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Abstract

Immune evasion is a well-recognized hallmark of cancer and recent studies with immuno-

therapy agents have suggested that tumors with increased numbers of neoantigens elicit

greater immune responses. We hypothesized that the immune system presents a common

selective pressure on high mutation burden tumors and therefore immune evasion muta-

tions would be enriched in high mutation burden tumors. The JAK family of kinases is

required for the signaling of a host of immune modulators in tumor, stromal, and immune

cells. Therefore, we analyzed alterations in this family for the hypothesized signature of an

immune evasion mutation. Here, we searched a database of 61,704 unique solid tumors for

alterations in the JAK family kinases (JAK1/2/3, TYK2). We used The Cancer Genome Atlas

and Cancer Cell Line Encyclopedia data to confirm and extend our findings by analyzing

gene expression patterns. Recurrent frameshift mutations in JAK1 were associated with

high mutation burden and microsatellite instability. These mutations occurred in multiple

tumor types including endometrial, colorectal, stomach, and prostate carcinomas. Analyzing

gene expression signatures in endometrial and stomach adenocarcinomas revealed that

tumors with a JAK1 frameshift exhibited reduced expression of interferon response signa-

tures and multiple anti-tumor immune signatures. Importantly, endometrial cancer cell lines

exhibited similar gene expression changes that were expected to be tumor cell intrinsic (e.g.

interferon response) but not those expected to be tumor cell extrinsic (e.g. NK cells). From

these data, we derive two primary conclusions: 1) JAK1 frameshifts are loss of function

alterations that represent a potential pan-cancer adaptation to immune responses against

tumors with microsatellite instability; 2) The mechanism by which JAK1 loss of function con-

tributes to tumor immune evasion is likely associated with loss of the JAK1-mediated inter-

feron response.
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Introduction

Immune evasion is one of the hallmarks of cancer because tumors subvert and even use

immune responses to aid growth and invasion [1]. The immune system serves an important

role in cancer surveillance and exerts considerable selective pressure on cancers that do

develop. Immunosuppressed transplant patients have an increased rate of developing non-

viral cancers [2] and the presence of tumor-infiltrating lymphocytes is a positive prognostic

factor in several cancer types [3–5]. The presence of infiltrating lymphocytes has been further

refined with two important observations. First, higher numbers of effector T cells tends to

indicate a positive prognosis, suggesting that anti-tumor responses are antigen specific, while

regulatory T cells indicate a negative prognosis [6–8]. Studies in mice have shown that T and B

cell deficient animals have a higher incidence of tumors in a chemically induced model; fur-

thermore, these tumors rarely engraft into wild-type hosts although wild-type to wild-type

tumor transplants are successful, which further supports the antigen specificity of anti-tumor

immune responses [9]. Second, tumors with a high-mutation phenotype resulting from muta-

tion of POLD1/E or microsatellite instability (MSI) have both high numbers of neo-antigens

and high numbers of tumor infiltrating lymphocytes, suggesting that tumors with more anti-

gens elicit stronger immune responses [10, 11]. Thus, immune evasion and immune editing

are important parts of tumor growth and progression, especially for hyper-mutant tumors.

One mechanism of immune evasion, checkpoint induction, has been targeted therapeutically

with long term responses in a subset of patients [12]. Immune checkpoint inhibition has been

successful in cancers with high levels of microsatellite instability (MSI-H) and is approved in

diseases such as melanoma, non-small cell lung carcinoma, and metastatic bladder cancer that

frequently have high tumor mutational burden [13–15]. Other cell intrinsic mechanisms of

immune evasion include loss of proteins involved in antigen presentation, resistance to cell

death, and receptor shedding of immune activating receptors [1, 16, 17]. Cell extrinsic mecha-

nisms of immune evasion include secretion of immunosuppressive cytokines or recruitment

of immunosuppressive cells such as regulatory T cells or myeloid derived suppressor cells [8,

18, 19]. In addition to subverting the immune response during tumor development, these

mechanisms will also likely impact the success of checkpoint inhibitor therapy.

The JAK-STAT family of proteins mediates signaling of the interferon (IFN), IL-6, and IL-2

families of cytokines [20]. JAK-STAT proteins are expressed by immune, stromal, and tumor

cells, making them an important transducer of immune signals in nearly all cell types. JAK

kinases are constitutively associated with cytokine receptors; cytokine binding results in activa-

tion of JAK kinases and phosphorylation of the receptor [21]. Phosphorylated receptors recruit

STAT proteins, which are then themselves phosphorylated by the activated JAK kinases. Phos-

phorylated STAT proteins form homo- and hetero-dimers that translocate into the nucleus to

function as transcription factors that regulate gene expression. Because the four JAK kinases

(JAK1, JAK2, JAK3, and TYK2) mediate signaling for over 20 cytokines, genomic changes that

alter their activity can have diverse effects [21]. For example, Jak1-deficient mice exhibit peri-

natal lethality and phenotypes as diverse as defective lymphopoeisis, lack of IFN response, and

failure of cardiomyocytes and neuronal cells to respond to growth factors [22]. An immunode-

ficient patient with early-onset bladder cancer was found to have two different germline bialle-

lic JAK1 hypomorph alterations [23]. In hematopoietic cancers, the activating mutation JAK2
V617F drives myeoloproliferative neoplasms and the effects of the JAK-STAT family are con-

sidered to be pro-tumorigenic [24]. In solid tumors, activation of STAT3 or STAT5 by muta-

tion or cytokine signaling is pro-tumorigenic, while activation of STAT1 upregulates antigen

presentation and has anti-tumorigenic effects [25]. However, the role of the JAK-STAT
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pathway in solid tumors has been ambiguous due to the low incidence of recurrent mutations

in this pathway.

We hypothesized that immune surveillance presents a common selective pressure on high

mutational burden tumors and, therefore, tumor-intrinsic immune evasion mechanisms

would be enriched in tumors with high mutational burden. We investigated mutations within

JAK family kinases suggestive of immune modulation in a collection of 61,704 unique solid

tumors. Recurrent JAK1 frameshift mutations occurred at the highest frequency in endome-

trial cancers, but were also found in prostate, urinary, gastric, and colon cancers. JAK1 frame-

shifts occurred in MSI-H cancers with high mutational burdens. These mutations were

observed in over a third of MSI-H cancers, which is in contrast to the low mutation rate of

JAK-STAT family members in all solid tumors. JAK1 is a critical signaling kinase for the inter-

feron, IL-6, and IL-2 pathways. Using The Cancer Genome Atlas (TCGA) data of MSI-H

endometrial tumors, we found reduced expression of gene sets associated with interferon

gamma, interferon alpha, IL-6, and IL-2 responses in JAK1 frameshift mutants compared to

JAK1 wild-type tumors. Stomach adenocarcinomas with a JAK1 frameshift exhibited reduc-

tions in both interferon responses but reductions in IL-6 and IL-2 responses were not signifi-

cant. Both endometrial and stomach tumors with JAK1 frameshifts also exhibited reductions

in gene sets associated with immune surveillance such as the inflammatory response and anti-

gen presentation. Thus, JAK1 frameshift mutations are a potential pan-cancer adaptation to

the immune response that occurs against highly mutated MSI-H tumors. These alterations

likely allow tumors to evade the immune response via a lack of antigen presentation and resis-

tance to interferons.

Methods

Dataset collection and verification

The Foundation Medicine (FMI) dataset was a set of clinical samples sent to a CLIA (Clinical

Laboratory Improvement Amendments)-certified, College of American Pathology (CAP)-

accredited, and New York State (NYS)-accredited laboratory (Foundation Medicine, Cam-

bridge, MA) for next-generation sequencing [26]. Samples were subjected to an independent

pathology review to verify the correct diagnosis. DNA was extracted and hybrid capture for all

coding exons of 287 or 395 genes plus 19 or 31 introns frequently rearranged in cancer was

performed; both versions of the test captured JAK1/2/3. Libraries were sequenced to a median

depth>500X. Analysis for genomic alterations was performed as previously described [26].

Natural germline variants from the 1000 Genomes Project (dbSNP135) were removed. To

maximize mutation-detection accuracy (sensitivity and specificity) in impure clinical speci-

mens (�20% tumor nuclei), the test was previously optimized and validated to detect base sub-

stitutions at a�5% mutant allele frequency (MAF) with 99% sensitivity, indels (1-40bps) at

�10% MAF with 98% sensitivity, focal homozygous deletions and amplifications (�8 copies)

with> 95% sensitivity, and select gene fusions with>99% sensitivity [26, 27]. Germline vari-

ants without clinical significance were further filtered by applying an internal algorithm to

determine somatic/germline status [28].

