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killer-cell homeostasis and functions
Guangchuan Wang1, Xiang Xiao1, Yixuan Wang1, Xiufeng Chu1, Yaling Dou1, Laurie J. Minze1, Rafik M. Ghobrial1,2,
Zhiqiang Zhang 1,2 and Xian C. Li 1,2✉

© The Author(s), under exclusive licence to CSI and USTC 2022

The RNA helicase DHX15 is widely expressed in immune cells and traditionally thought to be an RNA splicing factor or a viral RNA
sensor. However, the role of DHX15 in NK-cell activities has not been studied thus far. Here, we generated Dhx15-floxed mice and
found that conditional deletion of Dhx15 in NK cells (Ncr1CreDhx15fl/fl mice) resulted in a marked reduction in NK cells in the
periphery and that the remaining Dhx15-deleted NK cells failed to acquire a mature phenotype. As a result, Dhx15-deleted NK cells
exhibited profound defects in their cytolytic functions. We also found that deletion of Dhx15 in NK cells abrogated their
responsiveness to IL-15, which was associated with inhibition of IL-2/IL-15Rβ (CD122) expression and IL-15R signaling. The defects
in Dhx15-deleted NK cells were rescued by ectopic expression of a constitutively active form of STAT5. Mechanistically, DHX15 did
not affect CD122 mRNA splicing and stability in NK cells but instead facilitated the surface expression of CD122, likely through
interaction with its 3′UTR, which was dependent on the ATPase domain of DHX15 rather than its splicing domain. Collectively, our
data identify a key role for DHX15 in regulating NK-cell activities and provide novel mechanistic insights into how DHX15 regulates
the IL-15 signaling pathway in NK cells.
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INTRODUCTION
DHX15 is a member of the DEAH-box family of RNA helicases that
is widely expressed by immune cells [1–3] (and data from the
Immgen consortium, http://www.immgen.org). It is a motor
protein that possesses both ATPase and helicase activities, and
by hydrolyzing ATP, DHX15 unwinds complex RNA structures for
further processing [4–6]. Traditionally, DHX15 is believed to be a
pre-mRNA splicing factor that facilitates mRNA maturation and
ribosome biogenesis. DHX15 can also modulate gene expression
by regulating CMTR1-dependent mRNA cap formation [7, 8].
Recently, the role of DHX15 in various malignant tumors has
attracted considerable attention [9–13]. Wang et al. recently
reported that depletion of Dhx15 in gut epithelial cells renders
mice susceptible to infections, owing to impaired α-defensin
production in the gut [14]. In the immune system, DHX15 is mostly
studied as a viral RNA sensor involved in activation of the NF-κB
and MAPK signaling pathways in dendritic cells, thus mediating
strong protective immunity [2, 3]. Others have reported a role for
DHX15 in the survival and proliferation of B cells, as B-cell-specific
deletion of Dhx15 results in reduced peripheral B-cell numbers
and dysregulated expression of genes linked to humoral immunity
[1]. However, the exact role of DHX15 in regulating NK cells has
not been studied and remains completely unknown.
NK cells, their survival and maturation, as well as their cytolytic

activity are regulated by an intricate network of intrinsic and

extrinsic factors [15]. In mice, NK cells are mainly derived from
common lymphoid progenitors in the bone marrow (BM), where
developing NK cells transition sequentially through various stages
of maturation, a process that is tightly controlled by a plethora of
transcription factors, including Ikaros, Pu.1, Id2, Ets1, Foxo1, E4BP4,
and MEF[15–17]. After acquiring the classical NK-cell marker NK1.1,
NK cells can be further divided into three subsets based on the
expression of CD27 and the integrin CD11b (i.e., CD11b− CD27+,
CD11b+ CD27+, and CD11b+ CD27−), with the CD11b+ CD27−

subset being the most differentiated. Mature NK cells also express
cytokine receptors and complex stimulatory and inhibitory surface
receptors that further regulate their functional attributes [18]. It is
generally believed that the terminal differentiation of NK cells is
regulated by the transcription factors Tbx21 (T-bet), Eomes, Tox,
Gata3, and Irf2 as well as by the metabolic regulators mTORC1/2
[19–21]. The maturation, survival, and effector functions of NK cells
are also impacted by extrinsic cytokines, including IL-15, IL-2, IL-12,
and IL-18. These cytokines regulate diverse aspects of NK-cell
activities, mostly through signaling pathways involving the
aforementioned transcription factors, induction of proliferation
and survival molecules, and metabolic reprogramming of NK cells
[22–24]. From a functional perspective, natural killer (NK) cells are
a subset of innate lymphocytes; they have the capacity to readily
release inflammatory cytokines (e.g., IFN-γ and TNF-α) and
cytolytic granules (perforin and granzymes) in the absence of
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prior antigen sensitization [25, 26]. As a result, NK cells often
provide the first line of defense against pathogens, eliminate
stressed and cancerous cells, and help kick-start the adaptive
immune response [27, 28]. Recently, NK cells have been proposed
as a safe and effective platform for engineering chimeric antigen
receptors for cancer immunotherapies [29–32]. Thus, a better
understanding of the fundamental mechanisms that govern NK-
cell activities is an important and clinically relevant issue.
In the present study, we generated Dhx15-floxed mice and

examined the role of DHX15 in regulating NK cells by deleting
Dhx15 specifically in NK cells (Ncr1CreDhx15fl/fl mice). We found that
conditional deletion of Dhx15 in NK cells had a profound impact
on NK cells, in that the numbers of NK cells were greatly reduced,
and their cytolytic activity was severely impaired. Interestingly,
most of the remaining NK cells in the periphery were functionally
immature and unable to transition into the terminally differen-
tiated phenotype, primarily due to a defect in the IL-15 signaling
pathway. Importantly, DHX15 appears to be critical in the surface
expression of the IL-2/IL-15Rβ chain (CD122) but not in CD122
mRNA splicing and stability.

MATERIALS AND METHODS
Mice, tumor models, and in vivo killing assays
All mice used in this study were bred and maintained under specific
pathogen-free conditions at the Houston Methodist Research Institute in
accordance with the Institutional Animal Care and Use Committee
guidelines. Animals between 6 and 12 weeks of age were used for all
studies, and all mice were on the C57BL/6 genetic background. The mouse
strains included C57BL/6 (CD45.2; The Jackson Laboratory), B6. SJL (CD45.1;
Taconic), Dhx15fl/fl (generated in our laboratory, Fig. S1A), Ncr1Cre [33],
Rag2−/−IL-2Rγ−/− (Taconic), and ERCre (The Jackson Laboratory).
Ncr1CreDhx15fl/fl and ERCreDhx15fl/fl mice were bred at Houston Methodist
Research Institute.
To establish the tumor models, 1 × 106 RMA-S cells in phosphate-buffered

saline (PBS) were subcutaneously injected into the shaved flanks of littermate
control (Dhx15fl/fl) and Ncr1Cre Dhx15fl/fl mice. Tumor volume was measured
using digital calipers and calculated as V= (L ×W2)/2. At the endpoint of the
study (tumor diameter of 20mm), all mice were euthanized. To establish the
tumor metastasis model, 2 × 105 B16F10 melanoma cells in PBS were injected
into mice via the tail vein. Pulmonary metastasis was assessed by comparing
lung weights, and liver metastasis was evaluated by comparing the numbers
of metastatic nodules on Day 14 after tumor cell injection.
To evaluate NK-cell functions in vivo, a cytotoxicity assay with RMA-S

cells was adopted as described previously [34]. Briefly, mice were
intraperitoneally injected with a mixture of target cells (106) consisting
of NK-cell-sensitive RMA-S cells labeled with CFSE and NK-cell-resistant
RMA cells labeled with CTV. Eighteen hours after tumor cell injection, the
mice were euthanized, and cells in the peritoneal cavity were collected.
The relative percentages of RMA-S and RMA cells were analyzed by flow
cytometry. Immunocompromised Rag2−/−IL-2Rγ−/− mice were used as
controls. The percentage of RMA-S cytotoxicity was calculated as follows:
100 × (1-[percentage of residual CFSE+ population among the total CFSE+

and CTV+ population in the experimental group/percentage of residual
CFSE+ population among the total CFSE+ and CTV+ population in the
Rag2−/−IL-2Rγ−/− mouse group]).

