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Abstract
The identification of novel therapies, new strategies for combination of therapies, and repurposing of drugs approved for other indications are all important for continued progress in the
fight against lung cancers. Antibodies that target immune checkpoints can unmask an
immunologically hot tumor from the immune system of a patient. However, despite accounts
of significant tumor regression resulting from these medications, most patients do not
respond. In this study, we sought to use protein expression and RNA sequencing data from
The Cancer Genome Atlas and two smaller studies deposited onto the Gene Expression
Omnibus (GEO) to advance our hypothesis that inhibition of SHP-2, a tyrosine phosphatase, will improve the activity of immune checkpoint inhibitors (ICI) that target PD-1 or PDL1 in lung cancers. We first collected protein expression data from The Cancer Proteome
Atlas (TCPA) to study the association of SHP-2 and PD-L1 expression in lung adenocarcinomas. RNA sequencing data was collected from the same subjects through the NCI
Genetic Data Commons and evaluated for expression of the PTPN11 (SHP-2) and CD274
(PD-L1) genes. We then analyzed RNA sequencing data from a series of melanoma
patients who were either treatment naïve or resistant to ICI therapy. PTPN11 and CD274
expression was compared between groups. Finally, we analyzed gene expression and drug
response data collected from 21 non-small cell lung cancer (NSCLC) patients for PTPN11
and CD274 expression. From the three studies, we hypothesize that the activity of SHP-2,
rather than the expression, likely controls the expression of PD-L1 as only a weak relationship between PTPN11 and CD274 expression in either lung adenocarcinomas or melanomas was observed. Lastly, the expression of CD274, not PTPN11, correlates with response
to ICI in NSCLC.

