B,D) Summary of the percentages
of CD3 DX5C NK cells, CD11b CD3 DX5C subset, and CD11b°CD3 DX5C subset positive for Ki67 in indicated organs(E) Flow cytometric analysis for CFSE
concentration in puri ed splenic NK cells and CD11b NK subset and CD116° NK subset 72 h after initiation of culture in the presence of HL5. (F) Summary of the
percentages of NK cells and CD11b NK subset and CD11H° NK subset with reduced concentration of CFSE. All results we representative of three independent
experiments. Four mice of each genotype were used in each exgiment. Error bars indicate standard deviation.” < 0.05, **P < 0.01, ***P < 0.001, and

*p < 0,0001.

Kctd9 De ciency Impairs NK Cell NK cells was maintained in response to low IL-12 concentratio
Effector Functions (Figure 5A). Moreover, a reduced portion of Granzyme B-
NK cell eector function is associated with the normal Positive NK cells as well as lower intensity of Granzyme B
development and maturation of cells. To determine whethefXpression were observed Kctd3de cient splenic NK cells
Kctd9 aects NK cell e ector function, we examined IFyl- in response to IL-15 treatmentF{gure 5B). Consistently, a
production and cytotoxic potential of wild-type ankctd9 / decreased proportion oKctd9 /' NK cells degranulated in
NK cells in response to cytokine stimulation or tumor cellresponse to IL-12/IL-18 treatment, though their CD107a leve
challenge. After stimulation with 1L-12 and IL-18ctd9 / did not alter (Figure 5C). Furthermore, compared with wild-type
NK cells displayed decreased portion of IfgN-cells as well NK cells,Kctd9 /" splenic NK cells showed reduced cytotoxicity
as lower level of IFNy (Figure 5A). The discrepancy between against Yac-in vitro (Figure 5D). These data suggest that Kctd9
the expression of IFNy by Kctd9 /  NK cells and wild-type de ciency attenuates NK cell e ector functions.
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FIGURE 5 | Kctd9 de ciency impairs NK cell effector functions.(A—C) Expression of IFNg, Granzyme B by NK cells and degranulation of NK cells from spén of WT
and Kctd9 = mice. in vitro cell activation is described in Materials and Methods(a) Flow cytometric analysis for expression of IFNy;, Granzyme B, and CD107a by
CD3 DX5C NK cells. Plots represent total CD3 DX5C NK cells. Frequency of gated population is indicated in plst (b) The percentage of CD3 DX5C NK cells
positive for IFNg (A), Granzyme B(B), and CD107a(C). (c) The expression intensity of IFNg (A), Granzyme B(B), and CD107a(C) of gated CD3 DX5C NK cells.
(D) Apoptosis of Yac-1 cells after being co-cultured with puri & NK cells from spleen of WT andKctd9 = mice. (a) Flow cytometric analysis for Annexin V on Yac-1
cells. Plots represent CFSE Yac-1 cells. (b) Summary of the percentage of apoptotic Yac-1 cells positivdor Annexin \/ All results were representative of three

independent experiments. Four to six mice of each genotype @are used in each experiment. Error bars indicate standard deation. < 0.05, **p < 0.01.

Kctd9 Depletion Downregulated NK Eomes and T-bet, members of the T-box family of proteins,
Cell-Related Transcription were demonstrated to control NK cell development from
Factor Expression immature to mature phenotype, and mature stage to terminal

NK cell development is tightly regulated by extrinsic sigreatd matura.tion, respectivel)/l@. Eomes induces the expression of
intrinsic transcription factors. Factors involved in NK telrly ~ NK-antigen receptors during NK cell maturation, whereas T-
development, such as N3 and Ets1, and maturation, such alet controls the repression of CD27 and induction of KLRG1
Eomes and 1d2, were expressed in lower levekbtd9 / NK  and CD43 expression for terminal maturation of CDf1blK
cells than wild-type NK cellsjgure 6A). Owing to the selective cells (L6). In addition to a reduction of Eomes expression in
reduction of rNKPs as well as NK cells in bone marrow offNKPs (Figure 6B), a decreased proportion of NK cells from
Kctd9 /  mice, which rely on CD122 expression, we investigatetctd9 = bone marrow expressed Eomes though the positive
whether Kctd9 regulates CD122 expression in NK cells. Horevepopulation maintained unaltered mean expression intensity
we did not observe a decline in CD122 expression in INKPs (datdrigure 6C). The decrease of Eonfe¥Kp46© NK cells was

not shown), implying that Kctd9 may be involved in regulatingmostly in CD11b NK cells Figure 6D), and Eomes MFI
intrinsic transcriptional factors. was decreased in CD1968D27 NK cells Figure 6D). These
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FIGURE 6 | Kctd9 depletion downregulated NK cell-related transcrigbn factor expression.(A) Real-time PCR analysis foEts1, N I3 (encodes E4bp4),Eomes,

