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We previously showed that potassium channel tetramerization domain containing 9
(KCTD9) is aberrantly expressed in natural killer (NK) cells in patients with hepatitis
B virus-associated acute-on-chronic liver failure and mice with experimental fulminant
hepatitis. However, the mechanism underlying the regulation of NK cell function and
fulminant hepatitis progression by KCTD9 is unknown. Here,we investigated the role
of Kctd9 in regulation of early development, maturation, and function 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 selective reduction in the re�ned
NK progenitors, and incomplete NK cell maturation, as manifested by a higher proportion
of CD11b� NK cells and a lower percentage of CD11bC NK cells with high proliferative
potential. Moreover, Kctd9-depleted NK cells displayed insuf�cient IFN-g production,
degranulation, and granzyme B production in response to cytokine stimulation, and
attenuated cytotoxicity to tumor cells in vitro. The defect in NK cells was further
supported by ameliorated liver damage and improved survival in Kctd9-de�cient mice
following murine hepatitis virus strain-3 (MHV-3) infection, which otherwise leads to
immune-mediated fulminant hepatitis, a phenotype homologous to that caused by NK
cell depletion in wild-type mice. Further investigation toidentify the underlying mechanism
revealed that Kctd9 de�ciency hindered the expression of transcription factors, including
Ets1, N�l3, Eomes, and Id2 in NK cells. Collectively, our data reveal that Kctd9 acts as a
novel regulator for NK cell commitment, maturation, and effector function.
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INTRODUCTION

Natural killer (NK) cells are the major e�ector lymphocytes ofthe innate immune system in
host defense against tumors and invading pathogens. Completeactivation of NK cells which
doesn't require prior sensitization is vital for initial combat against infection as well as for
activating the adaptive immune response by physical interaction with dendritic cells or secretion of
immunoregulatory cytokines.
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In adults, NK cell development from common lymphoid
progenitors (CLPs) occurs in the bone marrow (BM) through
three stages: NK progenitors (NKPs), immature NK (iNK)
cells, and mature NK (mNK) cells (1). NKPs were initially
de�ned as CD122CNK1.1� ; however, fewer than 10% of cells
with this phenotype give rise to NK cells (2). Therefore,
the NKP phenotype has been rede�ned into re�ned NKPs
(rNKP; CD27CCD244CCD127CCD122CCD135� ) and pre-NKP
(CD27CCD244CCD127CCD122� CD135� ) with full potential
of NK cell lineage commitment (3, 4). CD3� NK1.1C cells
acquire expression of several integrins in the order of Alpha
V, DX5 and Mac-1 (CD11b) during the maturation process
(5). The expression of NK cell receptors such as NKG2,
followed by the Ly49 receptors, is initiated in an IL-15-
dependent manner after the acquisition of NK1.1 (5, 6). The
acquisition of NK1.1 marks the iNK stage, during which the
cells undergo a sequential maturation program that includes
four discrete steps discriminated by surface expression of CD27
and CD11b (CD11b� CD27� , CD11b� CD27C , CD11bCCD27C ,
and CD11bCCD27� ) (7). CD11b� NK cells are less mature NK
cells and are mainly found in the bone marrow and lymph
nodes. S1P5R expression after the acquisition of CD11b enables
CD11bC NK cell migration from the bone marrow to the
periphery, where they are equally distributed to other organs
(8). CD11b� CD27CNK cells express high levels of NKG2A
and low levels of Ly49 receptors; however, CD11bCCD27C

and CD11bCCD27� NK cells, which are mainly located in the
periphery, are equipped with a full repertoire of Ly49 receptors
and cytotoxic potential (9). Another discrepancy between iNK
cells and mNK cells is the proliferative capacity, which occurs at
a high potential in the immature stages and wanes upon further
maturation. Speci�cally, the proliferating potential duringNK
cell development continued after acquiring NK1.1 expressionand
before terminal maturation marked by high CD43 and KLRG1
expression (5, 10).

