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Abstract (150 words) 

The detection of aberrant cells by natural killer (NK) cells is controlled by the integration of signals 

from activating and inhibitory ligands and from cytokines such as IL-15. Here we have identified 

CIS (encoded by Cish) as the critical negative regulator of IL-15 signaling in NK cells. Cish was 

rapidly induced in response to IL-15 and deletion of Cish rendered NK cells hypersensitive to IL-

15, as evidenced by enhanced proliferation, survival, IFN-γ production and cytotoxicity towards 

tumors. This was associated with increased JAK-STAT signaling in NK cells in which Cish was 

deleted. Correspondingly, CIS interacted with the tyrosine kinase JAK1, inhibiting its enzymatic 

activity and targeting JAK for proteasomal degradation. Cish−/− mice were resistant to melanoma, 

prostate and breast cancer metastasis in vivo, and this was intrinsic to NK cell activity. This study 

has uncovered a potent intracellular checkpoint in NK cell-mediated tumor immunity and holds 

promise for novel cancer immunotherapies directed at blocking CIS function. 
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Introduction 1	  

The immune system has a key role in controlling tumor growth and metastasis. Cytotoxic 2	  

lymphocytes such as natural killer (NK) and CD8+ effector T cells contribute to anti-tumor 3	  

immunity through cancer immunoediting2. Normal CD8+ effector T cell function is controlled by 4	  

the expression of regulatory proteins. The identification and therapeutic inhibition of these so-called 5	  

“checkpoints” has dramatically improved cancer outcomes, especially in metastatic melanoma. In 6	  

particular, antibodies that block the CD8+ T cell inhibitory receptor, PD-1 from interacting with its 7	  

ligand effectively enhance the CD8+ T cell anti-tumor immune response5. Although T cell 8	  

checkpoint inhibitors have revolutionized cancer immunotherapy, their effectiveness appears 9	  

limited to patients with tumor infiltrating CD8+ T cells and while many of these patients present 10	  

durable responses, some tumors develop resistance to checkpoint inhibition6. 11	  

NK cells are also of interest as immunotherapeutic targets7. They are bone marrow-derived 12	  

innate lymphocytes that frequent blood and lymphoid tissues and possess spontaneous anti-tumor 13	  

activities8. NK cells can eliminate tumors directly, and this activity is governed by the integration of 14	  

signals from activating and inhibitory ligands and from cytokines such as IL-12, IL-18 and IL-15. 15	  

Inhibitory receptors engage molecules present on healthy host cells including MHC-I, cadherins and 16	  

glycoproteins. Conversely, activating receptors engage with host-encoded ligands that are induced 17	  

as a result of viral infection or DNA damage (induced self-recognition)7,8.  18	  

The pleiotropic cytokine IL-15 is an important regulator of NK cell development, 19	  

homeostasis and activation9. Membrane-bound IL-15-IL-15 receptor alpha (IL-15Rα) complex is 20	  

trans-presented by a neighboring cell to a heterodimer consisting of the IL-2R β and γc subunits 21	  

(CD122/CD132) on the surface of NK cells. IL-15 binding then induces activation of the β/γc-22	  

associated JAK1 and JAK3 tyrosine kinases, recruitment and activation of STAT5, and 23	  

transcription of STAT5-target genes, which drive survival, proliferation and encode cytotoxic 24	  

agents such as granzymes9-12. Systemic delivery of IL-15 has been trialed as a cancer therapy, 25	  

however enthusiasm for its use has been tempered by toxicity13. Thus novel approaches that deliver 26	  

IL-15 more precisely to the target cell or specifically render the target cell more responsive to IL-15 27	  

are appealing avenues for investigation.  28	  

Despite this, we still do not understand how intracellular IL-15 signaling is switched off. 29	  

The suppressor of cytokine signaling (SOCS) proteins (CIS, SOCS1-7)14 are intracellular negative 30	  

regulators often induced to limit cytokine signaling in a classic negative feedback loop15. They are 31	  

characterized by a central SH2 domain, which binds to phosphorylated tyrosine motifs in target 32	  

proteins and a C-terminal SOCS box sequence motif. The SOCS box enables the SOCS proteins to 33	  

function as adaptors for an E3 ubiquitin ligase complex that ubiquitinates SOCS-interacting 34	  

proteins, directing them to proteasomal degradation16. In addition to recruitment of the E3 ligase 35	  
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complex, SOCS1 and SOCS3 bind directly to JAK1, JAK2 and TYK2, inhibiting JAK enzymatic 36	  

activity17,18. Cish induction was first demonstrated in response to IL-3, IL-2 and erythropoietin and 37	  

exogenous expression of CIS inhibited signaling through these receptors19-21. Consistent with its 38	  

induction by IL-2 family cytokines, Cish deletion augmented IL-4 and IL-2 signaling in CD4+ T 39	  

cells22. Somewhat surprisingly, it was also shown to regulate antigen receptor signaling in CD8+ T 40	  

cells23. Although it was the first SOCS protein to be discovered, relatively little is known about 41	  

physiological CIS target proteins and its mechanism of inhibition. 42	  

Here we identify CIS as a key suppressor of IL-15 signaling in NK cells. Cish−/− NK cells 43	  

are hypersensitive to IL-15 and as a result, Cish−/− mice are resistant to experimental tumor 44	  

metastasis. Loss of CIS resulted in heightened and prolonged IL-15-driven JAK-STAT signaling in 45	  

NK cells and we identified JAK1 as a novel target for direct inhibition by CIS. CIS is therefore an 46	  

important intracellular checkpoint in NK cell-mediated tumor immunity, and we suggest that 47	  

blockade of the CIS:JAK1 interaction may form the basis of new cancer immunotherapies. 48	  

 49	  

RESULTS 50	  

Phenotype of CIS-deficient NK cells  51	  

To investigate IL-15 signaling, we profiled IL-15-induced SOCS expression in NK cells. Cish, 52	  

Socs1, Socs2 and Socs3 mRNA were induced in NK cells within 2 h of IL-15 treatment, with the 53	  

early and transient induction of Cish typifying Socs induction by its target cytokine (Fig. 1a). 54	  

Consistent with the rapid induction of mRNA in saturating concentrations of IL-15, CIS protein was 55	  

detected in NK cell lysates within 1 h of stimulation (Fig. 1b). In addition to the induction of Cish 56	  

by IL-15, Cish was expressed throughout NK cell development, with the highest expression 57	  

observed early in NK cell differentiation (NK cell progenitors and immature bone marrow-derived 58	  

NK cells; Supplementary Fig. 1a).   59	  

To investigate the physiological role of CIS in IL-15 signaling, we utilized a germline Cish-60	  

deleted mouse (Cish−/−)23, first confirming that Cish mRNA and protein were absent from NK cells 61	  

(Supplementary Fig. 1b). Cish-null mice were healthy, fertile and did not present with any 62	  

phenotypic abnormality. Lymphocyte frequencies, including conventional NK cells, liver-resident 63	  

type 1 innate lymphoid cells (ILC1) and lung-resident ILC2, were normal in Cish−/− mice (Fig. 1c, 64	  

Supplementary Fig. 1c-g). Similarly, NK cell expression of the activating receptors NK1.1 and 65	  

NKp46 was normal (Fig. 1d) as was the development and response of conventional CD4+ and CD8+ 66	  

T cells23 and regulatory T cells in the absence of Cish (Supplementary Fig. 2a-c). When either 67	  

irradiated wild-type mice reconstituted 50:50 with Cish+/+:Cish−/− bone marrow, or Cish−/− mice 68	  

were infected with murine cytomegalovirus (MCMV), we detected normal expansion and 69	  
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contraction of Ly49H+ NK cells and comparable numbers of MCMV-specific CD8+ T cells in 70	  

Cish+/+ and Cish−/− mice (Supplementary Fig. 2d-e).  71	  

NK cell development was also normal in Socs1−/− and Socs3−/− single or doubly-deficient 72	  

mice (Supplementary Fig. 3a). However, in contrast to Socs1−/− or Socs1−/−Socs3−/− NK cells, 73	  

Cish−/−NK cells displayed a profound hyper-proliferation in response to IL-15 in vitro (Fig. 1e, 74	  

Supplementary Fig. 3b). When Cish−/− and Cish+/+ NK cells were co-cultured 1:1 in a titration of 75	  

IL-15, Cish−/− NK cells demonstrated enhanced proliferation at concentrations greater than 5 ng/ml 76	  

(Fig. 1e). Furthermore, Cish−/− NK cells represented ~95% of cells recovered from co-culture in 77	  

non-mitogenic IL-15 concentrations, thus demonstrating superior IL-15-mediated NK cell survival 78	  

in the absence of CIS (Fig. 1e). The hyper-sensitivity of Cish−/− NK cells also manifested in an 79	  

enhanced IL-15-driven IFN-γ production, that was further heightened with co-stimulation via the 80	  

activating receptors NKp46 and NK1.1, suggesting an important role for IL-15 in synergizing with 81	  

these receptors (Fig. 1f). When co-cultured with Chinese hamster ovarian (CHO) target cells, 82	  

Cish−/− NK cells displayed greater cytotoxicity at low ratios of NK:target cells when compared to 83	  