Cell isolation, cell lines and culture
NK cells were isolated by negative selection using an EasySep Mouse NK Cell
Isolation Kit (STEMCELL Technologies) from spleen (SP), BM and other
tissues. For some experiments, such as Western blotting, the isolated NK
cells were subjected to FACS. Primary NK cells were cultured in RPMI 1640
medium supplemented with 10% (v/v) fetal bovine serum (FBS) and
50 μM 2-mercaptoethanol (2-ME) in the absence or presence of cytokines
(200 U/mL IL-2, 10 ng/mL IL-12, 20 ng/mL IL-15, and 50 ng/mL IL-18). B16F10,
NIH3T3, and HEK293T cells (ATCC) were cultured in DMEM containing 10%
(v/v) FBS, 100 U/ml penicillin G and 100 µg/mL streptomycin in a humidified
5% CO2 atmosphere at 37 °C. Platinum-E cells (Cell Biolabs) were cultured in
DMEM containing 10% (v/v) FBS, 100 U/ml penicillin G, 100 µg/mL
streptomycin, 1 µg/mL puromycin, and 10 µg/mL blasticidin in a humidified
5% CO2 atmosphere at 37 °C. OP9 cells (ATCC) were cultured in ribonucleo-

side- and deoxyribonucleoside-free alpha-MEM supplemented with sodium
bicarbonate, 20% (v/v) FBS, 100 U/ml penicillin G and 100 µg/mL
streptomycin in a humidified 5% CO2 atmosphere at 37 °C. RMA and
RMA-S cells were kind gifts from Dr. Lewis L. Lanier (University of California,
San Francisco, CA) [35] and were cultured in RPMI 1640 medium containing
10% (v/v) FBS,
50 μM 2-ME, 100 U/mL penicillin G and 100 µg/mL streptomycin in a
humidified 5% CO2 atmosphere at 37 °C.

Antibodies and reagents
Antibodies used for flow cytometry staining, sorting and isolation,
including antibodies specific for CD3ε (145-2C11), CD4 (GK1.5), CD122
(TM-β1), CD19 (6D5), B220 (RA3-6B2), TER119 (TER-119), CD8α (53-6.7),
TCRβ (H57-597), NK1.1 (PK136), CD49b (DX5), CD27 (LG.3A10), CD11b (M1/
70), CD45 (30-F11), CD45.1 (A20), CD45.2 (104), CD107a (1D4B), CD132
(TUGm2), Gr-1 (RB6-8C5), Sca-1 (E13-161.7), c-Kit (2B8), and GFP (FM264G),
were purchased from Biolegend. CD49a (Ha31/8) was purchased from BD
Biosciences. Intracellular staining for IFN-γ (XMG1.2), Granzyme B (GB11),
Perforin (S16009A), T-bet (4B10), Eomes (W17001A) (Biolegend), and Ki67
(SolA15) (eBioscience) was performed with a Foxp3 kit (eBioscience). Fix
buffer I and Perm buffer III (BD Biosciences) were used for intracellular
staining of phosphorylated STAT5 (p-STAT5, pY694) (BD Biosciences). Anti-
mouse antibodies specific for the following proteins were used for Western
blotting: DHX15 (Abcam, Cat# ab70454), IL-2Rβ (Santa Cruz, sc-393092),
HuR (Abcam, Cat# ab136542), β-actin (Santa Cruz, sc-47778), and p-mTOR
(CST, #5536 s). The recombinant cytokines used for NK or BM stem cell
culture were as follows: murine IL-2, IL-15, IL-12p70, SCF, IL-3, and IL-6 (all
purchased from Peprotech) and murine IL-18/IL-1F4 (purchased from R&D
Systems). Restriction enzymes (EcoR1-HF, Not1-HF, and Nhe1), Q5 High-
Fidelity DNA Polymerase, T4 DNA ligase, a Q5 Site-Directed Mutagenesis
Kit, and NEB Stable Competent E. coli were obtained from NEB Biolabs.
CellTrace™ Violet and CellTrace™ CFSE were obtained from Thermo Fisher
Scientific.

Generation of bone marrow chimeras
Recipient mice (C57BL/6 J CD45.1±, and CD45.1+CD45.2+ mice) were
lethally irradiated at 9 Gy. Donor BM cells were obtained from Dhx15fl/fl or
Ncr1CreDhx15fl/fl mice (both CD45.2+) and mixed at a 1:1 ratio with BM cells
from wild-type C57BL/6 J CD45.1+ mice. Five million cells of each
population were injected i.v. into recipient mice. After 6–8 weeks of BM
reconstitution, the spleens were harvested, and the percentages of
CD45.2+ and CD45.1+ NK cells as well as NK-cell subsets based on
CD11b expression on CD45.2+ NK cells were analyzed by flow cytometry.

Flow cytometry and cell sorting
Single-cell suspensions were first incubated with viability dyes (Zombie
Aqua; Biolegend) to identify dead cells and with an anti-FcγRII/III
antibody (2.4G2; BD Bioscience) to block nonspecific antibody binding.
After washing, the cells were incubated with mixtures of fluorescently
labeled antibodies for 20 min at 4 °C. For analysis of CD107a, IFN-γ,
Perforin, and Granzyme B, splenic NK cells were isolated using an NK-cell
negative selection kit and were then treated with IL-2 (200 U/ml) and IL-
18 (50 ng/ml), a plate-bound anti-NK1.1 antibody (10 μg/ml), IL-12 (10 ng/
ml), IL-18 (50 ng/ml), and IL-15 (100 ng/ml) for 6 h in the presence of
GolgiStop™ protein transport inhibitor. Cells were collected for intracel-
lular staining. After surface staining, cells were fixed using a Foxp3
fixation & permeabilization kit or BD Phosflow buffers according to the
manufacturer’s instructions. Samples were acquired using an LSRFor-
tessa™ or LSR II flow cytometer (BD Bioscience) and analyzed using FlowJo
software (Tree Star). For sorting of BM and splenic NK cells for qRT–PCR,
Western blotting, or RNA sequencing, these cells were enriched with a kit
from STEMCELL Technologies (19855), and total NK cells or NK-cell
subsets were then sorted using a BD FACSAria cell sorter (BD Bioscience).
For analysis of NK-cell apoptosis, splenic NK cells were stained with an

Annexin V kit according to the manufacturer’s instructions (BioLegend). A
flow cytometry-based ex vivo NK-cell cytotoxicity assay was adopted to
analyze Dhx15-deleted NK-cell function as previously reported [36]. In brief,
splenic NK cells were sorted from control and Dhx15-deleted mice. The
sorted NK cells (effector cells) were cocultured with RMA-S cells (target
cells), which were labeled with EGFP using retroviral vectors (pMYs-EGFP-
SV40-puromycin), for 4 h in the presence of 20 ng/ml IL-15 in a 96-well U-
bottom plate. At the end of the 4 h incubation, the total cell population
was stained with 7-AAD and analyzed by flow cytometry. The percentage
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of specific cytotoxicity was calculated as [% 7-AAD+ cells among EGFP+

cells] (Effector+Target) well – [%7-AAD+ cells among EGFP+ cells] Target-only well.

Assay for IL-15 responsiveness in vivo
The IL-15/IL-15Rα/Fc complex was prepared using human recombinant IL-
15 (R&D Systems) and a recombinant fusion protein consisting of the
ectodomain of the mouse IL-15α chain and human IgG1 Fc (IL-15Rα/Fc)
(R&D Systems) as previously reported [37]. In brief, both IL-15 and IL-15Rα/
Fc were resuspended in PBS solution and were then mixed together at a
protein mass ratio of 1:6 (IL-15:IL-15Rα/Fc). The mixture was incubated at
37 °C for 30min and was then used for in vivo injection. For stimulation of
NK cells in vivo in Dhx15fl/fl or Ncr1CreDhx15fl/fl mice, each mouse was i.p.
administered 2.5 μg of IL-15/IL-15Rα/Fc complex in 200 μl of PBS, and all
analyses of NK-cell expansion were performed 4 days later in the
treated mice.