NK cell development and function depend on IL-15 signaling
and spatiotemporal expression of intrinsic transcription factors.
IL-15- or IL-15Ra-de�cient mice selectively lose CD122high

lineages, including NK cells, NKT cells, and memory CD8C

T cells (11, 12). Transcriptional factors like ETS1and E4BP4
regulate NK cell lineage commitment, whereas other factorssuch
as Eomes, T-bet, ID2, TOX, IRF2, and GATA3 modulate NK cell
maturation (13). Mice lacking ETS1 or NFIL3/E4BP4 have fewer
NK cell-committed progenitors in the bone marrow and mNK
cells in the periphery, and E4BP4 merely speci�es NK cell lineage
without a�ecting NKT cells or T cells (13–15). ETS1 regulates
the transcription of genes coding for T-bet and ID2, whereas
E4BP4 directs Eomes and ID2 expression during NK cell lineage
commitment (14, 15).

Abbreviations: KCTD9, potassium channel tetramerization domain containing
9; NK cells, natural killer cell; HBV-ACLF, hepatitis B virus-associated acute-
on-chronic liver failure; MHV-3-FHF, murine hepatitis virus strain 3-induced
fulminant hepatic failure; MHV-3, murine hepatitis virus strain 3; WT, wild-type;
BM, bone marrow; CLPs, common lymphoid progenitors; NKPs, NK progenitors;
rNKPs, re�ned NKPs; iNK cells, immature NK cells; mNK cells, mature NK cells.

Eomes and T-bet are master regulators reciprocally involved
in NK cell maturation. Hematopoietic-speci�c depletion of
Eomes results in the selective reduction of DX5C or CD11bC

NK cells, with TRAILCDX5� immature cells dominating the
NK cell population, whereas, T-bet-de�cient mice (Tbx21� =� )
contain DX5C NK cells without maintaining Eomes� TrailC

NK cells (16). Deletion of both results in the absence of
NK antigen-expressing cells without a�ecting CD122C NK
cells precursors, suggesting the complementary requirementof
Eomes and T-bet for the late development of NK cells. ID2
is required for late maturation, IL-15-dependent metabolism,
and survival of NK cells because it regulates IL-15 signaling
without a�ecting the transcription factors required for NK
cell development (5, 17). TOX-de�cient mice maintained
normal numbers of iNK cells but reduced numbers of
mNK cells with low ID2 expression (18). Notably, thymic
and liver-resident NK cells are of independent origins from
bone marrow-derived NK cells (also termed conventional NK
cells), and share a developmental program including GATA3
expression distinct from that of conventional NK cells as
well (19, 20).

Potassium channel tetramerization domain containing 9
(KCTD9), a pentapeptide repeat-containing protein that mimics
DNA structure (21), was �rst identi�ed to be highly expressed
in NK cells in an animal model of viral fulminant hepatitis and
in patients with hepatitis B virus-associated acute-on-chronic
liver failure (22, 23). Knockdown of KCTD9 in immortalized NK
cells impaired cytokine production and cytotoxicity, suggesting
its potential role in regulation of NK cells function (23).
However, direct evidence of the involvement and mechanism
of KCTD9 in NK cell function in vivo is not yet available.
In this study, we investigated the role of Kctd9 in NK cell
commitment, maturation, e�ector function, and involvementin
viral fulminant hepatitis.

MATERIALS AND METHODS

Mice
Kctd9� /� mice were created on a BALB/c background by
the Beijing Genomic Institute (Shenzhen, China) using
transcription activator-like e�ector nuclease technology.
Wild-type BALB/c mice were purchased from Charles River
Laboratories (Beijing, China) and used for preliminary
Kctd9� /� found breeding and control experiments. Wild-
type mice were co-housed for 1–2 weeks withKctd9� /�

mice to accommodate the environment before use for the
experiments. Mice with two genotypes at the same age (6–
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 speci�c
pathogen-free conditions. The animal experiments were
approved by the Committees on Animal Experimentation of
Tongji Hospital and performed in compliance with the Animal
Care and Use Guidelines of Huazhong University of Science
and Technology.
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Murine Hepatitis Virus Strain 3
(MHV-3)-Induced Fulminant Hepatitis in
BALB/c Mice
MHV-3 was obtained from the American Type Culture
Collection (Manassas, VA, USA) and was plaque-puri�ed on
a monolayer of delayed brain tumor cells and titer-tested on
L2 cells according to a standard plaque assay. Mice were
injected intraperitoneally with MHV-3 (100 PFU/mouse) in
saline solution (200ml). For alanine transaminase and aspartate
transaminase measurements, blood was collected to isolateserum
at the indicated time after virus infection. Ten to twenty mice
were used for the infection experiments.

