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Natural killer/T-cell lymphoma (NKTCL) is a rare, aggressive form of non-Hodgkin lymphoma that is
generally incurable at more advanced stages with systemic involvement. Clonal diagnostic markers
(eg, unique T- or B-cell receptor rearrangements) are not available for NKTCLs. Killer cell immuno-
globulin like receptors (KIRs) are a family of type I transmembrane glycoproteins involved in the
inhibition or activation of NK cells. A restricted expression profile of KIRs has been proposed as
clonal markers of NK-cell proliferations. Here we evaluated the transcription profile of all KIR family
genes and C-type lectin receptor genes using RNA sequencing on NKTCL cases (n Z 17) and NK-cell
lines (n Z 3). The expression of all KIRs tended to be markedly reduced or absent in NKTCL, except
for the KIR family member killer Ig-like receptor 2DL4 (KIR2DL4; alias CD158D), which was selectively
overexpressed in the majority (59%) of cases. No specific expression pattern was observed for C-type
lectin receptors. KIR2DL4 is an unusual member of the KIR family that recognizes human leukocyte
antigen G and mediates NK-cell activation through inducing proliferation and survival pathways such
as AKT and NF-kB. Stable knockdown of KIR2DL4 in two malignant NK-cell lines with high KIR2DL4
expression significantly reduced cell growth. Selective overexpression of KIR2DL4 and down-
regulation of inhibitory KIRs may contribute to NKTCL pathogenesis. (Am J Pathol 2016, 186:
1435e1441; http://dx.doi.org/10.1016/j.ajpath.2016.02.011)
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Natural killer/T-cell lymphoma (NKTCL) of the nasal type is
a rare lymphoid malignancy with a poor prognosis.1 NKTCL
prevalence varies geographically, with much higher preva-
lences in East Asia and Central and South America.2 NKTCL
cases show good response to radiotherapy in stage I disease;
however, the prognosis is markedly worse in patients with
more advanced stages of the disease.3 Most NKTCLs origi-
nate from transformed NK-cells,4 and due to lack of NK-cell
receptors with unique rearrangements, diagnostic markers of
clonality have been challenging to identify.

NK-cell activation is regulated by the balance of
opposing signals originating from activating and inhibitory
receptors expressed on the NK-cell surface.5 Killer cell
immunoglobulin like receptors (KIRs) are crucial plasma
stigative Pathology. Published by Elsevier Inc
membrane receptors regulating NK-cell activation. KIRs are
highly polymorphic and coevolve with their ligands, major
histocompatibility complex class I molecules.6 KIRs with
short cytoplasmic tails function as activation receptors, and
. All rights reserved.
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KIR proteins with long cytoplasmic tails inhibit NK cells,
with the exception of killer Ig-like receptor 2DL4
(KIR2DL4).7 The inhibitory KIRs transmit inhibitory sig-
nals when they are engaged with the cognate major histo-
compatibility complex class I molecules expressed on the
host cells so that the normal cells of the body are protected
from NK-cellemediated cytotoxicity.8 The ligands for acti-
vating KIR family members are relatively poorly character-
ized7 compared with inhibitory KIR family proteins such as
KIR2DL1, which binds human leukocyte antigen (HLA)-C2
allotypes,9 or KIR2DL2 and KIR2DL3 proteins, which bind
HLA-C1 allotypes through the Asp residue at position 80.10

However, KIR2DL4 has been shown to interact with HLA-
G. A distinct combination of KIRs is expressed on individ-
ual NK cells in the peripheral blood, giving a polyclonal
pattern of KIR expression in the population.11 A clonal
population of NK cells is expected to show a restricted
pattern of KIR expression. Therefore, the identification of the
KIR repertoire may provide information regarding the clonal
nature of an NK-cell population.

Here, we applied unbiased RNA sequencing (seq), which
has a wide dynamic range,12 to determine the KIR family
gene expression pattern in NKTCL cases and NK-cell lines
and compared their profile with resting and activated normal
NK cells. This study demonstrated that KIR expression
shows a clonal pattern and is also highly abnormal in
malignant NK cells. We also demonstrated the frequent
retention of KIR2DL4 expression, which may promote
growth in NK cells.