Cish+/+ NK cells (Fig. 1g and Supplementary Fig. 3c). Cish−/− NK cells also killed B16F10 84	  

melanoma cells more efficiently than Cish+/+ NK cells and produced increased levels of intracellular 85	  

granzymes when challenged with RMA-m157 cells, evidence that NK cells are broadly hyper-86	  

cytotoxic in the absence of Cish (Supplementary Fig. 3c, d). 87	  

To examine the extent of aberrant IL-15 signaling in Cish-null NK cells, we performed 100 88	  

bp single-ended RNA sequencing on Cish+/+ and Cish−/− NK cells, either purified directly from the 89	  

spleen (ex vivo) or following cultivation in IL-15 (in vitro). Very few differentially expressed genes 90	  

were observed in ex vivo Cish−/− NK cells (Supplementary Fig. 4a) and this, coupled with the 91	  

normal frequency of Cish−/− NK cells in vivo and low expression of Cish in mature NK cells, 92	  

suggests that CIS is not a major regulator of NK cell biology in the steady-state. In contrast, more 93	  

than 1000 differentially expressed genes were detected in Cish−/− NK cells exposed to high 94	  

concentrations of IL-15 in vitro (Fig. 2 and Supplementary Fig. 4). The highest up-regulated 95	  

genes included members of the killer cell lectin-like receptor Klra1 and Klra6 and those associated 96	  

with NK cell effector functions such as the serine proteases Gzme, Gzmf, Gzmd, Gzmg and their 97	  

inhibitors Serpinb9b, Serpinb9 and Serpin1a (Fig. 2 and Supplementary Fig. 4a). These findings 98	  

identify a unique and non-redundant role for CIS as a key negative regulator of IL-15-mediated NK 99	  

cell effector function. Further, they suggest that CIS acts as an immune checkpoint controlling NK 100	  

cell responses. 101	  

 102	  

CIS targets the JAK-STAT pathway 103	  
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Cish−/− splenic NK cells displayed a modest increase in CD122 expression when compared 104	  

to Cish+/+ cells, and this difference was heightened following short-term culture in IL-15 (Fig. 3a). 105	  

We next investigated whether the change in receptor levels impacted on IL-15 signaling. The 106	  

magnitude of IL-15-stimulated JAK1 tyrosine phosphorylation was increased in both freshly 107	  

isolated and cultured Cish−/− NK cells in comparison to control cells, and was coupled with 108	  

extended phosphorylation kinetics (Fig. 3b-d). Interestingly, total JAK1 was elevated in Cish−/− NK 109	  

cells and this was evident in resting cells prior to stimulation (Fig. 3b,c). The higher JAK1 and IL-110	  

2Rβ levels in freshly isolated Cish−/− NK cells (Fig. 3b) may result from exposure to low 111	  

concentrations of IL-15 in vivo. CIS itself is most likely cleared during the time taken to isolate 112	  

primary NK cells. Similarly, in cells expanded in IL-15, we observed higher basal expression of 113	  

JAK1 after withdrawal of cytokine (Fig. 3c). Increased JAK phosphorylation correlated with 114	  

increased phosphorylation of its substrate, STAT5. In contrast, the absence of Cish had no effect on 115	  

IL-15-dependent AKT phosphorylation (Fig. 3b-d), suggesting a unique disconnect between IL-15-116	  

driven JAK-STAT and PI3K-mTOR-AKT pathways. This was further confirmed by normal 117	  

mitochondrial respiration and glycolysis, cellular outcomes that are regulated by AKT activity 118	  

(Supplementary Fig. 5a).  119	  

A mass spectrometry-based approach quantifying changes in active JAK levels was used to 120	  

confirm the elevated JAK1 activity and examine the selectivity of the CIS-deficient effects. A pan-121	  

JAK inhibitor (derived from CYT-387; JAK1/2/3) was synthesized, coupled to Sepharose beads and 122	  

used as an affinity-capture reagent, prior to tryptic digest and mass spectrometric analysis. As the 123	  

inhibitor binds to the ATP binding site in the kinase domain24, kinases in the active conformation 124	  

are preferentially enriched. JAK1 and JAK3 peptides were detected in NK cell lysates with 125	  

increased number and intensity in Cish−/− cells (Fig. 4a). CYT-387 has known off-target binding to 126	  

other kinases, notably TBK1 and CDK224, enabling us to perform a restricted kinome analysis on in 127	  

vitro derived Cish+/+ and Cish−/− NK cells (Supplementary Fig. 5b). Sixty-nine kinases were 128	  

enriched relative to their abundance in cell lysates, with 16 kinases differentially regulated in 129	  

Cish−/− cells. The increased activity was largely attributed to kinases involved in regulating cellular 130	  

proliferation (for example CDK1/2, Prkr, Aurora kinases) (Fig. 4b, c and Supplementary Data 131	  

Table 1). These data are consistent with the hyper-proliferative phenotype and suggest that much of 132	  

the increased kinase activity is secondary to the increase in IL-15 signaling. A label-free global 133	  

proteomic analysis also highlighted changes reflecting the enhanced proliferative capacity (cell 134	  

cycle, DNA replication, cytoskeletal reorganization; Supplementary Fig. 5c, d and 135	  

Supplementary Data Table 2). Taken together, these data highlight a critical role for CIS in 136	  

inhibiting IL-15-dependent kinase activity in NK cells.    137	  

 138	  
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CIS binds to the JAK activation loop  139	  

Like other SOCS proteins, CIS contains an SH2 domain, which binds to phosphorylated tyrosine 140	  

motifs in target proteins and a SOCS box, which together with Elongins B and C, the scaffold 141	  

protein Cullin5 and the RING protein Rbx2, constitutes an E3 ubiquitin ligase. Given that the 142	  

increased levels of total JAK1 and 3 protein observed in Cish−/− NK cells were not due to increased 143	  

RNA levels (Supplementary Fig. 6a), we investigated the possibility that CIS might directly 144	  

reduce JAK protein expression through ubiquitination and proteasomal degradation. Previously, 145	  

CIS had been shown to interact with the IL-2Rβ and was proposed to regulate signaling by blocking 146	  

recruitment of STAT proteins to the receptor complex20,21; however, there is limited evidence to 147	  

support the latter proposition. As a preliminary step towards identifying CIS target proteins, we 148	  

performed a screen using a recombinant trimeric complex composed of a human GST-CIS construct 149	  

(hCIS-SH2; residues 66-258) coupled to GST and Elongins B and C (hCIS-SH2-BC) against a 150	  

panel of phosphotyrosine peptides corresponding to tyrosines within the IL-2 receptor complex 151	  

(data not shown). Isothermal calorimetry (ITC) was then used to validate binding to 152	  

phosphopeptides identified in the screen. The hCIS-SH2-BC complex bound with high affinity (0.8-153	  

2.1 µM) to synthetic phosphorylated peptides corresponding to tyrosines within the IL-2Rβ 154	  

cytoplasmic domain (Tyr355, Tyr361 and Tyr392), and within the JAK1 and JAK3 activation loops 155	  

(Tyr1034 and Tyr980, respectively) (Table 1; Supplementary Fig. 6b, c).  156	  

We next investigated whether CIS could regulate JAK levels in the absence of the IL-2 157	  

receptor complex. Over-expression of JAK in 293T cells (which lack the IL-2R) results in 158	  

constitutive JAK autophosphorylation. Co-expression of CIS or SOCS1 reduced JAK1 levels to a 159	  

comparable extent, with a corresponding decrease in JAK1 phosphorylation. In contrast, SOCS3 160	  

was unable to inhibit JAK activity in this assay (SOCS3 requires receptor binding) (Fig. 5a). 161	  

Surprisingly, although we observed CIS binding to the JAK3 Tyr980 peptide (Table 1), JAK3 162	  

phosphorylation was not inhibited in this assay (Fig. 5a). We then investigated which CIS domains 163	  

were required for JAK1 inhibition. Mutation of either the CIS-SH2 domain (R107K) or the Cullin-5 164	  

binding site in the SOCS box (P241A/L242A/P243A) was sufficient to diminish CIS inhibitory 165	  

activity (Fig. 5b). Further, pre-incubation of the cells with a proteasomal inhibitor (MG132) 166	  

reduced CIS-mediated regulation of JAK1 phosphorylation (Fig. 5b), supporting a model whereby 167	  

CIS binds to JAK1 via its SH2 domain and then targets JAK1 for proteasomal degradation. Co-168	  

immunoprecipitation was used to demonstrate complex formation between JAK1 and CIS (Fig. 5c). 169	  

To formally demonstrate CIS-mediated ubiquitination of JAK1, Flag-tagged full-length JAK1 170	  

protein (generated by expression in 293T cells) was incubated in a cell-free system with 171	  

recombinant hCIS-SH2-BC complex, Cullin5, Rbx2, E1, E2 (UbcH5c) and free ubiquitin. CIS 172	  

effectively mediated ubiquitination of phosphorylated JAK1 as indicated by the high molecular 173	  
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weight species detected by immunoblot analysis (Fig. 5d). Together, these data demonstrate that 174	  

CIS is capable of directly regulating JAK protein expression.  175	  

Previously, only SOCS1 and SOCS3 have been shown to bind to and regulate JAK activity. 176	  

SOCS1 and SOCS3 inhibit JAK via non-canonical SH2 binding to a “GQM” motif present in the 177	  