Frameshift identification in The Cancer Genome Atlas data

BAM files of Exomeseq for TCGA (http://cancergenome.nih.gov) cohort of uterine corpus

endometrial cancer (UCEC), stomach adenocarcinoma (STAD) and colon adenocarcinoma

(COAD) were downloaded from Cancer Genomics Hub (https://cghub.ucsc.edu/). GTFuse

from Annai Systems is used to get sliced bam files and retrieve only reads of the interested
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regions such as JAK1 gene region in this case. JAK1 mutations for samples with matched nor-

mal were called using VarDict [29].

TCGA data analysis

Except for JAK1 frameshifts, we analyzed publically available TCGA data for Clinical (MSI

and survival), RNASeqV2, and Somatic Mutations. RNA expression was measured using the

“scaled estimate” column. Data sets were downloaded on June 1, 2016.

Cancer cell line encyclopedia (CCLE) RNAseq data

CCLE RNAseq data is downloaded from Omicsoft Corporation (http://www.omicsoft.com/).

The FPKM gene expression value provided by Omicsoft is converted to transcripts per million

(TPM) using the following formula [30]:

TPMi ¼
FPKMiP
j FPKMj

 !

� 106

Gene expression and gene set enrichment analysis (GSEA)

Tumors samples from TCGA or cell lines from the CCLE [31] were divided into JAK1 frame-

shift and wild-type groups. Gene expression was compared using Student’s t as the distance

metric (difference in mean between the two groups divided by standard deviation). Genes

were then rank ordered and analyzed using the GseaPreRank tool in GSEA 2.2.2 [32, 33]. We

analyzed gene sets in Hallmarks version 5.1 using the weighted enrichment statistic and a cus-

tom set of immune genes using the weighted p2 enrichment statistic since the immune gene

sets were small. Immune gene sets are provided (S1 Appendix). Note the MHCI gene set is

referred to as antigen presentation in the text.

The IFN Gamma response in Figs 3 and 5 is the sum of z-scores for the top 25 genes ranked

by the Student’s t for that disease.

Statistics and visualization

Statistics were calculated using RStudio 0.99 [34], R 3.2.1 [35]; Scipy version 0.15.1, Anaconda

version 2.3.0 [36], in Python 2.7.10; or GraphPad Prism. Data were visualized using the cBio-

portal lollipop plot generator [37, 38], R standard plotting functions and package NMF [39] to

display heatmaps, or Matplotlib version 1.4.3 [40] in Python. Not all samples in TCGA have all

of the required information (i.e. MSI, RNA-Seq); therefore, TCGA cohorts were adjusted to

include the maximum number of samples for a figure panel based on the data required to per-

form the analysis and the data available for each sample.

Ethics approval and consent to participate

This study, including the consent procedure, was reviewed and approved by the Western Insti-

tutional Review Board (WIRB). For samples within the Foundation Medicine dataset, written

patient consent was obtained at the time of testing. Patients were not consented for release of

raw sequencing data.
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Availability of data and material

Patients were not consented for release of sequence information by Foundation Medicine. A

subset of curated Foundation Medicine mutation data has been released through the National

Cancer Institute’s Genomics Data Commons: https://portal.gdc.cancer.gov Program: FM

The results published here are in part based upon data generated by TCGA Research Net-

work: http://cancergenome.nih.gov/ [41].

Results

JAK1 frameshifts are a recurrent alteration in cancers with microsatellite

instability

We analyzed the spectrum of mutations in JAK1, JAK2, and JAK3 across a collection of 61,704

solid tumors that underwent genomic profiling as part of standard clinical care (Foundation

Medicine / FMI dataset). Recurrent frameshift mutations occurred in JAK1 at two hotspots,

P430/L431 (n = 90) and K860/P861 (n = 135), and less frequently at K142/I143 (n = 24) and

N339 (n = 17) (Fig 1A, only positions with>2 mutations plotted). These hotspot frameshifts

occurred at mononucleotide tracts of length 7 (poly T: N339, poly G: P430/L431) and 8 (poly

T: K142/I143, K860/P861); the protein annotations spanned two amino acids because frame-

shift deletions were called as K142, P430, or K860, while frameshift insertions were called as

I143, L431, or P861, respectively. Several non-recurrent nonsense mutations in JAK1 were also

observed; however, these usually co-occurred with a P430/L431, K860/P861, or K142/I143

JAK1 frameshift (data not shown). JAK2 exhibited the well-described V617F hotspot (Fig 1B).

Mutations were rare in JAK3; a Q39 frameshift occurred 20 times, with 6 of those in colorectal

cancer (CRC) (Fig 1C). Since early termination mutations in JAK1 were frequent and relatively

unstudied, we investigated these alterations further.

Premature terminating mutations (frameshift and nonsense) in JAK1 were enriched in

endometrial cancers (8.2%), prostate cancers (2.7%), urinary cancers (1.2%), and several gas-

trointestinal tract cancers (gastric, small intestine, and colorectal; <1%, Fig 1D). In contrast,

early terminating mutations in JAK2 and JAK3 were not disease specific and occurred in fewer

than 1% of all disease groups. In total we observed 135 frameshift mutations at the K860/P861

hotspots, with 50.4% (n = 68) occurring in endometrial cancer (Fig 1E). We also observed 90

frameshift mutations at P430/L431, with 45.6% (n = 41) in endometrial cancer. Prostate cancer

showed a slightly increased incidence of P430/L431 frameshifts compared to K860/P861 (12

vs. 10, Fig 1E). The P429/P430 proline pair is conserved across JAK family members; we

looked for frameshifts at this position and found none in solid tumors (Fig 1A–1C red boxes).

A smaller analysis of 3,666 tumors for alterations in TYK2 identified only two frameshifts in

this gene (data not shown). Thus, frameshifts in the JAK family appeared to be JAK1 specific

and were recurrent across several solid tumor types.

Loss of function mutations such as frameshifts generally occur in tumor suppressor genes,

in which a second event is required to inactivate the remaining wild-type allele. Therefore, we

analyzed the mutant allele frequency of JAK1 early terminating mutations and JAK1 ploidy to

determine the cancer cell fraction in tumor samples. This analysis was limited to samples with

greater than 40% tumor purity to increase accuracy. Of samples with a mutation resulting in

premature termination of JAK1, 38.1% (51/134) had a homozygous mutation in all copies of

JAK1, thus inactivating the protein in these samples (Fig 1F). Another 19.4% (26/134) of sam-

ples had two truncating mutations in JAK1 and neither was present in all copies. Unfortu-

nately, we cannot assess whether these mutations are on the same or different alleles. At least

one copy of JAK1 remained functional in 31.3% (42/134) of tumors that had a clonal JAK1

JAK1 loss of function and immune evasion
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Fig 1. Recurrent JAK frameshift alterations in solid tumors. (A-C) Incidence of mutations by amino acid (only positions

with >2 tumors mutated shown) in (A) JAK1, (B) JAK2, and (C) JAK3. (D) The frequency of JAK1/2/3 frameshift mutations in

different tumor types, scc other = squamous cell carcinoma of the eye, penis, trachea, vagina, vulva, or unknown primary.

(E) Number of JAK1 frameshifts observed in the three most common hotspots by disease type. (F) Pie chart classifying

JAK1 alterations by the number of JAK1 copies mutated. (G, H) Box and whiskers plots of JAK1 expression in endometrial

(G) tumors from TCGA, expression measure is scaled estimate and (H) CCLE cell lines, expression measure is log2 of

JAK1 loss of function and immune evasion
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frameshift event. Finally, 11.2% (15/134) of JAK1 frameshift samples had a subclonal mutation

defined as less than 0.75 copies (Fig 1F). In total, 58% of tumors with JAK1 alterations likely

contained inactivation of both JAK1 alleles and an additional 31% had lost one copy. To fur-

ther assess if the JAK1 frameshift mutations were loss of function events, we evaluated expres-

sion of JAK1 mRNA in endometrial tumors from TCGA and endometrial cell lines from the

CCLE. JAK1 mRNA expression was significantly downregulated in both endometrial tumor

samples and endometrial cell lines with a JAK1 frameshift compared to JAK1 wildtype endo-

metrial samples (Fig 1G and 1H, tumor: P< 10−18, cell line: P< 10−4, Mann-Whitney U test).

We concluded that multiple mutations in JAK1 and reduced expression were indicative of loss

of function mutations commonly found in tumor suppressor genes.