Materials and Methods

Malignant NK-Cell Tumor Samples

The NKTCL cases, NK-cell lines, and normal NK-cell
samples used in this study are historical samples already
reported,13 and the characteristics of the NKTCL cases and
NK-cell lines are available in Supplemental Tables S1 and S2.

NK-Cell Isolation and Activation

Resting NK cells were isolated from the peripheral blood of
healthy donors using an NK-cell isolation kit (Miltenyi
Biotec, Auburn, CA) as previously described.14 Resting NK
cells were activated in the presence of 100 IU of IL-2 for 2
days to obtain IL-2eactivated NK cells. Alternatively,
NK cells were activated by co-culturing freshly isolated
peripheral blood lymphocytes with K562-Clone9-mb21
cells (a gift from Dr. Dean Lee), which are K562 cells
engineered to ectopically express 4-1BB ligand (4-1 BBL),
CD86, and membrane-bound IL-21 on the cell surface to
achieve higher levels of NK-cell activation,15 for 12 days as
described previously.14 The purity of activated NK cells
was evaluated with CD56-allophycocyanin and CD3-
phycoerythrin staining, and >95% CD56þ/CD3� cells
were used for subsequent analysis.
1436
RNA Isolation and Quality Control

RNA was isolated from the NKTCL cases using the AllPrep
DNA/RNA Mini Kit (Qiagen Inc., Valencia, CA). Quality
and integrity of the RNA was determined with the Agilent
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA).
NKTCL cases with RNA having RNA integrity numbers
>8 were used for library preparation and sequencing.

RNA Sequencing

Aligned RNA-seq files generated in a previous study were used
here for gene expression analysis.13 In this study, we concen-
tratedon the expressionof onlyKIR familymembers andC-type
lectin receptors. Briefly, 100-bp paired-end libraries were pre-
pared with the TruSeq RNA preparation kit (Illumina Inc., San
Diego, CA), and high-throughput sequencing was performed in
the University of Nebraska Medical Center Next Generation
SequencingCore Facility (Omaha,NE) and theTuftsUniversity
Genomics Core Facility (Boston, MA) using the Genome
Analyzer IIX or the HiSeq 2000 sequencing system (Illumina).
The raw files of the 17 NKTCL cases, KHYG1, NKYS, and
NK92 cell lines, and normal NK-cell samples (resting, 48 hours
IL-2 activated, and activated through co-culture with K562-
Clone9-mb21 feeder cells14) are available from the Sequence
Read Archive database (http://www.ncbi.nlm.nih.gov/sra;
accession number SRA200820).

RNA-Seq Data Analysis

FASTQC reports were evaluated for quality control after
high-throughput sequencing. The sequencing reads were
aligned to the February 2009 human reference sequence
(GRCh37/hg19) with the TopHat software package version
1.3 (Cole Trapnell, University of Maryland, College Park,
MD).16 Gene expression analysis was performed with the
Cufflinks software package version 0.0.5 (http://cole-
trapnell-lab.github.io/cufflinks, last accessed October
2012)17 in the Galaxy platform (https://usegalaxy.org, last
accessed October 2012)18 using the following parameter
settings: maximum intron length, 300,000; minimum isoform
fraction, 0.1; pre mRNA fraction, 0.15; perform quartile
normalization, no; use reference annotation, yes; reference
annotation, USCS main on human; Refgene (genome)e
perform bias correction, no; use multi read correct, no; and
global model (for use in Trackster), no data set. The expres-
sion levels of KIR and C-type lectin receptor genes were
determined by the fragment per kilobase in million reads es-
timate on the RNA-seq data. According to the algorithm of
Cufflinks,17,19 if a short read can be placed to multiple
genomic positions, then the count of this read will be uni-
formly divided (using default settings) to these positions. The
validity of the RNA-seq gene expression analysis pipeline
was evaluated by determining the Pearson correlation of
global or KIR family gene expression profile between Gen-
eChip Human Genome U133 Plus version 2.0 (Affymetrix,
ajp.amjpathol.org - The American Journal of Pathology
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Inc., Santa Clara, CA) chips and RNA-seq for two represen-
tative NKTCL cases (Supplemental Figure S1). For T-cell
receptor gene expression analysis with Cufflinks, Gencode20

annotation version 23, which includes annotation of T-cell
receptor genes, was used. The MiXCR software program
version 1.1 (MiLaboratory LLC, Moscow, Russia)21 was
used for searching for clonality in complementarity-
determining region-3 regions of T-cell receptora andb genes.

