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Abstract

The insulin-like growth factor-1 (IGF-1) signaling pathway has been implicated in non-small

cell lung cancer (NSCLC) outcomes and resistance to targeted therapies. However, little is

known regarding the molecular mechanisms by which this pathway contributes to the biol-

ogy of NSCLC. The insulin receptor substrate (IRS) proteins are cytoplasmic adaptor pro-

teins that signal downstream of the IGF-1R and determine the functional outcomes of this

signaling pathway. In this study, we assessed the expression patterns of IRS-1 and IRS-2 in

NSCLC to identify associations between IRS-1 and IRS-2 expression levels and survival

outcomes in the two major histological subtypes of NSCLC, adenocarcinoma (ADC) and

squamous cell carcinoma (SCC). High IRS-2 expression was significantly associated with

decreased overall survival in adenocarcinoma (ADC) patients, whereas low IRS-1 cyto-

plasmic expression showed a trend toward association with decreased overall survival in

squamous cell carcinoma (SCC) patients. Tumors with low IRS-1 and high IRS-2 expression

were found to be associated with poor outcomes in ADC and SCC, indicating a potential role

for IRS-2 in the aggressive behavior of NSCLC. Our results suggest distinct contributions of

IRS-1 and IRS-2 to the biology of ADC and SCC that impact disease progression.

Introduction

Non-small cell lung cancer (NSCLC) is the most common type of lung cancer and accounts

for 85% of all lung cancer cases [1]. Histologically, NSCLC is divided predominantly into two

major subtypes, adenocarcinoma (ADC) and squamous cell carcinoma (SCC), which comprise

50% and 40% of NSCLC cases, respectively [1]. Recent genome sequencing has identified dis-

tinct molecular alterations that characterize ADC and SCC [2, 3] and that predict favorable

response to therapies in lung cancer patients. Most notably, EGFR, ALK, and ROS1 are the
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most clinically significant mutations in ADC and molecular testing of lung adenocarcinomas

is now widely recommended by oncologists [4]. Unfortunately, acquired resistance to targeted

therapies occurs in many patients [5], and there is a continuing need to identify resistance

mechanisms and to develop alternative and second-line therapies.

One signaling pathway that has been implicated in lung cancer outcomes and resistance to

targeted therapies is the insulin-like growth factor-1 (IGF-1) signaling pathway [6]. IGF-1

ligand and IGF-1 receptor (IGF-1R) expression are both elevated in NSCLC, and higher IGF-

1R expression is associated with reduced overall survival in SCC patients [7]. NSCLC patients

with tumors that overexpress both IGF-1R and EGFR have reduced relapse-free survival (RFS)

and overall survival (OS) [8, 9]. With regard to resistance, high IGF-1R expression is a negative

predictive factor for response to EGFR tyrosine kinase inhibitors (TKIs) [10–12]. The IGF-1R

pathway has also been implicated in response to therapies that target ALK fusion proteins [13].

The role of the IGF-1R in resistance to TKIs underscores the importance of understanding the

contribution of this signaling pathway to the biology of NCSLC.

The insulin receptor substrate (IRS) proteins are cytoplasmic adaptor proteins that mediate

the functional outcomes of IGF-1R signaling [14]. Although IRS-1 and IRS-2 share significant

homology, they regulate distinct functional outcomes in tumor cells [15]. Specifically, IGF-1R-

dependent signaling through IRS-1 promotes proliferation, whereas signaling through IRS-2

promotes migration, invasion, and glucose metabolism [14, 16]. Although little is known

about the clinical significance of the IRS proteins in human lung cancer, IRS-1 has been impli-

cated in signaling in EML4-ALK rearranged NSCLC [17]. In the current study, we evaluated

the expression and intracellular localization patterns of the IRS proteins in NCSLC and deter-

mined their associations with clinical outcomes in ADC and SCC. Our study reveals distinct

expression patterns for IRS-1 and IRS-2 in ADC and SCC and suggests that the expression lev-

els of IRS-1 and IRS-2 may impact NSCLC biology.