Introduction
Lung cancers remain a leading cause of cancer morbidity and mortality worldwide despite
increased efforts toward drug discovery and implementation of personalized medicine
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GDC. Specifically, 1) for NCI-GDC, we used the
"TCGA-LUAD" data set (similarly, the TCPA used
the TCGA-LUAD-L4 subset); 2) for PMID:
30388455, GEO accession# GSE115978; 3) for
PMID: 31959763, GEO accession# GSE136961;
and 4) for PMID: 32015526, we used the full
dataset.
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approaches [1]. Perhaps the most significant advance in therapy for many cancer types was the
entry of immune checkpoint inhibitors (ICI) as a standard of care therapy for melanomas in
2014 [2]. For non-small cell lung cancers (NSCLC), specifically those without targetable mutations in the epidermal growth factor receptor (EGFR) or anaplastic lymphoma kinase (ALK),
immune checkpoint inhibitors, specifically the antibodies that target programmed cell death 1
(PD-1) or programmed death ligand 1 (PD-L1), have revolutionized cancer therapy even
though response rates are relatively low [3]. Both pembrolizumab and atezolizumab are
approved ICI for frontline lung adenocarcinoma therapy for patients with high levels of PD-L1
expression on tumor cells [4]. Durvalumab, an anti-PD-1 agent, is approved as maintenance
therapy [5]. Decisions to implement ICI therapy is often dependent on the PD-L1 tumor proportion score using evidence from the KEYNOTE-024 and -042 trials [6, 7]. Importantly,
PD-L1 expression may not be the optimal biomarker of response as suggested in pivotal clinical studies (e.g. KEYNOTE and OAK), but it is clear that patients with high levels of tumoral
PD-L1 are likely to experience a robust response to checkpoint inhibition [8]. While many
research groups have searched for improved biomarkers of response for checkpoint inhibitors,
others have focused on identification of therapies that might be combined with ICI to improve
patient outcomes. The work presented herein falls into the latter category [9].
Our group found that inhibition of the tyrosine phosphatase, SHP-2, increased gene and
cell surface protein expression of PD-L1 in KRAS-active NSCLC cell lines (manuscript submitted). PD-L1 is normally expressed on the surface of antigen presenting cells while PD-1 is
expressed on T cells. It is the abnormal expression of PD-L1 on tumor cells, and the subsequent engagement with PD-1 on T cells, that causes tumors to be masked from an immune
response [10]. Inhibiting this interaction with antibodies against either PD-1 or PD-L1 can
release a potent immune response toward the tumor.
We hypothesized that because SHP-2 provides some control of expression of PD-L1 on
NSCLC cells that inhibition of SHP-2 would increase PD-L1 expression and synergize with
ICI therapy. Supportive of our hypothesis is recently published data by Chen and colleagues
showed in a NSCLC model system that combined SHP2 and PD-L1 inhibition, with accompanying radiation, can overcome resistance to PD-1 inhibitors [11]. Other groups have suggested
that SHP-2 activity may be more important in T cells, that infiltrate the tumor, to carry out signaling events downstream of PD-1 stimulation [12]. Uncovering the precise mechanism of
SHP-2 action on PD-L1 expression consumes many research groups, the model systems are
expensive, and experimental time is long to get a drug to the clinic. In this study, we chose to
go straight to real world data to determine whether SHP-2 activity is related to PD-L1 expression and thereby focus our research efforts.
We took advantage of three publicly-available data sets to assess whether moving forward
with wet lab experimentation to determine if exploring the combination of ICI and SHP-2
inhibition is warranted. First, The Cancer Genome Atlas, now known as the NCI Genetic Data
Portal (NCI-GDC), holds well-annotated expression and functional proteomic data (The Cancer Proteome Atlas (TCPA)) for patient tumors. However, most samples were collected prior
to FDA approvals for ICI therapy, so no response data for ICI treatment is available (https://
portal.gdc.cancer.gov/projects/TCGA-LUAD). Unfortunately, larger, industry-sponsored trials are still open (e.g. KEYNOTE and OAK), and full genomic and patient response datasets
are not yet published. Therefore, in order to link expression of SHP-2 and PD-L1 with
response to ICI, we uncovered two small studies: one in NSCLC and one in melanoma patients
[13, 14]. Using real world data from the three studies identified, we believe that inhibition of
SHP-2 activity is likely to improve response to PD-L1/PD-1 inhibitors and justifies continue
wet-lab characterization of the mechanism(s) of activity.
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Methods and results
Phosphorylated SHP-2 significantly correlates with the loss of PD-L1
expression in lung adenocarcinomas
First, using TCPA (https://tcpaportal.org/tcpa/index.html), a functional proteomics database
which contains reverse phase protein array (RPPA) data from a wide variety of clinical tumor
samples, we identified a lung adenocarcinoma (TCGA-LUAD-L4) dataset containing RPPA
data from 362 individual patient samples. These data contain quantitative protein expression
levels of 237 unique proteins for each subject.
From the TCPA data, SHP-2_ pY542, the phosphorylated and active form of SHP-2, and
PD-L1 were compared from 362 patient tumors for relative protein expression levels using a
two-tailed, non-parametric Spearman correlation analysis with 95% confidence intervals. The
analysis revealed that levels of SHP-2_pY542 negatively correlate with PD-L1 expression (r =
-0.157, p-value = 0.0028�� ) in these subjects, suggesting that inhibition of SHP-2 activity may
increase PD-L1 protein expression (Figs 1A and 2A). Data capture and analysis was automated, and the annotated code in Python is linked here: (https://github.com/mwu228/
Summer2021/blob/main/Correlate%20proteins%20of%20interest.ipynb).
The data contained in the TCPA contained only expression levels of the active, phosphorylated SHP-2, so we were unable to compare interactions with the unphosphorylated form.
Thus, we looked to proteins in the TCPA dataset known to be in signaling cascades controlled
by SHP-2 activity as internal controls, specifically Src, STAT3, and MAPK (need references
here). We conducted the same correlation analysis between SHP-2_pY542 and either
Src_pY527, Src_pY416, STAT3_pY705, or MAPK_pT202Y204. We found that the levels of
active SHP-2 maintain strong (r > 0.4) and statistically significant (p < 1x10-15) positive correlations with each of these four proteins, providing additional support that the Y542 phosphorylation of SHP-2 correlation with PD-L1 protein expression is a meaningful interaction
(S1 Fig).
Next, to better understand the relationship between expression of SHP-2 (PTPN11) and
PD-L1 (CD274) mRNA in these patient tumors, we acquired corresponding RNA-sequencing
data from TCGA, now known as the NCI-GDC (https://portal.gdc.cancer.gov). In this database, the TCGA-LUAD dataset contained 585 tumor samples, 223 more than the TCPA data.
To look at only RNA-sequencing data that matched the previously-queried RPPA data, the
362 patient identifiers provided by the TCPA database were used to identify the corresponding
RNA-sequencing data deposited into the GDC. We utilized fragments per kilobase-upper
quartile (FPKM-UQ) values. The FKPM-UQ values for the genes PTPN11 and CD274 for
each tumor were subjected to the same Spearman correlation analysis as previously described.
Data capture and analysis was automated, and the annotated code in Python is linked here:
(https://github.com/mwu228/Summer2021/blob/main/RNAseq%20FPKM%20correlation%
20and%20pvalue.ipynb).
Interestingly, this analysis revealed no significant correlation (p-value = 0.3488) between
PTPN11 and CD274 mRNA expression levels (Fig 1B). Following this observation, we wanted
to know if any relationship between PTPN11 and CD274 expression was found using the
entire TCGA-LUAD RNA-sequencing dataset (n = 585). We found a slight positive correlation
existed (r = 0.095, p-value = 0.0211� ) between PTPN11 and CD274 mRNA levels (Fig 1C).
Because we are most interested in the role of SHP-2 in KRAS-active LUAD, we sub-grouped
tumors with variants of KRAS known to be active from this dataset. No significant relationship
was found in KRAS-active lung adenocarcinomas between PTPN11 and CD274 levels (S2 Fig).
Extending our observations from the aforementioned data that suggest a relationship
between SHP-2 activity and PD-L1 expression, we identified another data warehouse