Deficiencies in the mismatch repair pathway lead to frequent frameshift mutations particu-

larly at mono and di-nucleotide microsatellite repeats, otherwise known as microsatellite insta-

bility (MSI). Since frameshifts in JAK1 occurred at 7-mer and 8-mer mononucleotide repeats,

we tested the association between MSI status and the presence of a JAK1 frameshift alteration

in a subset of samples for which MSI status was available. Diagnostically, MSI is scored as

microsatellite stable (MSS), MSI-low (MSI-L), or MSI-high (MSI-H); however, for our initial

analysis we excluded MSI-L samples. JAK1 frameshifts were significantly enriched in MSI-H

endometrial cancers (38%; 50/131) versus microsatellite stable (MSS) endometrial cancers

(<1%; 3/657), (Fig 2A, P = 1.78 x 10−39, Fisher’s exact test). MSI-H prostate and urinary can-

cers also showed high rates of JAK1 frameshifts: 54% (13/24) and 30% (3/10), respectively (Fig

2A). In gastrointestinal cancers, JAK1 frameshifts were observed in 6% (9/158) and 15% (4/27)

of MSI-H colorectal and gastric cancers, respectively (Fig 2A). MSI is rare in other tumor types

such as lung cancer; however, 17% (29/173) of other tumors that were MSI-H also had a JAK1
frameshift. The co-occurrence of JAK1 frameshifts and MSI-H was statistically significant in

all diseases (Fig 2A, P< 10−4 for all diseases, Fisher’s exact test). MSI-H tumors exhibit

increased mutation rates; therefore, we also tested the association of JAK1 frameshifts with

tumor mutational burden (TMB). In endometrial cancers, JAK1 frameshifts were associated

with a significantly higher TMB (median 23.1 mutations per Mb) compared to samples with-

out a JAK1 frameshift (median 4.5 mutations per Mb; Fig 2B, P = 5.0 x 10−39, Mann-Whitney

U test), which is consistent with the increased TMB of MSI-H tumors [42]. Significantly,

increased TMB in JAK1 frameshift samples was also observed in prostate, colorectal, and gas-

tric cancers (Fig 2C–2E, P< 0.001, all groups, Mann-Whitney U test). Thus, JAK1 frameshifts

are a likely pan-cancer alteration that occur primarily in MSI-H cancers with high mutational

burden.

Confirmation of JAK1 frameshifts in TCGA data

We sought to confirm our results in a cohort of tumors from TCGA and independently called

JAK1 frameshifts in these samples (see Methods). FMI disease types were realigned to match

TCGA categories. In endometrial adenocarcinoma (UCEC), 3/321 (0.9%) MSS samples, 4/44

(9.1%) MSI-L samples, and 79/169 (46.7%) MSI-H samples had a frameshift alteration in

JAK1, which was statistically significant when comparing MSS and MSI-H (Fig 2F, P< 0.0001,

Fisher’s exact test). In stomach adenocarcinoma (STAD), 1/293 (0.3%) MSS samples, 2/63

(3.2%) MSI-L samples, and 20/85 (23.5%) MSI-H samples had a frameshift in JAK1, which was

also statistically significant when comparing MSS and MSI-H groups (Fig 2F, P< 0.0001,

transcripts per million (TPM). The red line defines the median, box defines the quartiles and the whiskers define the 10th and

90th percentiles. The notch in the box provides a 95% confidence interval around the median. (*** = P < 10−4, Mann-

Whitney U test).

https://doi.org/10.1371/journal.pone.0176181.g001
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Fisher’s exact test). In colon adenocarcinoma (COAD), 8/151 (5.3%) MSS, 1/42 (2.4%) MSI-L,

and 8/45 (17.8%) MSI-H samples had a frameshift in JAK1, which narrowly met the cutoff for

statistical significance due to the large number of JAK1 alterations in MSS COAD samples (Fig

2F, P = 0.0126, Fisher’s exact test); in the FMI data set we did not observe any JAK1 frameshifts

in MSS CRC samples. Finally, we could not confirm the association of JAK1 frameshifts and

MSI in prostate cancer since only 3 JAK1 frameshift mutations were detected out of 498 sam-

ples tested. Furthermore, MSI status was not provided for TCGA prostate cancer samples.

Comparison of MSI-H tumors between the FMI and TCGA cohorts showed similar incidence

of JAK1 frameshifts in UCEC and STAD, while the incidence of JAK1 frameshifts in COAD

was significantly greater in TCGA (Fig 2G, COAD P = 0.0144, Fisher’s exact test). We also ana-

lyzed the association between TMB and JAK1 frameshift alterations. In the TCGA cohort, we

defined coding mutations as non-silent, non-splice site mutations across the genome to be

Fig 2. Association of JAK1 frameshifts with MSI and high tumor mutational burden. (A) Frequency of JAK1 frameshifts by tumor type

stratified by MSS/MSI-H status. Error bars show standard error. (*** = P < 10−4, Fisher’s exact test) (B-E) Box and whiskers plots of mutations

per Mb in (B) endometrial, (C) prostate, (D) CRC, and (E) gastric cancers. The red line defines the median, box defines the quartiles and the

whiskers define the 10th and 90th percentiles. The notch in the box provides a 95% confidence interval around the median (*** = P < 10−4, Mann-

Whitney U test). (F) Frequency of JAK1 frameshifts by tumor type stratified by MSS/MSI-L/MSI-H status (*** = P < 10−4, * = P < 0.05, Fisher’s

exact test). (G) Frequency of JAK1 frameshifts in MSI-H tumors from the FMI and TCGA cohorts (* = P < 0.05, Fisher’s exact test). (H-J)

Box and whiskers plots of coding mutations per exome in (H) endometrial, (I) stomach, and (J) colon adenocarcinomas (* = P < 0.05, *** =

P < 10−4, Mann-Whitney U test).

https://doi.org/10.1371/journal.pone.0176181.g002
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consistent with our measure of TMB in the FMI cohort. In UCEC, TMB was significantly

higher in samples with a JAK1 frameshift (Fig 2H; P = 1.8 x 10−6, Mann-Whitney U test).

STAD, and to a lesser extent COAD, also exhibited higher TMBs in samples with a JAK1
frameshift (Fig 2I and 2J; STAD: P = 2.0 x 10−9, COAD: P = 0.02). Thus, we confirmed with an

independent cohort from TCGA that JAK1 frameshifts are found primarily in MSI-H tumors

that have a high TMB with a similar incidence to the FMI cohort.

Endometrial tumors with JAK1 frameshifts exhibit decreased expression

of IFN response and immune cell associated genes

To study the functional effects of JAK1 frameshifts on tumor phenotype, we compared mRNA

expression profiles of JAK1 frameshift and JAK1 wild-type samples from MSI-H UCEC sam-

ples in the TCGA dataset. We used gene set enrichment analysis (GSEA) to analyze pathways

that were altered in samples with JAK1 frameshift mutations. Gene expression changes were

rank ordered using Student’s t as the signal to noise metric (S2 Appendix, tab UCEC). In

UCEC, IRF9 was the most significantly downregulated gene in samples with JAK1 frameshifts;

this protein forms a complex with STAT1 and STAT2 to mediate IFN induced transcription.

JAK1 was the 7th most significantly down regulated gene. In the Hallmark collection of gene

sets, ten gene sets were significantly decreased in JAK1 frameshift samples (Table 1, P< 0.05

after family wise error rate (FWER) correction). All GSEA results are shown in an additional

file (S3 Appendix). JAK1 mediates signaling in four of these gene sets including IFNγ, IFNα,

Table 1. GSEA of JAK1 frameshift+ and wild-type UCEC.

Analysis Direction Gene Set FWER P

Hallmark Decreased in JAK1 frameshift INTERFERON GAMMA RESPONSE 0.000

INTERFERON ALPHA RESPONSE 0.000

IL6 JAK STAT3 SIGNALING 0.000

INFLAMMATORY RESPONSE 0.000

ALLOGRAFT REJECTION 0.000

TNFA SIGNALING VIA NFKB 0.000

COMPLEMENT 0.000

IL2 STAT5 SIGNALING 0.003

KRAS SIGNALING UP 0.007

COAGULATION 0.016

Increased in JAK1 frameshift E2F TARGETS 0.000

G2M CHECKPOINT 0.000

MITOTIC SPINDLE 0.045

FATTY ACID METABOLISM 0.047

Immune Decreased in JAK1 frameshift ANTIGEN PRESENTATION 0.000

NEUTROPHILS 0.000

PLASMA CELLS 0.000

MONOCYTES 0.003

MACROPHAGES M1 0.005

NK CELLS ACTIVATED 0.006

DENDRITIC CELLS ACTIVATED 0.033

B CELLS MEMORY 0.033

GSEA results specifying gene set and the direction of enrichment. Family wise error rate (FWER) P values below 0.001 are represented as 0.000.

https://doi.org/10.1371/journal.pone.0176181.t001
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IL-6, and IL-2 pathways (Table 1). Five of these gene sets were related to immune responses

including inflammatory response, TNFA signaling, allograft rejection, complement, and coag-

ulation (Table 1). Four gene sets were significantly increased in the JAK1 frameshift samples

that were related to growth and division including E2F targets, G2M checkpoint, fatty acid

metabolism, and mitotic spindle (Table 1). Since five significantly altered gene sets were

related to immune responses, we developed a custom set of gene signatures for GSEA derived

from a published set of differentially expressed genes in immune cells [43] and manually

curated an antigen presentation by MHC class I specific gene set (referred to as antigen pre-

sentation). These gene sets were small (range 16–61 genes) and GSEA was run with a high pen-

alty. As a result, enrichment at the front of the rank list had to be higher relative to the

hallmark gene sets in order to achieve significance. In this analysis, seven immune gene sets

showed significantly decreased expression in JAK1 frameshift samples while none showed sig-

nificantly increased expression (Table 1). Several of the reduced gene sets have been associated

with anti-tumor immunity including antigen presentation, neutrophils, M1 macrophages, and

activated NK cells (Table 1). Thus, in MSI-H UCEC, frameshift mutations in JAK1 resulted in

reduced IFN and IL-6 responses as well as reduced M1 macrophages and activated NK cell

signatures.

