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Natural killer (NK) cells are primary effectors of innate immunity directed against transformed tumor
cells. In response, tumor cells have developed mechanisms to evade NK cell-mediated lysis through molec-
ular mechanisms that are not well understood. In the present study, we used a lentiviral shRNA library
targeting more than 1,000 human genes to identify 83 genes that promote target cell resistance to human
NK cell-mediated killing. Many of the genes identified in this genetic screen belong to common signaling
pathways; however, none of them have previously been known to modulate susceptibility of human tumor
cells to immunologic destruction. Gene silencing of two members of the JAK family (JAK1 and JAK?2)
increased the susceptibility of a variety of tumor cell types to NK-mediated lysis and induced increased
secretion of IFN-y by NK cells. Treatment of tumor cells with JAK inhibitors also increased susceptibility to
NK cell activity. These findings may have important clinical implications and suggest that small molecule
inhibitors of tyrosine kinases being developed as therapeutic antitumor agents may also have significant

immunologic effects in vivo.

Introduction

Natural killer (NK) cells are a critical component of the innate
immune response against infectious pathogens and malignant
transformation (1, 2). NK cells mediate this activity through the
elaboration of various cytokines as well as through direct cytolytic
activity. However, unlike adaptive immune cells, which utilize spe-
cific clonal recognition receptors, NK cell activation depends on a
complex balance between activating and inhibitory signals (3, 4).
In patients with cancer, it is presumed that tumor cells have devel-
oped mechanisms to suppress NK cell activation and resist lysis by
endogenous NK cells, but the molecular basis for target resistance
is not well understood.

RNAi has made it possible to perform loss-of-function genetic
analysis in mammalian cells, and the development of genome-wide
shRNA libraries has facilitated large-scale unbiased screens. These
libraries have been successfully used to identify novel mechanisms
of cell transformation (5-7), as well as to identify genes that play
important roles in cancer progression in different tumors (8, 9).
Many of these basic discoveries will have clinical significance, facil-
itating the discovery of genes and pathways that can be effectively
targeted by new specific inhibitory drugs.

We hypothesized that this approach could also be used to iden-
tify molecular pathways that modulate tumor cell susceptibility
to the innate immune system. To test this hypothesis, we designed
an shRNA screen to monitor interactions between IM-9, a multiple
myeloma (MM) tumor cell target, and NKL, a functional human
NK cell line (10). IM-9 myeloma target cells were transduced
with the TRC1 kinase/phosphatase subset of the TRC1 shRNA
lentivirus library developed at The RNAi Consortium (TRC) (6,
11). shRNA-expressing IM-9 cells were subsequently incubated
with NKL effector cells, and the strength of this interaction was
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assessed by measuring IFN-y release from NKL cells. Using this
approach, we identified a set of 83 genes that when silenced
increased the susceptibility of IM-9 tumor cells to NK cell activity.
Remarkably, many of the genes identified in this screen belong to
common intracellular signaling pathways such as MAPK, PIK3,
IGF1R, JAK1, and JAK2. These pathways are known to be involved
in a variety of cellular functions and often integrate signals result-
ing from membrane receptor-ligand interactions (12, 13).

To validate the results of the shRINA screen, we established a panel
of independent target cell lines expressing individual shRNAs. In
almost all instances, effective reduction of specific protein expres-
sion resulted in enhanced sensitivity of the tumor cell target to NK
activity. Moreover, specific kinase inhibition with small molecules
had similar effects on susceptibility to human NK cells in vitro.
This study provides evidence that common signaling pathways can
regulate susceptibility of human tumor cells to killing by immuno-
logic effector cells. These finding may also have important clinical
implications and suggest that small molecule inhibitors of these
kinases that are being developed as direct therapeutic antitumor
agents may also have important immunologic effects in vivo.

Results

High-throughput shRNA screen. To identify pathways that modulate
the susceptibility of human tumor cells to NK cells, we designed
a high-throughput genetic screen to measure this specific cell-cell
interaction. In this assay, IM-9 myeloma cells were transduced in 5
replicate sets with individual lentiviruses expressing shRNAs from
the phosphatase/kinase subset of the TRC library (Figure 1A).
Viability was assessed in 2 replicates; one was treated with puro-
mycin for selection and one left without puromycin. After B-score
normalization (14), all sShRNA/wells with less than 70% viability in
either set were excluded from subsequent analysis. This excluded
individual vectors with low transduction efficiency and vectors
that induced toxicity in the absence of puromycin. NKL effector
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Wells

Genetic screen to identify modulators of susceptibility to human NK cells. (A) Schematic representation of the 5-day workflow. (B) Normalized
distribution of the levels of IFN-y secretion by NKL cells for 4,177 selected shRNAs.

cells were added to the 3 remaining replicate sets, and superna-
tants were subsequently harvested for measurement of IFN-y
secretion. Analysis of 2 replicates with NKL cells (12,288 wells)
showed significant reproducibility (» = 0.858) of IFN-y measure-
ments (Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI58457DS1). Mean levels
of IFN-y in 4,177 evaluable wells were normalized using z-score
analysis and plotted as shown in Figure 1B. Only wells with IFN-y
values in the top fifth percentile, which corresponded to 2 stan-
dard deviations above the mean z-score (z = 0.108 + 1.09), were
considered to demonstrate significantly increased levels of IFN-y
secretion. These 209 hits corresponded to 192 individual genes,
since some had more than 1 shRNA scoring in the top 5%. To
reduce the likelihood of identifying off-target shRNA effects (15,
16), only genes that were identified by 2 or more independent shR-
NAs, with the second shRNA at least in the top 20%, were selected
for further analysis. With this ranking, a total of 83 genes (Table
1) were considered positive. Supernatants from the third replicate
were kept as a backup.

To validate the reproducibility of our screening strategy, we ran-
domly selected 1 of the 16 TRC1 library plates (K40) and indepen-
dently repeated the entire screen using different batches of IM-9
and NKL cells. IFN-y measurements were compared with the val-
ues obtained in the original screen, and the correlation coefficient
between the 2 screens was 0.766, indicating highly significant repro-
ducibility of the experimental setting (Supplemental Figure 2).

Signaling pathways involved in tumor susceptibility to NKL effector cells.
As shown in Table 1, we identified 83 genes that, when silenced
in tumor cell targets, resulted in increased IFN-y secretion from
NKL effector cells. The TRC library subset used in this study con-
sisted of 1,028 genes, including 476 protein kinases (46% of the
1,028), 180 phosphatases (17%), and 372 genes with different func-
tions (36%). Interestingly, of the 83 genes selected, 66 (79%) were
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kinases, 12 (14.4%) were proteins with non-kinase functions, and
only 4 (4.8%) were phosphatases. Many of these protein kinases
were associated with common signaling pathways, suggesting that
activation of these pathways at different levels can mediate suscep-
tibility of tumor cells to human NK cells. The MAPK pathway was
the most highly represented, with 15 genes (18% of the 83 genes
and 22% of the 66 kinases identified), while the AKT/PIK3 and
the CDK pathways were represented by 3 and 6 genes, respectively.
The MAPK and PIK3 pathways regulate a variety of cellular func-
tions including cell cycle progression, cell survival, angiogenesis,
and cell migration (17). Activation of these intracellular path-
ways is linked to surface membrane receptors, and 14 cell surface
receptors or membrane-associated genes (16.8% of total) were also
identified. This group included 3 members of the TGF-f family
(ACVRL1, ACVRI, ACVRIB), 1 member of the ephrin receptor fam-
ily (EPHAG), 3 receptor tyrosine kinases (IGFIR, INSR, and LTK),
and 2 members of the JAK family kinases (JAKI and JAK2) that are
associated with several membrane cytokine receptors (18).
Validation of selected genes representing different signaling pathways.
To validate our experimental approach, we selected 5 genes listed
in Table 1 for further detailed characterization. These included
MAPK]I, 2 membrane receptors (IGFIR and INSR), and 2 members
of the JAK family (JAKI and JAK2). For each of these genes, we
established a series of puromycin-resistant independent IM-9 cell
lines with stable expression of a specific shRNAs (at least 3 differ-
ent sequences per target gene) or irrelevant control shRNAs. The
target sequences of the specific shRNAs and irrelevant control
shRNAs used to knock down gene expression in tumor cell lines
are summarized in Supplemental Tables 1 and 2. Each genetically
modified cell line was tested for downregulation of the target pro-
tein by Western blotting or flow cytometry, and the level of pro-
tein expression was correlated with susceptibility to NK-92 cells,
an additional NK effector cell line (19), as well as to NKL cells.
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Table 1