Cell Preparation
Liver tissue, mesenteric lymph node, and spleen were cut
into pieces, and grinded through moisturized 100-mm cell
strainer (BD Biosciences, San Jose, CA, USA). Bone marrow
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 through 100mm
cell strainers. Liver lymphocytes were isolated by following
standard protocol (Supplementary Material). For in vitro
culture treatment, spleen cells were resuspended in lymphocytes
separation medium (cat# DKW33-R0100, Dakewe), upon which
RPMI 1640 medium were layered. Centrifuged at 800� g for
20 min and then collected lymphocytes from the interphase. The
cells were subjected to red blood cell lysis, except for lymph
node cells.

Flow Cytometry
Cells were stained with Fixable Viability Stain 780 (cat#
565388, BD Biosciences) to facilitate the exclusion of dead
cells during analysis. Cells were pre-incubated with Mouse BD
Fc Block (clone 2.4G2, cat# 553142, BD Biosciences) before
staining. Cells were incubated with antibodies against surface
molecules, and then were subjected to permeabilization and
intracellular antibody staining. Cells were �nally subjected
to �ow cytometry with a BD FACS Canto II or BD
LSR II (BD Biosciences). The procedure is detailed in
theSupplementary Material.

NK Cell Isolation
Untouched NK cells were isolated from splenocytes using
magnetic beads for negative selection, according to the
manufacturer's instructions of NK Cell Isolation Kit II (cat#
130-096-892, MiltenyiBiotec). Cells achieving> 70% purity were
applied to functional assay.

In vitro Cell Activation
Splenic lymphocytes (1� 106) were seeded in RPMI 1640
medium (1 ml) in 12-well plates and treated with recombinant
murine IL-12 (1 ng/ml or 5 ng/ml; cat# 210-12, PeproTech,)
and IL-18 (10 ng/ml; cat# B002-5, MBL) for 6 h to assess IFN-
g production. To examine degranulation, splenic lymphocytes
were treated with IL-12 (10 ng/ml) and IL-18 (10 ng/ml) for 6 hin
the presence of PerCP-Cy5.5-conjugated anti-CD107a antibody
(10ml; clone 1D4B, cat# 121625, BioLegend) or an isotype control

antibody as previously described (15, 24). To induce Granzyme
B production, puri�ed splenic NK cells (2� 105) were cultured
in RPMI 1640 medium (200ml) in 96-well U-bottom plates
in the presence of recombinant murine IL-15 (20 ng/ml; cat#
210-15, PeproTech) for 24 h (15). Protein transport inhibitors
GolgiStop (cat# 554724, BD Biosciences) and GolgiPlug (cat#
555029, BD Biosciences) were added 4 h in advance of
cell harvest.

Proliferation
To examine proliferation, puri�ed splenic NK cells were
labeled with 5mM carboxy�uorescein diacetate succinimidyl
ester (CFSE; 5mm; cat# C34554, ThermoFisher Scienti�c), and
then were seeded in 96-well U-bottom plates (2� 105 cells/200
ml) and cultured in the presence of IL-15 (50 ng/ml) for 3 days.

Cytotoxicity Assay
Puri�ed splenic NK cells (1� 105) were mixed with CFSE-
labeled Yac-1 cells in U-bottom 96-well plates at various ratios
(e�ector: target ratio, 20:1, 10:1, 5:1, 2:1) and incubated for
4 h. The cell mixtures were harvested for Annexin V staining
with the PE Annexin V Apoptosis Detection Kit I (cat# 559763,
BD Biosciences).