PLOS ONE | https://doi.org/10.1371/journal.pone.0256416 August 26, 2021

3 / 13

PLOS ONE

Tumor genomic data informs benchtop experimental design

Fig 1. SHP-2 activity and expression correlates with expression of PD-L1 in NSCLC adenocarcinomas. A. Two-tailed non-parametric Spearman
correlation analysis of RPPA protein expression data for Y542 phosphorylated SHP-2 and PD-L1 from 362 adenocarcinomas taken from The Cancer
Proteome Atlas (TCPA: https://gdc.cancer.gov/about-data/publications/pancanatlas) LUAD-L4 dataset. B. Two-tailed non-parametric Spearman
correlation analysis of bulk RNA-seq FPKM-UQ values taken from TCGA (GDC) for the 362 patients that had corresponding RPPA protein
expression data from TCPA. C. Two-tailed non-parametric Spearman correlation analysis of bulk RNA-seq FPKM-UQ values taken from TCGA
(GDC) for all 585 patients in the TCGA-LUAD dataset. D. Two-tailed non-parametric Spearman correlation analysis of mRNA z-scores taken from
cBioPortal (PMID:32015526) for 169 lung adenocarcinoma tumors. The red line in each panel represents a linear regression line of best fit.
https://doi.org/10.1371/journal.pone.0256416.g001

(cBioPortal: cbioportal.org) that contains gene expression data from clinical cancer studies.
Specifically, we located a study sought to characterize the genomic landscape of lung adenocarcinomas in East Asians [15]. This study contains RNAseq data for 169 patients, from which we
conducted a two-tailed, non-parametric Spearman correlation analysis with 95% confidence
intervals between PTPN11 and CD274 mRNA levels (normalization method: z-score). The
analysis revealed a positive (r = 0.267) and significant (p-value = 0.0005��� ) correlation
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Fig 2. Workflow scheme for evaluation of SHP2 and PD-L1 relationships. Reverse-phase protein array (RPPA) was collected from the TCPA data
repository (https://gdc.cancer.gov/about-data/publications/pancanatlas) for 362 total patients labeled as the TCPA-LUAD-L4 data set. RNAseq data was
collected from GDC for the full TCGA-LUAD dataset (n = 585). These data were parsed to include only patients for which there was matching RPPA
data on TCPA (n = 362). Single-cell RNAseq reads for 31 melanoma tumors were collected and separated into two groups based on ICI treatment
status. Only single-cell reads for ‘malignant melanoma cells’ were retained for analysis. Tumors which had � 30 unique malignant cells with non-zero
PTPN11 values were included in the analysis. NSCLC tumors (n = 21) with sequence data were first separated into two groups based on response to ICI
treatment. Average TPM values were calculated for PTPN11 and CD274, and tumors that had PTPN11 TPM value >2 standard deviations from the
mean were excluded from the analysis.
https://doi.org/10.1371/journal.pone.0256416.g002

between PTPN11 and CD274 mRNA, again suggesting that SHP-2 and PD-L1 protein are coexpressed in LUAD tumors (Fig 1D). Together, these TCPA and RNA seq data suggest that
SHP-2 and PD-L1 protein are co-expressed in LUAD tumor tissue and that activation of SHP2, not simply expression, may control levels of PD-L1. However, without knowing the expression levels of inactive SHP-2, we cannot state with certainty that SHP-2 activity is the primary
role by which SHP-2 regulates PD-L1 expression.