Eighty-three selected genes that modulate tumor cell susceptibility to NKL cells
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oncogenes
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Three independent shRNAs targeting MAPK1/ERK2
(MAPK1-1, MAPK1-2, MAPK1-5) induced increased IFN-y
secretion by NKL cells in our initial screen. IM-9 cell lines
expressing each of these shRNAs were compared with paren-
tal unmodified IM-9 and IM-9 cells expressing control
shRNAs (shCTRL-1 and shCTRL-2). All cell lines express-
ing shRNAs maintained excellent viability and proliferative
capacity in vitro after puromycin selection. As shown in
Figure 2, A and B, the shRNAs that induced the strongest
downregulation of MAPK1-p42 protein expression in IM-9
cells as measured by Western blot analysis also induced the
greatest increase in IFN-y secretion by both NKL and NK-92
effector cells. IM-9 cells infected with 2 irrelevant shRNAs
had no effect on MAPK1-p42 protein expression or IFN-y
secretion by NK effector cells. Similar results were obtained
with shRNAs targeting JAK1 and JAK2. Two shRNAs tar-
geting JAK1 (Jak1-1 and Jak1-3) effectively reduced protein
levels in IM-9 cells, but one JAK1-targeting shRNA (Jak1-2)
had no effect (Figure 2B). Similarly, 2 shRNAs targeting
JAK2 (Jak2-3 and Jak2-4) effectively reduced protein levels in
IM-9 cells, and one JAK2-targeting shRNA (Jak2-2) had no
effect (Figure 2B). As shown in Figure 2A, only those JAK1-
and JAK2-specific shRNAs that reduced protein expression
in IM-9 cells induced increased IFN-y secretion when these
cells were incubated with either NKL or NK-92 effector cells.

We next examined 2 transmembrane proteins, IGF1R and
INSR. IGF1R, a tyrosine kinase receptor, has been identified
as a target for cancer therapy (20), and several studies have
shown that binding of IGF to IGF1R can induce phosphory-
lation of RAF1 and PI3K, resulting in downstream activation
of MAPK and PI3K/Akt pathways (21). Our screen identified
two shRNAs (IGF1R-1 and IGF1R-3) that induced increased
IFN-y secretion from NKL cells and one shRNA (IGF1R-4)
that had no effect. Incubation of NKL and NK-92 effector
cells with IM-9 cells expressing shRNAs IGF1R-1 and IGF1R-3
induced 48% and 60% more IFN-y secretion by NKL and 35%
and 40% more IFN-y secretion by NK-92 when compared
with a control sShRNA. There was no difference in the level of
IFN-y secreted by both NKL and NK-92 cells when IM-9 cells
expressing shRNA IGF1R-4 were used (Figure 2A). Analysis
of IGF1R protein levels by flow cytometry confirmed the spe-
cific downregulation of IGF1R protein by shRNA IGF1R-1
and IGF1R-3, while IGF1R protein levels were not affected
by shRNA IGF1R-4 (Figure 2C).

Three different sShRNAs for INSR were also tested. IM-9
cells expressing shRNA INSR-3 induced higher levels of
IFN-y secretion by both NKL and NK-92 cells, and this
correlated well with reduced levels of INSR as determined
by flow cytometry (Figure 2, A and C). INSR-1 shRNA had
very little effect on IFN-y secretion by NKL and NK-92
cells and did not reduce INSR protein levels. However,
the third shRNA tested (INSR-4) resulted in a significant
increase in IFN-y secretion by both NKL and NK-92 cells in
independent experiments, but this did not correlate with
any change in INSR protein levels in IM-9 cells (Figure 2,
A and C). Of 15 shRNAs that were tested individually in
IM-9 cells, INSR-4 is the only sequence that gave discordant
results, and the effect of this shRNA on protein expression
could not be correlated with increased secretion of IFN-y by
both NKL and NK-92 effector cells.

Volume 122 Number7  July 2012 2371



research article

A 20 NKL
100
@
@ 8o I
o . . .
5 :
£ 60 4
T
g 40
* 20 ]
0 i I
e NV o » o~ oo »
e T T K“‘l\: Q“ - - E
g‘}z*g* FFF F&E £&
T
B

- 44 kDa
-42 kDa

-52kDa «-Tubulin

% IFN-y increase
- N W W,
o o o o o
a""\? [
[
i P
—

-125 kDa

a-Tubulin m -52kDa

-52 kDa

C
LA IGFTRAE A IGFIR-3 INSR-1[1 M 1 INSR3|{ W 4 INSR-4
so] )i y r\r [ 7 [ ﬁ\; — PE-CTRL
Zeol [ [ ) /I LIy e SNCTAL-2
| o[ ] |1 |I | |I —TY -]
#40 H \ H I\ I e SHRNAS
20f . y, \ i | / / \ ! \
R TR T T Y17 16:' T T T T T T TR T T e
<PE-A> <PE-A> <PE-A> <PE-A>
= Anti-IGF1R-PE -— Anti-INSR-PE e
Figure 2

Validation of selected genes in IM-9 target cells with stable expression of individual shRNAs. IM-9 cells expressing 3 different shRNAs targeting
MAPK1, JAK1, JAK2, IGF1R, and INSR were incubated overnight with NKL and NK-92 effector cells at a 1:1 E/T ratio. (A) Increased IFN-y secre-
tion induced in NKL or NK-92 compared with IM-9 target cells incorporating an irrelevant shRNA control. (B) Specific downregulation of MAPK1,
JAK1, and JAK2 proteins by individual shRNAs was analyzed by Western blotting. (C) Specific downregulation of IGF1R and INSR by individual
shRNAs was analyzed by flow cytometry. PE-CTRL, PE-conjugated secondary antibody alone.

Differential role of JAK family genes in tumor cell resistance to NK cells.
Two of the genes that had the strongest effect on NK cell activity
were members of the JAK family of kinases. This effect was only
noted for JAK1 and JAK2, while none of the shRNAs targeting
other members of this family (JAK3 and TYK2) induced simi-
lar activity. As shown in Figure 3, A and B, IM-9 cell lines, each
expressing different shRNAs targeting JAK3 and TYK2, were tested
for expression of JAK3 and TYK2 and their ability to activate NKL
and NK-92 cells. Three of 4 JAK3 shRNAs (Jak3-1, Jak3-2, and
Jak3-3) and 2 of 4 TYK2 shRNAs (TYK2-1 and TYK2-4) success-
fully reduced expression of the target protein, but none of these
shRNAs induced increased secretion of IFN-y from either NKL or
NK-92 effector cells. These results confirmed that specific down-
regulation of JAK1 and JAK2 but not JAK3 or TYK2 could modu-
late tumor cell susceptibility to NK cell activity.