Since GSEA measures average expression, we also examined the expression of mRNAs in

the IFNγ response gene set for individual samples. This plot showed similar down regulation

of these genes for most JAK1 frameshift tumors (Fig 3A, marker column 1: green JAK1 frame-

shift positive). However, a subset of samples with JAK1 frameshifts exhibited an IFNγ response

signature (Fig 3A, right). One possible explanation for this observation is that the JAK1 loss of

function alteration in these tumors was subclonal or affected only one copy, which was a fre-

quent occurrence in the FMI dataset (Fig 1F). We quantified the IFNγ response signature in

each sample (see Methods) and observed a bimodal distribution for samples with a JAK1
frameshift (Fig 3B, red bars) but a unimodal distribution for samples without a JAK1 frame-

shift (Fig 3B, grey bars). We investigated the correlation of the IFNγ response signature with

JAK1 expression since expression is reduced in cell lines and tumor samples with a JAK1
frameshift (Fig 1G and 1H). We observed a significant correlation between the expression of

JAK1 and IFNγ response in samples with or without a JAK1 frameshift (Fig 3C, JAK1 frame-

shift: Pearson’s r = 0.54, P = 2.5 x 10-7, red circles; JAK1 non-frameshift: Pearson’s r = 0.29,

P = 0.006, gray circles; Fig 3A, marker row 2: IFNγ response, marker row 3: JAK1 expression).

Therefore, we also examined the mutant allele frequency (MAF) of JAK1 frameshifts. Sample

MAF was the sum of MAF’s for all JAK1 frameshifts in a sample, with low numbers indicative

of subclonal or heterozygous mutations and high numbers indicative of homozygous loss of

JAK1. As expected, JAK1 MAF was inversely correlated with JAK1 expression (Fig 3D, Pear-

son’s r = -0.597, P = 6.26 x 10−9). JAK1 frameshift MAF had a statistically significant inverse

correlation with IFNγ response (Fig 3E, Pearson’s r = -0.64, P = 2.63 x 10−10, Fig 3A marker

row 4: JAK1 frameshift MAF). From these data, we conclude that homozygous loss of JAK1
leads to loss of the IFNγ response gene set, consistent with a role for JAK1 as a tumor suppres-

sor in this context.

We next assessed whether overlap of gene sets with the 200-gene IFNγ response set resulted

in false enrichment of similar gene sets. The overlap of the IFNγ response gene set with hall-

mark gene sets that were altered in both tumors and cell lines was highly variable, with 73/97

genes for IFNα, 37/200 for allograft rejection and inflammatory response, and 5/200 for EMT.

To control for overlap with the IFNγ response gene set, we removed overlapping genes and

ran the GSEA analysis again. All hallmark gene sets with a FWER P< 0.001 in Table 1

remained significant, while the P value for KRAS, IL2 signaling, and coagulation increased

above 0.05. There was also overlap of the IFNγ response gene set with immune gene sets: 9/16

JAK1 loss of function and immune evasion

PLOS ONE | https://doi.org/10.1371/journal.pone.0176181 November 9, 2017 10 / 21

https://doi.org/10.1371/journal.pone.0176181


Fig 3. Sample level gene expression changes in MSI-H UCEC samples with a JAK1 frameshift. (A)

Heatmap of MSI-H, UCEC tumors (columns). Marker rows: 1) Samples with a JAK1 frameshift are denoted in

green. 2) IFN Response, after JAK1 frameshift samples are ordered by IFN Response. 3) Log10 of JAK1

expression. 4) JAK1 frameshift (FS) MAF. Gene expression was scaled by Z scoring and the order of genes

(rows) is determined by the signal to noise metric for GSEA analysis (t). Negative t indicated decreased

JAK1 loss of function and immune evasion
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for antigen presentation, 13/48 for M1 macrophages, 8/59 for activated NK cells, and 3/60 for

neutrophils. Analysis of these gene sets after removing genes that overlap with IFNγ response

resulted in M1 macrophages and activated NK cells having a FWER P> 0.05, and the antigen

presentation gene set became too small to test. However, IFNγ is a known activator of NK cells

and is involved in M1 macrophage polarization; therefore, the reduction in enrichment for

these gene sets was expected and we concluded that overlap with the IFNγ response gene set

was not a confounder of these results.

Gene expression analysis was performed on resection specimens composed of tumor,

stromal, and immune components. To establish which gene sets were altered in tumor cells

versus stromal or immune components, we performed the same GSEA analysis on 29 endo-

metrial cell lines characterized in the CCLE (HEC1A was excluded because of its relation to

HEC1B). Ten of these cell lines (34.5%) had a JAK1 frameshift. Consistent with the TCGA

UCEC tumor samples, JAK1 and IRF9 were the first and third most significantly downregu-

lated genes, respectively (S2 Appendix, tab CCLE). Eight hallmark gene sets were signifi-

cantly downregulated in JAK1 frameshift samples and five of those were reduced in

endometrial tumor samples including IFNα, IFNγ, inflammatory response, allograft rejec-

tion, and coagulation (Table 2, S3 Appendix). The trend of upregulated versus downregulated

gene sets was also consistent between UCEC and CCLE even if significance was not reached

(Fig 4). We also analyzed the immune gene signatures in the CCLE. The majority of immune

gene signatures were downregulated in JAK1 frameshift samples from the CCLE; however,

only two gene sets in the CCLE comparison were statistically significant (Fig 4, Table 2, M0

and M2 macrophages). Neither of these gene sets were significantly altered in UCEC tumor

samples (Fig 4). Thus, we conclude that changes in the hallmark gene sets were likely reflec-

tive of tumor cell intrinsic changes in gene expression while changes in the immune gene sets

were likely tumor cell extrinsic.

expression in JAK1 frameshift samples. Only genes in the HALLMARK IFN GAMMA RESPONSE are shown.

(B) Histogram of IFN Gamma Response in arbitrary units (AU). (C) Scatter plot of samples for JAK1

expression and IFN Gamma Response. Pearson’s r and associated P values are shown. (D) Scatter plot of

samples for JAK1 expression and JAK1 FS MAF. Pearson’s r and associated P values are shown. (E) Scatter

plot of JAK1 frameshift samples for JAK1 FS MAF and IFN Gamma Response. Pearson’s r and associated P

value is shown.

https://doi.org/10.1371/journal.pone.0176181.g003

Table 2. GSEA of JAK1 frameshift+ and wild-type CCLE endometrial cell lines.

Analysis Direction Gene Set FWER p-val

Hallmark Decreased in JAK1 frameshift INTERFERON ALPHA RESPONSE 0.000

EPITHELIAL MESENCHYMAL TRANSITION 0.000

INTERFERON GAMMA RESPONSE 0.000

ALLOGRAFT REJECTION 0.000

KRAS SIGNALING UP 0.000

INFLAMMATORY RESPONSE 0.001

COAGULATION 0.013

UV RESPONSE DN 0.034

Increased OXIDATIVE PHOSPHORYLATION 0.000

Immune Decreased MACROPHAGES M0 0.008

MACROPHAGES M2 0.009

GSEA results specifying gene set and the direction of enrichment. Family wise error rate (FWER) P values below 0.001 are represented as 0.000.

https://doi.org/10.1371/journal.pone.0176181.t002
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Stomach adenocarcinomas with JAK1 frameshifts exhibit decreased

expression of IFN associated genes

We also analyzed the effect of JAK1 frameshifts on gene expression in MSI-H STAD. GSEA

analysis of MSI-H STAD revealed four significantly down regulated pathways in STAD with a

JAK1 frameshift including IFNα response, IFNγ response, mitotic spindle, and G2M check-

point (Table 3). Significantly upregulated pathways include the epithelial mesenchymal transi-

tion (EMT), cholesterol homeostasis, angiogenesis, and coagulation (Table 3). Analyzing

immune signatures showed that antigen presentation and memory B cells were significantly

Fig 4. GSEA results in UCEC and CCLE. Heatmap showing the maximum enrichment score (ES) for (A)

Hallmark or (B) Immune gene sets in UCEC and CCLE for significantly altered gene sets. Negative ES

indicates expression is decreased in JAK1 frameshift samples. White star indicates gene set is significantly

altered in that disease type (FWER P < 0.05).

https://doi.org/10.1371/journal.pone.0176181.g004

Table 3. GSEA of MSI WT vs. JAK1 frameshift STAD.