Real-Time PCR
Total RNA from puri�ed splenic NK cells was extracted using
RNeasy Plus Micro Kit (cat# 74034, Qiagen), and reverse-
transcribed using ReverTra Ace qPCR RT Master Mix (cat# FSQ-
201, Toyobo, Osaka, Japan). Quantitative PCR was performed
with SYBR Green Real-Time PCR Master Mix (cat# QPK-201,
Toyobo, Osaka, Japan). The primers used were listed in the
Supplementary Material.

Statistical Analysis
Unpaired Student'st-tests (two-tailed) were performed using
GraphPad Prism7 software.p � 0.05 was considered to be
statistically signi�cant for all tests. The stars in the �gures
correspond top-values as follows:� p � 0.05,�� p � 0.005,��� p
� 0.001, and���� p � 0.0001.

RESULTS

Kctd9 De�ciency Ameliorated Liver
Damage Following MHV-3 Infection
We previously revealed the vital contribution of NK cells to liver
damage, and the involvement of KCTD9 in NK cell function in
viral fulminant hepatitis (22, 25). To verify the requirement of
Kctd9 for NK cell e�ector functionin vivo, Kctd9� /� mice were
used. Forty nucleotides was deleted in the open reading frame
of Kctd9 gene of knockout mice (Supplementary Figure 1A),
which may induce frame shift or unspeci�c splicing of Kctd9
transcript and result in a loss of Kctd9 protein. Mice were
infected with MHV-3, which otherwise induces liver damage and
fulminant hepatic failure (25, 26). Interestingly, liver damage
of Kctd9� /� mice was signi�cantly alleviated, as evidenced
by lower transaminase levels (Figure 1A). The survival time
and survival rate ofKctd9-de�cient mice were signi�cantly
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FIGURE 1 | Kctd9 de�ciency ameliorated liver damage following MHV-3 infection. Wild-type (WT) andKctd9� =� mice were injected intraperitoneally with MHV-3.
(A) Serum alanine transaminase (ALT) and aspartate transaminase (AST) levels in WT andKctd9� =� 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� NKp46CDX5C NK cells in liver from WT andKctd9� =� mice 48 h
after MHV-3 infection.(a) Flow cytometric analysis for Granzyme B(C) and IFN-g (D). Plots represent CD3� NKp46CDX5C NK cells, and frequency of gated
population is indicated.(b,c) Summary of percentage and intensity of expression of CD3� NKp46CDX5C NK cells positive for Granzyme B(C) and IFN-g (D). All
results were representative of three independent experiments. Ten mice of each genotype were used for measurement of ALT/AST levels, 15Kctd9� =� mice and
20-21 WT mice were used for survival experiment, and 4–6 miceof each genotype were used for detection of Granzyme B and IFN-g in each experiment.
Comparison of survival curves: Log-rank (Mantel-Cox) testP D 0.0069, Gehan-Breslow-Wilcoxon testP D 0.0084; the median survival time: KO: WT 82 h vs. 76.5 h;
the survival rate: KO: WT (1/15) vs. 0. Error bars indicate standard deviation. **P < 0.01, ***P < 0.001, and ****P < 0.0001.

improved, compared to that of the wild-type mice following virus
infection (Figure 1B), with less activated NK cells inKctd9� /�

mice evidenced by reduced Granzyme B and IFN-g expression
(Figures 1C,D). Collectively, our data suggest that impaired NK
cell function contributes to attenuated liver damage inKctd9� /�

mice infected with MHV-3.

Kctd9 Selectively Speci�es rNKPs During
NK Cell Commitment
As BALB/c mice lack NK1.1, other surface antigens such
as NKp46 or DX5 may be used instead of NK1.1 to label
committed NK cells. NK precursors generate NK antigen-bearing
(NK1.1CNKp46C) NK cells that can further develop into the
mature phenotype and express DX5 and CD11b (5, 7, 27);
therefore, we used both NKp46 and DX5 as NK cell markers in
our experiments.