Viral vectors and cell transduction
The DHX15-full-length (FL) (residues 1-795), CD122 and activated STAT5 (a-
STAT5b, H298R/S715F) constructs were generated in the pMYs-IRES-GFP
retroviral vector (Cell Biolabs). The EGFP expression vector was generated
in the pMYs-SV40-puromycin retroviral vector (Cell Biolabs) backbone. The
DHX15-FL (residues 1-795), DHX15-E261Q mutation, and DHX15-R222G
mutation constructs were generated in the pCDH-MSCV-MCS-EF1α-GFP+
Puro vector (System Biosciences) backbone. The CD122 GFP reporters with
or without the CD122 3′UTR were generated in the pMYs-IRES-GFP
retroviral vector (Cell Biolabs) backbone. Briefly, the extracellular domain of
CD122 was replaced with the GFP sequence, and other domains were
initially retained. The 3′UTR (Transcript ID: ENSMUST00000089398) was
amplified from the mouse genome and fused to the GFP reporter.
Retroviral particles were prepared by transfection of vectors into Plat-E
packaging cells according to the manufacturer’s recommendations (Cell
Biolabs). For transduction of BM cells enriched with hematopoietic stem
cells (HSCs, Lin− Sca1+ and/or c-Kit+ cells), BM cells were first activated for
24 h by treatment with the cytokines IL-3 (10 ng/mL), IL-6 (50 ng/mL) and
SCF (100 ng/mL) and then transduced with freshly prepared retroviral
particles by centrifugation for 2 h at 800 × g and 32 °C in the presence of
10 µg/ml polybrene (Sigma–Aldrich). After centrifugation, the cells were
cultured for 4 h at 32 °C, and these BM cells enriched with HSCs were then
cultured in complete DMEM in the presence of the same cytokines for an
additional 2 days at 37 °C. To increase the transduction efficiency, a second
round of transduction by centrifugation was performed after 2 days, and
BM cells were transferred into recipient mice after another 24 h of culture.
For the production of lentiviral particles, expression vectors were
transfected along with the envelope plasmid pMD2.G (Addgene, #12259)
and packaging plasmid psPAX2 (Addgene, #12260) into 293 T cells. The
procedures used for subsequent transduction of BM cells enriched with
HSCs were similar to those used for retroviral particles.
Viral vector-modified BM chimera studies were conducted using age-

and sex-matched mice in accordance with approved institutional
protocols. Briefly, modified BM cells mixed with (for CD122, a-STAT5
retrovirus and all lentiviruses) or without (for empty retroviral vectors and
DHX15-FL retrovirus) 0.4 million CD45.1+ BM cells were transferred into
lethally irradiated recipient mice. For the empty (using WT mouse BM cells)
or DHX15-FL (using Ncr1CreDhx15fl/fl BM cells) retroviral vector-modified
study, the blood or spleen of recipient mice was analyzed after 4 weeks of
development. For BM cell transfer (for CD122, a-STAT5 retrovirus and all
lentiviruses) from ERCreDhx15fl/fl mice, TMF was administered for 5
consecutive days after 3 weeks of development. Then, the spleens of the
recipient mice were analyzed after another 2 weeks. The effect of each
DHX15 mutant on NK cells after TMF treated was evaluated as followed
formula: [(CD45.2+GFP+ NK cells/CD45.2+GFP+ NK cells+ CD45.1+ NK
cells) TMF-treated]/ [(CD45.2+GFP+ NK cells/CD45.2+GFP+ NK cells+
CD45.1+ NK cells) Control].

Bone marrow-derived NK cells
For the transduction of CD122 GFP reporters, BM-derived NK cells were
used as previously reported [38, 39]. In brief, c-kit+ BM cells (ERCre Dhx15fl/fl)
were sorted and were then activated by incubation for 24 h with the
cytokines IL-7 (0.5 ng/mL), Flt-3L (50 ng/mL) and SCF (60 ng/mL) and
transduced with GFP reporters as described above. After 5 or 6 days of
culture in the same cytokines, the BM cells were harvested, washed, and
replated in complete RPMI 1640 medium containing IL-15 (30 ng/mL)
alone into 6-well plates coated with OP9 cells. After an additional 3 days,

the cultures were refed with the same medium, and on Day 11 or 12 of the
total culture period, the cells were harvested and treated with tamoxifen
(TMF) or with DMSO as the control for the indicated time. Then, surface
GFP expression was analyzed using an anti-GFP flow cytometry antibody,
and total GFP expression was evaluated by flow cytometry in the FITC
channel. The relative expression was determined based on the surface GFP
expression ratio (gated on GFP+ NK cells) of the With-UTR group to the No-
UTR group, which was calculated as follows: {With-UTR group [TMF-treated
(surface GFP expression/total GFP expression)/DMSO-treated (surface GFP
expression/total GFP expression)]}/{No-UTR group [TMF-treated (surface
GFP expression/total GFP expression)/DMSO-treated (surface GFP expres-
sion/total GFP expression)]}.

Conventional PCR and quantitative RT–PCR analysis
Total RNA of NK cells isolated from the BM or SP was purified using a
Direct-zol RNA Microprep kit (Zymo Research) and treated with DNase I,
and cDNA was synthesized from 1 μg of RNA using iScript™Reverse
Transcription Supermix (Bio–Rad). Cytoplasmic and nuclear RNA of NK cells
was purified using an NE-PER™ Nuclear and Cytoplasmic Extraction Kit
(Thermo Fisher Scientific), and cDNA was synthesized using iScript™

Reverse Transcription Supermix (Bio–Rad). For synthesis of nuclear cDNA,
the U6 snRNA-Reverse primer was adopted (Table S1). Real-time
quantitative PCRs were set up in duplicate with SsoAdvanced™ Universal
SYBR® Green Supermix (Bio–Rad) and carried out in a Bio–Rad CFX 96 Real-
Time System (Bio–Rad). All reactions were carried out with amplification of
target genes and an internal control (GAPDH or U6) in the same plate. Each
sample was normalized using an internal control. Amplification was
performed with the following thermal cycling program: initial denaturation
at 95 °C for 5 min, followed by 45 cycles of denaturation at 95 °C for 15 s
and annealing and elongation at 60 °C for 1 min, with a final cycle for melt
curve generation at 55–95 °C. Relative quantitative evaluation of target
gene expression was performed by comparing the threshold cycle (CT)
values, and samples with CT values ≥ 35 were removed from analysis.
Primer specificity was confirmed by melt curve analysis. The primers used
in this study are listed in Supplementary Table S1. For analysis of CD122
alternative splicing, total RNA was extracted from Dhx15fl/fl and
ERCreDhx15fl/fl mouse NK cells that were treated with TMF or DMSO for
5 days in vitro after confirmation of decreased surface CD122 protein
expression. cDNA was synthesized using oligo(dT)18 primers (NEB) and/or
random primers. A series of primers (Table S1) spanning different exons
were used for analysis of possible longer products, including intron RNA,
via normal PCR amplification.

mRNA stability assay
Splenic NK cells sorted from ERCre Dhx15fl/fl mice were cultured with IL-15 (20
ng/ml) with alone or in combination with TMF for 6 d. Then, the NK cells were
treated with actinomycin D (5 μg/ml, A9415, Sigma) for the indicated time.
Cells without actinomycin D treatment were used as the 0 h control. Cells
were collected at the indicated time, and total RNA was extracted using a
Direct-zol RNA Microprep Kit (Zymo Research). Total RNA was subjected to
reverse transcription using a High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher) with random or oligo(dT) primers. The mRNA half-life was
calculated and plotted in GraphPad Prism using a nonlinear regression curve
fitting method (one-phase decay) as previously described by Ratnadiwakara
et al. [40]. Primer sequences are listed in Table S1.

RNA-seq analysis
RNA-seq was performed on CD11b- NK cells sorted from Dhx15fl/fl and
Ncr1CreDhx15fl/fl mice by Novogene as previously reported [41]. The RNA-
seq reads were aligned to the mouse reference genome mm10 using
TopHat. Prior to differential gene expression analysis, the read counts for
each sequenced library were adjusted with the edgeR package with a
single scaling factor for normalization. Differential expression analysis was
performed using the DEGSeq R package (1.20.0). All p values were adjusted
using the Benjamini & Hochberg method. For samples without biological
replicates, differentially expressed genes were determined by the criteria |
log2(FoldChange)|> 1 and padj (q value) < 0.005.