Analysis Direction Gene Set FWER P

Hallmark Decreased in JAK1 frameshift INTERFERON ALPHA RESPONSE 0.000

INTERFERON GAMMA RESPONSE 0.000

MITOTIC SPINDLE 0.001

G2M CHECKPOINT 0.038

Increased in JAK1 frameshift EPITHELIAL MESENCHYMAL TRANSITION 0.000

CHOLESTEROL HOMEOSTASIS 0.000

ANGIOGENESIS 0.015

COAGULATION 0.039

Immune Decreased in JAK1 ANTIGEN PRESENTAITON 0.002

B CELLS MEMORY 0.03

GSEA results specifying gene set and the direction of enrichment. Family wise error rate (FWER) P values below 0.001 are represented as 0.000.

https://doi.org/10.1371/journal.pone.0176181.t003
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down regulated (Table 3). Gene expression changes were also clear at the sample level with the

majority of STAD with a JAK1 exhibiting reduced expression of genes in the IFNγ response

gene set (Fig 5A and 5B). The IFNγ response correlated with JAK1 expression in samples with

and without JAK1 frameshifts (Fig 5C; JAK1 frameshift Pearson’s r = 0.59, P = 0.01; JAK1 non-

frameshift Pearson’s r = 0.44, P = 0.0003). As in UCEC, JAK1 expression and JAK1 MAF

exhibited an inverse correlation although it did not reach statistical significance (Fig 5D, Pear-

son’s r = -0.327, P = 0.19). The IFNγ response also had a negative correlation with JAK1 MAF

in JAK1 frameshift samples that trended towards significance (Fig 5E, Pearson’s r = 0.-42,

P = 0.078). These findings suggest that in STAD, like UCEC, loss of IFN responsiveness

requires complete loss of JAK1.

To begin to analyze broader effects of JAK1 frameshifts, we compared GSEA results of

STAD and UCEC. The core effect of IFN unresponsiveness shown by decreases in the IFNα
response, IFNγ response, and antigen presentation gene sets were conserved between STAD

and UCEC (Fig 6). Immune gene sets were also both generally reduced in STAD and UCEC;

however, only two reached significance in STAD. Several gene sets exhibited tumor type speci-

ficity. Gene sets associated with proliferation including the mitotic spindle, G2M checkpoint,

and E2F targets were increased in JAK1 frameshift UCEC but decreased in JAK1 frameshift

STAD (Fig 6). In contrast, gene sets reminiscent of a recently described immunotherapy resis-

tant signature (IPRES) such as angiogenesis and EMT gene sets were higher in JAK1 frameshift

STAD but lower in JAK1 frameshift UCEC (Fig 6) [44]. We conclude that JAK1 frameshifts

result in reduced interferon responses in UCEC and STAD; however, subsequent phenotypic

alterations such as proliferation and mesenchymal phenotype are likely cell type specific.

Discussion

In this study, we showed that loss of function frameshift mutations in JAK1 may have a role in

immune evasion. These frameshifts appear in tumors that are MSI-H and have a high TMB,

which are therefore likely to elicit immune responses. We observed a similar incidence of these

frameshifts in two independent patient cohorts after normalizing by MSI-H status. We addi-

tionally showed alterations in gene expression patterns using TCGA and CCLE data that are

suggestive of direct effects such as tumor cell-intrinsic reductions in IFN response genes and

indirect effects through alterations to inflammation and macrophage polarization. From these

data, we derived two primary conclusions: 1) JAK1 frameshifts are loss of function alterations

that represent a potential pan-cancer adaptation to immune responses against MSI tumors.

We observed these frameshifts in cancers where MSI is both common (i.e. endometrial cancer)

and rare (i.e. prostate cancer). Furthermore, the frameshift mutations themselves are likely a

result of mismatch repair deficiency which causes MSI. MSI-H tumors have a high TMB that

causes an immune response that can be mitigated by loss of function mutations in JAK1. 2)

The mechanism by which JAK1 loss of function allows immune evasion is likely loss of JAK1-

dependent interferon responses. JAK1 is required for interferon induced antigen presentation

and growth inhibition [21, 22]. Of the three pathways that utilize JAK1, only IFN response was

significantly down regulated in both endometrial and stomach cancers. Endometrial cancer

cell lines with JAK1 frameshifts have been shown to be resistant to the effects of IFNγ, includ-

ing a lack of growth arrest and a failure to up regulate antigen processing and presentation

[45]. However, some tumor samples with JAK1 frameshift mutations in the TCGA dataset

exhibited high expression of IFNγ response genes. Using JAK1 expression and MAF, we

showed that these samples likely have heterozygous or subclonal JAK1 frameshift mutations

with complete loss of JAK1 required to abrogate signaling. About 40% of samples in the FMI

dataset had a heterozygous deficiency in JAK1. Another explanation for IFN signaling in these

JAK1 loss of function and immune evasion
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Fig 5. Sample level gene expression changes in MSI-H STAD samples with a JAK1 frameshift. (A)

Heatmap of MSI-H, STAD tumors (columns). Marker rows: 1) Samples with a JAK1 frameshift are denoted in

green. 2) IFN Response, after JAK1 frameshift samples are ordered by IFN Response. 3) Log10 of JAK1

expression. 4) JAK1 frameshift (FS) MAF. Gene expression was scaled by Z scoring and the order of genes

(rows) is determined by the signal to noise metric for GSEA analysis (t). Negative t indicated decreased

expression in JAK1 frameshift samples. Only genes in the HALLMARK IFN GAMMA RESPONSE are shown.
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samples is JAK1 independent NF-κB pathway signaling, which has been demonstrated for

IFNα treatment [46]. However, most of the genes in the IFN response gene sets have a STAT1
consensus transcription factor binding site (data not shown) [47], while the JAK1 independent

NF-κB pathway would be expected to activate NF-κB responsive genes. In total, we conclude

that JAK1 frameshift mutations are a potential pan-cancer adaptation to anti-tumor immunity

and that these alterations likely result in a lack of antigen presentation and resistance to

interferons.

Based on this data, we speculate that JAK1 frameshifts will also affect treatment with check-

point inhibitors. Current companion diagnostics for checkpoint inhibitors utilize PD-L1

immunohistochemistry to identify patients likely to respond to these agents in some tumor

types. Since PD-L1 (CD274) is an IFNγ responsive gene, tumors with a JAK1 frameshift will

likely have reduced expression of PD-L1 and may therefore have a negative result on the com-

panion diagnostic assay. In STAD, high expression of CD274 in MSI-H JAK1 frameshift STAD

was rare compared to MSI-H JAK1 wild-type STAD (data not shown). Therapeutically, loss of

JAK1 or MHCI pathway genes was shown to be associated with adaptive resistance to single

agent pembrolizumab in a recent study of four relapsed melanoma patients [48]. In these

patients, heterozygous point mutations in JAK1 or MHCI pathway components in the primary

sample exhibited loss of heterozygosity in the relapsed sample. Loss of B2M was also observed

previously in melanoma patients treated with ex vivo expanded CD8+ T cells and IL-2. Using

(B) Histogram of IFN Gamma Response in arbitrary units (AU). (C) Scatter plot of samples for JAK1

expression and IFN Gamma Response. Pearson’s r and associated P values are shown. (D) Scatter plot of

samples for JAK1 expression and JAK1 FS MAF. Pearson’s r and associated P values are shown. (E) Scatter

plot of JAK1 frameshift samples for JAK1 FS MAF and IFN Gamma Response. Pearson’s r and associated P

value is shown.

https://doi.org/10.1371/journal.pone.0176181.g005

Fig 6. Comparison of GSEA results for UCEC and STAD. Heatmap showing the maximum enrichment

score (ES) for (A) Hallmark or (B) Immune gene sets in UCEC and STAD for significantly altered gene sets.