To examine the specificity of JAK1 inhibition on susceptibil-
ity to NK cell activity, we undertook further characterization of
IM-9 target cells expressing each of the 3 JAK1 shRNA vectors. As
shown in Figure 4A, JAK1 protein expression was reduced in IM-9
cells expressing Jak1-1 and Jak1-3 shRNAs. These effects were spe-
cific for JAK1, and expression of JAK2, JAK3, and TYK2 was not
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reduced. Similarly, quantitative RT-PCR demonstrated reduced
levels of JAKI mRNA in these cell lines (Figure 4B). As shown in
Figure 4C, reduced expression of JAKI resulted in significantly
higher levels of IFN-y secretion by NKL and NK-92 effector cells.
Intracellular staining confirmed that IFN-y was derived from NK
effector cells (Supplemental Figure 3). In conventional cytotoxicity
assays, IM-9 cells with reduced expression of JAK1 were more sus-
ceptible to lysis by both NKL and NK-92 effector cells when com-
pared with IM-9 cells infected with a control shRNA (shCTRL-2)
(Figure 4D). No difference in cytotoxicity was noted in IM-9
cells expressing shRNA Jak1-2 that had not affected JAK1 pro-
tein expression. Increased killing of JAK1-knockout IM-9 cells
(IM-9-JAK1-KO cells) by NK cells was also confirmed using
an Annexin V assay we developed to quantify the induction of
apoptosis in target cells incubated with NK effector cells. In
this assay, effector cells were incubated with target cells ata 1:1
effector/target (E/T) ratio for a 12-hour period. As shown in Fig-
ure 4E, IM-9 cells lacking expression of JAK1 (Jak1-1 and Jak1-3
shRNAs) underwent significantly more apoptosis than IM-9 cells
infected with a control hairpin or with a JAK1 shRNA that does
not reduce JAK1 expression (Jak1-2 shRNA). Increased apoptosis
Volume 122

Number7  July 2012



IFN-y release assay

research article

A8000 6000 c
NKL NK-92 TYK2
7000
5000 -140 kDa
6000
= 4000 )
Q
:4000 3000 ) Y ™ - o ® <
Z 3000 = 2z ¢ ¢ ¢ ¢
& 1 o > > > >
= 2000 © o F F F F
2000 - @ @
A4 1000
1000 { —a [ e ©
=g+ g4 _8 -2 _ . 2 s g .2 °
—= =8 — e
0 . e 8 . ° o e o o B e .« o JAK3 -115 kDa
® o L L A | X « @ = .
= P P o o o o s - - N o o N
= EE s § £E = EEEE £E
o o + = = o o - F a-Tubulin .52 kDa
% B % B
BBOOD 6000
NKL NK-92 2 3 3 3 3 2 3
7000 = T T X X X X
50001 5 5 S 3 88
6000 S <
g 5000 4000
=)
£
?_4000 3000 |
=
L 3000
= 2000+
Ld 3
2000 . o o e °
—a——— —s_° 1000+
1000 s s [ - 0
° - —B&— ° ‘ Y o ‘ s o
0 hd 0 ‘ ® o o o o o
® o LA L. L S § X « @ = L D |
= P P (] (] (] (] s - - (] (] ] L]
= K@K § 8§ § = = E £ 3 8 ® 9w
< < < <
[} [} w w
Figure 3

Analysis of IM-9 cells expressing shRNAs targeting TYK2 and JAK3. (A) Effects of 4 shRNAs targeting TYK2 on levels of IFN-y secretion by NKL
or NK-92 effector cells incubated with IM-9-TYK2 at a 1:1 E/T ratio. (B) Effects of 4 shRNAs targeting JAKS on levels of IFN-y secretion by NKL or
NK-92 effector cells incubated with IM-9-JAKS at a 1:1 E/T ratio. Data represent the mean of 4 independent experiments with each target tested
in duplicate. (C) Protein levels in each target cell line were evaluated by Western blotting using anti-TYK2 and anti-JAK3 specific antibodies.

was observed when IM-9 cells were incubated with either NKL or
NK-92 effector cells, but the level of spontaneous apoptosis for
IM-9 cells expressing each of the JAK1 shRNAs was always less
than 7% if no effector cells were present.

Results of similar experiments carried out with 3 shRNAs specif-
ic for JAK2 are summarized in Figure 5. Western blot analysis and
quantitative RT-PCR confirmed that IM-9 cells expressing Jak2-3
and Jak2-4 expressed lower levels of JAK2, and expression of these
shRNAs did not affect expression of the other members of the JAK
family (Figure S, A and B). In multiple independent experiments,
only IM-9 cells that expressed lower levels of JAK2 induced higher
levels of IFN-y secretion (Figure SC), and this correlated closely
with increased lysis (Figure SD) and induction of apoptosis by
both NKL and NK-92 effector cells (Figure SE).

Increased susceptibility of target cells with reduced expression of JAK1
and JAK2 to primary buman NK cells. PBMCs from 4 normal donors
were used as a source of primary NK cells and incubated with IM-9
cells expressing various JAK1- and JAK2-targeting shRNAs at dif-
ferent E/T ratios. As shown in Figure 6A, IM-9 cells expressing 2
specific shRNAs (Jak1-1 and Jak1-3) induced increased secretion of
IFN-y by PBMCs when compared with 3 control shRNAs and IM-9
parental cells (P = 0.034 and P = 0.0088, Jak1-1-KO vs. shCTRL-2
and Jak1-3-KO vs. shCTRL-2, respectively, at a 5:1 E/T ratio; and
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P=0.012 and P=0.0057,Jak1-1-KO vs. shCTRL-2 and Jak1-3-KO vs
shCTRL-2, respectively, ata 10:1 E/T ratio). Cells expressing Jak1-2
shRNA, which was not effective in silencing JAK1, did not induce
increased sensitivity to PBMCs. Primary NK cells were also more
effective when tested against IM-9 cells with reduced expression
of JAK2. As shown in Figure 6B, IM-9 cells expressing 2 shRNAs
(Jak2-3 and Jak2-4) that efficiently silenced JAK2 were more suscep-
tible to lysis when compared with the 3 controls and IM-9 parental
cells (P =0.009 and P = 0.012, Jak2-3-KO vs. shCTRL-2 and Jak2-4
vs. ShCTRL-2, respectively, at a 5:1 E/T ratio; and P = 0.034 and
P =0.036, Jak2-3-KO vs. shCTRL-2 and Jak2-4-KO vs. shCTRL-2,
respectively, at a 10:1, E/T ratio). To confirm that the increased sus-
ceptibility of IM-9-JAK1-KO and IM-9-JAK2-KO cells was NK spe-
cific, we repeated these experiments using purified NK cells. Puri-
fied NK cells (>90% CD56'CD37; representative example in Figure
6C) from healthy donors induced increased levels of apoptosis in
both IM-9-JAK1-KO and -JAK2-KO cells when compared with IM-9
cells transduced with an irrelevant shRNA (Figure 6D).