Immunoblotting and immunoprecipitation (IP)
Cells were lysed with ice-cold lysis buffer, and proteins were separated on
4–15% SDS–PAGE gels (Bio–Rad). Proteins were then transferred to PVDF
membranes and incubated at room temperature in blocking buffer
containing 5% BSA or nonfat milk in TBST (Tris-buffered saline, 0.1% Tween
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20) for 1 h. The membranes were then incubated overnight with primary
antibodies at a dilution of 1:1000 in blocking buffer. The membranes were
washed and incubated with anti-rabbit or anti-mouse horseradish
peroxidase-conjugated secondary antibodies at a 1:2000 dilution for 1 h.
Immunoreactive bands were imaged on a UVP imaging System or using
X-ray film with enhanced chemiluminescence reagents (Thermo Fisher
Scientific). β-Actin was used as the loading control.
For the immunoprecipitation assay, 48 h after cotransfection of the HA-

DHX15 and CD122 plasmids, 293 T cells were lysed with IP lysis buffer
(Thermo Fisher Scientific) with Halt™ Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific, Cat# 78440) for 10min. Soluble extracts of
cell lysates were collected by centrifugation at 15,000 × g for 10min.
Precleaning was performed by adding protein A beads into the collected
lysate and incubating the mixture with constant rotation for 1 h at 4 °C,
followed by centrifugation at 15,000 × g for 10min at 4 °C. CD122 in the
supernatant was immunoprecipitated by incubation with anti-HA agarose
beads with constant rotation overnight at 4 °C. The precipitates were washed
four times with cold IP lysis buffer. After the final wash, the beads were
resuspended in sample buffer and boiled for 10min. Coimmunoprecipitated
samples were analyzed by Western blotting with the indicated Abs. The
specific bands were visualized using ECL reagents (Thermo Fisher Scientific).

RNA immunoprecipitation (RIP) assay
RNA immunoprecipitation was performed using a Magna RNA-Binding
Protein Immunoprecipitation Kit (17-700, Millipore) following the manufac-
turer’s protocol. Briefly, NK cells were sorted from the spleens of littermate
control mice and cultured for 7 days with 20 ng/mL IL-15. Then, NK cells (4 ×
107) were collected, lysed, and incubated with 5 μg of magnetic beads
labeled with an anti-DHX15 antibody (Cat# ab70454, Abcam) or normal
rabbit IgG (PP64B, Millipore) as the negative control at 4 °C overnight with
gentle rotation. The immunoprecipitated RNAs were isolated using
proteinase K digestion and detected by qRT–PCR. The gene-specific primer
sequences used for qRT–PCR of the immunoprecipitates from the RIP assay
are listed in the supplemental material (Table S1).

RNA pulldown assay
The RNA pulldown assay was conducted as previously reported [42]: (1)
The CD122 3′UTR and antisense 3′UTR sequences were inserted into the
pcDNA3.1 (+) vector containing the T7 promoter using the Nhe I and Not I
restriction enzymes. The template DNA used for in vitro transcription was
generated by PCR using primers (see the supplementary material) that
inserted the T7 promoter into the targeting sequence. The CD122 3′UTR
and its antisense RNA were in vitro transcribed using a MEGAscript Kit
(AM1333, Thermo Fisher) and purified using a MEGAclear™ Transcription
Clean-Up Kit (AM1908, Thermo Fisher). Then, the transcribed RNA was
labeled with biotin using a Pierce™ RNA 3′ End Desthiobiotinylation Kit
(20163, Thermo Fisher) and streptavidin magnetic beads. (2) NIH3T3 cells
(2 × 107) were lysed with 1 mL of IP lysis buffer at 4 °C for 30min. The
supernatant was collected by centrifugation (15,000 × g, 4 °C, 10 min), 10
mM ATP was added, and the solution was mixed with the labeled RNA by
rotation at 4 °C for 1 h. (3) The precipitated proteins were boiled in 1×
reducing sample buffer and subjected to Western blot analysis.

Statistical analysis
Two-tailed unpaired Student’s t test was used to determine the
significance of differences. A p value< 0.05 was considered to indicate
statistical significance. All statistical analyses were performed and plots
were generated in Prism 7 (GraphPad Software).

RESULTS
Deletion of Dhx15 in NK cells impaired NK-cell maturation and
functions
To examine the role of DHX15 in NK cells, we generated Dhx15fl/fl

mice by inserting two LoxP sites flanking the exon 4 of the Dhx15
locus and crossed these mice with Ncr1Cre mice, which resulted in
deletion of Dhx15 in NK cells in the obtained Ncr1CreDhx15fl/fl mice
(Fig. S1A). The genotype of the Ncr1CreDhx15fl/fl mice was
confirmed by PCR and Western blot analysis (Fig. S1B, C), and
these Dhx15-deleted mice were healthy and did not show any
gross abnormalities (data not shown). We then analyzed NK cells
in the spleen, blood, and BM from Ncr1CreDhx15fl/fl mice by gating

on the NK1.1+ CD3ε− population, and compared them with those
in age-matched littermate control mice. As shown in Fig. 1A, B, the
number of NK cells was markedly reduced in Ncr1CreDhx15fl/fl mice,
and the relative percentage of NK cells was reduced by 5- to 8-fold
compared to that in control mice. A similar reduction in NK cells
was observed in the lymph nodes (LNs), liver and lung in
Ncr1CreDhx15fl/fl mice (Fig. S1D). Interestingly, in addition to
conventional NK cells (Dx5+ CD49a−), tissue-resident NK cells
(Dx5− CD49a+) in the liver were reduced in Ncr1CreDhx15fl/fl mice
(Fig. S1E). As expected, the populations of other cell types (CD4+

cells, CD8+cells, B cells, and NKT cells) were comparable between
control and Dhx15-deleted mice (Fig. S2A). The absolute numbers
of NK cells were similarly reduced in the spleen and BM in the
Ncr1CreDhx15fl/fl mice (~7-fold reduction; Fig. 1C, D and Fig. S2B, C).
We then gated on the Lin− NK1.1+ population in the spleen and
further segregated these cells into different subsets based on
CD27 and CD11b expression. As shown in Fig. 1C, deletion of
Dhx15 in NK cells prominently affected the CD11b+CD27− subset
and the CD11b/CD27 double-positive subset compared to those in
control mice. A majority of the NK cells in Dhx15-deleted mice
retained the CD11b− and CD27+phenotype (Fig. 1C, D), suggest-
ing that deletion of Dhx15 preferentially affects the terminal
differentiation of NK cells.
To determine their functionality, we first stimulated NK cells in

Ncr1CreDhx15fl/fl and littermate control mice using the IL-15/IL-
15RαFc complex in vivo. Then, splenic NK cells were purified and
analyzed for expression of CD107a, IFN-γ, granzyme B, and
perforin, markers that are typically associated with NK-cell
functions. As shown in Fig. 1E, the expression of CD107a in
response to IL-2 and IL-18 and to an anti-NK1.1 antibody was
significantly decreased in NK cells from Ncr1CreDhx15fl/fl mice, and
both the CD11b− and CD11b+ NK-cell subsets were affected
(Fig. 1F). Similarly, IFN-γ production induced by stimulation with
IL-12 and IL-18 and the anti-NK1.1 antibody was also impaired in
Ncr1CreDhx15fl/fl mice (Fig. 1E). Both the CD11b− and CD11b+ NK-
cell subsets exhibited impaired IFN-γ production (Fig. 1G).
Granzyme B (GrzB) and perforin (Prf) expression induced by
stimulation with IL-2 and IL-15 was significantly decreased in
Dhx15-deleted mice (Fig. 1E). In addition, the cytotoxicity of Dhx15-
deleted NK cells was severely impaired compared with that of
control NK cells in vitro (Fig. 1H). These data demonstrate an
essential role for DHX15 in regulating NK-cell activities.