JAK1, JAK2 and TYK2 insertion loops and binding of the kinase inhibitory region (KIR) to the 178	  

catalytic cleft18. CIS does not contain a “KIR” region and there was no prior suggestion that it was 179	  

able to regulate JAK enzymatic activity. However, evidence suggested that an additional 180	  

mechanism was involved. Firstly, we occasionally observed inhibition of JAK1 phosphorylation in 181	  

the absence of changes in total JAK1 levels (Fig. 5b). Secondly, despite MG132 treatment of wild-182	  

type NK cells resulting in an increase in phosphorylation of endogenous JAK1, we did not observe 183	  

extended kinetics and indeed, JAK phosphorylation was rapidly curtailed. This correlated with 184	  

increased expression of CIS, which was protected from proteasomal degradation (Fig. 6a). We 185	  

therefore asked whether CIS could inhibit JAK1 kinase activity.  Using an in vitro kinase assay, the 186	  

CIS-SH2-BC complex was able to inhibit JAK1 phosphorylation of a substrate peptide with an IC50 187	  

of 0.12 ± 0.02	  µM. CIS inhibition of JAK1 was 20-fold or greater than its inhibition of JAK2 (2.4 ± 188	  

1.4 µM), JAK3 (6.7 ± 3.5 µM) or TYK2 (>20 µM) (Fig. 6b), suggesting a unique interface with 189	  

JAK1 in addition to a canonical SH2 interaction with the conserved JAK activation-loop tyrosine. 190	  

This concept was supported by the only partial reduction of inhibition seen when the JAK1 191	  

activation loop peptide was used as a competitor (Supplementary Fig. 6d). Although CIS 192	  

displayed specificity towards JAK1, it inhibited with ~100-fold lower efficiency that SOCS1 (Fig. 193	  

6c). This suggests that the absolute level of CIS versus SOCS1 will contribute to both specificity 194	  

and dominance. In this context, receptor recruitment of CIS may increase local concentration of 195	  

CIS, enabling it to efficiently inhibit JAK1 activity (Supplementary Fig. 6e). The post-196	  

translational regulation of CIS levels, be it proteasome or protease, adds another exquisite layer of 197	  

control. These data suggest a new target (JAK1) and mechanism (kinase inhibition) for CIS action, 198	  

and raise the possibility that CIS is fundamentally more similar to SOCS1 than previously thought.  199	  

  200	  

Cish−/− NK cells protect against experimental metastasis 201	  

Inflammation associated with tumor formation is likely to increase IL-15 trans-presentation by 202	  

stroma or infiltrating myeloid lineages and augment resident NK cell activity25. We investigated 203	  

whether IL-15-induction of CIS acts as a checkpoint in NK cells in vivo, challenging Cish+/+ and 204	  

Cish−/− mice with a panel of syngeneic tumor cell lines, known to activate and be controlled by NK 205	  

cells. Intravenous (i.v.) administration of B16F10 melanoma cells to Cish+/+ mice resulted in 206	  

extensive metastatic nodule formation in the lungs by 14 days. In contrast, B16F10 metastatic 207	  

nodules were largely absent from Cish−/− mice (Fig. 7a and Supplementary Fig. 7a). Injection of 208	  
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Cish+/+ and Cish−/− mice with a melanoma cell line expressing a mutated form of the serine-209	  

threonine kinase braf (LWT1 BRAFV600E)26, also resulted in significantly reduced lung metastases 210	  

in CIS-deficient mice (Fig. 7b). This finding was not limited to melanoma, as similar differences in 211	  

lung metastasis were observed when using the RM-1 prostate cancer cell line (Fig. 7c). To confirm 212	  

that the reduced B16F10 metastasis observed in Cish−/− mice was dependent on enhanced NK cell 213	  

activity, Cish+/+ and Cish−/− mice were treated with anti-asiolo GM1 (to deplete NK cells), anti-CD8 214	  

(to deplete CD8+ T cells), anti-IFN-γ (to block IFN-γ activity) or control immunoglobulin (cIg). 215	  

Depletion of NK cells or neutralization of IFN-γ, but not depletion of CD8+ T cells, rendered 216	  

Cish−/− mice susceptible to B16F10 metastasis (Fig. 7d), identifying a role for CIS in the negative 217	  

regulation of NK cell activity and IFN-γ in this model. Furthermore, in an NK cell adoptive transfer 218	  

model using NK cell-null mice as recipients (Mcl1f/f Ncr1-iCre; Ncr1Mcl1Δ/Δ ), Ncr1Mcl1Δ/Δ mice that 219	  

received Cish−/− NK cells had significantly fewer B16F10 lung metastases than mice receiving 220	  

Cish+/+ NK cells (Fig. 7e and Supplementary Fig. 7b), evidence that Cish−/− NK cells are 221	  

intrinsically more active.  222	  

Combination immunotherapy using antibodies against PD-1 and CTLA-4 is currently one of 223	  

the most effective treatments against advanced melanoma27,28. To compare this benchmark 224	  

immunotherapy with Cish deletion, Cish+/+ and Cish−/− mice were injected with a high dose of 225	  

B16F10 melanoma (to elicit both an NK cell and CD8+ T cell response) and treated with a 226	  

combination of anti-PD-1 and anti-CTLA-4 or cIg. Anti-PD-1 and anti-CTLA-4 treatment 227	  

significantly reduced melanoma metastases when compared to cIg in Cish+/+ mice, however this 228	  

was inferior to the protection afforded by Cish-deletion alone (Cish−/− mice + cIg; Fig. 7f). 229	  

Remarkably, Cish−/− mice treated with anti-PD-1 and anti-CTLA-4 developed even fewer 230	  

metastases than Cish−/− mice treated with cIg (Fig. 7f), highlighting the potential therapeutic benefit 231	  

that could be achieved if anti-CTLA-4 and anti-PD-1 therapy was combined with loss of CIS 232	  

function. 233	  

 234	  

CIS-deficiency promotes immunity against breast cancer metastasis 235	  

Historically, breast cancer was viewed as being immunologically silent, however, CD8+ T cell 236	  

infiltration correlates favorably with disease outcome in triple negative breast cancers (TNBCs) and 237	  

anti-PD-1 phase I clinical trials in TNBC have some indication of efficacy29.  To examine the role 238	  

of CIS checkpoint induction in breast cancer metastasis we utilized both experimental and 239	  

spontaneous E0771 breast cancer metastasis models. When breast cancer cells (E0771-mCherry) 240	  

were administered i.v to Cish+/+, Cish−/− and NK cell-null mice, we observed a reduced tumor 241	  

burden in the lungs of Cish−/− mice compared to Cish+/+ and NK-null mice (Fig. 8a, b and 242	  

Supplementary Fig. 7c). Histological analysis of lungs from these mice revealed the occasional 243	  
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E0771 micro-metastasis in Cish−/− mice, yet they were devoid of the large metastases frequently 244	  

observed around blood vessels and enriched in the visceral pleura of Cish+/+ mice (Fig. 8a). The 245	  

growth of orthotopic E0771.LMB tumors implanted in the mammary fat pad was also significantly 246	  

impaired in Cish−/− mice compared to Cish+/+ mice (Fig. 8c). When similarly sized primary 247	  

orthotopic tumors (Fig. 8d) were surgically resected, Cish+/+ mice developed spontaneous 248	  

E0771.LMB metastases in the lung, whereas very few Cish−/− mice developed detectable metastases 249	  

(Fig. 8e, f and Supplementary Fig. 7d), further evidence that CIS is an important negative 250	  

regulator of metastatic anti-tumor immunity. 251	  

 252	  

DISCUSSION 253	  

CIS has previously been shown to interact with the IL-2Rβ21 and the elevated IL-254	  

2Rβ expression in Cish−/− NK cells is consistent with CIS targeting the IL-2Rβ for degradation. The 255	  

relative contribution to the increase in IL-15-JAK-STAT signaling, will depend on whether other 256	  

receptor components (IL-15Rα or γ) are limiting. Although CIS interacted with JAK1 and JAK3 257	  

activation loop peptides it preferentially inhibited JAK1 activity. Despite this selectivity, JAK3 258	  

levels were increased in Cish−/− NK cells. This may be a result of CIS directly targeting JAK3 for 259	  

proteasomal degradation or alternatively, the entire receptor complex, including the associated 260	  

JAK1 and 3 kinases, may be sent to the proteasome. It seems most likely that these events are not 261	  

mutually exclusive, but rather that CIS has multiple targets (IL-2Rβ and JAK1) and mechanisms of 262	  

action (E3 ligase activity, kinase inhibition). 263	  

Aged Cish−/− mice develop an inflammatory lung condition associated with perturbed IL-4-264	  

STAT6 and IL-2-STAT5 signaling in CD4+ T cells22, whereas a recent report suggested that antigen 265	  

receptor signaling was enhanced in Cish−/− CD8+ T cells23. However, adult Cish−/− mice showed no 266	  

pathology or alteration in T cell frequencies22 and in our hands, Cish−/− CD8+ T cell development 267	  

and antigen-specific responses to MCMV were normal. Given that Cish−/− mice remain healthy, our 268	  

observations suggest that antagonizing CIS therapeutically would be unlikely to have any major 269	  

side effects.  270	  

Severe off-target effects and drug resistance currently limit our use of conventional 271	  

chemotherapies. Consequently, there is an unmet need to find new, targeted therapies and 272	  

immunotherapies that can be used in combination and as an adjunct to chemotherapy. Ipilimumab is 273	  

an antibody-based therapy that targets CTLA-4 on effector and regulatory T cells and is approved 274	  

for the treatment of advanced malignant melanoma, affording 10-12% tumor responses with some 275	  

complicating immune-related adverse events30,31. Antibodies which recognize PD-1 (expressed on T 276	  

cells and NK cells) or its ligand, PD-L1 (expressed on many tumors once T cell activation has 277	  

occurred), are already producing 20-50% objective response rates in phase I/II trials in advanced 278	  
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melanoma, renal cancer, non-small cell lung cancer (NSCLC), and other cancer indications32-34.  279	  