Tbx21 (encodes T-bet),Id2, and Tox expression by puri ed NK cells from spleen of WT andKctd9 = mice. (B) Expression of Eomes by rNKPs in BM from WT and
Kctd9 = mice. (a) Flow cytometric analysis for Eomes in rNKPs. Plots repres¢nNKPs. (b) Intensity of Eomes expression in total INKPSC,D) Expression of Eomes
by CD3 NKp4GC NK cells (C) and subsets de ned by CD11b/CD27 expression in CD3 NKp46C NK cells (D) from WT andKctd9 = BM. (a) Flow cytometric
analysis for expression of Eomes. Plots represent CD:<}I\IKp46C NK cells (C) or subsets of CD3 NKp46¢ NK cells (D). Frequency of gated population is indicated in
plots. (b,c) The percentages and the intensity of Eomes expression of CD3NKp46C NK cells (C) and subsets of CD3 NKp46C NK cells (D) positive for Eomes. All
results were representative of three independent experinms. Four to six mice of each genotype were used in each experient. Error bars indicate standard

deviation. P < 0.05, **p < 0.01.

data suggest that Kctd9 depletion downregulated the exmrmessileads to demarcation of two subsets of NK cells: less mature
of the transcription factors required for NK cell commitment (Eomes TRAIL®) NK cells and more mature (EomeBX5°)

and maturation. NK cells with a diverse repertoire of Ly49 receptdr§)(whereas
Thx21-de cient mice lack Eome§RAIL® NK cells. We found
DISCUSSION that Kctd9 a ect expression of E4BP4/NFIL3 and ETS1 as well

as Eomes and ID2 by NK cells. Further studies are warranted to

NK cell development and maturation are associated with thédentify the precise molecular targets of Kctd9 in NK cells.
sequential acquisition and loss of surface antigens, a$ wel The use of DX5 to de ne NK cells may not be stringent,
as spatiotemporal transactivation of transcriptional fastor particularly for immature CD11bCD27 NK cells in the bone
Kctd9 de ciency selectively reduces the number of rNKPs, &harrow, because such cells account for a small fractat00o)
phenotype resembling the observationdts / mice, implying and may include basophils (CD14 CD27 ) (7, 31, 32).
that Kctd9 is involved in NK cell lineage commitment and However, basophils only account for small fraction 7%)
maturation by regulating such factors. Transcription fastsuch ~ of CD3+ DX5C cells in the spleen and circulating nucleated
as E4BP4/NFIL3 and ETS1 de ne NK cell lineage commitmengells @9), paving the way to use DX5 to identify splenic
with an unknown mechanism; however, their involvement in NK NK cells for development, proliferation assay, and cytotioxic
cell maturation is mediated by regulating Eomes and ID2 or Tassays. Moreover, NKp4aNK cells account for nearly 90% of
bet/Tbx21 and ID2, respectivelyi4, 15). Expression of Eomes CD3+ DX5C cells in the spleen, con rming that the majority
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of CD3+ DX5¢ are NK cells Supplementary Figure 1[).  acute liver damage26, 40-42). Our ndings provide a new
Because CD8 DX5C cells may include arelatively large fraction insight on the choice of NK-cell based therapeutic targetsrial

of non-NK cells in the bone marrow, NKp46 was also employedulminant hepatitis.

to dissect NK cell development. As depictedFigure 3E NK In summary, we propose that Kctd9 is required for NK cell
cell development was inhibited. NK cell development driven bydevelopment and e ector function, and it plays a detrimentdéro
Kctd9 may be intrinsic and/or extrinsic. As CB4and CD& T in in ammation-induced fulminant hepatitis. The mechanism
cells were also decreasedKotd9 / bone marrow, alteration may involve CUL3-based ubiquitination and degradation of
in extrinsic factors for NK cell development in the bone mamo Kctd9 partners, which are essential for the early and/or late
cannot be excludedSupplementary Figures 1F—H stages of NK cell development and e ector function. This study

Moreover, in contrast to the positive role &ictd9in NK cell  highlights the novel therapeutic and preventive implicatidois
development and e ector functions, Kctd9 inhibits proliferati  acute severe liver damage in hepatitis.
of NK cells in the steady state and under cytokine stimutatio
These opposite roles of Kctd9 in NK cell development anETHICS STATEMENT
proliferation are consistent with the fact that the prolifavet
capacity of NK cells gradually declines as they matufe (This study was carried out in accordance with the
9, 33). The increased proliferative capacity Kttd9/ NK  recommendations of the guidelines of the National Institute
cells may be due to their immature status rather than direcof Health and the Animal Experiment Committee of Tongji
inhibition of proliferation by Kctd9. The immature status of hospital. This study was reviewed and approved by the Animal
Kctd9 = NK cells may also account for the increase of NKExperiment Committee of Tongji hospital.
cells in the liver Figure 2B and impaired e ector functions
in response to stimulation by cytokines, exogenous antigens AUTHOR CONTRIBUTIONS
even viral infection.