Materials and methods

Tumor sections

Formalin-fixed, paraffin-embedded tumor sections were obtained from the Pathology Depart-

ment archives and tumor bank at the University of Massachusetts Medical School. Approval

for the study was obtained from the University of Massachusetts Medical School Institutional

Review Board (IRB) and a waiver for consent was issued by this committee. The retrospective

study population consisted of patients diagnosed between the years of 2000 and 2014 with

NSCLC of any stage. Data on tumor size, tumor grade and node status were available for most

patients. Mutational status was available for six ADC tumors: K-RAS (3 tumors), EGFR (2

tumors), EML4-ALK (1 tumor). Follow-up data on adjuvant therapy, recurrence-free survival

and overall survival were also available. REMARK criteria were used for this study [18].

Immunohistochemistry

Tissue sections (5 μM) were deparaffinized and rehydrated, and antigen retrieval was carried

out in 0.01M citrate buffer, pH 6.0 and heating in a 770-W microwave oven for 14 minutes for

slides to be stained for IRS-1 or 0.001M EDTA, pH 8.0 and heating in a steamer for 35 minutes

for slides to be stained with IRS-2. For IRS-1, slides were stained with the Dako Autostainer

(Dako, Carpinteria, CA) using EnVision+ (Dako) staining reagents as described previously

[19, 20]. For IRS-2, slides were blocked with Avidin/Biotin Blocking Kit (Vector Laboratories)

followed by 1X Casein Solution for 1 hr. Sections were stained for 1 hour at room temperature

with rabbit monoclonal IRS2 (1:400; #EP976Y, Abcam) followed by incubation for 30 min at

room temperature with biotin-conjugated goat anti-rabbit IgG (1:200) and developed using
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Vectastain ABC kit reagents (Vector Laboratories). All slides were treated with DAB enhancer

(#K3468; Dako) and counterstained with hematoxylin.

The IRS-1 antibody used in this study has been characterized in previous studies [19, 20].

To validate IRS-2 antibody specificity, MDA-MB-231 cells (ATCC Cell Biology Collection)

were infected with lentiviruses containing small hairpin RNAs (shRNA) targeting GFP or IRS-

2 (Open Biosystems, Hunstville, AL). MDA-MB-231 cells extracts were immunoblotted as

described previously [20, 21]. Cell pellets were fixed in 10% zinc formalin, embedded in paraf-

fin and stained using the same IHC protocol that was used for staining the tissue sections.

Non-specific IgG was used as a negative control.

Sections were evaluated for IRS-1 and IRS-2 staining patterns using the following criteria:

1) Cytoplasmic staining was defined as even, diffuse staining throughout the cytoplasm with

no clear demarcation of cell borders; 2) Nuclear staining was defined as positive staining

within the nucleus, regardless of cytoplasmic staining; 3) Membrane staining was defined as

staining along the cell membrane, with or without cytoplasmic staining. Staining intensity was

defined as absent (0), low (1), moderate (2) or high (3) throughout the tumor section. The

individuals assessing staining patterns were blinded to all prognostic and follow-up data. All

cases were reviewed by an expert pathologist to confirm the original diagnosis, and immuno-

histochemical staining was analyzed by both a pathologist and at least one additional investiga-

tor, with no significant disagreement on intensity or patterns of staining. Stained tumor

sections were viewed on a Nikon Eclipse E400 microscope (Nikon, Brighton, MI) and photo-

micrographs were obtained using a SPOT idea 28.2 5.0 Mp Color camera (SPOT Imaging,

Sterling Heights, MI).

Statistical analysis

The Pearson chi-square test and Fisher’s exact test were used to assess for associations between

clinical characteristics and IRS staining intensity or patterns. Overall survival (OS) was mea-

sured from the date of first cancer diagnosis to the date of death from any cause and was cen-

sored from the date of last follow-up for survivors. OS was estimated by the Kaplan-Meier

method and assessed by the use of log-rank test for univariate analysis. We used the Cox pro-

portional-hazard model to assess and control the simultaneous contribution of baseline covari-

ates in multivariable analyses. Variables included in the analysis were age (as a continuous

variable), gender, race, tumor size, nodal involvement, tumor grade, adjuvant treatments and

TNM staging. A two-sided p-value of<0.05 was considered to indicate statistical significance.

Statistical analysis was performed using Stata (version 13.1; StataCorp, College Station, TX).