Despite these advances, some cancers show less impressive responses and there remain a 280	  

large number of patients where anti-CTLA-4 and anti-PD-1-PD-L1 combinations will fail. The 281	  

success of cytokine therapies such as IL-2 and IL-15, which drive both NK and T cell expansion 282	  

and activation, has been limited by systemic toxicity13, whilst the adoptive transfer of autologous or 283	  

haploidentical NK cells is limited by their short half-life and suppression of NK cell activity in the 284	  

tumor micro-environment36. Combining blockade of the inhibitory receptor CD9637,38 with CIS 285	  

inhibition could further boost NK cell activity and enhance protection against tumor metastasis. 286	  

Similarly, combination therapy consisting of CIS antagonism and low dose IL-15 has the potential 287	  

to increase NK cell function without systemic toxicity. 288	  

In summary, IL-15-induced CIS accumulation in NK cells acts as a potent intracellular 289	  

immune checkpoint that restricts NK cell function. Ablation of CIS releases a brake on NK cell 290	  

activity, preventing experimental tumor metastasis and showing greater efficacy than that observed 291	  

with CTLA-4-PD-1 blockade. Our results reveal CIS as a novel NK cell checkpoint and suggest 292	  

that therapeutic inhibition of CIS in patients or in adoptively transferred NK cells could improve the 293	  

prognosis of certain cancers. 294	  

 295	  
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FIGURE LEGENDS 

 

Figure 1. CIS-deficient NK cells display superior proliferation, survival and killing in 

response to IL-15 

(a) Quantitative PCR analysis of SOCS-encoding mRNA (vertical axis) in wild-type NK cells 

incubated for 0-24 h (horizontal axes) with IL-15 (50 ng/ml). (b) Immunoblotting for CIS and 

STAT3 in NK cells treated as in (a). (c) Flow cytometry enumerating NK cells 

(NK1.1+NKp46+TCR-β-) in bone marrow (BM), liver, lung and spleens of wild-type (Cish+/+) and 

Cish-deficient (Cish−/−) mice. (d) Flow cytometric analysis of NK1.1 and NKp46 expression on 

Cish+/+ and Cish−/− splenic NK cells. MFI: mean fluoresence index (e) Flow cytometric analysis of 

Cish+/+ and Cish−/− NK cells labeled with CFSE and CTV, respectively, mixed and cultured at a 

ratio of 1:1 for 5 days in IL-15 (5-40 ng/ml). (f) Flow cytometric analysis of IFN-γ production and 

CD107a (LAMP-1) expression in Cish+/+ and Cish−/− NK cells cultured for 4 h in IL-15 with either 

an immunoglobulin control (cIg), anti-NK1.1, anti-NKp46 or anti-Ly49H (confers anti-viral 

response) antibodies or IL-12 and IL-18 (positive control). *p<0.05, using a Mann-Whitney U test. 

(g) Cytotoxicity of Cish+/+ and Cish−/− NK cells against CHO target cells at the indicated NK:CHO 

(E:T; Effector:Target) ratios. Normalized CHO Cell Index (vertical axis) was determined by 

xCELLigence. (a; n=3 biological replicates. b; one representative of two immunoblots. c, d; n=6 

biological replicates. e; one representative of 3 experiments. f; values indicate percentage for one 

representative of two experiments with n=3 biological replicates.  g; n=3 technical replicates of a 

representative experiment of two independent experiments. a, g; mean and s.d. c, d; mean and 

s.e.m.)  

 

Figure 2. CIS-deficient NK cells display extensive transcriptional changes in response to IL-15 

Quantitative RNA transcript analysis (vertical axis; reads per kilobase of exon per million reads) of 

in vitro-derived Cish+/+ and Cish−/− NK cells was performed by RNA sequencing. Selected genes 

differentially expressed in Cish−/− NK cells are shown. n=2 biological replicates. See also 

Supplementary Fig. 4.  
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Figure 3. CIS negatively regulates IL-15 signaling by targeting JAK-STAT signaling 

(a) Flow cytometric analysis of IL-2Rβ (CD122) surface expression (MFI; mean fluorescence 

index) on naive and IL-15 cultured ex vivo Cish+/+ and Cish−/− NK cells. *p≤0.01; ** p≤0.001 using 

a Mann-Whitney U test. (b) Immunoblot analysis of ex vivo Cish+/+ and Cish−/− NK cells incubated 

in vitro with 50 ng/ml IL-15 for the indicated times. (c) Alternatively, Cish+/+ and Cish−/− NK cells 

derived from 7-10 day IL-15 cultures were washed free of cytokine and rested for 4 h prior to IL-15 

treatment. Cells were lysed and analyzed by immunoblotting with antibodies to the indicated 

phosphorylated (p) and total proteins. (d) Immunoblot analysis of Cish+/+ and Cish−/− NK cells 

cultured in IL-15 and washed free of cytokine-containing media prior to lysis at various times post-

wash. (a; n=6 biological replicates, mean and s.e.m.) (c; one experiment representative of three 

independent experiments with similar results). 

 

Figure 4. Cish-/- NK cells have increased active kinase levels following IL-15 stimulation  

(a) Mass spectrometric analysis of JAK kinases enriched from NK cell lysates generated as in Fig. 

3c using a modified N-linker analogue of the JAK inhibitor CYT387 coupled to NHS-sepharose 

beads. Enriched kinases were eluted and digested with trypsin prior to mass spectrometry. Summed 

JAK1 and JAK3 peptide intensities are shown from Cish+/+ and Cish−/− NK cells. *p≤0.01. (b) 

Volcano plot shows the Log2 protein ratios following the quantitative pipeline analysis (Cish−/− NK 

cell lysate relative to Cish+/+). Proteins with a –log10 p≥1.3 were deemed differentially expressed. 

(c) Heat map of summed peptide intensities (non-imputed, Log2-transformed) for significantly 

altered kinases shown for each independent replicate. Gene Ontology analysis revealed an 

enrichment of kinases involved in cell cycle and DNA replication in Cish-/- NK cells. (a, b, c; n=3 

biological replicates). See also Supplementary Table 1. See also Supplementary Fig. 5. 
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Figure 5. CIS-SH2 domain binds to the JAK activation loop targeting JAK1 for proteasomal 

degradation. 

(a and b) Immunoblot analysis of anti-FLAG immunoprecipitates (upper panels) and cell lysates 

(lower panels) from 293T cells expressing FLAG-tagged JAK1 and JAK3 together with Flag-

tagged-CIS, SOCS1, SOCS3 or CIS mutants in which the SH2 domain (H; R107K) or the Cullin-5 

binding site in the SOCS box had been mutated (B; P241A/L242A/P243A). In some instances, cells 

were treated with the proteasome inhibitor, MG132. (p=phosphorylated). (c) Anti-FLAG 

immunoblot of anti-CIS (upper left panel) or anti-JAK1 immunoprecipitates (upper right panel) 

from 293T cells co-expressing FLAG-tagged CIS and JAK1. Protein expression is shown in the 

lower panels by anti-FLAG blot of cell lysates (JAK1: left panel; CIS: right panel). (d) Anti-

phosphorylated (p) JAK1 immunoblot of samples following in vitro ubiquitination reaction. FLAG-

JAK1 was incubated with the CIS-E3 ligase complex (CIS-SH2-BC with Cullin5 and Rbx2), 

together with ubiquitin, E1 and E2 enzymes at 37oC for the times indicated. Data are from one 

experiment representative of two independent experiments with similar results (a-c) or three 

experiments (d). 

 

Figure 6. CIS-SH2 binding specifically inhibits JAK1 kinase activity. 

(a) Immunoblot analysis of cultured wild-type NK cells washed and starved of IL-15 for 4 h, with 

and without addition of the proteasomal inhibitor and then stimulated for the indicated times with 

50 ng/ml IL-15. (p=phosphorylated) (b) In vitro kinase assay performed with the kinase domain 

(JH1) of all four JAKs and the CIS-SH2 domain (SH2-SB-BC complexes). (c) In vitro kinase assay 

performed with the JAK1 kinase domain (JH1) and the SH2-domains of CIS, SOCS1, SOCS2 or 

SOCS3 (SH2-SB-BC complexes). (b and c) Data were normalized to no-CIS/SOCS controls. % 

JAK kinase activity (vertical axis), SOCS protein concentration (horizontal axis). Data shown are 

the average and range of technical duplicates and are representative of 3-5 independent 

experiments.  

 

Figure 7. Loss of CIS checkpoint induction in NK cells reduces experimental lung metastasis. 

Metastatic burden (vertical axis) in the lungs of Cish+/+ and Cish−/− mice 14 days following i.v 

injection of (a) B16F10 melanoma cells, (b) LWT1 (B-RAF mutant) melanoma or (c) RM-1 

prostate carcinoma cells. **p<0.005, ***p<0.0001 (d) Metastatic burden (vertical axis) in the lungs 

of Cish+/+ and Cish−/− mice treated with either control immunoglobulin (cIg), anti-CD8 (αCD8; 

CD8+ T cell depletion), anti-asialoGM1 (αasGM1; NK cell depletion) or anti-IFN-γ (αIFN-
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γ; neutralising) antibodies on days -1, 0 and 6 relative to B16F10 melanoma injection. *p<0.05 (e) 

Metastatic burden (vertical axis) in the lungs of NK cell-deficient (Ncr1Mcl1Δ/Δ) mice injected with 

B16F10 melanoma cells and either Cish+/+ or Cish−/− NK cells or PBS. *p<0.05. (f) Metastatic 

burden (vertical axis) in the lungs of Cish+/+ and Cish−/− mice 13 days following B16F10 melanoma 

injection. On days 0, 3 and 6 relative to tumor inoculation, mice received either control Ig or 

combination anti-PD-1 and anti-CTLA-4 antibodies. **p<0.005. (a-f; mean and s.e.m of indicated 

n). p values were determined by (a-d, f) a Mann-Whitney U test or (e) unpaired student’s t-test. See 

also Supplementary Fig. 7. 