The number of bone marrow cells were not altered between
wild-type and Kctd9� /� mice (Supplementary Figure 1B).
Compared with wild-type mice,Kctd9� =� mice exhibited
reduced number of rNKPs but not pre-NKPs in bone marrow
(Figures 2A,B and Supplementary Figure 1C). Moreover, the
number of CLPs, which give rise to a wide spectrum of
lymphocytes, including NK cells, was not altered in the

bone marrow (Figure 2B). Consistent with the reduction in
rNKPs, the numbers of NKPs, CD11b� NK, and CD11bC

NK cells in the bone marrow fromKctd9� =� mice were
also reduced (Figures 2C,D). However, the number of total
NK cells in the liver from Kctd9� =� mice were higher
than that in the wild-type counterparts (Figure 2E). Together,
these data suggest that Kctd9 regulates NK cell commitment
and maturation.

Kctd9 Is Required for NK Cells Maturation
Development of immature NK cells into mature NK
cells falls into a four-stage program identi�ed by surface
markers: CD11b� CD27� , CD11b� CD27C , CD11bCCD27C ,
CD11bCCD27� (7). Compared to wild-type mice,Kctd9� /�

mice showed increased frequency of CD11b� CD27C cells and
reduced proportion of CD11bCCD27� and/or CD11bCCD27C

subsets in CD3� DX5C cells (Figures 3A,B), suggesting the
impairment of NK cell maturation. This phenotype was further
con�rmed by the lower ratio of CD11bC to CD11b� NK
cells in all organs inKctd9� /� mice (Figure 3C). Acquisition
of CD11b represents a process of NK cell maturation that
establishes primary e�ector function, whereas, loss of CD27
expression on CD11bC NK 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 progenitors in BM from WT
and Kctd9� =� mice. (A) Using CD135 and CD122 to identify CLP (CD135CCD122� ), pre-NKP (CD135� CD122� ), and rNKP (CD135� CD122C ) among lineage
(CD3/CD19/CD11b/Ly6d/DX5)� CD27CCD244CCD127C cells. (C) Using DX5 and CD11b to identify NKP (DX5� CD11b� ), CD11b� NK (DX5CCD11b� ), and
CD11bC NK (DX5CCD11bC ) 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 CD11bC NK cells (D) in BM. (E) The total number of CD3� CD122CNKp46C NK cells in the BM, spleen,
liver, and mesenteric lymph node (LN) of WT andKctd9� =� mice. All results were representative of three independentexperiments. Six–eight mice of each genotype
were used in each experiment. Error bars indicate standard deviation. *P < 0.05, **P < 0.01, and ***P < 0.001.

with full e�ector function potential (5, 7). In Kctd9� /� mice,
the ratio of CD27� subset to CD27C subset among CD11bC

NK cells were remarkably decreased in the peripheral organs
(Figure 3D). Using DX5 to label NK cells may result in the
selection of non-NK cells such as basophils and mast cells
(28). However, mast cells (FSChigh SSChigh) may be subjected
to gate restriction on lymphocytes (FSClow SSClow) (28).
Moreover, DX5C CD3+� fraction includes about 90–95%
NK cells and < 10% basophils in splenocytes (29). Thus,
the use of either DX5 or NKp46 to determine splenic NK
cell development and function is persuasive. To validate the
results, NKp46C NK cells were also analyzed to dissect bone
marrow NK cell development. Results in terms of less mature
NK cells (CD27CCD11b� ) and mature NK cells (CD27C

CD11bC /CD27� CD11bC) were very similar to those de�ned
by DX5, except that double negative NK cells were not altered
(Figure 3E). Collectively, these data suggest that Kctd9 regulates
the NK cells maturation.