Results

IRS expression in normal lung tissue

IRS-1 and IRS-2 expression in normal lung and non-small cell lung cancer were evaluated by

immunohistochemistry (IHC). The IRS-1 antibody used in this study has been characterized

in previous studies [19, 20]. Antibody specificity for IRS-2 was validated by staining

MDA-MB-231 breast carcinoma cells that expressed an IRS-2 specific shRNA (S1A Fig).

Parental MDA-MB-231 cells stained positively for IRS-2 and this staining diminished signifi-

cantly in the knockdown cells (S1B Fig). Negative staining was observed using a non-specific

rabbit IgG (S1C Fig).

IRS expression was assessed in normal lung tissue that was present in the tissue sections

(S1D Fig). IRS-1 expression was localized to the cytoplasm and nucleus of normal lung tissue,

with cytoplasmic expression strongest in the ciliated respiratory epithelium of the bronchioles

and nuclear staining featured most prominently in the alveolar epithelium. (S1E Fig). IRS-2
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was expressed diffusely in the normal lung tissues, with localization limited to the cytoplasm

(S1F Fig), similar to previous observations in the normal breast [20]. IRS-2 expression was also

observed in the smooth muscle and immune cell infiltrates.

IRS expression patterns in non-small cell lung cancer

Sixty-three cases of ADC and forty-four cases of SCC were evaluated for IRS expression and

the intensity of IRS staining was scored on a scale of 0 (none) to 3, as described in Materials

and Methods. The clinical characteristics of these tumor datasets are shown in Table 1. Data

regarding smoking history was not available for either dataset.

Table 1. Clinical characteristics of tumor databases.

ADC SCC

n = 63 n = 44

Age (years), no. (%)

</ = 55 12 (19.0) 4 (9.1)

>55 51 (81) 40 (90.9)

Median age (years) 67 70.5

Sex, no. (%)

Female 46 (73.0) 15 (34.1)

Male 17 (27.0) 29 (65.9)

Race, no.

White 60 41

Black 1 1

Other 2 2

Tumor Size (stage), no. (%)

1 29 (46.0) 10 (22.7)

2 14 (22.2) 14 (31.8)

3 8 (12.7) 8 (18.2)

4 2 (3.2) 1 (2.3)

Unknown 10 (15.9) 11 (25.0)

Node status (stage), no. (%)

0 49 (77.8) 30 (68.2)

1 1 (1.6) 3 (6.8)

2 4 (6.3) 2 (4.5)

3 0 0

Unknown 9 (14.3) 9 (20.5)

Grade, no. (%)

1 16 (25.4) 1 (2.3)

2 27 (42.9) 29 (65.9)

3 14 (22.2) 13 (29.5)

Unknown 6 (9.5) 1 (2.3)

Adjuvant therapy, no. (%)

None 45 (71.4) 33 (75.0)

Chemotherapy 10 (15.9) 9 (20.5)

Radiation 3 (4.8) 0

Chemotherapy&Radiation 5 (7.9) 2 (4.5)

Median Follow-up RCF (months) 15 16

Median Follow-up OS (months) 31.5 29

https://doi.org/10.1371/journal.pone.0220567.t001
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As we and others have reported in breast cancer [19, 20, 22], IRS-1 was expressed in both

the cytoplasm and nuclei of ADC. Representative images of IRS staining patterns in ADC are

shown in Fig 1, with low expression defined as levels 0 or 1, and high expression defined as lev-

els 2 or 3. IRS-1 expression was solely cytoplasmic in 46% of cases (Fig 1B), both cytoplasmic

and nuclear in 23.8% of cases (Fig 1H and 1K) and absent in 30.1% of cases (Fig 1E). We did

not observe any ADC tumors with IRS-1 localized only to the nucleus. Low expression of IRS-

1 was observed in 83% of ADC cases (Fig 1B and 1E), and high expression was observed in the

remaining 17% of tumors (Fig 1H and 1K). Nearly all of the ADC cases (95%) demonstrated

cytoplasmic expression of IRS-2. Low cytoplasmic expression of IRS-2 was observed in 52% of

tumors (Fig 1C and 1I), and high expression was observed in the remaining 48% of tumors

(Fig 1F and 1L). Some degree of IRS-2 membrane staining was also observed in 56% of ADC

Fig 1. IRS expression in human lung adenocarcinoma. Representative H&E (A,D,G,J), IRS-1 (B,E,H,K) and IRS-2 (C,F,I,L) staining of the

same tumors across each row. H&E images, magnification 4X; Larger IRS staining images, magnification 40x; IRS staining inset images,

magnification 10X. Scale bar = 50um.

https://doi.org/10.1371/journal.pone.0220567.g001
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tumors (Fig 1L). IRS-2 staining was not present in the nuclei of any ADC tumors, similar to

our previous observations in invasive breast cancer [20].