 

 

Figure 8. CIS-deficiency protects against experimental and spontaneous breast cancer 

metastasis. Metastatic burden in the lungs of Cish+/+, Cish−/− and Ncr1Mcl1Δ/Δ (NK-null) mice 

injected i.v. with E0771-mCherry+luciferase+ breast cancer cells was analyzed by (a) H&E stained 

histological sections or (b) In vivo imaging (IVIS) of mCherry+ fluoresence (vertical axis: total 

radiant efficiency [(p/s)/ ÌW/cm2)]x1e7). (c) Growth of orthotopic E0771.LMB-mCherry+ breast 

cancer cells implanted into the mammary fat pad of Cish+/+ and Cish−/− mice (vertical axis; tumor 

volume). E0771.LMB tumors generated as in (c) were surgically removed at 400–600 mm3 and 

weighed post-excision (d). Spontaneous lung metastases were measured 14 days later by (e) RT-

PCR for mCherry mRNA expression and (f) IVIS for mCherry fluorescence (vertical axis: total 

radiant efficiency [(p/s)/ ÌW/cm2)]x1e7). (b, d-f; mean and s.e.m of indicated n). *p<0.05, values 

were determined by (b) Mann-Witney U test or (c-f) unpaired students’s t-test. See also 

Supplementary Fig. 7. 
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Table 1. Isothermal calorimetry (ITC) showing binding affinity of hCIS-SH2-BC to 

phosphopeptides corresponding to tyrosines within the JAK1 and 3 kinase domain activation 

loops and IL-2Rβ  cytoplasmic domains.  

Ligand KD	  (µM) ΔH	  (kcal/mol) Sequence 
JAK1 (pY1034) 2.1 ± 1.0* -2.5 ± 0.4* AIETDKEpYYTVKDDRD 
JAK3 (pY980) 0.8 ± 0.5 -2.8 ± 0.5 LLPLDKDpYYVVREPGQ 
JAK1 (Y1034) >10 N.D.   AIETDKEYYTVKDDRD 
IL-2Rβ  (pY338) 7.0 ± 2 -2.7 ± 0.3       NGQpYFFFHLPDA 
IL-2Rβ  (pY355) 0.94 ± 0.3 -5.4 ± 0.9        CQVpYFTYDPYSE 
IL-2Rβ  (pY361) 1.5 ± 0.2 -6.3 ± 0.4         YDPpYSEEDPDEG 
IL-2Rβ  (pY392) 1.8 ± 0.7 -3.5 ± 0.3         DDApYCTFPSRDD 

*Average and range from two independent experiments. N.D.=Not detectable, p=phosphorylated. 
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ONLINE METHODS 

 

Mice 

Cish-/- were generously provided by J. Ihle and E. Parganas at St. Jude Children’s Research 

Hospital, Memphis USA and were maintained on a C57BL/6 background23. Cish+/+ refers to 

C57BL/6 wild-type control mice. Rosa26-CreERT2 (TaconicArtemis), Socs3-loxP39, Ifng-/-

Socs1−/−40 and Ncr1-iCre41 mice have been described previously. Male and female mice were used 

between the ages of 6-14 weeks. Age and sex matched mice were used and cohort size was dictated 

by previous experience using these tumor models. Sex discrimination was employed for the E0771 

breast cancer model as females were essential. All mice were bred and maintained at the Walter and 

Eliza Hall Institute. Animal experiments followed the National Health and Medical Research 

Council (NHMRC) Code of Practice for the Care and Use of Animals for Scientific Purposes 

guidelines and were approved by the Walter and Eliza Hall Institute Animal Ethics Committee or 

the QIMR Berghofer Medical Research Institute Animal Ethics Committee or the Animal Ethics 

and Experimentation Committee of the University of Western Australia.  

 

Purification and culture of NK cells 

Murine natural killer cells were harvested from various organs (spleen, bone marrow, blood) and 

single-cell suspensions prepared by forcing of organs through 70 µM sieves. Lymphocytes were 

isolated from liver by suspension in isotonic percoll (Amersham Pharmacia Biotech) and 

centrifugation at 1800 x g. NK cells were purified using anti-CD49b (DX5) Microbeads (Miltenyi 

Biotec) according to manufacturer’s specifications. NK cells were expanded for 5-10 days by 

culture in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10% (v/v) foetal calf 

serum (FCS), L-glutamine (1 mM; Gibco), streptomycin (100 µg/mL; Sigma), penicillin (100 

IU/ml; Sigma), gentamycin (50 ng/ml; Sigma) and recombinant hIL-15 (50 ng/ml; Peprotech). 

 

RNA sequencing and bioinformatic analysis 

100 base pair single-end RNA sequencing was performed for two biological replicates of 1x106 

Cish+/+ and Cish−/− NK1.1+NKp46+TCRb- NK cells grown in 50 ng/ml IL-15 for 7 days and two 

biological replicates of 1x106 freshly isolated Cish+/+ and Cish−/− NK1.1+NKp46+TCRβ- NK cells 

using the Illumina HiSeq2000 at the Australia Genomic Research Facility, Melbourne. Accession 

code: GSE79409. Reads were aligned to the GRCm38/mm10 build of the Mus musculus genome 

using the Subread aligner. Genewise counts were obtained using FeatureCounts. Reads overlapping 

exons in annotation build 38.1 of NCBI RefSeq database were included. Genes were filtered from 
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downstream analysis if they failed to achieve a CPM (counts per million mapped reads) value of at 

least 0.5 in at least two libraries. Counts were converted to log2 counts per million, quantile 

normalized and precision weighted with the voom function of the limma package. Linear models 

and empirical bayes methods were used to assess differential expression in RNAseq experiments. 

Genes were called differentially expressed if they achieved a false discovery rate of 0.1 or less and 

also had at least 8 FPKMs (fragments per kilobases per million mapped reads) in one or both of the 

two cell types being compared. Heat maps were generated using the gplots package, with negative 

log2 FPKM values reset to zero. All analyses were carried out using Bioconductor R packages. 

 

In vitro NK cell proliferation assays  

Cultured NK cells from Cish+/+ and Cish−/− mice were incubated with 0.1 nM carboxyfluorescein 

succinimidyl ester (CFSE) and cell tracker violet (CTV; Life Technologies), respectively. Labeled 

NK cells were then co-cultured (1x105 of each) in vitro with various doses of hIL-15 for 5 days, 

prior to analysis by flow cytometry. 

 

Murine cytomegalovirus (MCMV) infection  

Mice were injected intraperitoneally with 5x103 plaque forming units (PFU) of salivary gland-

propagated virus stock of MCMV-K181-Perth strain diluted in phosphate buffered saline (PBS) 

containing 0.5% FCS. At day 7 post-infection spleens were removed and leukocytes prepared 

according to standard protocols. Mixed bone marrow chimeras were generated by reconstituting 

lethally irradiated Ly5.1+5.2+ hosts with 5x106 Cish+/+Ly5.1+ and 5x106 Cish−/− Ly5.2+ total bone 

marrow cells. Antibodies used for flow cytometry were purchased from BD Biosciences (San 

Diego, CA) or eBioscience (San Diego, CA). Phycoerythrin-conjugated tetramers for m45 and m38 

were purchased from ImmunoID (Melbourne, Victoria).  

 

Xcelligence assays 

Target cells (CHO, B16F10) were seeded into the wells of 96X E-Plates in 100 µl of media. Cell 

growth was dynamically monitored with the impedance-based RT-CES® system until they reached 

log growth phase and formed a monolayer (approximately 24 h). Cultured Cish+/+ and Cish−/− NK 

cells at different concentrations were then added directly to individual wells containing the target 

cells. For background controls, NK cells were added to wells that contained no target cells, and 

target cells were added to wells without the addition of NK cells. After addition of NK cells, the 

system continued to take measurements every 15 min for up to 48 h.  

 

Flow cytometry and cell sorting  
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Single-cell suspensions were stained with the appropriate monoclonal antibody in PBS containing 

2% (v/v) FCS. When necessary, intracellular staining was performed by use of the 

FoxP3/Transcription Factor Staining Buffer Set (eBioscience) according to the manufacturer’s 

instructions. FACS Verse, Fortessa and AriaII (BD Biosciences) were used for cell sorting and 

analysis, with dead cells excluded by propidium iodide or Fluoro-Gold staining. All single cell 

suspensions were diluted in PBS prior to analysis and enumerated using the Advia hematology 

analyzer (Siemens). Antibodies specific for NK1.1 (PK136; 1:100), CD19 (1D3; 1:500), CD3 

(17A2; Biolegend; 1:400) CD122 (TM-b1; 1:200), CD3 (145-2C11; 1:100), CD8 (53-6.7; 1:200), 

CD132 (4G3; 1:200), NKp46 (29A1.4; 1:100), TCR-β (H57-5921; 1:500), KLRG1 (2F1; 1:100), 

CD27 (LG.7F9; 1:200), FoxP3 (FJK-16s; eBioscience; 1:400), CD25 (PC61; BioLegend; 1:100), 

Sca-1 (D7; 1:100), B220 (RA3-6B2; eBioscience; 1:100), Gr-1 (1A8; 1:200), Granzyme A (GzA-

3G8.5; eBioscience; 1:200), Granzyme B (NGZB; eBioscience; 1:200), CD107a (104B; 1:100) and 

IFN-γ (XMG1.2; 1:100) were from BD Pharmingen unless stated otherwise. M45 and m38 

tetramers were purchased from ImmunoID (Melbourne, Victoria) and used at 1:100. 