Deletion of Dhx15 in NK cells altered tumor surveillance and
metastasis in vivo
As NK cells are critical for the control of certain tumor cells in vivo
[43, 44], we utilized the B16F10 melanoma model, an extensively
characterized model of tumor metastasis that is controlled by NK
cells [45], to further determine the function of Dhx15-deleted NK
cells. We injected B16F10 cells into control and Ncr1CreDhx15fl/fl

mice and then monitored the emergence of tumor nodules in the
lungs of recipient mice. As shown in Fig. S2D, deletion of Dhx15 in
NK cells resulted in a significant increase in the number of B16
nodules in the lung compared to that in control mice. This
increase was also observed in the liver and the abdominal walls of
Ncr1CreDhx15fl/fl mice inoculated with B16 melanoma cells (Fig.
S2D). In another model, we subcutaneously inoculated control and
Ncr1CreDhx15fl/fl mice with RMA-S cells, an NK-cell-sensitive cell line
(due to the lack of self-MHC class I expression) [34, 35], and
monitored tumor growth. As shown in Fig. 1I, J, deletion of Dhx15
in NK cells significantly accelerated the formation of solid tumors
compared to that in control mice. In in vivo cytotoxicity assays
with fluorescently labeled RMA-S cells, we confirmed that NK-cell-
mediated killing of RMA-S cells was severely impaired in
Ncr1CreDhx15fl/fl hosts (Fig. S2E).Collectively, these results demon-
strate that deletion of Dhx15 in NK cells impairs their tumor
surveillance activities and facilitates tumor growth in vivo.
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Fig. 1 Impaired NK-cell maturation and functions in Dhx15-deleted NK cells. A, B Representative flow cytometry plots and quantification of NK
cells (CD45+ CD3ε− NK1.1+) in peripheral blood, spleen, and bone marrow in littermate control (Dhx15fl/fl) and Dhx15-deleted (Ncr1CreDhx15fl/fl)
mice (n= 5 each group). C, D Representative flow cytometry plots and quantification of the absolute numbers of NK cells (Lin− NK1.1+) and
NK-cell subsets based on CD11b and CD27 expression in the spleen of control (n= 6) and Dhx15-deleted mice (n= 3). E Flow cytometric
analysis of CD107a, IFN-γ, granzyme B (GrzB), and perforin (Prf ) expression in splenic NK cells (CD3ε− NK1.1+) from control and Dhx15-deleted
mice. Cells were pretreated with the IL-15/IL-15RαFc complex for 4 days (n= 3 each group). F, G Histogram of CD107a (F) and IFN-γ (G)
expression in splenic NK-cell subsets (CD11b− NK cells and CD11b+ NK cells), as analyzed by flow cytometry, from control and Dhx15-deleted
mice. Cells were pretreated with the IL-15/IL15RαFc complex for 4 days (n= 3 each group). H Representative data of the cytoxicity assay
performed with sorted control and Dhx15-deleted NK cells against RMA-S target cells at the indicated effector:target ratio (n= 3).
I, J Representative images of subcutaneous RMA-S cell tumors from control and Dhx15-deleted hosts on Day 8 (I) and curves showing the
average growth of tumors (J) are shown (n= 3 each group). The data shown are representative of at least three independent experiments, and
the calculated data are shown as the mean ± standard deviation (s.d.) values. n.s., not statistically significant; *, p < 0.05; **, p < 0.01; ***, p <
0.001
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DHX15 had an NK-cell-intrinsic role in regulating NK-cell
survival and development
To gain further insights related to the impaired NK cells in
Ncr1CreDhx15fl/fl mice, we first compared the expression of T-bet
and Eomes, two key transcription factors in NK-cell maturation
[46, 47], in control and Dhx15-deleted NK cells. Analysis by flow
cytometry showed that their expression levels were comparable
between control and Dhx15-deleted mice (Fig. 2A). Moreover, the
expression of other NK-related transcription factors, as assessed by
qRT–PCR, showed no marked differences between control and
Dhx15-deleted NK cells (Fig. 2B). We also performed RNA-seq analysis
to compare the global transcriptional profiles of control and Dhx15-
deleted NK cells and again observed no marked differences,
especially in the expression of transcripts key to NK-cell development
(Fig. 2C). Interestingly, staining for the cell proliferation marker
Ki67 showed high levels of expression in Dhx15-deleted NK cells
under static conditions (Fig. 2D, Fig. S3A). The survival of Dhx15-
deleted NK cells was compromised when these cells were cultured
in vitro in the presence of IL-15, although this effect was not obvious
in vivo either with or without IL-15/IL-15RaFc treatment (Fig. S3B).
We further generated CD45.2+ERCreDhx15fl/fl mice, in which

deletion of Dhx15 in NK cells is inducible upon administration of
TMF [48]. We sorted splenic NK cells from control (CD45.1) and
ERCreDhx15fl/fl mice (CD45.2) by FACS, mixed them at a 1:1 ratio, and
injected them into CD45.1± hosts (CD45.1+CD45.2+). The host mice
were administered TMF for 5 days, and the transferred NK cells were
examined 10 and 28 days later. As shown in Fig. 2E, TMF treatment
markedly reduced the recovery of CD45.2+ NK cells (transferred from
ERCreDhx15fl/fl mice), while the control NK cells (CD45.1) remained in
the treated hosts on Days 10 and 28 (Fig. 2E). The reduction in NK
cells on D28 was even more prominent, with few CD45.2+ NK cells
detected in the treated hosts. Thus, deletion of Dhx15 in mature NK
cells clearly compromised their survival. We also created BM chimeric
mice; BM cells from control (CD45.1 WT) and Dhx15fl/fl or
Ncr1CreDhx15fl/fl mice (CD45.2) were mixed (1:1 ratio) and were then
injected into lethally irradiated CD45.1± hosts. NK cells were assessed
6–8 weeks later when the lymphoid compartment was completely
reconstituted. As shown in Fig. 2F, the development of CD45.2+ NK
cells and the CD11b+ NK-cell subset (Dhx15-deleted) was markedly
impaired compared to that of control Dhx15fl/fl NK cells. Collectively,
these results further confirm that NK cells intrinsically require DHX15
for their survival and development in vivo.

DHX15 played a key role in NK-cell responsiveness to IL-15
As IL-15 is central to NK-cell survival and homeostasis [49, 50], we
determined the responsiveness of NK cells to IL-15 in vivo in
control and Ncr1CreDhx15fl/fl mice. For this purpose, we intraper-
itoneally injected the IL-15/IL-15RαFc complex, which acts as an IL-
15 superagonist [51], into littermate control and Ncr1CreDhx15fl/fl

mice and assessed the expansion of NK cells 4 days later. As
shown in Fig. 3A and B, IL-15/IL-15RαFc administration resulted in
a 5–7-fold increase in the NK cell population in the spleen and
blood in control mice, and similar expansion was observed in the
liver and lungs (Fig. 3A). In stark contrast, the IL-15/IL-15RαFc
complex failed to induce expansion of NK cells in Ncr1CreDhx15fl/fl

mice (Fig. 3A). Furthermore, analysis of NK-cell subsets based on
the expression of CD11b showed that CD11b+ NK cells, especially
those in the spleens of Ncr1CreDhx15fl/fl mice, failed to respond to
IL-15 (Fig. 3A, B), suggesting that the response to IL-15, especially
the differentiation toward mature NK cells, is impaired in Dhx15-
deleted NK cells. Staining of IL-15 receptors (IL-2/IL-15Rβ; CD122;
and the common γc, CD132) on wild-type NK cells and Dhx15-
deleted NK cells showed comparable levels of expression (Fig. S3C,
D). However, the phosphorylation level of STAT5 downstream of
IL-15R showed a noticeable reduction in Ncr1CreDhx15fl/fl mice,
while the level of p-mTOR was comparable between the two
groups (Fig. S3F).

To gain further mechanistic insights, we sorted NK cells from
control and ERCreDhx15fl/fl mice by FACS, treated them in vitro with
TMF, and assessed IL-2/IL-15Rβ (CD122) and common γc (CD132)
expression at different time points (1–5 days). As shown in Fig. 4A
and B, we observed significant downregulation of the IL-2/IL-15Rβ
chain in Dhx15-deleted NK cells compared to control NK cells,
while the expression of common γc was comparable regardless of
Dhx15 deletion status (Fig. 4C), and this downregulation became
more pronounced on Day 5 after TMF treatment, when Dhx15
deletion was complete. We then treated ERCreDhx15fl/fl mice and
their control littermates with TMF for 5 days and examined the
expression of the IL-2/IL-15Rβ chain in NK cells in vivo. Again, we
observed significant downregulation of the IL-2/IL-15Rβ chain in
Dhx15-deleted NK cells (Fig. 4D). These results suggest that the IL-
2/IL-15Rβ chain is likely the focal point of regulation by DHX15.