KCTD9 contains the BTB/POZ domain which could interact XW and XZ drafted the manuscript and interpreted data. XZ did
with CUL3 (an E3 ligase) for target protein ubiquitination and the experiments. PW raised the animals. XG assisted collecting
degradation 84, 35). The CUL3-RING ubiquitin ligase complex samples. QN, XW, TC, WY, PW, and XL assisted interpretation
associates with BTB adaptors, which enable homodimerizatioof data. QN and XW developed concept, designed projects. QN,
assembly, and substrate recognition, thereby specifyirg tXW, and GS revised manuscript.
substrate selectivity of E3 ligas&5(37). BTB proteins include
KLHL proteins and SPOP (MATH-BTB-BACK domain) proteins FUNDING
(37), PLZF (BTB-Zinc nger) 39), and KCTD proteins (voltage-
gated potassium channel T1 family proteinsj9( Physical This project was supported by the National Natural
interaction between KCTD9 and CUL3 has been experimentallpcience Foundation of China (No. 81571989, 81700529),
con rmed via cryo-electron microscopyd@), implying that the ~ National Thirteenth 5-year Plan Project in Science and
ubiquitination-based mechanism of CUL3 is likely dependeniTechnology (20172X10202201).
on KCTD9 partners. In addition to the truncated T1 domain
that contains BTB, a unique eukaryotic-specic DUF3354SUPPLEMENTARY MATERIAL
domain and eight partial overlapping pentapeptide repeats are
present in KCTDY 21). The function of DUF3354 is unknown. The Supplementary Material for this article can be found
The pentapeptide repeatsy which mimic DNA structure, Carpnline at: httpS://WWW.frOﬂtierSin.Org/artiC'eS/lo.E&nmU.
interact with DNA-binding proteins, such as DNA gyrase or 2019.00744/full#supplementary-material
DNA polymerase §4). Therefore, the e ects of Kctd9 in NK Data Sheet 1| The detailed description of methodologies and the list of
cell development and function may be mediated by direct opntibodies and primers used in this study.
indirect interaction-dependent degradation of transcrguti  Supplementary Figure 1| (A) Information of Kctd9-de cient mice. Sequencing
factors or chromatin regulators critical for NK cell commmient results of PCR products ampli ed from total DNA template of WTmice and
and maturation. This process resembles the involvement gEPL Kctd9 = mice were aligned using Segman software. Sequencing alignemt

. . ; : between truncated Kctd9 inKctd9 = mice and wild-type (WT)Kctdo
in lymphoid e ector programs wherein PLZF bridges between c. oo 1 INCAeCECics sequence in e ice and wild-type (WTKc

: ; sequence (left top). Schematic view of deleted sequence wbi includes 40
CUL3 and substrates such as chromatin modi ers, nUCI(:-'a-ﬁucleotide's in the open reading frame in exon 6 and 30 nucledtes in intron 6 of
transporters, and members of the transcriptional machineryctds allele (left bottom). Immunoblotting against Kctd9 proteinf splenocytes
(39). Therefore, we speculate that understanding the bindindgiom WT andKctd9 = mice (Right).(B) Total BM cell number of WT mice and
partners of Kctd9 in NK cells will pave the way to understandingfCtdg mice. (C) Proportion of BM rNKPs among ;

. . . . in CD244~CD27~CD127*~ population in WT mice andKctd9 . (D)
the mechanism underlymg Kctd9-mediated _regmatlon OfPropor’(ions of NKp46C cells among CD3 DXSC cells in four organs from WT
the NK cell program and host defense against pathogensice andKctdo = mice. (E) Total number of CD3 CD122C NKp46C DX5C cells
and malignancies. in different organs from WT mice andKctd9 = mice. (F—H) Total number of

Viral fulminant hepatitis is a type of acute liver failure CD3 CD4 CD8 B220C B cells, CD3°CD4C T, and CD3”CD8C T cells in
with high mortality. Hepatic recruitment and activation of different organs of WT mice andkctds = mice. 3Ketd9 = mice and 2 WT
. . . mice were used for Western Blotting. Six to eight mice of eaclgenotype were
NK cells accelerate inammation accumulation and Comcerused in other experiments. All results were representativef three independent
cell ContaCt'dependent or independent cytotoxicity in bOtnexperiments. Error bars indicate standard deviation.P < 0.05, p< 0.01, P
patients and experimental models of hepatitis virus-induced 0.001, and P < 0.0001.
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