 

IL-2 in vivo expansion of innate lymphocyte cells (ILC2) and regulatory T cells (Tregs) 

IL-2 in complex with specific anti-IL-2 antibodies can lead to expansion of different T cells 

subsets42. Here we have used IL-2 in complex with the JES6-1 antibody to selectively expand ILC2 

and Tregs in vivo. Cish+/+ and Cish−/− mice were injected i.p. daily with IL-2 complexed with anti-IL-

2 antibodies (5µg JES6.1 + 1 µg IL-2) for 5 days and ILC2 and Tregs analyzed by flow cytometry. 

Real-time quantitative PCR (Q-PCR) 

Total RNA was isolated using the RNeasy plus kit (QIAGEN) and cDNA synthesis performed with 

Superscript III (Invitrogen) according to the manufacturer’s instructions. PCR reactions were 

performed in 10 µL; 5 µL of FastStart SYBR Green Master Mix (Roche), 0.5 pmol of forward and 

reverse primers and 4 µL of cDNA. Primer sequences and PCR conditions have been described43. 

Real-time Q-PCR was performed on an ABI Prism 7900HT sequence detection system (Applied 

Biosystems). mRNA levels were quantified against standard curves generated using sequential 

dilutions of an oligonucleotide corresponding to each amplified PCR fragment and using SDS2.2 

software (Applied Biosystems). Relative expression was determined by normalizing the amount of 

each gene of interest to the housekeeping gene Glyceraldehyde-3-Phosphate Dehydrogenase 

(GAPDH). Each condition had three biological replicates and measurements were performed in 

duplicate. Statistical analysis was performed using an unpaired t-test with a 95% confidence level. 
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Immunoblotting and transient transfections 

NK cells were lysed in KALB lysis buffer44 supplemented with protease inhibitors (Complete 

Cocktail tablets, Roche), 1 mM PMSF, 1 mM Na3VO4 and 1 mM NaF and incubated for 1 h on ice. 

Lysates were clarified by centrifugation at 16,060 x g for 15 min at 4° C. Protein concentrations 

were determined by the BCA method (Pierce, Rockford). 293T cells were maintained in DMEM 

supplemented with 100 U/mL penicillin, 0.1 ng/ml streptomycin and 10% FCS and were transiently 

transfected with vector alone or cDNA expressing Flag-tagged mouse Jak1, Jak3, Cish or Cish 

mutants or Myc-tagged mouse Cish, using FuGene6 (Promega) according to the manufacturer’s 

instructions. In some instances, cells were pre-treated with 10 µM MG132 for 4 h to block 

proteasomal degradation. 48 h post-transfection cells were lysed in KALB buffer44. FLAG proteins 

were immunoprecipitated using M2-beads (Sigma) and proteins eluted in SDS sample buffer. 

Immunoprecipitation, gel electrophoresis and immunoblotting were performed essentially as 

described45. The following primary antibodies were used: antibodies to CIS (Clone D4D9), 

phospho-STAT3 (Y705); phospho-AKT1 (Ser473), AKT and MAPK were obtained from Cell 

Signaling Technology. Antibodies to phospho-STAT5A/B (Y694/699) were from Millipore, 

phospho-JAK1 (Y1022/1023) and STAT5A from Invitrogen, and JAK1, STAT3 and β-Actin were 

obtained from Santa Cruz Biotechnology Inc. Rat anti-Flag antibody was a kind gift from D. Huang 

& L. O’Reilly (Walter and Eliza Hall Institute). 

  

CYT-387 analogue synthesis 

Liquid chromatography mass spectroscopy (LCMS) was carried out using a Finnigan LCQ 

Advantage Max using reverse phase high performance liquid chromatography (HPLC) analysis 

(column: Gemini 3µ C18 20 x 4.0 mm 110A) Solvent A: Water 0.1% Formic Acid, Solvent B: 

Acetonitrile 0.1% Formic Acid, Gradient: 10-100% B over 10 min Detection: 100-600 nm and 

electrospray ionization (ESI). All compounds submitted for biochemical assay were assessed to 

have purity ≥ 95% as measured by HPLC analysis at 254 nm UV absorbance. Chromatography was 

performed using the CombiFlash® Rf purification system (Teledyne, ISCO, Lincoln, NE, USA) 

with pre-packed silica gel columns (particle size 0.040-0.063 mm). All commercial reagents were 

used as received. Cbz = carboxybenzyl. Benzyl 4-(4-aminophenyl)piperazine-1-carboxylate (S1) 
and Ethyl 4-(4-chloropyrimidin-2-yl)benzoate (S2) can be prepared as previously described. i,ii 
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Benzyl 4-(4-((2-(4-(ethoxycarbonyl)phenyl)pyrimidin-4-yl)amino)phenyl)piperazine-1-

carboxylate (S3) 
p-TsOH (0.978 g, 5.13 mmol) was added to a magnetically stirred suspension of pyrimidine S2 

(1.50 g, 5.71 mmol) and aniline S1 (2.31 g, 7.42 mmol) in dioxane (20 mL). The mixture was 

heated to reflux for 24 h. The mixture was cooled, diluted in DCM (250 mL) and washed with 

NaHCO3 (100 mL) and the aqueous layer was separated and extracted with EtOAc (3 x 50 mL). 

The combined organics were dried (Na2SO4), filtered and concentrated onto silica and the material 

was subjected to flash chromatography (1:9 to 1:0, v/v, EtOAc:cyclohexane). The fractions thus 

obtained were concentrated and the yellow precipitate was filtered and washed with methanol 

affording the title compound (S3) (1.61 g, 52%) as a yellow solid. 1H NMR  (600 MHz, DMSO-

d6): δ 9.51 (s, 1H), 8.52 (d, J = 5.1 Hz, 1H), 8.25 (d, J = 8.3 Hz, 2H), 8.08 (d, J = 8.4 Hz, 2H), 7.65 

(d, J = 9.0 Hz, 2H), 7.37-7.35 (m, 5H), 7.31 (q, J = 4.4 Hz, 1H), 6.93 (d, J = 9.0 Hz, 2H), 5.09 (s, 

2H), 4.33 (q, J = 7.1 Hz, 2H), 3.58-3.48 (m, 4H), 3.04-3.03 (m, 4H), 1.33 (t, J = 7.1 Hz, 3H). 

LCMS: tR = 6.14 min, m/z = 538.0 [M+H]+. 

 

Ethyl 4-(4-((4-(piperazin-1-yl)phenyl)amino)pyrimidin-2-yl)benzoate (S4) 

Compound S3 (500 mg, 0.93 mmol) was dissolved in MeOH (75 mL) and THF (50 mL) and the 

solution was passed through the 'H-cube' at 1 mL/min in full H2 mode using a Pd/C (10%) cartridge 

at 45 oC. The product was collected and concentrated under reduced pressure to afford the title 

compound (S4) (352 mg, 94%) as a dark solid. 1H NMR  (600 MHz, CDCl3): δ 8.46 (dd, J = 8.0, 

5.2 Hz, 1H), 8.16-8.14 (m, 2H), 8.11 (d, J = 8.3 Hz, 2H), 7.59 (dd, J = 8.9, 1.9 Hz, 1H), 7.55 (d, J = 
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8.9 Hz, 1H), 7.16-7.13 (m, 1H), 6.96 (dt, J = 9.1, 4.6 Hz, 2H), 4.41 (q, J = 7.1 Hz, 2H), 3.36-3.28 

(m, 4H), 3.25-3.18 (m, 4H), 1.42 (t, J = 7.1 Hz, 3H). LCMS: tR = 5.78 min, m/z = 404.0 [M+H]+. 
 

4-(4-((4-(4-(5-((tert-Butoxycarbonyl)amino)pentanoyl)piperazin-1-yl)phenyl)amino)pyrimidin-

2-yl)benzoic acid (S5) 
To a magnetically stirred solution of N-Boc-aminovaleric acid (194 mg, 0.96 mmol), EDCI (201 

mg, 1.05 mmol), HOBt (146 mg, 1.05 mmol), Et3N (232 μL, 1.75 mmol) in DMF (2 mL) was added 

compound S4 (350 mg, 0.87 mmol) under N2 and the mixture was stirred for 12 h. The reaction 

mixture was washed with water (2 mL) and the aqueous washings were extracted with EtOAc (2 x 2 

mL). The organic fractions were combined, dried (Na2SO4), filtered and concentrated. The crude 

material was purified by Flash chromatography to afford a pale yellow solid (373 mg). This 

material was dissolved in THF/MeOH (2 mL of a 1:3 mixture) and lithium hydroxide (123 mg, 3.09 

mmol) was added and the mixture stirred at reflux for 2 h. The mixture was concentrated to yellow 

solid and suspended in water and acidified to pH = 2 with HCl (5% aqueous solution). The 

precipitate was collected by filtration, washed with MeOH (1 mL) then Et2O (2 x 1 mL) and dried 

under reduced pressure affording the title compound (S5) (224 mg, 60%) as red solid. 1H-NMR 

(600 MHz, DMSO-d6): δ 9.49 (s, 1H), 8.52-8.51 (m, 1H), 8.22 (t, J = 6.8 Hz, 2H), 8.06 (d, J = 8.1 

Hz, 2H), 7.65-7.64 (m, 2H), 7.36 (dd, J = 4.7, 0.3 Hz, 1H), 6.94-6.91 (m, 2H), 6.77-6.75 (m, 1H), 

3.57-3.55 (m, 4H), 3.36 (td, J = 1.1, 0.5 Hz, 2H), 3.05-2.99 (m, 4H), 2.91-2.87 (m, 2H), 2.33-2.31 

(m, 2H), 1.46-1.45 (m, 2H), 1.34 (s, 9H). LCMS: tR = 6.34 min, m/z = 575.0 [M+H]+. 