Deletion of Dhx15 did not seem to affect CD122 mRNA
processing and stability in NK cells
To examine whether DHX15 regulates IL-2/15Rβ mRNA splicing
and stability and therefore affects its expression, we sorted NK
cells from control and ERCreDhx15fl/fl mice by FACS and cultured
them in vitro with or without TMF for 5 days. Then, cDNA was
synthesized from total cellular RNA using oligo(dT) and random
primers, and the mRNA levels of IL-2Rα, IL-15Rα, CD122, and CD132
were determined by quantitative RT–PCR. As shown in Fig. 4E, we
did not observe marked changes in the mRNA levels of CD122 and
CD132. However, mRNA of IL-15Ra, which is not expressed in NK
cells, was conspicuously absent (Fig. 4E). We then designed
specific primer sets that corresponded to defined regions of the
coding and noncoding sequences of CD122 mRNA (Fig. 5A) and
used these primers for quantitative PCR analysis. Again, we failed
to detect marked changes in PCR amplicons in NK cells, either in
the cytoplasm or in the nucleus, regardless of Dhx15 deletion
status (Fig. 5A). To specifically address CD122 mRNA splicing in NK
cells, different primer sets spanning different exons, as well as
both random and oligo(dT) primers, were used for reverse
transcription. Again, we failed to detect any alternative splicing
products of CD122 mRNA regardless of Dhx15 deletion status
(Fig. 5B). CD122 mRNA degradation was measured by inhibiting
transcription with actinomycin D in ERCreDhx15fl/fl NK cells after
treatment with or without TMF for 5 days. As shown in Fig. S4A,
CD122 had a longer half-life after induced DHX15 knockout. Taken
together, these results indicate that the reduced CD122 expres-
sion on Dhx15-deleted NK cells is unlikely to be due to impairment
of CD122 mRNA processing and stability.

Mutation of the ATPase domain of DHX15 disrupted NK-cell
development
DHX15 consists of multiple domains and has both ATPase and
helicase activities (Fig. 6A). The tandem RecA domains (RecA1 and
RecA2) form the conserved core, which possesses ATPase activity
[52]. To assess whether the ATPase activity of DHX15 (rather than
its splicing activity) is involved in regulating NK cells, we
generated a DHX15 mutant (i.e., E261Q), and this point mutation
selectively abolished the ATPase activity of DHX15 [5]. As a control,
we also introduced the R222G mutation into DHX15, which
abrogates its helicase function [9, 53] (Fig. 6A).These DHX15
mutants were expressed in ERCreDhx15fl/fl BM stem cells (CD45.2)
using lentivirus-mediated gene transfer (marked by GFP expres-
sion). We then generated chimeric mice by transferring the
transduced BM cells together with CD45.1 control BM cells into
lethally irradiated CD45.1± hosts and then treating the host mice
with TMF. As shown in Fig. 6A and Fig. S5A, in host mice
reconstituted with the E261Q (ATPase-dead) mutant, the devel-
opment of NK cells was impaired, whereas in those reconstituted
with the R222G (helicase-dead) mutant little effect on NK-cell
development was observed, further supporting the idea that the
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Fig. 2 DHX15 is intrinsically required for NK-cell survival and development. A Flow cytometric analysis and quantification of mean
fluorescence intensity (MFI) representing the expression of T-bet and Eomes in NK cells (Lin− CD45+ NK1.1+), the CD11b− NK-cell subset, and
the CD11b+ NK-cell subset in the bone marrow (BM) and spleens (SP) of control and Ncr1CreDhx15fl/fl mice (n= 3 each group). B qRT–PCR
analysis of transcription factors in Dhx15-deleted NK cells. NK cells were purified from the BM and spleen of control and Ncr1CreDhx15fl/fl mice
and cultured in IL-15 (20 ng/ml) for 7 days. CD11b− NK cells (CD45+CD3ε−NK1.1+CD11b−) were sorted and analyzed for the expression of the
indicated transcription factors. C Volcano plot of the RNA-seq analysis results for CD11b− NK cells from control and Ncr1CreDhx15fl/fl mice. A
series of genes (total differentially expressed genes, 56; upregulated genes, 47; downregulated genes, 9) was affected in Dhx15-deficient NK
cells. D Histogram of Ki67 expression in NK cells (Lin− CD45+ NK1.1+), the CD11b− NK-cell subset, and the CD11b+ NK-cell subset in the
spleen and bone marrow of control and Ncr1CreDhx15fl/fl mice (n= 3 each group). E Flow cytometric analysis of adoptively transferred NK cells
purified from the spleen of ERCreDhx15fl/fl (CD45.2+) and control mice (CD45.1+) after adoptive cotransfer into C57BL/6 (CD45.1±) hosts (1:1
ratio) and TMF treatment (5 injections). Representative flow cytometry plots (left) and graph (right) showing the percentages of Dhx15-deleted
NK cells (CD45.2) and control NK cells (CD45.1) in the spleen and BM of host mice 10 and 28 days post cell transfer (n= 3). F Schematic
diagram showing the generation of BM chimeric mice (left): BM cells isolated from CD45.1+ control mice were mixed with either Dhx15fl/fl or
Ncr1CreDhx15fl/fl BM cells (CD45.2) at a 1:1 ratio and were then injected into lethally irradiated CD45.1± recipient mice. Representative flow
cytometry plots (right) showing the percentages of CD45.1 cells versus CD45.2 cells gated on CD3ε− NK1.1+ cells and CD45.2+ NK-cell subsets
based on CD11b expression (n= 3). The data shown are representative of at least three independent experiments and are shown as the mean ± s.d.
values. ***, p < 0.001
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Fig. 3 Deletion of Dhx15 in NK cells abrogates IL-15 responsiveness. A Representative flow cytometry plots showing the responsiveness of NK
cells from control and Ncr1CreDhx15fl/fl mice to the IL-15/IL-15RαFc complex (administered i.p.). The percentages of NK cells (top panel) and NK-
cell subsets (bottom panel) in the bone marrow, spleen, blood, liver, and lungs of control and Ncr1CreDhx15fl/fl mice treated with or without the
IL-15 complex for 4 days. B The histograms show the absolute numbers of NK cells in the bone marrow and spleen and the expansion of the
CD11b+ and CD11b− NK-cell subsets in the spleen of control and Ncr1CreDhx15fl/fl mice treated with or without the IL-15/IL-15RαFc complex.
The blue numbers in the graph indicate the fold changes in the numbers of NK cells after treatment with the IL-15/IL-15RaFc complex (n= 3
each group). The data shown are representative of at least three independent experiments, and the calculated data are shown as the mean ±
s.d. values. **, p < 0.01; ***, p < 0.001
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helicase activity of DHX15 is dispensable for NK-cell activities.