Design and Expression of Single or Double shRNAs for
KIR2DL4 Knockdown in NK-Cell Lines

Two 19-mer KIR2DL4 siRNAs were designed using the
siDesign Center (GE Dharmacon, Lafayette, CO). The
siRNA nucleotide sequences were blasted to the human
genome to ensure that they did not target other human
genes. The siRNAs were converted to 97-mer shRNA-
miRNAs and PCR-amplified with the high-fidelity PfuUltra
II Fusion HS DNA Polymerase (Agilent Technologies) to
be cloned in the miR-30eadapted retroviral vector,
microRNA-adapted retroviral vector MSCV-LTRmiR30-
PIG (LMP) (Addgene; http://www.addgene.org; plasmid
number 24071), which was digested at the XhoI and EcoRI
restriction sites to remove the forkhead box-P3 shRNA ac-
cording to the manufacturer’s instructions (Thermo Fisher
Scientific Inc, Rochester, NY) (Supplemental Figure S2A).
The empty murine stem cell virus-LTRmiR30-PIG (control
vector) was generated as follows. First, forkhead box-P3
shRNA was removed by gel extraction using QIAquick Gel
Extraction Kit (Qiagen Inc.) after double-digestion with the
XhoI and EcoRI restriction enzymes, which generated sticky
overhangs. The sticky endswere then blunted with the Klenow
Fragment (New England BioLabs Inc., Ipswich, MA), and
empty LMP was circularized by ligating blunted ends with T4
DNA ligase (New England BioLabs Inc.). The sense nucleo-
tide sequences of the siRNAs were as follows: KIR2DL4 1st
siRNA, 50-GATCATGGTCACAGGTCTA-30; KIR2DL4
2nd siRNA, 50-TCACAGGTCTATATGAGAA-30.

KIR2DL4 first and second shRNAs were sequentially
cloned into the LMP vector to generate the KIR2DL4e
1st-2ndedouble-shRNA using the following strategy:
KIR2DL4e1st shRNAeLMP was digested with EcoRI
and then treated with Antarctic Phosphatase (New
England BioLabs Inc.) to prevent recircularization. After
that, EcoRI-digested KIR2DL4e2nd shRNA insert, which
was generated through amplification with PfuUltra II
Fusion HS DNA polymerase (Agilent Technologies), was
cloned into KIR2DL4e1st shRNAeLMP (Supplemental
Figure S2C). Diagnostic restriction mapping and Sanger
sequencing with forward and reverse primers were per-
formed to validate each retroviral shRNA construct.

Gene Expression Profiling

KIR family gene expression data for NKTCL cases and NK-cell
lines were obtained from our earlier study,4 which used the
The American Journal of Pathology - ajp.amjpathol.org
GeneChip Human Genome U133 Plus version 2.0 DNA micro-
array platform (Affymetrix, Inc.). The raw files of the microarray
data are available from Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo; accession number GSE19067).

RT-qPCR

Real-time quantitative RT-PCR (RT-qPCR) was performed
as previously described.13,14 Briefly, 1 mg of RNA was
reverse-transcribed with SuperScript II (Life Technologies,
Carlsbad, CA). The DyNAmo HS SYBR Green qPCR Kit
(Life Technologies) was used for amplifying and quantifying
the cDNA with the CFX Connect Real-Time PCR Detection
System (Bio-Rad Laboratories S.r.l., Segrate, Italy).
RPL13A22 was used as the housekeeping gene for normali-
zation. RT-qPCR primers used were: KIR2DL4-q-RT-PCR-F,
50-CCTTCCCTTCTTTCTCCTTCATC-30; KIR2DL4-q-RT-
PCR-R, 50-TGATCCAACTGTGCGTATGTC-30.