PTPN11 mRNA expression weakly associates with reduced CD274 mRNA
expression in melanoma tumors regardless of ICI exposure
Having established a connection between tumoral SHP-2 activity and PD-L1 expression, but
not corresponding gene expression levels, in lung adenocarcinomas, we sought to understand
whether PTPN11 and CD274 expression levels associate with response of patient tumors
treated with ICIs. A study was identified that analyzed single-cell RNA-sequencing (scRNAseq) data from 31 melanoma tumors that were either not treated with ICIs or became resistant
to ICIs following treatment. Importantly, the authors of the study were interested in characteristics of the melanoma cells that lead to immune evasion [13]. We used the R-studio Bioconductor GEOquery package to download the raw scRNA-seq transcript-per-million (TPM)
values, cell counts, and annotations from this study (GSE115978). TPM values were calculated
as described in Jerby-Arnon L., et al. [13]. We sought to answer two main questions using
these data: 1) does PTPN11 mRNA expression correlate with CD274 mRNA levels and 2) does
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PTPN11 expression correlate with poor response to PD-1 inhibition? The scheme for the analysis workflow is found in Fig 2B.
To address the first question, we identified the tumors which were not treated with ICI
(n = 15). For each of these samples, we established that scRNA-seq reads were available for several cell types, including immune cell types and malignant cells. Cell types were detected by
fluorescence activated cell sorting using cell-type specific proteins. Because we are only interested in associations between PTPN11 and CD274 in tumor cells, we selected only single cells
determined to be malignant melanoma cells. Of the 15 untreated tumors, the analysis was narrowed to include patient tumors that have at least 30 unique malignant cells (n = 6) resulting
in an average of 108 (range, 91–487) single-cells per tumor. To understand the proportion of
single cells in an individual tumor that expressed PTPN11, the percentage of cells with nonzero TPM scores for PTPN11 for each tumor was calculated (Table 1).
This processing uncovered that six untreated tumors (Mel71, Mel79, Mel103, Mel80,
Mel81, Mel89) demonstrated �50% of single malignant cells (mean = 69%; range, 50–83%)
expressed PTPN11. The TPM values for PTPN11 and CD274 for all single malignant cells in
these six tumors were then assessed together, resulting in mean/standard deviation TPM values for PTPN11(1.40, 0.22) and CD274 (0.11, 0.06). We observed a similar trend similar to
that of the TCPA/NCI-GDC analysis above that elevated expression of PTPN11 associated
with lower expression of CD274 in treatment naïve tumors.
Finally for this dataset, we wanted to understand the relationship of PTPN11 and CD274
expression and response to therapy. We used the patient tumors which acquired resistance to
ICI therapy (n = 15) to ask whether the relative levels of PTPN11 and CD274 levels were different than the treatment-naïve tumors. Again, the data were processed to include only tumors
Table 1. A. PTPN11 mRNA expression weakly associated with reduced CD274 mRNA expression in melanoma tumors regardless of ICI exposure. B. PTPN11 mRNA
expression weakly associated with reduced CD274 mRNA expression in melanoma tumors regardless of ICI exposure.
A
Treatment

Tumor

% cells expressing
PTPN11

Tumoral PTPN11
TPM

Tumoral CD274
TPM

Average PTPN11
TPM

Average CD274
TPM

None

Mel80

80.4

1.35

0.07

1.40

0.14

None

Mel81

81.7

1.57

0.02

None

Mel89

83.0

1.78

0.18

None

Mel71

56.5

1.24

0.07

None

Mel79

58.8

1.40

0.18

None

Mel103

50.4

1.08

0.12

Treatment

Tumor

% cells expressing
PTPN11

Tumoral PTPN11
TPM

Tumoral CD274
TPM

Average PTPN11
TPM

Average CD274
TPM

1.29

0.09

B

Ipilimumab+nivolumab

Mel78

75.8

1.49

0.15

Ipilimumab+pembrolizumab

Mel110

82.1

1.39

0.05

Tremlimumab

Mel88

66.9

1.16

0.17

Ipilimumab

Mel98

61.8

1.19

0.14

Ipilimumab+nivolumab

Mel102

56.8

1.20

0.03

Ipilimumab+pembrolizumab
+nivolumab

Mel194

59.4

1.29

0.03

A. Six tumors had � 30 unique malignant cells that had non-zero PTPN11 TPM values and are ICI therapy naïve [13]. Shown are the percentage of single cells that
expressed PTPN11, the combined TPM values for all the single cells within each individual tumor, and the average TPM values for all six untreated tumors combined. B.
The same details as (A) but for tumors that did not respond to ICI therapy. There was no significant difference in average PTPN11 and CD274 TPM values between
treatment naïve and treatment resistant groups.
https://doi.org/10.1371/journal.pone.0256416.t001
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with � 30 unique malignant cells (n = 6) resulting in an average of 79 single cells (range, 96–
169) per tumor. We applied the methods used above to calculate the proportion of single cells
expressing PTPN11 for each tumor, and the average TPM values for PTPN11 and CD274
when the single cells of all six tumors were evaluated together. We found that these six ICI
resistant tumors (Mel78, Mel88, Mel98, Mel102, 196 Mel110, Mel94) again showed �50% single malignant cells (mean = 67%; range, 57–82%) expressed PTPN11, and the combined
mean/standard deviation TPM values for PTPN11 (1.29, 0.12) and CD274 (0.09, 0.06). Here,
similar expression patterns of PTPN11 and CD274 were observed compared with treatmentnaive tumors, and again CD274 levels remain low when PTPN11 is expressed. Importantly, we
were unable to observe any relationship between PTPN11 or CD274 expression and acquired
resistance to ICI in this dataset.