DHX15 impacted surface expression by interacting with the
3′UTR of CD122
The finding that CD122 mRNA processing and stability were not
altered in Dhx15-deleted NK cells in spite of reduced cell surface
expression of CD122 was unexpected. The impairment of NK cells
induced by the point mutation in the ATPase domain of DHX15
prompted us to examine whether the corresponding DHX15
mutant still interacts with CD122 mRNA, thus indirectly affecting
IL-15R signaling. To address this possibility, we sorted NK cells

from control and ERCreDhx15fl/fl mice by FACS, extracted total
protein from the sorted cells after treatment in vitro with TMF for
5 days, and quantitated total CD122 protein expression by
Western blotting. As shown in Fig. 6B, CD122 protein expression
was comparable in control and Dhx15-deleted NK cells, suggesting
that translation of the mRNA into the CD122 protein is not altered
in the absence of DHX15. We performed extensive RIP-qPCR
experiments examining the binding of DHX15 to various regions
of CD122 mRNA extracted from NK cells. As shown in Fig. 6C, we
mapped the DHX15 binding sites and found that DHX15
preferentially bound to the 3′UTR of CD122 mRNA. To further

Fig. 4 Regulation of CD122 expression on NK cells by DHX15 in vitro and in vivo. A Representative flow cytometry plots showing profiles of
CD122 expression at different time points (1–5 days) on NK cells isolated from ERCreDhx15fl/fl and control mice. Purified NK cells cultured with
20 ng/ml IL-15 were treated with or without TMF for 5 days in vitro. B The graph shows CD122 expression (MFI) on Day 5 on splenic NK cells
treated with or without TMF in vitro. NK cells were purified from control and ERCreDhx15fl/fl mice. C The flow cytometry histogram and plot
show the expression of CD132 on Day 5 on splenic NK cells isolated from ERCreDhx15fl/fl mice and treated with or without TMF in vitro. D The
flow cytometry histogram and plot show the expression of CD122 on bone marrow NK cells in control and ERCreDhx15fl/fl mice on Day 6 after
five consecutive tamoxifen treatments in vivo (100mg/kg, administered i.p.). E Quantitative RT–PCR (qRT–PCR) analysis of IL-15Rα, CD122
(IL2Rβ), common γ chain (IL2Rγ) and IL-2Rα mRNA expression in NK cells after induced Dhx15 deletion. NK cells sorted from the spleen and
bone marrow of control and ERCreDhx15fl/fl mice were treated with TMF or DMSO for 5 days in vitro. Total RNA was extracted from treated NK
cells for analysis after confirmation of reduced CD122 surface expression. The data shown are representative of at least three independent
experiments and are shown as the mean ± s.d. values. n.s., not (statistically) significant; **, p < 0.01; ***, p < 0.001
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Fig. 5 Deletion of Dhx15 does not seem to affect CD122 mRNA processing in NK cells. A Representative plots of qRT–PCR data for CD122
mRNA levels in the cytoplasm and nucleus of Dhx15-deleted NK cells. NK cells sorted from the spleen of control and ERCreDhx15fl/fl mice were
treated with TMF or DMSO for 5 days. Cytoplasmic and nuclear RNA were extracted, and qRT–PCR was performed to analyze CD122 mRNA
expression using specific primer sets corresponding to defined regions in the coding and noncoding sequences of CD122 mRNA.
B Conventional PCR analysis of the effect of Dhx15 deletion on the alternative splicing of CD122 mRNA. Splenic NK cells sorted from control
(WT) and ERCreDhx15fl/fl(ER) mice were treated with TMF or DMSO for 5 days in vitro. Total RNA was extracted from treated NK cells, and
random and/or oligo(dT) primers were used for cDNA synthesis. A series of primers spanning different exons were used for subsequent PCR
amplification. The predicted longer PCR products, including intron RNA, are shown in brackets. The data shown are representative of at least
three independent experiments
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Fig. 6 Role of DHX15 in the surface expression of CD122 and its interactions with the CD122 3′UTR. A Schematic diagram (top) showing the
domain structure of DHX15 and sites of point mutations. Flow cytometry plots showing the effect of DHX15 mutants (E261Q and R222G) on
NK-cell development in vivo in ERCreDhx15fl/fl host mice. BM cells from CD45.2 ERCreDhx15fl/fl mice were spin-infected with lentivirus expressing
full-length (FL) Dhx15, the Dhx15 E261Q mutant, and the Dhx15 R222G mutant. The transduced BM cells were mixed with 0.4 million CD45.1+

BM cells and used to reconstitute lethally irradiated CD45.1± host mice. Three weeks later, the host mice were treated with TMF for
5 consecutive days, and NK cells in the host spleens were analyzed 2 weeks later by gating on the CD45.1+ and CD45.2+GFP+ populations
(bottom left panel). The graph (bottom right panel) shows the relative percentages of Dhx15-modified NK cells treated with or without TMF
(n= 3 each group). B Western blot analysis of CD122 expression on NK cells sorted from control and ERCreDhx15fl/fl mice, cultured in IL-15 (20
ng/ml), and treated with TMF or DMSO for 5 days in vitro. The protein expression of CD122 was analyzed at by Western blotting. C RIP assay
showing the binding of DHX15 to various regions of CD122 mRNA. Total mRNA was immunoprecipitated using an anti-DHX15 antibody or
normal rabbit IgG as the control. The precipitated RNA was then analyzed by qRT–PCR using a series of primer sets specific for CD122 mRNA
(Transcript ID: ENSMUST00000089398). The graph is representative of one experiment showing fold enrichment as measured by RIP-qPCR.
D RNA pulldown assay assessing RNA/protein interactions. The CD122 3′UTR or CD122 3′UTR antisense (3′UTR-AS) RNA was used to pulldown
protein complexes from NIH3T3 cell lysates, and enrichment of DHX15 in the protein complexes was assessed by Western blotting (left panel).
Experiments involving the RNA binding protein HUR were included as a positive control (right panel). E Representative Western blot analysis
assessing interactions between DHX15 and CD122. CD122 and HA-tagged DHX15 proteins were coexpressed in 293 T cells, and the cell lysate
was subjected to immunoprecipitation with anti-HA antibody-conjugated agarose beads or unconjugated agarose beads as the negative
control (NC) and analyzed by immunoblotting with an anti-CD122 antibody. F Schematic diagram showing the GFP reporters (with or without
the 3′UTR) of CD122 generated by replacing the extracellular domain of CD122 with GFP. The graph shows the relative surface GFP expression
of the GFP reporter with the 3′UTR compared to the GFP reporter without the 3′UTR on bone marrow-derived NK cells treated with TMF for
the indicated time. The data shown are representative of at least three independent experiments. n.s., not significant; *, p < 0.05; **, p < 0.01
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confirm the binding of DHX15 to CD122 mRNA, an RNA pulldown
assay was performed in NIH3T3 cells. As shown in Fig. 6D, the 3′
UTR of CD122 mRNA could interact with DHX15. We then analyzed
whether DHX15 also binds to the CD122 protein using a co-IP
assay in 293 T cells. As shown in Fig. 6E, DHX15 failed to interact
directly with the CD122 protein. We further evaluated whether the
3′UTR of CD122 mRNA affects surface protein expression In the
absence of DHX15 using GFP reporters, which were constructed
by replacing the extracellular domain of CD122 with GFP, as
shown in Fig. 6F. Bone marrow-derived NK cells (ERCreDhx15fl/fl),
which were modified by GFP reporter transfection before
differentiation, were treated with TMF for the indicated time.
The surface expression level of the With-UTR GFP reporter was
significantly decreased on D5 and D7 compared to that of the No-
UTR reporter (Fig. 6F and Fig. S4B). These results indicate that
DHX15 likely facilitates CD122 surface expression by interacting
with its 3′UTR.

Ectopic expression of CD122 or a-STAT5 rescued the defects in
Dhx15-deficient NK cells
To determine whether altered surface expression of IL-2/IL-15Rβ
affects IL-15R signaling in NK cells, we assessed the status of
phosphorylated STAT5 (p-STAT5), an essential signaling molecule
downstream of IL15/IL-15R engagement [54]. We sorted NK cells
from control and ERCreDhx15fl/fl mice, stimulated them with IL-15
in vitro and treated them with TMF, and then examined the
p-STAT5 level. As shown in Fig. 7A, STAT5 was prominently
phosphorylated (i.e., p-STAT5) in control NK cells 10 min after IL-15
stimulation, while the p-STAT5 level was significantly decreased in
Dhx15-deleted NK cells (treated with TMF). The total STAT5 protein
level was not affected (data not shown).
We also generated a constitutively active mutant of STAT5 (a-

STAT5) and overexpressed a-STAT5 in BM stem cells using
retrovirus-mediated gene transfer (Fig. 7B). We then generated
BM chimeric mice to determine whether the NK cell defects in
Dhx15-deleted mice could be rescued by ectopic expression of
a-STAT5. BM cells from ERCreDhx15fl/fl mice transduced with the
a-STAT5 vector (marked by GFP expression) were injected into
lethally irradiated CD45.1± hosts, which were treated with TMF
3 weeks after reconstitution. After another 2 weeks, we analyzed
NK cells in the spleens of host mice by flow cytometry. As shown
in Fig. 7C, ectopic expression of a-STAT5 largely rescued the
CD11b+ NK cells, as well as the CD11b+CD27− subset. Similar
findings in rescuing NK cell defects were observed when CD122
was overexpressed in BM stem cells (Fig. 7C). As expected, ectopic
expression of full-length DHX15 using Ncr1CreDhx15fl/fl BM cells
completely restored the CD11b+ NK cells and CD11b+CD27− NK-
cell subset (Fig. S5B). Collectively, these results further support the
role of DHX15 in regulating NK cells via the IL-15R signaling
pathway.