 

4-(4-((4-(4-(5-Aminopentanoyl)piperazin-1-yl)phenyl)amino)pyrimidin-2-yl)-N-

(cyanomethyl)benzamide (S6) 
To a magnetically stirred solution of compound S5 (190 mg, 0.33 mmol) in DMF (6 mL, 

anhydrous) at room temperature under N2 was added triethylamine (264 μL, 1.99 mmol) and the 

mixture was sonicated for 5 min. Then EDCI (76 mg, 0.40 mmol) and HOBt (54 mg, 0.40 mmol) 

were added and the mixture was stirred for 5 min under N2. Then aminoacetonitrile hydrochloride 

(61 mg, 0.66 mmol) was added and the reaction was stirred at room temperature under N2 for 12 h. 

The reaction mixture was concentrated and the crude material was purified by Flash 

chromatography to afford the coupled product (155 mg, 76%) as a yellow solid. This material was 

immediately dissolved in dioxane (0.5 mL) then HCl was added (1 mL of a 4 M solution in 

dioxane) and the reaction mixture stirred for 2 h at room temperature. Then the precipitate was 

collected by filtration and washed with dioxane before being dissolved in MeOH, and quenched 

with NH3 (4 M solution in MeOH) then concentrated. The crude material was purified by Flash 

chromatography to afford the title amine (S6) as a yellow solid (51 mg, 40%). 1H-NMR (600 MHz, 
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CD3OD): δ 8.37 (d, J = 5.2 Hz, 1H), 8.16 (d, J = 8.3 Hz, 2H), 7.91 (d, J = 8.3 Hz, 2H), 7.57 (d, J = 

8.8 Hz, 2H), 7.20 (d, J = 5.2 Hz, 1H), 6.93 (d, J = 8.9 Hz, 2H), 4.34 (s, 2H), 3.69 (t, J = 5.1 Hz, 

2H), 3.63 (t, J = 5.0 Hz, 2H), 3.30-3.29 (m, 2H), 3.07 (t, J = 5.0 Hz, 2H), 3.03 (t, J = 5.1 Hz, 2H), 

2.67 (t, J = 7.2 Hz, 2H), 2.41 (t, J = 7.4 Hz, 2H), 1.62 (dt, J = 15.3, 7.6 Hz, 2H), 1.51 (td, J = 11.3, 

6.1 Hz, 2H). LCMS: tR = 4.18 min, m/z = 513.0 [M+H]+. 

 

Covalent coupling of CYT-387 kinase affinity reagent to NHS-sepharose 

The modified CYT-387 compound was immobilized onto NHS-activated sepharose 4 Fast Flow 

beads (GE Healthcare) as previously described46. Briefly, 1 mL slurry of NHS-sepharose beads was 

washed twice with 5 mL DMSO, centrifuging at 80 x g for 3 min to pellet the matrix in between 

washes.  One packed matrix volume (500 µL) was resuspended with DMSO as a 50% slurry. CYT-

387 (2 µM final) was added to the 1 mL slurry of NHS-beads followed by 20 µL of triethylamine 

and mixed by inversion. The reaction slurry was incubated overnight at room temperature on an 

end-over-end rotator protected from light. The following day, 25 µL ethanolamine was added to the 

reaction and again left to incubate overnight at room temperature on an end-over-end rotator 

protected from light. The CYT-387-coupled NHS-sepharose beads were washed twice with 5 mL 

DMSO and the matrix was resuspended in ethanol and stored at 4 °C protected from light. 

 

Kinase enrichment from cell lysates 

CYT-387-bound resin was washed twice with KALB lysis buffer prior to kinase enrichment. Six 

individual kinase enrichments were performed (three per Cish−/− or Cish+/+) with 160 µL of 50% 

Cyt387-bound resin incubated with 2 mL (~10 mg) of protein lysate. Incubations were performed 

for 3 h on a rotating wheel protected from light at 4 °C. Following incubation, protein-bound 

Cyt387 resins were washed 3 times with KALB buffer and eluted with 3 consecutive rounds of 

incubation with 0.5% SDS/5 mM DTT (200 µL, 100 µL, 100 µL) for 3 min at 60 °C. 

 

Trypsin digestion 

Eluates of resin-captured proteins along with equal amounts of whole cell lysate (~400 µg) derived 

from each biological replicate were prepared for mass spectrometry analysis using the FASP protein 

digestion kit (Protein Discovery, Knoxville, TN) as previously described47, with the following 

modifications. Proteins were reduced with Tris-(2-carboxyethyl)phosphine (TCEP)  (5 mM final 

concentration), digested with 4 µg of sequence-grade modified Trypsin Gold (Promega) in 50 mM 

NH4HCO3 and incubated overnight at 37 °C. Peptides were then eluted with 50 mM NH4HCO3 in 

two 40 µL sequential washes and acidified in 1% formic acid (final concentration). 
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Mass spectrometry and data analysis 

Acidified peptide mixtures were analyzed by nanoflow reversed-phase liquid chromatography 

tandem mass spectrometry (LC-MS/MS) on a nanoAcquity system (Waters, Milford, MA, USA), 

coupled to a Q-Exactive mass spectrometer equipped with a nanoelectrospray ion source for 

automated MS/MS (Thermo Fisher Scientific, Bremen, Germany). Peptide mixtures were loaded on 

a 20 mm trap column with 180 µm inner diameter (nanoAcquity UPLC 2G-V/MTrap 5 mm 

Symmetry C18) in buffer A (0.1% formic acid, 3% acetonitrile, Milli-Q water), and separated by 

reverse-phase chromatography using a 150  mm column with 75 µm inner diameter (nanoAcquity 

UPLC 1.7 µm BEH130 C18) on a 60 min linear gradient set at a constant flow rate of 400 nL/min 

from 3-55% buffer B (0.1% formic acid, 80% acetonitrile, Milli-Q water). The Q-Exactive was 

operated in a data-dependent mode, switching automatically between one full-scan and subsequent 

MS/MS scans of the ten most abundant peaks. The instrument was controlled using Exactive series 

version 2.1 build 1502 and Xcalibur 3.0. Full-scans (m/z 350–1,850) were acquired with a 

resolution of 70,000 at 200 m/z. The 10 most intense ions were sequentially isolated with a target 

value of 10000 ions and an isolation width of 2 m/z and fragmented using HCD with normalized 

collision energy of 19.5 and stepped collision energy of 15%. Maximum ion accumulation times 

were set to 50 ms for full MS scan and 200 ms for MS/MS. Underfill ratio was set to 5% and 

dynamic exclusion was enabled and set to 90 sec.   

 

Raw files consisting of high-resolution MS/MS spectra were processed with MaxQuant  (version 

1.5.0.25) for feature detection and protein identification using the Andromeda search engine48. 

Extracted peak lists were searched against the UniProtKB/Swiss-Prot Mus musculus database 

(LudwigNR) and a separate reverse decoy database to empirically assess the false discovery rate 

(FDR) using a strict trypsin specificity allowing up to 3 missed cleavages. The minimum required 

peptide length was set to 7 amino acids. Modifications: Carbamidomethylation of Cys was set as a 

fixed modification, while N-acetylation of proteins, oxidation of Met, the addition of pyroglutamate 

(at N-termini Glu and Gln), phosphorylation (Ser, Thr and Tyr), deamidation (Asn, Gln and Arg), 

were set as variable modifications. The mass tolerance for precursor ions and fragment ions were 20 

ppm and 0.5 Da, respectively. The “match between runs” option in MaxQuant was used to transfer 

identifications made between runs on the basis of matching precursors with high mass accuracy49. 

PSM and protein identifications were filtered using a target-decoy approach at a false discovery rate 

(FDR) of 1%. Protein identification was based on a minimum of two unique peptides.  