CD274, but not PTPN11, mRNA expression associated with response to
ICI in NSCLC tumors
Using the data from the third study, we asked whether expression of PTPN11 and CD274
mRNA associates with response to ICI therapy in NSCLC. The investigators in this report
aimed to find immune signatures predictive of response to anti- PD-1 inhibitors in NSCLC.
The dataset contained bulk tumor RNA-sequencing data and clinical response data for 21
NSCLC subjects treated with single agent anti-PD-1 therapy [14]. As before, the R-studio Bioconductor GEOquery package was used to capture raw RNA-sequencing TPM values from
this study (GSE136961). Patients demonstrating progression of disease or stable disease that
lasted less than 24 weeks were deemed by the authors to have no durable clinical benefit
(DCB) to anti-PD-1 therapy. Patients showing partial or complete response by Response Evaluation Criteria in Solid Tumor (RECIST) v1.1 or stable disease for more than 24 weeks were
defined as receiving DCB. The analysis of these data followed a workflow scheme like that in
Fig 2C.
Of the 21 NSCLC patients in this study, nine demonstrated a DCB to ICI therapy and
twelve showed no DCB. We separated the data by DCB status and then averaged all TPM values for PTPN11 and CD274 for each patient tumor to generate one average TPM score for
each group. An outlier analysis was performed on the PTPN11 TPM values for both responders and non-responders (S3 Fig), resulting in final groups of 7 responders (n = 7) and 11 nonresponders (n = 11). Our analysis revealed no significant difference in the expression of
PTPN11 mRNA between subjects with DCB from those that did not respond to anti-PD-1
therapy (Fig 3). Specifically, the mean/standard deviation PTPN11 TPM scores were (576.15,
281.78) and (487.73, 361.24) for responders and non-responders, respectively. Importantly,
the mean expression of CD274 mRNA was nearly 3-fold higher in patients who responded to
therapy (151.16, 198.33) compared to those who did not (61.96, 64.54). We note the standard
deviation was large for the last two groups assessed. Together, these data showed that PTPN11
expression does not associate with CD274 expression or response therapy in NSCLC patients.
These findings are consistent with the results from the first study that suggested that SHP-2
activity, not expression, correlates with PD-L1 expression. In contrast, these data demonstrated a positive relationship between PD-L1 expression and response to ICI which was not
observed in the melanoma study.