Different target cell lines are more susceptible to NK lysis after silencing of
JAK1 or JAK2. Independent experiments conducted with IM-9 cells
consistently demonstrated that reduced expression of JAK1 and JAK2
enhanced target cell susceptibility to NK cells. To determine whether
inhibition of JAK1 and JAK2 could induce the same effects in other
Volume 122 Number 7
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Analysis of IM-9 cells expressing shRNAs targeting JAK1. (A) Western blot analysis of IM-9 target cells with stable incorporation of different
shRNAs targeting JAK1 (Jak1-1, Jak1-2, and Jak1-3), irrelevant shRNAs (shCTRL-2 and shCTRL-3), and parental IM-9. (B) RNAs from parental
IM-9 and each IM-9 with stable expression of JAK1, JAK2, and control shRNAs were also evaluated for JAK7 gene expression. Data represent the
relative expression of JAK1 in parental IM-9 cells, 2 controls (shCTRL-2 and shCTRL-3), IM-9 cells expressing 3 shRNAs targeting JAK1 (Jak1-1,
Jak1-2, and Jak1-3), and IM-9 cells expressing 2 shRNAs targeting JAK2 (Jak2-3 and Jak2-4). (C) IFN-y secretion by NKL or NK-92 effector
cells incubated with stable IM-9-JAK1-kockdown cells at a 1:1 E/T ratio for 12 hours. Data represent the median of 6 independent experiments
with each target cell tested in duplicate. (D) Specific lysis of stable IM-9-JAK1-knockdown target cells incubated with NKL or NK-92 effector cells.
Percent lysis was determined in a 4-hour chromium release assay for samples incubated at different E/T ratios. Data represent percent killing in
3 different experiments tested in triplicate. (E) Percent apoptosis induced by NKL or NK-92 effector cells incubated at a 1:1 E/T ratio for 12 hours
with stable IM-9-JAK1-knockdown cells. Cells were stained with a PE-conjugated NKG2A antibody, and the analysis of apoptotic cells was per-
formed on the gated target cells (NKG2A negative). Data represent the mean percent apoptosis induction in 4 independent experiments tested
in duplicate. The level of spontaneous apoptosis in IM-9-JAK1-knockdown was subtracted in every experiment.

tumor cells, we infected 2 additional myeloma (KM12BM and INA-6),
3 acute myeloid leukemia (AML) (ML2, U937, and KG-1), 1 chronic
myeloid leukemia (K562), and 1 acute T cell leukemia (Jurkart) cell
lines with JAK1- and JAK2-specific shRNAs and control shRNA
(shCTRL-2). Transduced cells were selected with puromycin to elimi-
nate nontransduced cells, and all cell lines were tested for expression
of JAK1 and JAK2. As shown in Figure 7, A and B, target cells with
reduced expression of JAK1 or JAK2 induced increased IFN-y secre-
tion by both NKL and NK-92 effector cells when compared with the
same cell lines infected with control shRNA or shRNAs (Jak1-2 and
Jak2-1) that did not decrease the protein levels. These experiments
confirmed that JAK1 or JAK2 silencing can induce increased suscep-
tibility of multiple types of tumor cells to NK cell activity. However,
this effect was higher in myeloma and AML cells (IM-9, KMS12BM,
INAG6,U937,KG1, ML2) compared with K562 and Jurkat cells, where
the increased level IFN-y secretion by NKL or NK-92 cells in response
to JAK1 or JAK2 silencing was less pronounced.

Effects of JAK inbibitors on susceptibility to NK cell-mediated lysis. To
determine whether other approaches for targeting JAK1 and JAK2
would also sensitize tumor cells to NK cell activity, we treated 3
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cell lines (IM-9, KM12BM, and K562) with 2 different JAK inhibi-
tors (JAK inhibitor 1 and AG-490) at different concentrations. The
cytolytic effect of NK cells was assessed by measuring apoptosis of
target cells by staining the cultured cells with Annexin V/7AAD
and an NK cell marker (NKG2A) to distinguish NK cells from the
target cells. Target cells treated with the same concentration of
inhibitors but without NK cells were used to determine the level
of spontaneous apoptosis induced by the inhibitors (Figure 8A).
In each case, incubation with JAK inhibitor alone at these concen-
trations did not induce apoptosis of the target cells. As shown in
Figure 8B, IM-9 cells treated with 10 nM, 30 nM, and 40 nM of JAK
inhibitor 1 and subsequently incubated with NK-92 cells resulted
in 22.3%, 23.7%, and 27.4% higher levels of apoptosis, respectively,
when compared with untreated cells. Similarly, treatment with
0.25 uM, 0.5 uM, and 1 uM of AG-490 and subsequent incubation
with NK-92 cells induced 27.7%, 26.7%, and 34% more apoptosis
than with untreated cells. Similar effects were also achieved when
2 other target cell lines (KMS12BM and K562) were treated with
the same inhibitors. To determine whether this effect was specifi-
cally related to inhibition of JAK proteins, we tested IM-9 cells that
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expressed specific JAK1 and JAK2 shRNAs. As shown in Figure 8C,
incubation of IM-9 cells expressing JAK1 and JAK2 shRNAs with
NK-92 cells induced 23.5% and 26.4% more apoptosis than incuba-
tion with IM-9 cells expressing control shRNAs. This confirmed
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Figure 5

Analysis of IM-9 cells expressing shRNAs targeting JAK2.
(A) Western blot analysis of parental IM-9 cells and of IM-9
target cells with stable incorporation of 3 different shRNAs
targeting the JAK2 gene (Jak2-1, Jak2-3, and Jak2-4) and
control shRNAs (shCTRL-2 and shCTRL-3). (B) RNA from
parental IM-9 cells and each IM-9 with stable expression of
JAK2, JAK1, and control shRNAs were also evaluated for
JAK2 gene expression. Data represent the relative expression
of JAK2 in IM-9-Jak2-3 and IM-9-Jak2-4 cells compared with
JAK2 expression in IM-9 parental cells, 2 irrelevant controls
(shCTRL-2 and shCTRL-3), and IM-9 cells in which JAK1 was
silenced with Jak1-1, Jak1-2, and Jak1-3. (C) Level of IFN-y
secretion by NKL or NK-92 effector cells incubated with stable
IM-9-JAK2-knockdown cells at a 1:1 E/T ratio for 12 hours.
Data represent the median of 6 independent experiments,
with each target cell tested in duplicate. (D) Four-hour chro-
mium release assay measuring specific lysis of IM-9-JAK2-
knockdown target cells incubated with NKL or NK-92 cells at
different E/T ratios. Data represent the mean percentage of
killing in 3 different experiments tested in triplicate. (E) Per-
cent apoptosis induced by NKL or NK-92 effector cells incu-
bated with stable IM-9-JAK2-knockdown cells at a 1:1 E/T
ratio for 12 hours. Cells were stained with a PE-conjugated
NKG2A antibody, and the analysis of apoptotic cells was
performed on the gated target cells (NKG2A negative). Data
represent the mean percent apoptosis induction in 4 indepen-
dent experiments tested in duplicate. The level of spontane-
ous apoptosis in IM-9-JAK2-knockdown cells was subtracted
in every experiment.

previous experiments demonstrating that IM-9 cells with
reduced expression of JAK1 and JAK2 are more suscep-
tible to NK cell-mediated lysis than controls. However,
the level of apoptosis did not increase when IM-9 cells
expressing JAK1- and JAK2-targeting shRNAs were treat-
ed with either of the JAK inhibitors. These results were
also confirmed with purified primary human NK cells
(Figure 8E). In contrast, pre-treatment of NKL or NK-92
cells with JAK inhibitor 1 or JAK2 inhibitor did not affect
their function and ability to induce apoptosis of IM-9
cells (Figure 8D). These findings indicate that increased
sensitivity of target cells to NK-induced apoptosis was
specifically related to the level of JAK1 or JAK2 expressed
in the target cells.