Kctd9 Restricts the Proliferation of NK
Cells
NK cell reduction may be due to altered proliferation or
apoptosis. Therefore, to examine the proliferative potential
of NK cells, NK cells from bone marrow and spleen were
subjected to Ki67 staining. InKctd9� /� mice, the number of
proliferating NK cells, including either CD11b� or CD11bC cells
was signi�cantly increased in the bone marrow (Figures 4A,B).
Substantial increase in proliferating NK cells was also observed
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FIGURE 3 | Kctd9 is required for NK cells maturation.(A) Flow cytometric analysis for expression of CD11b and CD27 byCD3� DX5C cells in four organs from WT
and Kctd9� =� mice. Numbers in the quadrants indicate the percentage of subsets de�ned by CD11b/CD27 expression in CD3� DX5C cells. (B) Summary of the
percentages of subsets in CD3� DX5C cells. (C) The ratio of the CD11bC subset to the CD11b� subset among CD3� DX5C cells in indicated organs.(D) The ratio of
the CD27� subset to the CD27C subset among CD3� DX5CCD11bC 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 independentexperiments. Four to six mice of each genotype
were used in each experiment. Error bars indicate standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

in Kctd9� /� spleen (Figures 4C,D). Similar results were further
observed inKctd9� =� NK cells in response to IL-15 stimulation
(Figures 4E,F), which is required for NK cell proliferation and

homeostasis via metabolic activation of mTORin vivo (30).
Together, these data suggest that Kctd9 negatively regulates NK
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 spleen from WT andKctd9� =� mice.
(A,C) Representative �ow cytometric analysis for Ki67 expressionin BM (A) and spleen(C). Flow cytometric plots represent total CD3� DX5C NK cells (left),
CD11b� CD3� DX5C NK subset (middle), and CD11bCCD3� DX5C NK subset (right). Frequency of gated population is indicated. (B,D) Summary of the percentages
of CD3� DX5C NK cells, CD11b� CD3� DX5C subset, and CD11bCCD3� 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 CD11bC NK subset 72 h after initiation of culture in the presence of IL-15. (F) Summary of the
percentages of NK cells and CD11b� NK subset and CD11bC NK subset with reduced concentration of CFSE. All results were representative of three independent
experiments. Four mice of each genotype were used in each experiment. Error bars indicate standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.

Kctd9 De�ciency Impairs NK Cell
Effector Functions
NK cell e�ector function is associated with the normal
development and maturation of cells. To determine whether
Kctd9 a�ects NK cell e�ector function, we examined IFN-g
production and cytotoxic potential of wild-type andKctd9� /�

NK cells in response to cytokine stimulation or tumor cell
challenge. After stimulation with IL-12 and IL-18,Kctd9� /�

NK cells displayed decreased portion of IFN-gC cells as well
as lower level of IFN-g (Figure 5A). The discrepancy between
the expression of IFN-g by Kctd9� /� NK cells and wild-type

NK cells was maintained in response to low IL-12 concentration
(Figure 5A). Moreover, a reduced portion of Granzyme B-
positive NK cells as well as lower intensity of Granzyme B
expression were observed inKctd9-de�cient splenic NK cells
in response to IL-15 treatment (Figure 5B). Consistently, a
decreased proportion ofKctd9� /� NK cells degranulated in
response to IL-12/IL-18 treatment, though their CD107a level
did not alter (Figure 5C). Furthermore, compared with wild-type
NK cells,Kctd9� /� splenic NK cells showed reduced cytotoxicity
against Yac-1in vitro (Figure 5D). These data suggest that Kctd9
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 IFN-g, Granzyme B by NK cells and degranulation of NK cells from spleen of WT
and Kctd9� =� mice. in vitro cell activation is described in Materials and Methods.(a) Flow cytometric analysis for expression of IFN-g, Granzyme B, and CD107a by
CD3� DX5C NK cells. Plots represent total CD3� DX5C NK cells. Frequency of gated population is indicated in plots. (b) The percentage of CD3� DX5C NK cells
positive for IFN-g (A), Granzyme B(B), and CD107a (C). (c) The expression intensity of IFN-g (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�ed NK cells from spleen of WT andKctd9� =� mice. (a) Flow cytometric analysis for Annexin V on Yac-1
cells. Plots represent CFSEC Yac-1 cells. (b) Summary of the percentage of apoptotic Yac-1 cells positivefor Annexin V. All results were representative of three
independent experiments. Four to six mice of each genotype were used in each experiment. Error bars indicate standard deviation. *p < 0.05, **p < 0.01.