Evaluation of Negative-Selection Pressure by Tracking
GFPþ Cells

AFACSCalibur or BDLSRII flow cytometer (BDBiosciences,
San Jose, CA) was used for quantifying the percentage of green
fluorescent protein (GFP)-positive cells in regular time intervals
after transduction with empty vector or KIR2DL4 shRNA
vector. The results were analyzedwith BDCellQuest Pro or BD
FACSDiva software version 6.2 (BD Biosciences).

Apoptosis Assay

Apoptosis of KHYG1 cells retrovirally transduced with
empty vector or KIR2DL4e1st-2ndedouble-shRNA was
evaluated on GFPþ gated cells using BD FACSCanto II (BD
Biosciences) after staining the cells with annexin
Vephycoerythrin (ApoptosisDetectionKit; BDBiosciences)
according to the manufacturer’s instructions.

Statistical Analysis

Statistical software package R language scripts version
2.15.2 (http://www.R-project.org, last accessed October
2012) were used for the identification of the Pearson cor-
relations (R) for global gene expression values obtained
using RNA-seq and GeneChip Human Genome U133 Plus
version 2.0 (Affymetrix, Inc.) chips for two NKTCL cases.
Excel 2007 software (Microsoft Corp., Redmond, WA) was
used for t-tests whenever appropriate, and P < 0.05 was
considered significant.

Results

KIR Expression Profile in NKTCLs

We determined the mRNA expression values for the
KIR2 (n Z 11; including KIR2DL1e5B, n Z 6; and
1437
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Figure 1 Killer cell immunoglobulin like receptor (KIR) family gene expression profiles in cases of natural killer/T-cell lymphoma (NKTCL) and normal
NK cells. The mRNA expression values for KIR2DL, KIR2DS, and KIR3D genes were quantified using RNA sequencing data on 17 NKTCL cases. The fragments
per kilobase of transcript per million mapped reads (FPKM) values were calculated as explained in Materials and Methods. mRNA expression values of each
KIR family member gene for NKTCL cases are shown separately. A: A representative NKTCL case (of nine) with exclusive KIR2DL4 expression. B: KIR
expression pattern for an NKTCL case with only KIR3DL1. C: Two NKTCL cases with comparable levels of multiple KIR gene expression. D: KIR family gene
expression profile for the NKTCL case with low but detectable expression of multiple KIR genes and high KIR2DL4 expression. E: KIR gene expression
pattern in normal human NK-cell samples. n Z 3 KIR3D; n Z 5 KIR2DS; n Z 6 KIR2DL; n Z 14 KIR family member genes. NKCOD12, NK cells obtained by
co-culturing peripheral blood lymphocytes with K562-Cl9-mb21 cells for 12 days; PBNK48h, 48-hour IL-2eactivated peripheral blood NK cells; resting NK,
freshly isolated peripheral blood NK cells.
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KIR2DS1e5, n Z 5) and KIR3 (n Z 3; including -L1,
-L2, and -S1) genes. Most of the NKTCL cases (10 of 17;
59%) expressed only one KIR allele (Figure 1, A and B),
nine of which exclusively expressed KIR2DL4
(Figure 1A). One NKTCL case expressed only KIR3DL1
(Figure 1B). We observed two NKTCL cases with
expression of multiple KIRs (2 of 17; 12%), simulta-
neously at comparable levels (Figure 1C): KIR2DL1,
KIR2DL4, KIR2DS4, and KIR3DL1 in one and KIR2DL4,
KIR2DS1, KIR2DS2, KIR2DS4, and KIR3DS1 in the
other case (Figure 1C). One NKTCL case expressed five
KIR family genes at detectable levels; however, the
expression of KIR2DL4 was much greater than that of the
other four KIR genes (Figure 1D). In contrast to NKTCL
cases, normal NK cells expressed multiple KIR genes
simultaneously (Figure 1E). Interestingly, we did not
observe KI2RDL5A or KIR2DL5B expression in normal
resting or activated NK cells, and KIR2DS3 expression
was very low or absent in normal NK cells (Figure 1E). In
four NKTCL cases, of which two were T-cell
receptoreabþ by RNA-seq, we did not observe a detect-
able level of mRNA expression (fragment per kilobase in
million reads, <1) of any KIR genes. Collectively, these
results indicate that malignant NK cells tend to down-
regulate all KIR gene expression, with the exception of
KIR2DL4. This profile could be a useful diagnostic
biomarker of neoplastic NK-cell proliferations.
1438
C-Type Lectin Expression Profile in NKTCLs