 

Quantitative proteomics pipeline 
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Further analysis was performed using a custom pipeline developed in Pipeline Pilot (Biovia) and R, 

which utilizes the MaxQuant output files allPeptides.txt, peptides.txt and evidence.txt. A feature 

was defined as the combination of peptide sequence, charge and modification. Features not found in 

at least half the number of replicates in each group were removed. Proteins identified from hits to 

the reverse database and proteins with only one unique peptide were also removed. To correct for 

injection volume variability, feature intensities were normalized by converting to base 2 logarithms 

and then multiplying each value by the ratio of maximum median intensity of all replicates over 

median replicate intensity.  Features assigned to the same protein differ in the range of intensity due 

to their chemico-physical properties and charge state. To further correct for these differences, each 

intensity value was multiplied by the ratio of the maximum of the median intensities of all features 

for a protein over the median intensity of the feature. Missing values where imputed using a random 

normal distribution of values with the mean set at mean of the real distribution of values minus 1.8 

standard deviations, and a standard deviation of 0.5 times the standard deviation of the distribution 

of the measured intensities50.  The probability of differential expression between groups was 

calculated using the Wilcoxon Rank Sum test excluding any non-unique sequences and any features 

with modifications other than oxidation and carbamidomethylation. The output of the R function 

wilcox.test included p-value, confidence interval and ratio estimate. Probability values were 

corrected for multiple testing using Benjamini–Hochberg method. Cut-off lines with the function 

y= -log10(0.05)+c/(x-x0)51 were introduced to identify significantly enriched proteins. c was set to 

0.2 while x0 was set to 1 representing proteins with a with a 2-fold (log2 protein ratios of 1 or more) 

or 4-fold (log2 protein ratio of 2) change in protein expression, respectively. The log2-transformed 

summed peptide intensities (non-imputed) were visualized in a heat map generated in one-matrix 

CIMminer, a program developed by the Genomics and Bioinformatics Group (Laboratory of 

Molecular Pharmacology, Center for Cancer Research, National Cancer Institute). 

 

Preparation of GST-CIS protein for peptide screening 

Human Cish (residues 66-258) was cloned into the vector pGTVL2.  Human Elongin C (residues 

17–112) and full length Elongin B were cloned into the vector pACYCDUET as previously 

described52.  Both plasmids were transformed into BL21(DE3) for co-expression of the CIS/Elongin 

C/Elongin B ternary complex (CIS-SH2-BC). Cultures in Luria broth media were induced with 0.4 

mM isopropyl β-D-1-thiogalactopyranoside	   (IPTG)	   overnight at 18°C and the cells harvested by 

centrifugation.  Pellets were resuspended in 50 mM HEPES pH 7.5, 500 mM NaCl, 5 mM 

imidazole, 5% glycerol and the cells lysed by sonication.  DNA was precipitated by addition of 

0.15% polyethyleneimine pH 8 and the insoluble material excluded by centrifugation at 21,000 

rpm.  The GST-tagged CIS protein complex was purified on a glutathione sepharose column and 
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eluted with 20 mM reduced glutathione in a buffer comprising 50 mM HEPES, 300 mM NaCl, 0.5 

mM TCEP.  The purified protein was concentrated to 0.75 mg/ml and stored at -80°C. 

 

Peptide array synthesis and screening 

The peptide arrays were synthesized on functionalized nitrocellulose membranes using an Invatis 

spot array synthesizer as described53. For array probing, the membrane-bound peptides were 

blocked at room temperature for 5 h in 5% skim milk of Tris-buffered saline/0.05% Tween-20 

(TBS-T), pH 7.2. After washing with TBS-T, 0.8 ng/ml of GST-CIS-SH2-BC complex was added 

in blocking buffer and incubated at 4 °C overnight. At the same time, 4 ng/ml of GST protein was 

added to a separate peptide array as a negative control under the same experimental conditions. The 

peptide array membranes were washed with TBS-T 3x, and a peroxidase-labeled anti-GST antibody 

(Bio-Rad) added at room temperature for 1 h, prior to detection with a chemiluminescence substrate 

(Bio-Rad Clarity Western ECL Substrate), which was visualized using a Molecular Imager 

(ChemiDoc XRS; Biorad).  

 

Isothermal titration calorimetry (ITC) 

Isothermal calorimetric titrations were performed with a Microcal ITC200 (GE Healthcare). 

Phosphopeptides were obtained from Genscript. An optimized GST-CIS protein construct was 

prepared in which the internal PEST region (Δ174-202) was deleted. The resulting ternary GST-

CIS-SH2-SB complexes were dialyzed against buffer (20 mM Tris pH 8.0, 100 mM NaCl, 2 mM 2-

mercaptoethanol). Experiments were performed at 298 K unless stated otherwise. Typically, 12x 

3.15 μl injections of 300 µM phosphopeptides were titrated into a 30 μM solution of the GST-

CIS-SH2-SB ternary complex. The heat of dilution of GST-CIS-SH2-BC was subtracted from the 

raw data of the binding experiment. Data were analyzed using the evaluation software, Microcal 

Origin version 5.0. The binding curve fitted a single-site binding mode and all KD values were 

determined from duplicate experiments. 

 

E3 ligase assay 

CIS-mediated ubiquitination of JAK1 was performed essentially as described previously54. The CIS 

E3 ligase complex (CIS-SH2-BC together with Cullin5 and Rbx2; 2.5 µM) was incubated with 

ubiquitin (50 µM), human E1 (100 nM), purified recombinant E2 (UbcH5c, 2.5 µM) and full-length 

JAK1 in the presence of 2.5 mM Mg/ATP at 37oC for varying times. FLAG-tagged JAK1 was 

generated by expression in 293T cells and recovered using anti-FLAG immunoprecipitation and 

elution with free FLAG peptide. JAK1 ubiquitination was visualized by immunoblotting with anti-

phosphorylated JAK1 following separation on 4-20% Tris/Glycine gels. 
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Kinase Assay 

Kinase inhibition assays were performed essentially as described55. Briefly, 130 µM STAT5b 

peptide (RRAKAADGYVKPQIKQVV) was incubated with 5 nM JAK1JH1 at 25oC for 30–60 min 

in 20 mM Tris pH 8.0, 100 mM NaCl, 5 mM 2-mercaptoethanol, 0.2 mg/ml bovine serum albumin, 

2 mM MgCl2, 100 µM ATP and 1 mCi γ-[32P]ATP. Recombinant CIS-SH2-BC was present at 

concentrations ranging from 0-30 µM. After incubation, the reaction was spotted onto P81 

phosphocellulose paper and quenched in 5% H3PO4. The paper was washed (4 x 200 ml, 15 min) 

with 5% H3PO4 and exposed to a phosphorimager plate (Fuji). Quantitation was performed using 

Fuji software and IC50 curves calculated using Graphpad Prism. 

 

Tumor cell lines 

The C57BL/6 murine lymphoma cell line RMA is a T cell lymphoma derived from the Rauscher 

murine leukemia virus-induced RBL-5 cell line. The cell lines RMA-mCherry and m157+RMA-

GFP were generated by transduction with a retroviral vector (murine stem cell vector) encoding 

mCherry or GFP, respectively. B16F10 melanoma, E0771-mCherry+ and E0771.LMB-mCherry+ 

breast, LWT1 melanoma, and RM-1 prostate carcinoma cell lines, were maintained as previously 

described 56-62. 

 

Experimental tumor metastasis  

Groups of 6-14 mice per experiment were used for experimental tumor metastases. These group 

sizes were used to ensure adequate power to detect biological differences. No mice were excluded 

based on pre-established criteria in this study and no active randomization was applied to 

experimental groups. The investigators were not blinded to the group allocation during the 

experiment and/or when assessing the outcome. All tumor experiments were performed once unless 

specifically indicated. Single-cell suspensions of B16F10 melanoma, RM-1 prostate carcinoma, or 

LWT1 melanoma cells were injected i.v. into the tail vein of the indicated strains of mice (2.5-

7.5x105 cells/mouse). Some mice additionally received either 100 µg anti-CD8β (53.5.8) as 

indicated to deplete CD8+ T cells, 50 µg anti-asialoGM1 to deplete NK cells, or 250 µg anti-IFN-γ 

(H22) to neutralize IFN-γ as previously described37,63. Some groups of mice received on days 0, 3 

and 6 relative to tumor inoculation (day 0) either: control Ig (500 µg i.p., cIg, 1-1) or combination 

anti-PD-1 (RMP1-14)/anti-CTLA-4 (UC10-4F10) (250 µg i.p. each). Lungs were harvested on day 

14 and either fixed in Bouin’s solution and B16F10 metastases counted57 or analyzed for NK cell 

expansion by flow cytometry. For adoptive transfer models, Mcl1f/f Ncr1-iCre mice12 were injected 

i.v. with 3 x 106 in vitro expanded Cish+/+ or Cish−/− NK cells or PBS. Mice were then injected 8 h 
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later with 1 x 105 B16F10 melanoma cells. Mice were subsequently treated on day 1 with 1.5 x 106 

in vitro expanded Cish+/+ or Cish−/− NK cells or PBS delivered i.v. Mice were sacrificed on day 18 

following tumor injection and lung perfusion performed. Lungs were then harvested and metastases 

counted.  

 

Orthotopic E0771.LMB and spontaneous E0771 metastasis 

To generate primary tumors, 1×105 E0771.LMB mCherry+ tumor cells were implanted into the 

fourth inguinal mammary gland [in 20 µl of PBS] of 8- to 10-week-old female Cish−/− or Cish+/+ 

mice. Primary tumor volume was measured three times per week using electronic callipers. The 

greatest longitudinal diameter (length) and the greatest transverse diameter (width) were measured. 

Tumor volumes were estimated by the modified ellipsoidal formula: volume=1/2(length×width2). 

For spontaneous metastasis experiments, primary tumors were surgically resected at a size of 400–

600 mm3. Lungs were harvested 14 days later and metastatic burden quantified by imaging ex vivo 

using an IVIS Lumina XR-III (Caliper Life Sciences) or by duplex Q-PCR for expression of 

mCherry relative to vimentin, as described previously61. 
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