Negative ES indicates expression is decreased in JAK1 frameshift samples. White star indicates gene set is

significantly altered in that disease type (FWER P < 0.05).

https://doi.org/10.1371/journal.pone.0176181.g006
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TCGA data, we found that 71% (60/85) of STAD, 80% (36/45) of COAD, and 31% (52/169) of

UCEC had a frameshift in the MHCI pathway; however, the occurrence of these mutations

was independent of JAK1 frameshifts and did not affect our analysis. While the response rate

to checkpoint inhibitors has been higher in MSI-H cancers compared to MSS cancers of the

same disease type, the determinants of response within MSI-H cancers remain to be described

[13]. We speculate that tumors with complete loss of function of JAK1 will exhibit primary

resistance to checkpoint inhibitors. Tumors with heterozygous or subclonal frameshifts in

JAK1 will relapse after acquiring another JAK1 alteration or undergoing loss of heterozygosity

at the JAK1 locus. Additional data, including paired genomics and immunotherapy treatment

outcomes, will be needed to validate these conclusions; nevertheless, our analysis strongly sug-

gests loss of function JAK1 alterations represents a tumor-intrinsic mechanism of immune

evasion and possibly renders MSI-H tumors resistant to checkpoint inhibitors.

JAK1 frameshift alterations have been described mainly in the context of endometrial can-

cer [49]. The underlying biochemistry of these alterations is well explained, with frameshifts

showing a loss of function phenotype for IFNγ signaling [45]. This study was consistent with

knockout studies in cell lines and mice that show JAK1 is a critical mediator of signaling for

the IFN, IL-6, and IL-2 families of cytokines [22]. We extended on these studies by analyzing a

database of over 60,000 solid tumors to show that these mutations occur across multiple cancer

types and are associated with MSI-H and high TMB. Thus, the previous association of these

alterations with endometrial cancer is not unexpected since MSI is frequent in endometrial

cancer and JAK1 frameshifts occur in 40–50% of MSI-H endometrial cancers [42]. The rare

occurrence of JAK1 frameshifts in prostate or urinary cancer can be explained in part by the

rarity of MSI in these tumor types. This positive association with MSI strengthens the conclu-

sion that JAK1 frameshifts are likely immune evasion mutations, and may represent a mecha-

nism through which MSI-H tumors can circumvent immune pressures. Previous reports have

shown frequent JAK1 frameshifts in endometrial cancer but none were observed in CRC,

another tumor type with an established MSI-H phenotype [49]. We observed a difference in

prevalence between these two diseases but did detect CRC samples with JAK1 frameshifts.

Analyzing TCGA and CCLE expression data with GSEA, we confirmed indirectly the underly-

ing biochemistry in human tumors samples by showing that expression of response genes for

IFN and IL-6 families of cytokines are reduced in tumor samples and cell lines with JAK1
frameshifts. Beyond biochemical effects, reductions in gene sets associated with anti-tumor

immunity were also observed in human cancers. Thus, these mutations are not limited to

endometrial cancer and the direct effects of IFN; they also occur in MSI-high tumors and

result in both unresponsiveness to IFN and a blunted tumor immune response.

Gene expression analysis in this study was performed on tumor samples collected by the

TCGA consortium and are thus composed of tumor, immune, and stromal cells. While we

adapted previous methods designed to deconvolute expression patterns between cell types in

these types of specimens [43, 50], the analysis is still being performed on a mixture of cells.

Therefore, gene expression changes we attributed to tumor cell intrinsic processes may instead

be tumor microenvironment-relevant. To control for this potential confounder, we performed

GSEA on endometrial cell lines, without immune or stromal components, from the CCLE.

This analysis suggested that the effects of JAK1 frameshifts on IFN signaling were likely tumor

cell intrinsic whereas decreased expression of activated immune cell genes was likely cell

extrinsic. Interestingly, the inflammatory response and allograft rejection gene sets were signif-

icantly different in both the cell line and tumor analyses. The changes to these gene sets may

simply reflect overlap, known or unknown, with IFN response genes. The cell line data also

could not control for gene sets associated with growth and division since cell lines divide con-

tinuously and are grown in media with external growth factors. In endometrial tumor samples,
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we observed increased expression of gene sets associated with cell growth and division in

tumors with JAK1 frameshifts and it is tempting to conclude that unresponsiveness to the

growth arrest induced by interferon allows these tumors to grow faster than JAK1 wild-type

tumors. However, given that we were analyzing a mixture of cells, it was unclear which cell

types were dividing and we thus have refrained from making conclusions about cell growth

and division processes. Despite these limitations, we observed the expected phenotype of IFN

unresponsiveness in tumors with a loss of function JAK1 mutation. The immune alterations

we observed were centered on the type or activation state of the immune response. In endome-

trial cancer, we observed differences in antigen presentation, M1 macrophage differentiation,

and activated NK cells, but not resting NK cells or other macrophage types. We speculate these

changes in expression of UCEC samples to be the result of tumor-cell extrinsic changes of

macrophage polarization away from an anti-tumor M1 phenotype to a more neutral M0 or

pro-tumor M2 phenotype. These data are consistent with observations by us and others that

MSI-H endometrial cancers had lymphocytic infiltrates regardless of JAK1 alteration status

(data not shown and [51]). In addition, STAD exhibited increased expression of gene sets simi-

lar to the IPRES immunotherapy resistance signature [44]. Based on these data, we speculate

that JAK1 frameshift alterations and the resultant unresponsiveness to IFN lead to reduced

anti-tumor immune responses.

In this study, we found no evidence for prognostic value for JAK1 frameshifts in TCGA

data and the effect of these mutations on outcome will likely require the incorporation of addi-

tional clinical variables. A separate study of MSI-H endometrial cancers also showed no prog-

nostic value of JAK1 frameshift mutations in patients receiving standard clinical care [51].

MSI-H tumors have a better prognosis than MSS tumors in colorectal cancer [16]. In endome-

trial cancer, MSI-H tumors have an intermediate prognosis, with POLE mutated cancers hav-

ing the best prognosis and serous-like cancers having the worst [42]. Furthermore, mutation

of the B2M gene in MSI-H colon cancers is an independent positive prognostic factor. B2M
mutant colon cancers formed large primary tumors but rarely metastasized [16]. Clinically,

many MSI-H cancers will likely be cured by surgery and adjuvant chemotherapy. However, a

proportion will progress, and in this context, JAK1 frameshifts may play a role in immune eva-

sion. This may also be true for other gastrointestinal cancers where JAK1 and other MHCI

pathway components may be contributing to this phenotype. JAK1 frameshifts may also play a

role in evasion to checkpoint inhibitors.

Supporting information

S1 Appendix. Gene sets for analysis of immune cell types. This file contains the name of the

gene set and the genes contained in the set. This file can be directly imported into the GSEA

software and alternately can be viewed with Excel or a Text Editor.

(GMT)

S2 Appendix. Gene rank by student’s t for GSEA. This file contains the rankings of genes for

GSEA. There are five tabs for the comparisons included in the text including UCEC: JAK1

frameshift +/- MSI endometrial cancers, CCLE: JAK1 frameshift +/- endometrial cell lines

from the CCLE, and pairwise comparisons for MSI STAD cancers: MSI-WT vs. MSI-MHCI,

MSI-WT vs. MSI-JAK1, and MSI-JAK1 vs. MSI-MHCI.

(XLSX)

S3 Appendix. Complete GSEA results. This file contains complete GSEA results from the

comparisons described in the paper in 20 tabs. The naming convention for the tabs is as fol-

lows: group (described in legend for File 2), gene set tested (Immune or Hallmark),
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enrichment direction (positive or negative). Positive enrichments are higher in the wild-type

group and lower in the JAK1 group except for the MSI-JAK1 vs. MSI-MHCI comparison in

which positive enrichments are higher in the MSI-JAK1 group.

(XLSX)

Acknowledgments

We thank David Fabrizio and Dan Spritz for comments and editing of the manuscript. We

thank Julia Elvin for pathology review of MSI-H endometrial tumors.

Author Contributions

Conceptualization: LAA PZ LY JC.

Formal analysis: LAA JW PZ LY JW.

Methodology: LAA JW PS MW PJS PZ LY JC.

Supervision: MW PJS.

Validation: LAA JW LY JC.

Writing – original draft: LAA PZ LY JC.

Writing – review & editing: LAA PZ LY JC.