Kctd9 Depletion Downregulated NK
Cell-Related Transcription
Factor Expression
NK cell development is tightly regulated by extrinsic signals and
intrinsic transcription factors. Factors involved in NK cell early
development, such as N�l3 and Ets1, and maturation, such as
Eomes and Id2, were expressed in lower level byKctd9� /� NK
cells than wild-type NK cells (Figure 6A). Owing to the selective
reduction of rNKPs as well as NK cells in bone marrow of
Kctd9� /� mice, which rely on CD122 expression, we investigated
whether Kctd9 regulates CD122 expression in NK cells. However,
we did not observe a decline in CD122 expression in rNKPs (data
not shown), implying that Kctd9 may be involved in regulating
intrinsic transcriptional factors.

Eomes and T-bet, members of the T-box family of proteins,
were demonstrated to control NK cell development from
immature to mature phenotype, and mature stage to terminal
maturation, respectively (16). Eomes induces the expression of
NK-antigen receptors during NK cell maturation, whereas T-
bet controls the repression of CD27 and induction of KLRG1
and CD43 expression for terminal maturation of CD11bC NK
cells (16). In addition to a reduction of Eomes expression in
rNKPs (Figure 6B), a decreased proportion of NK cells from
Kctd9� =� bone marrow expressed Eomes though the positive
population maintained unaltered mean expression intensity
(Figure 6C). The decrease of EomesCNKp46C NK cells was
mostly in CD11b� NK cells (Figure 6D), and Eomes MFI
was decreased in CD11bCCD27� NK cells (Figure 6D). These

Frontiers in Immunology | www.frontiersin.org 8 April 2019 | Volume 10 | Article 744



Zhang et al. Kctd9 Promotes NK Cell Development

FIGURE 6 | Kctd9 depletion downregulated NK cell-related transcription factor expression.(A) Real-time PCR analysis forEts1, N�l3 (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 represent rNKPs. (b) Intensity of Eomes expression in total rNKPs.(C,D) Expression of Eomes
by CD3� NKp46C 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 CD3� NKp46C NK cells (C) or subsets of CD3� NKp46C NK cells (D). Frequency of gated population is indicated in
plots. (b,c) The percentages and the intensity of Eomes expression of CD3� NKp46C NK cells (C) and subsets of CD3� NKp46C NK cells (D) positive for Eomes. All
results were representative of three independent experiments. Four to six mice of each genotype were used in each experiment. Error bars indicate standard
deviation. *P < 0.05, **p < 0.01.

data suggest that Kctd9 depletion downregulated the expression
of the transcription factors required for NK cell commitment
and maturation.

DISCUSSION

NK cell development and maturation are associated with the
sequential acquisition and loss of surface antigens, as well
as spatiotemporal transactivation of transcriptional factors.
Kctd9 de�ciency selectively reduces the number of rNKPs, a
phenotype resembling the observation inEts� /� mice, implying
that Kctd9 is involved in NK cell lineage commitment and
maturation by regulating such factors. Transcription factors such
as E4BP4/NFIL3 and ETS1 de�ne NK cell lineage commitment
with an unknown mechanism; however, their involvement in NK
cell maturation is mediated by regulating Eomes and ID2 or T-
bet/Tbx21 and ID2, respectively (14, 15). Expression of Eomes

leads to demarcation of two subsets of NK cells: less mature
(Eomes� TRAILC) NK cells and more mature (EomesCDX5C)
NK cells with a diverse repertoire of Ly49 receptors (16), whereas
Tbx21-de�cient mice lack Eomes� TRAILC NK cells. We found
that Kctd9 a�ect expression of E4BP4/NFIL3 and ETS1 as well
as Eomes and ID2 by NK cells. Further studies are warranted to
identify the precise molecular targets of Kctd9 in NK cells.