Discussion
In this study, we applied information obtained from publicly-available protein and gene
expression datasets to gain further insight into our overarching research question: does SHP-2
activity or expression influence PD-L1 mRNA and protein levels and subsequent response to
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Fig 3. CD274, but not PTPN11, mRNA expression is associated with response to ICI in NSCLC tumors. A.
PTPN11 TPM values for patients who did or did not demonstrate a durable clinical benefit (DCB) from ICI therapy, as
determined by RECIST criteria [14]. There was no significant difference between groups, as measured by a student’s ttest. B. TPM values for CD274 in patients who did or did not demonstrate a durable clinical benefit (DCB) from ICI
therapy, as determined by RECIST criteria. There was no significant difference between groups, as measured by a
student’s t-test.
https://doi.org/10.1371/journal.pone.0256416.g003
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anti-PD-1 or PD-L1 therapies in NSCLC? We used this approach because we believe that the
utilization of real-world datasets can inform and direct wet-lab experimentation. The design
and execution of pre-clinical and clinical studies is expensive, time-consuming, and laborintensive. Here, we present a quick and efficient process that, when combined with bench-side
techniques, can offer substantial insight into the clinical translatability of commonly-used,
highly-controlled model systems designed for drug discovery applications. Through the analysis of two major cancer data repositories and two smaller clinical studies, we were able to take
further steps towards establishing a connection between the activity of SHP-2 and PD-L1
expression in human tumors without carrying out a study de novo.
Of the datasets chosen for this study, the most statistically-powerful and revealing information arose from the composite analyses of the TCPA and GDC data repositories. Using genomic and protein information from a large cohort of NSCLC patients, our most important
observation was the strong negative correlation (r = -0.157, p-value = 0.0028�� ) between the
active, tyrosyl-phosphorylated form of SHP-2 and PD-L1 protein expression (Fig 1A). A limitation of these data was that the RPPA data did not include expression levels of the unphosphorylated and inactive form of SHP-2 which would have been a useful control as informed
by our wet-lab studies. However, to address this limitation, we investigated the relationship of
SHP-2 at Y542 with known targets. We found strong positive correlations in the expression
levels of SHP2_pY542 and three proteins (Src, MAPK, STAT3) whose activity is dependent on
phosphorylation status and known to be regulated by SHP-2 activity [16–18]. While this is not
a perfect control to confirm that the activity of SHP-2 predominates total SHP-2 expression as
they relate to PD-L1 expression, it does provide additional evidence that quantifies association
of SHP2_pY542 with known substrates.
The conformational changes induced by phosphorylation of SHP-2 could alter protein-protein interactions among signaling components and intracellular signaling cascades that impact
PD-L1 expression [19]. Following from that hypothesis, we observed no statistically significant
correlation between the levels of SHP-2 and PD-L1 mRNA in the patients in the NCI-GDC
dataset that were initially studied in the TCPA dataset, again highlighting the potential importance of molecular interactions of SHP-2 dependent on its activated state. Interestingly, when
we conducted the same analysis on the entire cohort of LUAD patients in the NCI-GDC repository, a weak, but inverse correlation, (r = 0.095, p-value = 0.0211� ) between PTPN11 and
CD274 mRNA was observed, suggesting that SHP-2 and PD-L1 are co-expressed in LUAD
tumors. It is then plausible that SHP-2 activation may function to finetune PD-L1 expression
levels. In immune cells, SHP-2 functions downstream of the PD-1:PD-L1 interaction by facilitating the internalization of the PD-1 receptor which ultimately results in the deactivation of
the immune cell [20]. Likewise, it is conceivable that SHP-2 functions in a similar manner with
regard to tumoral PD-L1 expression. The significance of SHP-2 co-expression with PD-L1
mRNA may be in a negative feedback loop, reducing PD-L1 levels once its expression is no
longer necessary. Mutation of SHP-2 in malignant cells may alter SHP-2 activity or expression
to disrupt this negative feedback loop, resulting in the aberrant constitutive expression of
PD-L1 protein and continuous T-cell deactivation.
When we embarked on our studies, we most desired to understand how SHP-2 influences
response to ICI therapy in KRAS-active tumors in order to direct our drug discovery efforts in
a wet-lab setting. A limitation of the data deposited in the NCI-GDC is that the clinical data
are often incomplete and lacking details on drug treatment and associated response or perhaps
pre-date a particular therapy, like ICI in this case. However, we were able to address the
expression of SHP-2 and PD-L1 in KRAS-active LUAD (~26% of the tumors). KRAS status
did not change the outcome of the analysis. We identified other studies in which RNAseq data
was collected from tumors treated with ICIs, one in melanoma and one in NSCLC [13, 14].
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While the focus of our study is on NSCLC, treatment of melanoma using ICIs was approved a
few years prior to use in NSCLC, and thus the data available in this cancer with respect to ICI
treatment is more mature. It should be noted that melanomas rarely harbor KRAS mutations
and more often HRAS mutations. Neither of the two small studies made the mutation status of
Ras available.
The melanoma study was embarked by Regev and colleagues [13] and sought identify a
gene expression profile that is associated with immune evasion that might predict response to
ICI treatment. They conducted scRNAseq on melanoma tumors that were either untreated at
the time of sequencing, or had acquired resistance to ICI therapy. These data allowed us to
determine whether PTPN11 and CD274 gene expression associated with response to therapy.
The authors of the study were more interested with defining signatures of resistance that could
be used to screen patients prior to ICI therapy, so the experimental design was not ideal and
the sample size was small. Importantly, PTPN11 mRNA levels were roughly equivalent
between the treatment naïve and ICI resistant tumors. While this analysis provides some
insight into the landscape of SHP-2 and PD-L1 coexpression, it is important to acknowledge
that these tumors did not originate from the lung, have differing oncogenic mutations, and
sample sizes were relatively low.
Finally, we used data from the NSCLC study carried out by Hwang and colleagues in which
they sought to identify immune gene signatures that may predict clinical response to anti-PD1 therapy [14]. The authors performed RNAseq on 21 NSCLC tumors that were divided by
response to ICI therapy. For our analysis, we used average TPM values for PTPN11 and
CD274 and compared tumors based on response to therapy. Expression of PTPN11 did not
associate with DCB, but the tumors from patients who experienced DCB displayed increased
expression of CD274 mRNA, consistent with other studies [21–23]. Taken together, these two
studies do not suggest that the expression of PTPN11 mRNA is associated with to response to
ICI therapy. Given these analyses considered alongside the TCPA analysis, it is likely that
SHP-2 activity, not expression, bears more importance to PD-L1 expression, and subsequently
response to ICI therapy, in NSCLC. Further, our findings suggest that reducing SHP-2 activity
by pharmacological means would increase tumoral PD-L1 expression. Patients with PD-L1
expression >50% respond better to ICI therapy, supporting the potential for synergy of the coinhibition of SHP-2 and PD-L1 in NSCLC [23–25].
This study outlines the significance of using of simple and efficient methods in real-world
data analysis to further discovery efforts at the benchtop. Each study from which we gathered
data had limitations that we have noted. The take-home message is that there is likely value in
combining the use of molecules that inhibit the activity of SHP-2 and ICI in lung tumors and
convince us that continued exploration into the role of SHP-2 on both PD-L1 expression is
clinically important.