Next, we evaluated the expression level of six C-type lectin
family receptor genesdNKG2A, CD94, NKG2C,
NKG2D, NKG2E, and NKG2Fdin 17 NKTCL cases.
Other than the NKG2F gene, whose expression was
restricted to a subset of NKTCL cases, C-type lectin
expression was detectable in the majority of the NKTCL
cases. However, expression levels of these genes were
highly variable (Supplemental Figure S3, AeF). Similarly,
in normal NK-cell samples, except for NKG2F, we
observed detectable expression of all C-type lectin re-
ceptors (Supplemental Figure S3, G and H). In general, we
did not observe any marked difference of C-type lectin
receptor gene expression pattern in NKTCL cases
compared to normal NK-cell samples.

Stable Knockdown of KIR2DL4 Causes
Negative-Selection Pressure in NK-Cell Lines

Next, we evaluated KIR2DL4 expression in three NK-cell
lines with RNA-seq data (Supplemental Figure S4), and
observed high selective KIR2DL4 expression, especially in
the NK92 and KHYG1 cell lines, whereas other KIRs were
not expressed, an observation consistent with the previous
DNA microarray data (Supplemental Figure S4). The
selectively retained expression of KIR2DL4 suggests that it
ajp.amjpathol.org - The American Journal of Pathology
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may have a role in the neoplastic transformation of NK
cells. To address this possibility, we stably knocked down
KIR2DL4 expression using two different shRNAs with
approximately 60% knockdown efficiency (Supplemental
Figure S2B), and observed significant negative-selection
pressure in KIR2DL4 shRNAetransduced NK92 cells
(21.4% and 29.2% decreases on day 10 compared with day
0 in KIR2DL4 first or second shRNAetransduced cells,
respectively) compared with empty vectoretransduced cells
(3.5% decrease on day 10 compared to day 0), as assessed
by the reduction in the percentage of GFPþ cells
(Figure 2A). We then generated a more effective retroviral
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Figure 2 Stable knockdown of KIR2DL4 reduces growth of NK cell lines. A: G
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shRNA construct (Supplemental Figure S2, C and D) by
tandemly linking two KIR2DL4 shRNAemiRNAs as
described previously.23 We observed a more robust decrease
in the percentage of GFPþ cells in KIR2DL4 double-
shRNAetransduced NK92 (Figure 2B) or KHYG1
(Figure 2C) cells compared to single-shRNAetransduced
cells. Next, we evaluated apoptosis by quantifying the per-
centage of annexin V-phycoerythrinþ/GFPþ KHYG1 cells
transduced with the empty vector or KIR2DL4 double-
shRNA, and observed moderately higher annexin V positiv-
ity in cells with KIR2DL4 knockdown, suggesting that an
increased rate of apoptosis may be involved in the negative
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selection (Figure 2D). These results support a pro-oncogenic
role of KIR2DL4 in NK-cell malignancies.
Discussion

The role of the different KIR members in the inhibition or
activation of NK cells has been relatively well-studied.
However, there is little insight into the clonal expression of
KIR family genes in malignant NK cells, in part due to the
technical limitations of the DNA microarray technology in
detecting the expression levels of highly similar genes and
the experimental noise that may give false-positive signals.
Recently, the application of the RNA-seq technology
showed a better dynamic range compared to that of tiling
arrays (Supplemental Figure S1A)12 and specificity in
detecting gene expression values, which can provide
improved results in clonality studies.