The effects of JAK inhibitors were also examined in
primary tumor cells from 14 patients with hematologic
malignancies. This included samples from 4 patients
with MM, S with AML, and S with acute lymphoblas-
tic leukemia (ALL). All samples contained more than
80% blasts (AML and ALL) or CD138" cells (MM).
Tumor cells were treated with 3 concentrations of JAK
inhibitor 1 for 12 hours and subsequently incubated
with NK-92 effector cells at a 1:1 E/T ratio. As shown
in Figure 9, MM cells treated with JAK inhibitor were
significantly more susceptible to apoptosis induced by
NK effector cells. The level of apoptosis at each concen-
tration of JAK inhibitor (10 nM, 30 nM, and 40 nM)

was increased by 46.6%, 51%, and 53%, respectively, compared
with MM tumor cells incubated in medium alone (P = 0.0036,
P=0.0011,and P=0.0010, respectively). AML and ALL cells were
more susceptible to apoptosis induced by NK-92 cells, and incu-
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bation of these primary acute leukemia cells with JAK inhibitor
also resulted in significantly increased apoptosis. At each con-
centration of inhibitor, AML apoptosis was increased by 22%,
23%, and 24.5% and ALL apoptosis was increased by 20%, 23.9%,
and 21.2%, respectively. Without addition of NK-92 effector cells,
apoptosis was less than 9%.

Effects of JAK1 silencing on target cell gene expression. To investigate
the mechanisms responsible for increased susceptibility of tar-
get cells to NK cell lysis when the JAKI gene is knocked down,
we utilized gene expression microarrays to compare IM-9-JAK1-
KO cells with IM-9 parental cells and IM-9 cells infected with
an irrelevant shRNA. Thirty-four genes were found to be highly
differentially expressed after JAKI silencing. As shown in Figure
10A, 13 genes were upregulated and 21 genes were downregu-
lated. JAK1 was the top-scoring downregulated gene, confirm-
ing the specificity of the JAK1-targeting shRNAs. Notably, none
of the common activating or inhibitory NK cell ligands known
to play a role in modulating NK cell activity was found to be
differentially expressed in these cells (Supplemental Table 3).
Similar expression levels for these ligands were confirmed at the
protein level using flow cytometry comparing JAK1-KO cells and
JAK2-KO cells with control IM-9 cells transduced with an irrel-
evant shRNA (Supplemental Figure 4). Interestingly, TNFRSF10A
(TRAIL-R1) and CXCL10 were found to be highly upregulated in
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JAK1-KO cells. Both TRAIL-R1 and CXCL10 have been shown
to play important roles in NK cell recognition and activation
(22-24). Increased expression of TRAIL-R1 was confirmed by
flow cytometry on both JAK1-KO and JAK2-KO cells (Figure
10C). Measurement of CXCL10 by ELISA confirmed increased
levels of CXCL10 in JAK1-KO and JAK2-KO supernatants when
compared with IM-9 control cells transduced with an irrelevant
shRNA (Figure 10B). To better define the relevance of CXCL10
and TRAIL-R1 in the increased sensitivity of JAK1 and JAK2-KO
tumor cells to NK cell activity, we co-incubated knockdown cells
and irrelevant controls with NKL cells with or without blocking
antibodies against CXCL10 and TRAIL-R1. As shown in Figure
10, D and E, in both cases reactivity of NKL cells was reduced
in the presence of blocking antibodies. However, while CXCL10
antibodies significantly blocked only the reactivity against
JAK1-KO and JAK2-KO lines (P = 0.04 and P = 0.03, respective-
ly), TRAIL-R1 blocked the reactivity against JAK1-KO, JAK2-
KO, as well as the irrelevant controls (P = 0.003, P = 0.0037, and
P = 0.007, respectively). Similar results were obtained when
NK-92 effector cells were used. Although more experiments will
be necessary to completely clarify the mechanisms, these finding
suggest that the increased susceptibility of JAK1-KO and JAK2-
KO cells could be mostly related to factors secreted by target cells
rather than upregulation of activating ligands.
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Discussion were first transduced with individual lentiviral shRNAs. After inte-

Unlike T and B cells of the adaptive immune system, NK cells do
not express clonal recognition receptors and do not recognize
unique target antigens. Nevertheless, these cells play an important
role in immune surveillance and coordinating responses of other
immune cells. Most tumor cells express surface molecules that can
be recognized by activating receptors on NK cells (25). The expres-
sion of these receptors make such cells susceptible to endogenous
NK cells, but malignant cells have developed mechanisms to evade
innate immune surveillance (26-28). The goal of our studies was to
begin to characterize these resistance mechanisms in a broad and
unbiased approach. To accomplish this goal, we designed a high-
throughput genetic screen to assess interactions between tumor
cell targets and NK effector cells. In this assay, tumor cell targets
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gration of shRNAs, NKL effector cells were added to each well, and
the interaction between genetically modified target cells and NK
effector cells was assessed by measurement of IFN-y release into
the cell culture supernatant. Since our goal was to identify genes
that, when silenced, would increase susceptibility to NK cell-medi-
ated lysis, assay conditions were optimized to identify shRNAs
that resulted in increased IFN-y secretion. The lentiviral library we
used was a subset of the TRC library that targeted 1,028 genes,
including more than 88% of the known human protein kinases
and phosphatases (29). We initially focused on protein kinases and
phosphatases, since these genes are involved in many cellular func-
tions and their deregulated activity occurs frequently in cancer,
where this class of proteins regulates many aspects of cell growth,
Volume 122 Number 7
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Figure 8

Induction of target cell apoptosis by NK cells after treatment of target
cells with JAK inhibitors. (A) IM-9 target cells treated with JAK inhibi-
tors (JAK inhib.) for 12 hours and subsequently incubated with NK-92
ata 1:1 E/T ratio. NK-92 cells are nearly 100% NKG2A+, and the anal-
ysis of apoptotic cells was performed on gated target cells (NKG2A
negative). Target cells alone incubated with inhibitors (left scatter plots)
were analyzed for the level of apoptosis induced by the JAK inhibitors,
and these values were subtracted from the level of apoptosis induced
by addition of NK-92 cells (right scatter plots). (B) Increased apopto-
sis induced by NK-92 cells after treatment of target cells with 2 JAK
inhibitors. Results are compared with untreated targets incubated with
NK-92 cells. Data represent the mean percentages + SEM obtained in
3 separate experiments. (C) IM-9-JAK1-KO and IM-9-JAK2-KO cells
were treated with medium alone or 40 nM JAK inhibitor 1 or 1 uM
AG-490 for 12 hours and subsequently incubated with NK-92 effec-
tor cells. Induced apoptosis was compared with IM-9 cells expressing
a control shRNA (shCTRL-2). Data represent the mean + SEM of 2
separate experiments. (D) NKL and NK-92 cells were pretreated with
different concentrations of JAK inhibitors and tested for their reactivity
against IM-9 using Annexin V/7AAD. Data represent the mean per-
centages of 3 separate experiments + SEM tested in duplicate. (E)
Percent apoptosis induction by purified primary NK cells after IM-9
treatment with different concentrations of 2 JAK inhibitors. *P < 0.01,
**P < 0.05 compared with target cells without inhibitor.

differentiation, adhesion, and death. Interestingly, 79% of the 83
genes that modulated tumor susceptibility to NK activity were
protein kinases, while only 4.8% were phosphatases, suggesting
a predominant role of protein kinases rather than phosphatases
in possible mechanisms of tumor resistance. While several stud-
ies have shown that kinases play important roles in immune cell
activation (30, 31), no previous studies have suggested that these
genes also play a central role in modulating tumor cell suscepti-
bility to elimination by immune cells. Our library also contained
shRINAs targeting 372 non-protein kinases, and 12 of the 83 select-
ed genes (14.4%) belonged to this category, suggesting that future
studies using a whole genome-wide screening approach could
identify many other proteins involved in tumor susceptibility to
innate immune surveillance.