Supporting information
S1 Fig. SHP2_pY542 significantly correlates with phosphorylated proteins found in pathways that are SHP-2 targets. A. Two-tailed non-parametric Spearman correlation analysis of
RPPA protein expression data for Y542 phosphorylated SHP-2 and T202/Y204 phosphorylated MAPK B. Y527 phosphorylated Src kinase C. Y416 phosphorylated Src kinase D. Y705
phosphorylated STAT3 from 362 adenocarcinomas taken from The Cancer Proteome Atlas
(TCPA: https://gdc.cancer.gov/about-data/publications/pancanatlas) LUAD-L4 dataset. The
red line represents a linear regression line of best fit.
(TIF)
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S2 Fig. KRAS mutation status had no impact on PTPN11 and CD274 relationship. Twotailed non-parametric Spearman correlation analysis of bulk RNA-seq FPKM-UQ values
taken from TCGA (GDC: https://gdc.cancer.gov/about-data/publications/pancanatlas) for 99
patients harboring mutations in the KRAS gene found in the TCGA-LUAD dataset. The red
line represents a linear regression line of best fit.
(TIF)
S3 Fig. Outlier analysis of PTPN11 TPM values for NSCLC response study. Box and whisker plot of PTPN11 TPM values for NSCLC patients who did not respond to ICI therapy (A)
or patients who did respond (B). Outliers, highlighted in red, were determined by the 1.5 interquartile range (IQR) method which adds 1.5 times the IQR to the third quartile and excludes
data points that fall above that value, and subtracts 1.5 times the IQR from the first quartile
and excludes data points that fall below that value.
(TIF)

Acknowledgments
We would like to thank the University of Kentucky College of Pharmacy for the support of this
work, as well as John Gensel PhD, University of Kentucky, College of Medicine and Chi
Wang, PhD, Markey Cancer Center, College of Public Health for consultation on statistical
methods.

Author Contributions
Conceptualization: Esther P. Black.
Data curation: Keller J. Toral, Mark A. Wuenschel.
Formal analysis: Keller J. Toral.
Investigation: Keller J. Toral.
Methodology: Keller J. Toral, Esther P. Black.
Project administration: Esther P. Black.
Resources: Esther P. Black.
Software: Keller J. Toral.
Supervision: Esther P. Black.
Validation: Keller J. Toral.
Visualization: Keller J. Toral, Esther P. Black.
Writing – original draft: Keller J. Toral, Esther P. Black.
Writing – review & editing: Keller J. Toral, Esther P. Black.

References
1.

American Cancer Society. Cancer Facts & Figures 2020 [Internet]. [cited 2020Jul05]. https://www.
cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2020.html

2.

Raedler L. Keytruda (Pembrolizumab): First PD-1 Inhibitor Approved for Previously Treated Unresectable or Metastatic Melanoma. AH&DB. 2015; 8:96–100.

3.

Kazandjian D, Suzman DL, Blumenthal G, Mushti S, He K, Libeg M, et al. FDA Approval Summary:
Nivolumab for the Treatment of Metastatic Non-Small Cell Lung Cancer With Progression On or After

PLOS ONE | https://doi.org/10.1371/journal.pone.0256416 August 26, 2021

11 / 13

PLOS ONE

Tumor genomic data informs benchtop experimental design

Platinum-Based Chemotherapy. Oncologist. 2016; 21(5):634–42. https://doi.org/10.1634/
theoncologist.2015-0507 PMID: 26984449
4.

Center for Drug Evaluation and Research. FDA expands pembrolizumab indication for first-line treatment of NSCLC [Internet]. U.S. Food and Drug Administration. FDA; [cited 2020Jul8]. https://www.fda.
gov/drugs/fda-expands-pembrolizumab-indication-first-line-treatment-nsclc-tps-1

5.

Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al. Durvalumab after Chemoradiotherapy in Stage III Non-Small-Cell Lung Cancer. N Engl J Med. 2017; 377(20):1919–29. https://doi.
org/10.1056/NEJMoa1709937 PMID: 28885881

6.

Reck M, Rodrı́guez-Abreu D, Robinson AG, et al. Updated Analysis of KEYNOTE-024: Pembrolizumab
Versus Platinum-Based Chemotherapy for Advanced Non-Small-Cell Lung Cancer With PD-L1 Tumor
Proportion Score of 50% or Greater. J Clin Oncol. 2019; 37(7):537–546. https://doi.org/10.1200/JCO.
18.00149 PMID: 30620668

7.

Mok TSK, Wu Y-L, Kudaba I, Kowalski DM, Cho BC, Turna HZ, et al. Pembrolizumab versus chemotherapy for previously untreated, PD-L1-expressing, locally advanced or metastatic non-small-cell lung
cancer (KEYNOTE-042): a randomised, open-label, controlled, phase 3 trial. The Lancet. 2019; 393
(10183):1819–30. https://doi.org/10.1016/S0140-6736(18)32409-7 PMID: 30955977

8.

Tan PS, Aguiar P Jr., Haaland B, Lopes G. Comparative effectiveness of immune-checkpoint inhibitors
for previously treated advanced non-small cell lung cancer—A systematic review and network metaanalysis of 3024 participants. Lung Cancer. 2018; 115:84–8. https://doi.org/10.1016/j.lungcan.2017.11.
017 PMID: 29290267

9.

Song P, Yang D, Wang H, Cui X, Si X, Zhang X, et al. Relationship between the efficacy of immunotherapy and characteristics of specific tumor mutation genes in non-small cell lung cancer patients. Thorac
Cancer. 2020; 11(6):1647–54. https://doi.org/10.1111/1759-7714.13447 PMID: 32342665

10.