The use of DX5 to de�ne NK cells may not be stringent,
particularly for immature CD11b� CD27� NK cells in the bone
marrow, because such cells account for a small fraction (< 10%)
and may include basophils (CD11bdull CD27� ) (7, 31, 32).
However, basophils only account for small fraction (� 7%)
of CD3+� DX5C cells in the spleen and circulating nucleated
cells (29), paving the way to use DX5 to identify splenic
NK cells for development, proliferation assay, and cytotoxicity
assays. Moreover, NKp46C NK cells account for nearly 90% of
CD3+� DX5C cells in the spleen, con�rming that the majority
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of CD3+� DX5C are NK cells (Supplementary Figure 1D).
Because CD3+� DX5C cells may include a relatively large fraction
of non-NK cells in the bone marrow, NKp46 was also employed
to dissect NK cell development. As depicted inFigure 3E, NK
cell development was inhibited. NK cell development driven by
Kctd9 may be intrinsic and/or extrinsic. As CD4C and CD8C T
cells were also decreased inKctd9� /� bone marrow, alteration
in extrinsic factors for NK cell development in the bone marrow
cannot be excluded (Supplementary Figures 1F–H).

Moreover, in contrast to the positive role ofKctd9in NK cell
development and e�ector functions, Kctd9 inhibits proliferation
of NK cells in the steady state and under cytokine stimulation.
These opposite roles of Kctd9 in NK cell development and
proliferation are consistent with the fact that the proliferative
capacity of NK cells gradually declines as they mature (7,
9, 33). The increased proliferative capacity ofKctd9� /� NK
cells may be due to their immature status rather than direct
inhibition of proliferation by Kctd9. The immature status of
Kctd9� =� NK cells may also account for the increase of NK
cells in the liver (Figure 2E) and impaired e�ector functions
in response to stimulation by cytokines, exogenous antigens, or
even viral infection.

KCTD9 contains the BTB/POZ domain which could interact
with CUL3 (an E3 ligase) for target protein ubiquitination and
degradation (34, 35). The CUL3-RING ubiquitin ligase complex
associates with BTB adaptors, which enable homodimerization,
assembly, and substrate recognition, thereby specifying the
substrate selectivity of E3 ligase (36, 37). BTB proteins include
KLHL proteins and SPOP (MATH-BTB-BACK domain) proteins
(37), PLZF (BTB-Zinc �nger) (38), and KCTD proteins (voltage-
gated potassium channel T1 family proteins) (39). Physical
interaction between KCTD9 and CUL3 has been experimentally
con�rmed via cryo-electron microscopy (39), implying that the
ubiquitination-based mechanism of CUL3 is likely dependent
on KCTD9 partners. In addition to the truncated T1 domain
that contains BTB, a unique eukaryotic-speci�c DUF3354
domain and eight partial overlapping pentapeptide repeats are
present in KCTD9 (21). The function of DUF3354 is unknown.
The pentapeptide repeats, which mimic DNA structure, can
interact with DNA-binding proteins, such as DNA gyrase or
DNA polymerase (34). Therefore, the e�ects of Kctd9 in NK
cell development and function may be mediated by direct or
indirect interaction-dependent degradation of transcription
factors or chromatin regulators critical for NK cell commitment
and maturation. This process resembles the involvement of PLZF
in lymphoid e�ector programs wherein PLZF bridges between
CUL3 and substrates such as chromatin modi�ers, nuclear
transporters, and members of the transcriptional machinery
(38). Therefore, we speculate that understanding the binding
partners of Kctd9 in NK cells will pave the way to understanding
the mechanism underlying Kctd9-mediated regulation of
the NK cell program and host defense against pathogens
and malignancies.

Viral fulminant hepatitis is a type of acute liver failure
with high mortality. Hepatic recruitment and activation of
NK cells accelerate in�ammation accumulation and confer
cell contact-dependent or independent cytotoxicity in both
patients and experimental models of hepatitis virus-induced

acute liver damage (25, 40–42). Our �ndings provide a new
insight on the choice of NK-cell based therapeutic targets inviral
fulminant hepatitis.

In summary, we propose that Kctd9 is required for NK cell
development and e�ector function, and it plays a detrimental role
in in�ammation-induced fulminant hepatitis. The mechanism
may involve CUL3-based ubiquitination and degradation of
Kctd9 partners, which are essential for the early and/or late
stages of NK cell development and e�ector function. This study
highlights the novel therapeutic and preventive implicationsfor
acute severe liver damage in hepatitis.
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