Our screening approach was based on the ability of ShRNAs to
silence the expression of individual genes in tumor cell targets. To
avoid off-target effects, the shRNAs included in the TRC library
were designed to contain at least 3 mismatches to all known
cDNAs in the human genome. We further limited the influence
of off-target effects by applying strict selection criteria (11, 16).
Among the genes that scored in the top Sth percentile, we only
selected genes that induced increased IFN-y secretion by NKL
cells when silenced by at least 2 independent shRNAs, with the
second shRNA scoring within the top 20th percentile. Although
we employed relatively strict criteria, our approach identified a
large set of 83 genes that appear to modulate target cell suscepti-
bility to NK cells. Notably, many of these genes represent common
membrane and intracellular signaling pathways that are often acti-
vated in malignant cells. For example, 15 of the 83 genes are con-
nected to the MAPK pathway. This pathway has been shown to be
involved in many cellular functions, including cell proliferation,
cell cycle regulation, cell survival, angiogenesis, and cell migration
and is often activated in response to cytokines and growth factors
(12, 13). Our screen also identified several membrane receptors
such as IGF1IR and INSR that can signal through the MAPK and
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the PIK3 pathways (20). Taken together, these results suggest that
many genes can play an important role in tumor susceptibility to
immune surveillance and tumor cells can engage multiple path-
ways and mechanisms to prevent recognition and destruction by
endogenous NK cells in vivo.

Independent experiments conducted with stable cell lines incor-
porating individual shRNAs targeting 5 different genes identified
in our screen (MAPK1, IGFIR, INSR, JAK1, and JAK2) confirmed
that increased IFN-y secretion by NKL cells was specifically asso-
ciated with reduced expression of the gene in IM-9 target cells.
Moreover, this association was also observed with different tumor
cell targets and an additional NK effector cell, NK-92, as well as
primary NK cells. Finally, increased susceptibility could be mea-
sured by increased lysis of target cells as well as by increased secre-
tion of IFN-y. Overall, 14 of 15 different shRNAs targeting 5 differ-
ent genes were validated, and only 1 shRNA (INSR-4) was found to
induce increased secretion of IFN-y by NKL cells without measur-
able downregulation of protein expression. These results support
the overall design of our genetic screen and the strict criteria we
established to identify genes with functional activity in our assay.

Additional studies focused on JAK family genes, since 2 of the
4 members of this family (JAK1 and JAK2) were identified in our
screen. This family of kinases has been functionally well character-
ized and is known to be associated with cell surface receptors for
growth factors, cytokines, chemokines, and immune modulators
(32, 33). These kinases play a critical role in cell growth, survival,
and development, and activating mutations have been associated
with malignant transformation (34, 35). These genes have not pre-
viously been associated with tumor cell susceptibility, but because
of their importance in many pathways, several specific inhibitors
of JAK activity have been developed. For example, a JAK3 inhibitor
(CP-690 550) has been found to have immune-suppressive activity
in organ transplantation models (36), and clinical trials are under-
way to test its efficacy in rheumatoid arthritis, psoriasis, and renal
transplant rejection. JAK2 inhibitors have potent antitumor activ-
ity in solid tumor models (37) and can induce apoptosis of acute
lymphoid leukemia and AML cells (38) in combination with other
agents. In our studies, we found that silencing of JAKI and JAK2
genes increased tumor cell susceptibility to NK cells but silencing
the other 2 members of this family (JAK3 and TYK2) did not have
any effect. These results were confirmed in independent experi-
ments where 3 of 4 JAK3 shRNAs and 2 of 4 TYK2 shRNAs selec-
tively downregulated specific protein expression but had no effect
on target cell susceptibility to either NKL or NK-92 effector cells.
In contrast, silencing of either JAK1 or JAK2 enhanced susceptibil-
ity of various tumor cell lines, demonstrating for the first time to
our knowledge that these proteins play an important role in tumor
cell susceptibility to NK cell lysis. Gene expression profiling experi-
ments showed increased expression of TRAIL-R1 and CXCL10 in
IM-9-JAK1-KO cells. However, many known inhibitory/activat-
ing ligands such as HLA class I, HLA-A, HLA-C, NKG2D or NCR
ligands, CD48 (2B4 ligand), CD155 (DNAM-1 ligand), CD112 (PVR
ligand), CD95 (FAS ligand), and adhesion molecules important for
cell-cell interactions such as ICAM-1, VCAM-1, CD49d, CD49b
and CD49e were not modulated by JAK1 silencing. TRAIL-R1 and
CXCL10 have been associated with NK cell recognition and activa-
tion (22-24), and their overexpression was confirmed in JAK2-KO
as well as JAK1-KO cells. Blocking experiments showed that while
CXCL10 antibodies significantly blocked only the reactivity against
JAK1- and JAK2-KO lines, TRAIL-R1 equally blocked the reactiv-
Volume 122 2379
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ity against JAK1-KO, JAK2-KO, as well as irrelevant controls. These
findings suggest that the increased susceptibility of JAK1-KO and
JAK2-KO cells could be mostly related to factors secreted by target
cells rather than upregulation of activating ligands. CXCL10 anti-
bodies did not completely block the reactivity to the level of the
control lines, suggesting that other factors may still contribute to
the mechanism. Further experiments will be necessary to gain an
understanding of how and whether other molecules are related to
the mechanism whereby JAK1 and JAK2 regulate the susceptibility
of tumor cells to killing by human NK cells.

To establish the activity of JAK1 and JAK2 as modulators of sus-
ceptibility to NK cell lysis, we also tested 2 small molecule inhibi-
tors of JAK1 and JAK2 kinase activity. These studies confirmed
that inhibition of these genes in various target cells enhances their
susceptibility to apoptosis induced by NK cells. This included pri-
mary tumor cells from patients with MM, AML, and ALL, as well as
tumor cell lines. This effect of JAK inhibitors was mediated entirely
through their inhibition of JAK1 and JAK2 signaling, since they
had no effect in tumor cell lines that had already been silenced
for these genes. Previous studies have shown that various kinase
inhibitors such as dasatinib, which targets SFK and Abl, can also
suppress T and NK functions in vivo, suggesting that they could be
used as immunomodulatory drugs in autoimmune diseases when
administered at higher doses (39, 40). In contrast, kinase inhibitors
approved for treatment of renal cell carcinoma such as sorafenib
and sunitinib (41, 42) showed differential effects on immune cells
activity, especially NK cells (43-45). Although the JAK inhibitors we
used in our experiments did not influence the function of NK cells
invitro, the choice and dose of inhibitors used for antitumor treat-
ment should be carefully evaluated when they are combined with
immunotherapeutic approaches in patients with cancer.

Taken together, our studies have identified a large set of genes
representing several common signaling pathways that appear to
modulate tumor cell susceptibility to human NK cells. The unex-
pected functional role of these genes was uncovered in an unbi-
ased genetic screen, suggesting that many signaling pathways can
be utilized by tumor cells to escape immune surveillance. Impor-
tantly, many of these pathways are also being targeted by specific
inhibitors for potential use as therapeutic agents. Our studies sug-
gest that targeting specific members of these pathways may also
enhance the susceptibility of such agents to immune destruction
in vivo and this additional activity may enhance the antitumor
efficacy of these new therapies.