Sun C, Mezzadra R, Schumacher TN. Regulation and Function of the PD-L1 Checkpoint. Immunity.
2018; 48(3):434–52. https://doi.org/10.1016/j.immuni.2018.03.014 PMID: 29562194

11.

Chen D, Barsoumian HB, Yang L, Younes AI, Verma V, Hu Y, et al. SHP-2 and PD-L1 Inhibition Combined with Radiotherapy Enhances Systemic Antitumor Effects in an Anti-PD-1-Resistant Model of
Non-Small Cell Lung Cancer. Cancer Immunol Res. 2020; 8(7):883–94. https://doi.org/10.1158/23266066.CIR-19-0744 PMID: 32299915

12.

Fan Z, Tian Y, Chen Z, Liu L, Zhou Q, He J, et al. Blocking interaction between SHP2 and PD-1 denotes
a novel opportunity for developing PD-1 inhibitors. EMBO Mol Med. 2020; 12(6):e11571. https://doi.org/
10.15252/emmm.201911571 PMID: 32391629

13.

Jerby-Arnon L, Shah P, Cuoco MS, Rodman C, Su MJ, Melms JC, et al. A Cancer Cell Program Promotes T Cell Exclusion and Resistance to Checkpoint Blockade. Cell. 2018; 175(4):984–97 e24. https://
doi.org/10.1016/j.cell.2018.09.006 PMID: 30388455

14.

Hwang S, Kwon AY, Jeong JY, Kim S, Kang H, Park J, et al. Immune gene signatures for predicting
durable clinical benefit of anti-PD-1 immunotherapy in patients with non-small cell lung cancer. Sci Rep.
2020; 10(1):643. https://doi.org/10.1038/s41598-019-57218-9 PMID: 31959763

15.

Chen J, Yang H, Teo ASM, Amer LB et al. Genomic landscape of lung adenocarcinoma in East Asians.
Nat Genet. 2020 Feb; 52(2):177–186. https://doi.org/10.1038/s41588-019-0569-6 PMID: 32015526

16.

Xu D, Qu CK. Protein tyrosine phosphatases in the JAK/STAT pathway. Front Biosci. 2008; 13:4925–
4932. https://doi.org/10.2741/3051 PMID: 18508557

17.

Wu TR, Hong YK, Wang XD, Ling MY, Dragoi AM, Chung AS, et al. SHP-2 is a dual-specificity phosphatase involved in Stat1 dephosphorylation at both tyrosine and serine residues in nuclei. J Biol Chem.
2002 Dec 6; 277(49):47572–80. https://doi.org/10.1074/jbc.M207536200 PMID: 12270932

18.

Lan L, Holland JD, Qi J, Grosskopf S, Rademann J, Vogel R, et al. Shp2 signaling suppresses senescence in PyMT-induced mammary gland cancer in mice. EMBO J. 2015 Jun 3; 34(11):1493–508.
https://doi.org/10.15252/embj.201489004 PMID: 25736378

19.

Zhang J, Zhang F, Niu R. Functions of Shp2 in cancer. J Cell Mol Med. 2015; 19(9):2075–83. https://
doi.org/10.1111/jcmm.12618 PMID: 26088100

20.

Marasco M, Berteotti A, Weyershaeuser J, Thorausch N, Sikorska J, Krausze J, et al. Molecular mechanism of SHP2 activation by PD-1 stimulation. Sci Adv. 2020 Jan 31; 6(5):eaay4458. https://doi.org/10.
1126/sciadv.aay4458 PMID: 32064351

21.

Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al. Pembrolizumab for the treatment of non-small-cell lung cancer. N Engl J Med. 2015; 372(21):2018–28. https://doi.org/10.1056/
NEJMoa1501824 PMID: 25891174

22.

Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al. Nivolumab versus Docetaxel in
Advanced Nonsquamous Non-Small-Cell Lung Cancer. N Engl J Med. 2015; 373(17):1627–39. https://
doi.org/10.1056/NEJMoa1507643 PMID: 26412456

PLOS ONE | https://doi.org/10.1371/journal.pone.0256416 August 26, 2021

12 / 13

PLOS ONE

Tumor genomic data informs benchtop experimental design

23.

Study of Two Doses of Pembrolizumab (MK-3475) Versus Docetaxel in Previously Treated Participants
With Non-Small Cell Lung Cancer (MK-3475-010/KEYNOTE-010). 2020(NCT01905657).

24.

Study of Pembrolizumab (MK-3475) Compared to Platinum-Based Chemotherapies in Participants
With Metastatic Non-Small Cell Lung Cancer (MK-3475-024/KEYNOTE-024). 2021(NCT02142738).

25.

Study of Pembrolizumab (MK-3475) in Participants With Advanced Non-small Cell Lung Cancer (MK3475-025/KEYNOTE-025). 2020(NCT02007070).

PLOS ONE | https://doi.org/10.1371/journal.pone.0256416 August 26, 2021

13 / 13