We observed a clear gene expression pattern in terms of the
clone of origin of malignant NK cells after quantification of
KIR family gene expression using RNA-seq. In addition,
specific and exclusive expression of a single KIR family gene
member, KIR2DL4, was observed, which suggests a possible
oncogenic role for it during the transformation of NK cells.
This observation is consistent but more extreme than previous
reports showing dominant expression of KIR2DL4 in NKTCL
cases using other methodologies such as DNA microarray,4

RT-PCR,24 or flow cytometry.25 This difference using
different methodologies for quantification of expression may
be due to the following reasons: KIR mRNA sequences are
highly similar, and DNA microarray probe sets are not as
specific as RNA-seq for the measurement of the expression of
individual KIR genes. Based on the GeneAnnot database,26

most of the Affymetrix probe sets for KIR genes have many
nonspecific targets, which can potentially influence the
quantification of mRNA levels. Therefore, RNA-seq reads
may have more unique coverage of the transcripts for regions
that are different from other family members. KIR antibodies
used for flow cytometry can be cross-reactive. However,
additional studies may need to be conducted in the future to
address these modest discrepancies. Several lines of evidence
can potentially support a proto-oncogenic role of KIR2DL4,
which is an unusual member of the KIR family receptors.

Interestingly, despite the presence of an immunoreceptor
tyrosineebased inhibition motif in its cytoplasmic tail,
KIR2DL4 activates NK cells.27 KIR2DL4 is an IL-2e
induced NK-cell receptor28 with a strong potential for
induction of interferon-g secretion on engagement.29 Cross-
linking of KIR2DL4 in an in vitro study showed activation
of mitogen-activated protein kinases and phosphorylation of I
kB kinase b, with consequent phosphorylation and degrada-
tion of inhibitor of kB a leading to the activation of NF-kB.30

In addition, KIR2DL4 was reported to be associated with
DNA-dependent protein kinase, catalytic subunit,31 which
activated AKT by phosphorylating it at Ser 473 in response to
KIR2DL4 signaling.32 It is possible that KIR2DL4 may
1440
contribute to the neoplastic transformation of NK cells by
constitutively activating these pro-survival or pro-proliferative
pathways. In fact, the NF-kB and AKT pathways have
been shown to be constitutively activated in NKTCLs.33

Our other observation is the frequent marked down-
regulation of all other KIRs, which could be advantageous
for the neoplastic NK cells by removing all inhibitory receptors.
Although this process also removes the activating receptors, the
balance may still be in favor of losing both receptors. The
retention of KIR2DL4 may serve a unique role. KIR3DL2
expression has been reported in the CD4þ neoplastic T cells of
Sézary syndrome, and it may serve to reduce activation-
induced cell death in these T cells.34 Thus, certain KIRs may
have functional significance in specific malignant conditions.
The ligand for KIR2DL4 in this situation is not clear.

Soluble HLA-G has been determined to be a ligand for
KIR2DL4.31 HLA-G has been reported to be associated
with tumorigenesis and poor survival in carcinoma, mainly
through immune suppression and tolerance.35,36 It generally
has a restricted pattern of expression, and whether HLA-G
normally activates NK cells through KIR2DL4 is still a
controversial topic.37 Thus, the ligand for KIR2DL4 in
NKTCLs will need to be further defined.
In IL-2eactivated NK cells (Figure 1E), other KIR genes

still retain mRNA expression to a comparable level. Of note,
KIR2DL4 expression is not the most remarkable one in the
activated NK cell sample obtained by co-culturing periph-
eral blood lymphocytes with the engineered K562 cells
(NKCOD12 cells). It is possible that KIR2DL4 expression
is augmented by IL-2; however, NKTCL cases, which were
not cultured in the presence of exogenous IL-2, also show
unique expression of KIR2DL4, whereas no other KIR
mRNA was present in most NKTCL cases. This observation
supports the idea that KIR2DL4 expression is a unique
feature of clonal NKTCL cases and not the artifact of a high
IL-2 concentration. However, we cannot rule out the pos-
sibility that IL-2 present in the tumor microenvironment
may contribute to higher levels of KIR2DL4 expression.
Global down-regulation of KIRs with selective retention of

KIR2DL4 is a common profile and is not only a useful diag-
nostic marker of malignant NK-cell proliferation but may also
shed light on the role of KIR in the pathogenesis of NKTCLs.
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