2380 The Journal of Clinical Investigation

http://www.jci.org

Figure 9

Induction of apoptosis in primary tumor cells by NK cells after treat-
ment with JAK inhibitor. Percent apoptosis induction by NK-92 effec-
tor cells after treatment of primary MM (n = 4), AML (n = 5), and ALL
(n = 5) tumor cells with different concentration of JAK inhibitor 1. Treat-
ed tumor cells were incubated at 1:1 E/T ratio, and the analysis of
apoptotic cells was performed on gated target cells (NKG2A negative)
using Annexin V/7AAD. *P < 0.01, **P < 0.02 compared with target cells
treated without inhibitor.

Methods

High-throughput genetic screen to assess NK cell-target cell
interactions

A series of human tumor cell lines were first tested to assess the efficiency
of their transduction by lentivirus-based vectors and their maintenance of
viability after transduction. IM-9, an MM cell line, was found to have high
transduction efficiency under our screening conditions. NKL, a human NK
cell line established in our laboratory, was used as a highly reliable source
of NK effector cells. NKL cells were derived from a patient with CD3"
CD56" large granular lymphocyte leukemia and exhibit the morphology
of normal activated NK cells. NKL cell growth in vitro is IL-2 dependent,
and these cells mediate natural killing as well as IFN-y secretion when they
interact with susceptible target cells in vitro (10).

The genetic screen was performed in a 384-well format using the kinase/
phosphatase subset of the TRC shRNA library. This subset contains 476 pro-
tein kinases and 180 phosphatases that represent 88% and 80%, respectively,
of known NCBI sequences with these functions (29). The library also includes
372 genes representing tumor suppressors, DNA binding proteins, and modi-
fication enzymes, as previously described (11). Each gene is targeted by an
average of 5 distinct shRNAs. As shown in the schema in Figure 1A, 2,000
IM-9 myeloma cells/well were plated in 384-well plates in 5 replicate sets, and
each set was transduced with the same individual shRNA-expressing vectors.
After 24 hours incubation at 37°C, the medium was changed, and puromycin
(2 ug/ml) was added to one set. Forty-eight hours after puromycin selection,
cell viability (CellTiter-Glo, Promega) was determined in 2 of the replicate
sets, one treated with puromycin and one left untreated after transduction
to assess both infection efficiency and potential toxicity of each shRNA. Six
thousand NKL effector cells were added to each well in the remaining 3 sets.
After 12 hours incubation at 37°C, individual supernatants were harvested
and transferred to 96-well format plates. The concentration of IFN-y in each
supernatant was measured in 2 replicate sets (12,288 wells) using human CBA
IFN-y Flex Set capture beads according to the manufacturer’s protocol (BD
Biosciences). One replicate set of harvested supernatants was kept as a back-
up. CBA IFN-y beads were analyzed using a BD FACSCanto II flow cytometer
equipped with a high-throughput platform and results analyzed using FCAP
Array software (Soft Flow Inc). All steps were performed using wFill (BioTek
U.S.) and Tecan robotic stations to ensure reproducibility.

Generation of stable sShRNA-expressing cell lines

Glycerol stocks containing pLKO.1 lentiviral vectors of interest were
obtained from TRC. Each pLKO.1 plasmid containing a specific shRINA was
prepared from glycerol stocks and transfected together with pMD-VsVg and
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Figure 10

Top 34 differentially expressed genes in IM-9-JAK1-KO compared with control IM-9 cells. (A) Gene expression of 2 independent experiments (#1
and #2) using the Gene 1.0 ST Array. Samples from IM-9 cell lines expressing 2 JAK1 shRNAs (Jak1-1 and Jak1-3) were compared with IM-9 cells
expressing an irrelevant shRNA (shCTRL-2) and with IM-9 parental cells. Top-scoring genes were defined by a minimal fold-change of 1.5 and
maximal q value of 0.4. (B) IM-9-JAK1, JAK2-KO, and control cells were cultured for 12 hours and CXCL10 in culture supernatant was measured
using an ELISA assay. Data represent the mean values + SEM of 3 independent experiments run in triplicate. *P < 0.05 compared with IM-9 cells
transduced with an irrelevant shRNA. (C) IM-9-JAK1-KO, IM-9-JAK2-KO, IM-9, and IM-9 cells transduced with an irrelevant shRNA (shCTRL-2)
were stained with an anti—-TRAIL-R1-PE antibody and analyzed by flow cytometry. (D) IM-9-JAK1-KO, IM-9-JAK2-KO, and IM-9-shCTRL-2 cells
were co-incubated with NKL at a 1:1 E/T ratio with or without CXCL10 blocking antibody for 12 hours. Data represent the mean values + SEM of
IFN-y secreted by NKL cells in 4 independent experiments. (E) IM-9-JAK1-KO, IM-9-JAK2-KO, and IM-9-shCTRL-2 cells were co-incubated with
NKL at a 1:1 E/T ratio with or without TRAIL-R1—-Fc chimera for 12 hours. Data represent the mean values + SEM of IFN-y secreted by NKL cells

in 3 independent experiments. *P < 0.05, **P < 0.01.

PCMYV delta 8.9 in HEK293T packaging cell line to produce virus superna-
tants using FuGENE (Roche Applied Science). Target cell lines were trans-
duced with virus supernatants and Polybrene at 8 ug/ml (Millipore) two
times and selected with puromycin 24 hours after the second transduction.

IFN-y and cytotoxicity assays

Stable cell lines expressing individual shRNAs were incubated with NKL or
NK-92 cells ata 1:1 E/T ratio or primary human PBMCs at 5:1 and 10:1 E/T
ratios at 37°C for 12 hours. In several experiments NK cells were purified from
PBMCs using the MACS magnetic cell separation system and NK cell isolation
kit according to the manufacturer’s protocol (Miltenyi Biotec). Isolated NK
cells were tested for purity using CD56 and CD3 antibodies; NK cell purity was
greater than 90% in each experiment. After coculture, supernatants were har-
vested and incubated with CBA IFN-y beads according to the manufacturer’s
instruction (BD Biosciences), and the level of IFN-y produced by NK effector
cells was determined by flow cytometry using a BD FACSCanto II flow cytom-
eter. For IFN-y intracellular staining, IM-9-JAK1-KO cells were incubated
with NKL effector cells for 4 hours in the presence of brefeldin A. Cocultured
cells were harvested and stained with anti-CD2-FITC, followed by a fixation/
permeabilization step using BD Cytofix/Cytoperm kit (BD Biosciences), and
subsequently stained with a PE-conjugated anti-IFN-y antibody. Staining for
IFN-y was analyzed separately for CD2* NKL cells and CD2- tumor cells.
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For coculture with CXCL10 and TRAIL-R1 blocking experiments, we co-
incubated IM-9-JAK1-KO, JAK2-KO, and IM-9-shCTRL-2 cells with NKL
or NK-92 with or without CXCL10 antibodies (1.2 ug/ml) or TRAIL-R1-Fc
(1 ug/ml) (R&D Systems) overnight at a 1:1 E/T ratio. Supernatants were
harvested 12 hours later and analyzed for IFN-y concentration using CBA
IFN-y beads as described above.