DISCUSSION
NK cells are a key cell type in the innate immune system, and their
regulation by various transcription factors and cytokines has been
extensively studied [15, 16, 22–24]. In the present study, we
demonstrated an important role for the RNA helicase DHX15 in
regulating NK-cell maturation, survival and cytolytic functions,
thus, for the first time, placing the helicases on a growing list of
regulators that control NK cells. We found that deletion of Dhx15
in NK cells disrupts their differentiation and survival in the
periphery, with the most prominent effects on the terminally
differentiated CD11b+CD27− subset, thus resulting in reduced NK-
cell numbers and impaired cytolytic functions. We also found that
Dhx15-deleted NK cells are defective in their responsiveness to IL-
15, a key cytokine mediating the control of NK cells [49, 50],
primarily due to impaired IL-2/IL-15Rβ chain (CD122) expression
and impaired IL-15R signaling. Mechanistically, we showed that

the IL-2/IL-15Rβ chain, which is noticeably downregulated in
Dhx15-deleted NK cells, seems to be the focal point of this
regulation. We further showed that the effects of DHX15 on NK
cells depend on its ATPase domain and not its helicase domain.
Hence, our study provides novel mechanistic insights into the
regulatory networks that control NK-cell activities and markedly
expands the role of RNA helicases in the regulation of innate
immune responses.
Clearly, the discovery that DHX15 is an essential regulator of NK

cells is novel and significant, as it highlights an additional layer of
control of NK-cell activities beyond the known transcription
factors, cytokines and metabolic reprogramming events
[16, 19, 22]. DHX15 is an RNA binding protein possessing both
ATPase and helicase activities [6, 52]. Traditionally, DHX15 is
known as an RNA splicing factor involved in unwinding complex
RNA structures [6]. Because of its RNA binding capacity, DHX15
also acts as a molecular sensor of RNA viruses to trigger dendritic
cell activation [2]. We demonstrated in the current study that
DHX15 also plays an indispensable role in NK cells, regulating both
the differentiation and survival, as well as the cytolytic functions,
of NK cells. In fact, the role of DHX15 in NK cells was consistently
demonstrated in mice with conditional Dhx15 deletion, in adult
mice with induced Dhx15 deletion, and models involving BM
chimeric mice and adoptive transfer of Dhx15-deleted NK cells.
Importantly, one of the striking features of Dhx15-deleted NK cells
is their impaired responsiveness to IL-15, a finding that is
consistent with the key role of IL-15 in the control of NK cells
[49, 55, 56]. Indeed, in both IL-15 knockout and IL-15R knockout
mice, NK cells are defective [49, 57–59]. Interestingly, this
impairment of IL-15 responsiveness appears to be related to
altered IL-2/IL-15Rβ expression and, consequently, impaired IL-15R
signaling (i.e., STAT5 phosphorylation). This idea is further
supported by the finding that ectopic expression of CD122 or a
constitutively active form of STAT5 (a-STAT5) largely rescued the
defects of Dhx15 deletion in NK cells. In fact, the selective control
of the IL-2/IL-15Rβ chain but not the common γc chain or the IL-
15Rα chain by DHX15 is highly interesting. Indeed, we did not
detect altered splicing or reduced stability of CD122 mRNA in
Dhx15-deleted NK cells, and CD122 protein expression was
comparable to that in control NK cells. Thus, the reduced surface
expression of CD122 on Dhx15-deleted NK cells appears to involve
novel mechanisms that warrant further clarification. Our analysis
of the DHX15 mutants revealed that the ATPase domain rather
than the helicase domain of DHX15 seems to be critical for surface
expression of CD122.
Another interesting finding was that DHX15 did not seem to

interact directly with the CD122 protein but consistently bound to
the 3’UTR of CD122 mRNA, as shown by RIP assays. A recent study
suggested that DHX9, another member of the RNA helicase family,
inhibits CDK6 expression by binding to its 3’-untranslated region
(3’UTR) in cancer cells [42]. Furthermore, others recently showed
that an RNA binding protein called HuR specifically regulates
surface CD47 expression by interacting with the long 3’UTR of
CD47 transcripts in U2OS and HEK293 cells [60]. Our GFP reporter
assay indicated that the impairment of surface CD122 expression
was regulated through the DHX15-CD122 3′UTR interaction.
However, the detailed mechanism by which the DHX15-CD122
3′UTR complex contributes to surface CD122 expression was not
completely clarified in the current study. Thus, our data and those
of others suggest a novel mechanism involving RNA binding
proteins and 3′UTRs in the cell surface expression of signaling
receptors.
In our model, deletion of DHX15 did not completely abolish NK-

cell development in vivo but instead reduced the number of NK
cells in the periphery, with the greatest effect on the mature and
terminally differentiated subsets, suggesting that the role of
DHX15 in NK-cell regulation is conditional and likely depends on
the stage of NK-cell differentiation. Previous studies have
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demonstrated that NK cells at these stages are also controlled by
T-bet, Eomes, and other transcription factors [16, 46, 47]. In
addition, their activation and effector functions are also sensitive
to IL-15 at these stages [61]. Another pathway of NK cell activation
operates through PI3K-mTOR-dependent phosphorylation of
ribosomal protein S6 by p70-S6 kinase, as NK cells were found
to be defective in mice with either STAT5 or mTOR knockout
[19, 54, 62]. Our adoptive transfer experiments further support the
idea that the maturation and terminal differentiation of NK cells
are more sensitive than other NK-cell properties to Dhx15 deletion.
Clearly, the terminal differentiation of NK cells is controlled by
diverse regulatory mechanisms, and how the DHX15 pathway
interacts with other regulatory pathways in fine tuning NK-cell
activities awaits further clarification.

In summary, our study demonstrates that the RNA helicase
DHX15 is critically involved in regulating NK cells and that its
deletion disrupts NK-cell homeostasis, survival and cytolytic
activity. DHX15 plays a particularly important role in the
terminal differentiation of NK cells in the periphery, primarily
by regulating the IL-15 signaling pathway. Importantly, the role
of DHX15 in the control of NK cells depends on its ATPase
activity, not its helicase activity, and is most likely mediated via
regulation of surface expression of the IL-2/IL-15Rβ chain.
Clearly, these findings establish the importance of helicases in
regulating NK-cell activities and uncover new therapeutic
targets involved in the modulation of NK cells in various clinical
settings.

Fig. 7 Ectopic expression of CD122 or a-STAT5 can rescue the Dhx15-deleted NK-cell phenotype. A The flow cytometry plots and graph show
the expression of p-STAT5 in NK cells from control and ERCreDhx15fl/fl mice in vitro. NK cells sorted from ERCreDhx15fl/fl or control mice and
cultured in IL-15 (20 ng/ml) were treated with TMF or DMSO for 5 days. After recovery for 6 h without IL-15, NK cells were stimulated with 20
ng/ml IL-15 for 1, 5, or 10min. The phosphorylation status of STAT5 was analyzed by intracellular staining. B Schematic diagram shows the
bone marrow chimera experiment timeline. ERCreDhx15fl/fl mice were treated with 5-FU for 4 days, and BM cells were collected for spin
infection with retrovirus. Infected BM cells were then mixed with control CD45.1+ BM cells (0.4 million) and transferred into lethally irradiated
CD45.1± recipient mice. After 3 weeks, these mice were treated with TMF for 5 consecutive days (i.p.) to delete Dhx15. Splenic NK cells were
analyzed by flow cytometry 2 weeks later. C Representative flow cytometry plots and graphs showing the percentages of CD11b+ NK cells
after ectopic expression of CD122 and a-STAT5 (marked by GFP expression) (n= 3). Bone marrow cells from ERCreDhx15fl/fl mice were spin-
infected with retrovirus expressing CD122 or a-STAT5 with the GFP marker for reconstitution. The data shown are representative of at least
three independent experiments. ***, p < 0.001
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