References
1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646–74. https://

doi.org/10.1016/j.cell.2011.02.013 PMID: 21376230

2. Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD. Cancer immunoediting: from immunosurveillance

to tumor escape. Nat Immunol. 2002; 3(11):991–8. https://doi.org/10.1038/ni1102-991 PMID:

12407406

3. Jass JR. Lymphocytic infiltration and survival in rectal cancer. J Clin Pathol. 1986; 39(6):585–9. PMID:

3722412

4. Clemente CG, Mihm MC Jr., Bufalino R, Zurrida S, Collini P, Cascinelli N. Prognostic value of tumor infil-

trating lymphocytes in the vertical growth phase of primary cutaneous melanoma. Cancer. 1996; 77

(7):1303–10. https://doi.org/10.1002/(SICI)1097-0142(19960401)77:7<1303::AID-CNCR12>3.0.CO;2-

5 PMID: 8608507

5. Zhang L, Conejo-Garcia JR, Katsaros D, Gimotty PA, Massobrio M, Regnani G, et al. Intratumoral T

cells, recurrence, and survival in epithelial ovarian cancer. N Engl J Med. 2003; 348(3):203–13. https://

doi.org/10.1056/NEJMoa020177 PMID: 12529460

6. Naito Y, Saito K, Shiiba K, Ohuchi A, Saigenji K, Nagura H, et al. CD8+ T cells infiltrated within cancer

cell nests as a prognostic factor in human colorectal cancer. Cancer Res. 1998; 58(16):3491–4. PMID:

9721846

7. Schumacher K, Haensch W, Roefzaad C, Schlag PM. Prognostic significance of activated CD8(+) T

cell infiltrations within esophageal carcinomas. Cancer Res. 2001; 61(10):3932–6. PMID: 11358808

8. Hiraoka N, Onozato K, Kosuge T, Hirohashi S. Prevalence of FOXP3+ regulatory T cells increases dur-

ing the progression of pancreatic ductal adenocarcinoma and its premalignant lesions. Clin Cancer

Res. 2006; 12(18):5423–34. https://doi.org/10.1158/1078-0432.CCR-06-0369 PMID: 17000676

9. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old LJ, et al. IFNgamma and lymphocytes

prevent primary tumour development and shape tumour immunogenicity. Nature. 2001; 410

(6832):1107–11. https://doi.org/10.1038/35074122 PMID: 11323675

10. Smyrk TC, Watson P, Kaul K, Lynch HT. Tumor-infiltrating lymphocytes are a marker for microsatellite

instability in colorectal carcinoma. Cancer. 2001; 91(12):2417–22. PMID: 11413533

11. Howitt BE, Shukla SA, Sholl LM, Ritterhouse LL, Watkins JC, Rodig S, et al. Association of Polymerase

e-Mutated and Microsatellite-Instable Endometrial Cancers With Neoantigen Load, Number of Tumor-

JAK1 loss of function and immune evasion

PLOS ONE | https://doi.org/10.1371/journal.pone.0176181 November 9, 2017 19 / 21

https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1038/ni1102-991
http://www.ncbi.nlm.nih.gov/pubmed/12407406
http://www.ncbi.nlm.nih.gov/pubmed/3722412
https://doi.org/10.1002/(SICI)1097-0142(19960401)77:7<1303::AID-CNCR12>3.0.CO;2-5
https://doi.org/10.1002/(SICI)1097-0142(19960401)77:7<1303::AID-CNCR12>3.0.CO;2-5
http://www.ncbi.nlm.nih.gov/pubmed/8608507
https://doi.org/10.1056/NEJMoa020177
https://doi.org/10.1056/NEJMoa020177
http://www.ncbi.nlm.nih.gov/pubmed/12529460
http://www.ncbi.nlm.nih.gov/pubmed/9721846
http://www.ncbi.nlm.nih.gov/pubmed/11358808
https://doi.org/10.1158/1078-0432.CCR-06-0369
http://www.ncbi.nlm.nih.gov/pubmed/17000676
https://doi.org/10.1038/35074122
http://www.ncbi.nlm.nih.gov/pubmed/11323675
http://www.ncbi.nlm.nih.gov/pubmed/11413533
https://doi.org/10.1371/journal.pone.0176181


Infiltrating Lymphocytes, and Expression of PD-1 and PD-L1. JAMA Oncol. 2015; 1(9):1319–23. https://

doi.org/10.1001/jamaoncol.2015.2151 PMID: 26181000

12. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al. Combined Nivolumab and

Ipilimumab or Monotherapy in Untreated Melanoma. N Engl J Med. 2015; 373(1):23–34. https://doi.org/

10.1056/NEJMoa1504030 PMID: 26027431

13. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. PD-1 Blockade in Tumors with

Mismatch-Repair Deficiency. N Engl J Med. 2015; 372(26):2509–20. https://doi.org/10.1056/

NEJMoa1500596 PMID: 26028255

14. Merck & Co. KEYTRUDA (pembrolizumab) [package insert]. 2014. http://www.accessdata.fda.gov/

drugsatfda_docs/label/2015/125514s005lbl.pdf. Accessed 25 June 2016.

15. Bristol Myers Squib Company. OPDIVO (nivolumab) injection [package insert]. 2014. http://

packageinserts.bms.com/pi/pi_opdivo.pdf. Accessed 25 June 2016.

16. Tikidzhieva A, Benner A, Michel S, Formentini A, Link KH, Dippold W, et al. Microsatellite instability and

Beta2-Microglobulin mutations as prognostic markers in colon cancer: results of the FOGT-4 trial. Br J

Cancer. 2012; 106(6):1239–45. https://doi.org/10.1038/bjc.2012.53 PMID: 22353804

17. Salih HR, Rammensee HG, Steinle A. Cutting edge: down-regulation of MICA on human tumors by pro-

teolytic shedding. J Immunol. 2002; 169(8):4098–102. PMID: 12370336

18. Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, et al. Specific recruitment of regulatory T

cells in ovarian carcinoma fosters immune privilege and predicts reduced survival. Nat Med. 2004;

10(9):942–9. https://doi.org/10.1038/nm1093 PMID: 15322536

19. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the immune system. Nat

Rev Immunol. 2009; 9(3):162–74. https://doi.org/10.1038/nri2506 PMID: 19197294

20. O’Shea JJ, Schwartz DM, Villarino AV, Gadina M, McInnes IB, Laurence A. The JAK-STAT pathway:

impact on human disease and therapeutic intervention. Annu Rev Med. 2015; 66:311–28. https://doi.

org/10.1146/annurev-med-051113-024537 PMID: 25587654

21. Rawlings JS, Rosler KM, Harrison DA. The JAK/STAT signaling pathway. J Cell Sci. 2004; 117(Pt

8):1281–3. https://doi.org/10.1242/jcs.00963 PMID: 15020666

22. Rodig SJ, Meraz MA, White JM, Lampe PA, Riley JK, Arthur CD, et al. Disruption of the Jak1 gene dem-

onstrates obligatory and nonredundant roles of the Jaks in cytokine-induced biologic responses. Cell.

1998; 93(3):373–83. PMID: 9590172

23. Eletto D, Burns SO, Angulo I, Plagnol V, Gilmour KC, Henriquez F, et al. Biallelic JAK1 mutations in

immunodeficient patient with mycobacterial infection. Nat Commun. 2016; 7:13992. https://doi.org/10.

1038/ncomms13992 PMID: 28008925

24. Levine RL, Wadleigh M, Cools J, Ebert BL, Wernig G, Huntly BJ, et al. Activating mutation in the tyro-

sine kinase JAK2 in polycythemia vera, essential thrombocythemia, and myeloid metaplasia with mye-

lofibrosis. Cancer Cell. 2005; 7(4):387–97. https://doi.org/10.1016/j.ccr.2005.03.023 PMID: 15837627

25. Thomas SJ, Snowden JA, Zeidler MP, Danson SJ. The role of JAK/STAT signalling in the pathogene-

sis, prognosis and treatment of solid tumours. Br J Cancer. 2015; 113(3):365–71. https://doi.org/10.

1038/bjc.2015.233 PMID: 26151455

26. Frampton GM, Fichtenholtz A, Otto GA, Wang K, Downing SR, He J, et al. Development and validation

of a clinical cancer genomic profiling test based on massively parallel DNA sequencing. Nat Biotechnol.

2013; 31(11):1023–31. https://doi.org/10.1038/nbt.2696 PMID: 24142049

27. Yelensky RD, A.; Otto, G.; Nahas, M.; He, J.; Juhn, F.; Downing, S.; Frampton, G. M., Chmielecki, J.;

Ross, J. S.; Zakowski, M.; Ladanyi, M.; Miller, V. A.; Stephens, P. J.; Lipson D. Analytical validation of

solid tumor fusion gene detection in a comprehensive NGS-based clinical cancer genomic test. Ameri-

can Association for Cancer Research Annual Meting2014.

28. Sun JXF, G. M.; Wang, K.; Ross, J. S.; Miller, V. A.; Stephens, P. J.; Lipson, D.; Yelensky, R. A compu-

tational method for somatic versus germline variant status determination from targeted next-generation

sequencing of clinical cancer specimens without a matched normal control. American Association for

Cancer Research Annual Meeting2014.

29. Lai Z, Markovets A, Ahdesmaki M, Chapman B, Hofmann O, McEwen R, et al. VarDict: a novel and ver-

satile variant caller for next-generation sequencing in cancer research. Nucleic Acids Res. 2016; 44

(11):e108. https://doi.org/10.1093/nar/gkw227 PMID: 27060149

30. Pachter L. Models for transcript quantification from RNA-seq: arXiv.org; 2011 http://arxiv.org/abs/1104.

3889.

31. Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al. The Cancer Cell Line

Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature. 2012; 483

(7391):603–7. https://doi.org/10.1038/nature11003 PMID: 22460905

JAK1 loss of function and immune evasion

PLOS ONE | https://doi.org/10.1371/journal.pone.0176181 November 9, 2017 20 / 21

https://doi.org/10.1001/jamaoncol.2015.2151
https://doi.org/10.1001/jamaoncol.2015.2151
http://www.ncbi.nlm.nih.gov/pubmed/26181000
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1056/NEJMoa1504030
http://www.ncbi.nlm.nih.gov/pubmed/26027431
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1056/NEJMoa1500596
http://www.ncbi.nlm.nih.gov/pubmed/26028255
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/125514s005lbl.pdf
http://www.accessdata.fda.gov/drugsatfda_docs/label/2015/125514s005lbl.pdf
http://packageinserts.bms.com/pi/pi_opdivo.pdf
http://packageinserts.bms.com/pi/pi_opdivo.pdf
https://doi.org/10.1038/bjc.2012.53
http://www.ncbi.nlm.nih.gov/pubmed/22353804
http://www.ncbi.nlm.nih.gov/pubmed/12370336
https://doi.org/10.1038/nm1093
http://www.ncbi.nlm.nih.gov/pubmed/15322536
https://doi.org/10.1038/nri2506
http://www.ncbi.nlm.nih.gov/pubmed/19197294
https://doi.org/10.1146/annurev-med-051113-024537
https://doi.org/10.1146/annurev-med-051113-024537
http://www.ncbi.nlm.nih.gov/pubmed/25587654
https://doi.org/10.1242/jcs.00963
http://www.ncbi.nlm.nih.gov/pubmed/15020666
http://www.ncbi.nlm.nih.gov/pubmed/9590172
https://doi.org/10.1038/ncomms13992
https://doi.org/10.1038/ncomms13992
http://www.ncbi.nlm.nih.gov/pubmed/28008925
https://doi.org/10.1016/j.ccr.2005.03.023
http://www.ncbi.nlm.nih.gov/pubmed/15837627
https://doi.org/10.1038/bjc.2015.233
https://doi.org/10.1038/bjc.2015.233
http://www.ncbi.nlm.nih.gov/pubmed/26151455
https://doi.org/10.1038/nbt.2696
http://www.ncbi.nlm.nih.gov/pubmed/24142049
https://doi.org/10.1093/nar/gkw227
http://www.ncbi.nlm.nih.gov/pubmed/27060149
http://arxiv.org/abs/1104.3889
http://arxiv.org/abs/1104.3889
https://doi.org/10.1038/nature11003
http://www.ncbi.nlm.nih.gov/pubmed/22460905
https://doi.org/10.1371/journal.pone.0176181


32. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, Lehar J, et al. PGC-1alpha-respon-

sive genes involved in oxidative phosphorylation are coordinately downregulated in human diabetes.

Nat Genet. 2003; 34(3):267–73. https://doi.org/10.1038/ng1180 PMID: 12808457

33. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment

analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl

Acad Sci U S A. 2005; 102(43):15545–50. https://doi.org/10.1073/pnas.0506580102 PMID: 16199517

34. RStudio Team. RStudio: Integrated Development for R. 2015, RStudio, Inc.: Boston, MA

35. R Computing Team. R: A language and environment for statistical computing. 2015, R Foundation for

Statistical Computing: Vienna, Austria

36. Anaconda Software Distribution. 2015, Continuum Analytics.

37. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics portal:

an open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012; 2(5):401–

4. https://doi.org/10.1158/2159-8290.CD-12-0095 PMID: 22588877

38. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative analysis of complex

cancer genomics and clinical profiles using the cBioPortal. Sci Signal. 2013; 6(269):pl1. https://doi.org/

10.1126/scisignal.2004088 PMID: 23550210

39. Gaujoux R, Seoighe C. A flexible R package for nonnegative matrix factorization. BMC Bioinformatics.

2010; 11:367. https://doi.org/10.1186/1471-2105-11-367 PMID: 20598126

40. Hunter JD. Matplotlib: A 2D graphics environment. Computing In Science & Engineering. 2007; 9

(3):90–5.

41. The Cancer Genome Atlas Research Network, http://cancergenome.nih.gov/.

42. Cancer Genome Atlas Research Network, Kandoth C, Schultz N, Cherniack AD, Akbani R, Liu Y, et al.

Integrated genomic characterization of endometrial carcinoma. Nature. 2013; 497(7447):67–73. https://

doi.org/10.1038/nature12113 PMID: 23636398

43. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust enumeration of cell subsets

from tissue expression profiles. Nat Methods. 2015; 12(5):453–7. https://doi.org/10.1038/nmeth.3337

PMID: 25822800

44. Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al. Genomic and Transcriptomic

Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma. Cell. 2016; 165(1):35–44. https://

doi.org/10.1016/j.cell.2016.02.065 PMID: 26997480

45. Ren Y, Zhang Y, Liu RZ, Fenstermacher DA, Wright KL, Teer JK, et al. JAK1 truncating mutations in

gynecologic cancer define new role of cancer-associated protein tyrosine kinase aberrations. Sci Rep.

2013; 3:3042. https://doi.org/10.1038/srep03042 PMID: 24154688

46. Yang CH, Murti A, Valentine WJ, Du Z, Pfeffer LM. Interferon alpha activates NF-kappaB in JAK1-defi-

cient cells through a TYK2-dependent pathway. J Biol Chem. 2005; 280(27):25849–53. https://doi.org/

10.1074/jbc.M413721200 PMID: 15883164

47. Begitt A, Droescher M, Meyer T, Schmid CD, Baker M, Antunes F, et al. STAT1-cooperative DNA bind-

ing distinguishes type 1 from type 2 interferon signaling. Nat Immunol. 2014; 15(2):168–76. https://doi.

org/10.1038/ni.2794 PMID: 24413774

48. Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, Hu-Lieskovan S, et al. Mutations

Associated with Acquired Resistance to PD-1 Blockade in Melanoma. N Engl J Med. 2016; 375(9):819–

29. https://doi.org/10.1056/NEJMoa1604958 PMID: 27433843

49. Kim TM, Laird PW, Park PJ. The landscape of microsatellite instability in colorectal and endometrial

cancer genomes. Cell. 2013; 155(4):858–68. https://doi.org/10.1016/j.cell.2013.10.015 PMID:

24209623

50. Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-Garcia W, et al. Inferring tumour

purity and stromal and immune cell admixture from expression data. Nat Commun. 2013; 4:2612.

https://doi.org/10.1038/ncomms3612 PMID: 24113773

51. Stelloo E, Versluis MA, Nijman HW, de Bruyn M, Plat A, Osse EM, et al. Microsatellite instability derived

JAK1 frameshift mutations are associated with tumor immune evasion in endometrioid endometrial can-

cer. Oncotarget. 2016.

JAK1 loss of function and immune evasion

PLOS ONE | https://doi.org/10.1371/journal.pone.0176181 November 9, 2017 21 / 21

https://doi.org/10.1038/ng1180
http://www.ncbi.nlm.nih.gov/pubmed/12808457
https://doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517
https://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
https://doi.org/10.1186/1471-2105-11-367
http://www.ncbi.nlm.nih.gov/pubmed/20598126
http://cancergenome.nih.gov/
https://doi.org/10.1038/nature12113
https://doi.org/10.1038/nature12113
http://www.ncbi.nlm.nih.gov/pubmed/23636398
https://doi.org/10.1038/nmeth.3337
http://www.ncbi.nlm.nih.gov/pubmed/25822800
https://doi.org/10.1016/j.cell.2016.02.065
https://doi.org/10.1016/j.cell.2016.02.065
http://www.ncbi.nlm.nih.gov/pubmed/26997480
https://doi.org/10.1038/srep03042
http://www.ncbi.nlm.nih.gov/pubmed/24154688
https://doi.org/10.1074/jbc.M413721200
https://doi.org/10.1074/jbc.M413721200
http://www.ncbi.nlm.nih.gov/pubmed/15883164
https://doi.org/10.1038/ni.2794
https://doi.org/10.1038/ni.2794
http://www.ncbi.nlm.nih.gov/pubmed/24413774
https://doi.org/10.1056/NEJMoa1604958
http://www.ncbi.nlm.nih.gov/pubmed/27433843
https://doi.org/10.1016/j.cell.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24209623
https://doi.org/10.1038/ncomms3612
http://www.ncbi.nlm.nih.gov/pubmed/24113773
https://doi.org/10.1371/journal.pone.0176181