Cytotoxicity was measured using radiolabeled target cells in a 4-hour
SICr release assay. Effector cells and target cells were plated at 5,000
cells/well and co-incubated at different E/T ratios: 3:1, 10:1, and 20:1.
Spontaneous release was determined by incubating target cells with
medium alone, and maximum release was obtained by lysing cells in
10% NP-40. Percent specific cytotoxicity was calculated by the follow-
ing formula: (experimental release - spontaneous release)/(maximum
release - spontaneous release) x 100. Induction of apoptosis by NK cells
of JAK1-KO and JAK2-KO cells was determined using flow cytometry.
IM-9-JAK1-KO and IM-9-JAK2-KO or control cells were incubated with
NKL or NK-92 cells at a 1:1 E/T ratio for 12 hours. Cells were subse-
quently stained with anti-Annexin V-FITC and anti-NKG2A-PE anti-
body. The percent apoptotic cells (Annexin V positive) was determined
by gating on the target cell population (NKG2A negative). The level of
spontaneous apoptosis of target cells incubated with medium alone
was subtracted in every experiment.
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Measurement of protein and gene expression

Western blot analysis. Cell lines with stable expression of individual shRNAs
after puromycin selection were lysed using RIPA buffer supplemented
with protease inhibitor cockrail (Sigma-Aldrich), phosphatase inhibitors
(Roche), and PMSF. Lysates were subject to 7.5% SDS-PAGE (Ready Gel,
Bio-Rad) with Tris-glycine buffer and transferred onto nitrocellulose mem-
branes in 20% methanol in Tris-glycine buffer. Membranes were stained
with rabbit anti-JAK1, -JAK2, -JAK3, -TYK2, -ERK1/2, and -a-tubulin (Cell
Signaling Technology), followed by a secondary horseradish peroxidase-
conjugated goat anti-rabbit antibody (Jackson ImmunoResearch Labora-
tories Inc.), and visualized by chemiluminescence.

Flow cytometry. Expression of cell surface proteins was assessed by
flow cytometry. 5 x 10° cells expressing individual shRNAs and control
cells were incubated with mouse anti-IGF1R (CD221) (AbD Serotec)
and mouse anti-INSR (CD220) (BD Biosciences — Pharmingen), fol-
lowed by RPE-conjugated goat anti-mouse IgG (Jackson ImmunoRe-
search Laboratories Inc.). Modulation of inhibitory/activating ligands
on JAK1-KO and JAK2-KO cells was assessed using mouse anti-class I
(clone W6/32), anti-HLA-A2 (clone BB7.2), goat anti-HLA-C (Santa
Cruz Biotechnology Inc.), human NKp30-Fc, NKp44-Fc, NKp46-Fc,
NKG2D-Fc, and CD155 (R&D Systems), followed by RPE-conjugated
goat anti-mouse IgG, goat anti-human IgG, and donkey anti-goat IgG
(Jackson ImmunoResearch Laboratories Inc.). PE-conjugated anti-
CD49d, -CD49b, -CD49e, -ICAM-1, -VCAM-1 were from BD Biosci-
ences — Pharmingen), and PE-conjugated anti-TRAIL-R1, -TRAIL-R2,
-CD9S, and -CD112 and FITC-conjugated CD48 were from Beckman
Coulter/Immunotech. A minimum of 15,000 gated cells were acquired
using a BD FACSCanto II flow cytometer, and data were analyzed using
Flow]Jo software (Tree Star Inc.).

Quantitative RT-PCR. RNA was extracted using an RNeasy Mini Kit (QIA-
GEN) according to the manufacturer’s instructions, and 1 ug was used
for reverse transcription (QuantiTect kit, QIAGEN). Real-time PCRs
were performed on an ABI PRISM 7700 system using SYBR green-based
assays with AmpliTaq Gold (Applied Biosystems). All reactions were per-
formed in triplicate. Quantitative gene expression was calculated from the
Ct values for each reaction using the average reaction efficiency for each
primer pair. Data were normalized to TBP and UBQLNI (housekeeping
genes) and scaled to the mean of the controls to obtain relative expres-
sion values. Primer sets for JAK1 and JAK2 were CCCATTCATCAAGCT-
CAGTGAC/CACACTCAGGTTCTTGGAGTCCT, AAAGGATCTGGTATC-
CACCCAAC/GATATTCCATGCCGATAGGCTCT.

JAK inbibitor treatment

IM-9, KMS12BM, and K562 cells were treated for 12 hours with 0, 10,
30, and 40 nM JAK inhibitor 1 (Calbiochem, EMD Biosciences) and
0.25, 0.5, and 1 uM JAK2 inhibitor AG-490 (Enzo, Life Sciences). After
12 hours at 37°C, treated cells were washed and incubated with NK-92
cells for an additional 12 hours. Apoptosis induction of target cells
was determined by flow cytometry using an Annexin V/7AAD assay.
PE-conjugated anti-NKG2A antibody (Beckman Coulter) was used to
detect and exclude NK effector cells from the analysis, and the level of
apoptosis was only calculated for NKG2A-negative cells. The level of
spontaneous apoptosis of target cells without NK cells was subtracted

in every experiment.

JAK inhibitor treatment in primary leukemia cells

Primary tumor cells from patients with MM (n = 4), AML (n = 5), and ALL
(n = 5) containing at least 80% blasts or CD138"* cells were incubated with
0, 10, 30, and 40 nM JAK inhibitor 1 (Calbiochem, EMD Biosciences) for
12 hours and subsequently incubated for 12 hours at a 1:1 E/T ratio with
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NK-92 cells. AML and ALL samples contained at least 80% blasts, and MM
samples contained at least 80% CD138" cells. Apoptosis induction of tar-
get cells by NK-92 cells was determined by flow cytometry using Annexin
V/7AAD as described above.

Gene expression profile of JAK1-knockdown cells

Total RNA was isolated from cells lysed in TRIzol (Invitrogen); converted
into fragmented, biotinylated cDNA hybridized to GeneChip microarray
chips (Gene 1.0 ST); and fluorescently labeled according to the standard
protocol (Affymetrix) at the DFCI microarray core facility. Raw data
were processed in Expression Console (Affymetrix) using RMA normal-
ization. Expression values for each gene were annotated by mapping all
probe sets to human genome version hg19. Data complexity was reduced
to one canonical transcript per gene, resulting in a single identifier per
gene (17,982 total). The expression data were processed in GenePattern
(http://www.broadinstitute.org/cancer/software/genepattern/) (46). Non-
expressed genes were filtered out, and the resulting expression matrix
was analyzed with the comparative marker module (2-class comparison,
asymptotic P values) in GenePattern. Top-scoring genes were defined by a
minimal fold change of 1.5 and maximal g value of 0.4. Data are available
in the GEO database under the accession number GSE37012.

Statistics

B-score analysis was performed in 2 replicates treated with and without
puromycin (12,288 wells) to determine systematic measurement off-
sets for each row and column in the plates (14). Normalized B-score
values were analyzed to exclude all wells where the viability of infected
cells was poor due to virus toxicity or low shRNA infection rate. This
analysis reduced the number of evaluable wells for IFN-y measurements
from 6,144 to 4,177. The means of the IFN-y values obtained from the 2
replicates with NKL cells added were normalized among the 16 library
plates using z-score analysis. Two standard deviations above the mean
of the 4,177 standardized values (z = 0.108 + 1.09), equivalent to the
top Sth percentile, was set as a cut-off for positive values. Student ¢ test
was used for all 2-sample comparisons. A P value less than 0.05 was
considered significant.

Study approval

Patient tumor samples were obtained under a protocol approved by the
Institutional Review Board of the Dana-Farber/Harvard Cancer Center,
and informed consent was obtained from each patient.
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