Similar to the staining patterns observed in ADC, IRS-1 was expressed in both the cytoplasm

and nuclei of SCC. Representative images of IRS staining patterns in SCC are shown in Fig 2,

with low expression defined as levels 0 or 1, and high expression defined as levels 2 or 3. In SCC

cases, 34.1% of the tumors lacked IRS-1 staining (Fig 2B), 47.7% demonstrated only cytoplasmic

staining (Fig 2E), and 15.9% demonstrated both cytoplasmic and nuclear staining (Fig 2H and

2K). Low expression of IRS-1 was observed in 72% of SCC cases (Fig 2B and 2E), and high

expression was observed in the remaining 28% of tumors (Fig 2H and 2K). In 91% of SCC

cases, IRS-2 expression was present in the cytoplasm. Low expression of IRS-2 was observed in

43% of SCC cases (Fig 2C and 2I), and high expression was observed in the remaining 57% of

H&E IRS-1 IRS-2

IRS1:low
IRS2:low

IRS1:low
IRS2:high

IRS1:high
IRS2:low

IRS1:high
IRS2:high

A B C

D E F

G H I

J K L

B C

E F

H I

Fig 2. IRS expression in human lung squamous cell carcinoma. Representative H&E (A,D,G,J), IRS-1 (B,E,H,K) and IRS-2 (C,F,I,L) staining

of the same tumors across each row. H&E images, magnification 4X; Larger IRS staining images, magnification 40x; IRS staining inset images,

magnification 10X. Scale bar = 50um.

https://doi.org/10.1371/journal.pone.0220567.g002
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tumors (Fig 2F and 2L). Some degree of membrane localization of IRS-2 was observed in 73%

of tumors (Fig 2F and 2L). Consistent with our findings in ADC, no nuclear staining was

observed for IRS-2.

Correlations with clinical and pathologic characteristics

A clinical dataset was analyzed to investigate the relationship of IRS staining patterns and

intensity to patient characteristics and outcomes (S1 Table). Although a trend toward high

cytoplasmic IRS-1 expression and decreased OS was observed, no statistically significant asso-

ciations with clinical parameters or OS were evident for IRS-1 cytoplasmic or nuclear expres-

sion (Fig 3A and 3B). A significant inverse association between IRS-2 cytoplasmic staining

intensity and tumor grade was observed when IRS-2 expression was dichotomized to low ver-

sus high expression (p = 0.009). Despite this inverse correlation, high IRS-2 expression was

associated with a significantly increased risk for death upon multivariate analysis (Table 2, Fig

3C) (HR 35, CI 3.13–389, p = 0.004). IRS-2 membrane expression was not significantly associ-

ated with clinical characteristics or overall survival in ADC (Fig 3D).

In SCC, lower IRS-1 expression was significantly associated with worse OS outcomes (Fig

3E; p = 0.05). When dichotomized by low and high cytoplasmic IRS-1 expression, low expres-

sion was significantly associated with less nodal involvement (p = 0.009) and tumor grade

(p = 0.041) at diagnosis. Despite this negative association with poor prognostic factors, low

IRS-1 cytoplasmic staining showed a significant association with worse OS (Table 2, Fig 3F;

p = 0.008) on univariate analysis. However, although the effect estimate in the multivariate

analysis still pointed in the same direction of the survival difference observed for the univariant

analysis (HR 2.23, CI 0.45–10.94, p = 0.32) the findings were no longer significant, likely due

to the small sample size. IRS-2 expression was not found to be significantly associated with

clinical characteristics, with the exception of gender (p = 0.016), or OS (Table 2, Fig 3G). IRS-2

membrane staining showed a significant association with tumor size at time of diagnosis

(p = 0.032), but no significant associations with other clinical characteristics or OS were identi-

fied (Table 2, Fig 3H).

To examine further how the expression of both IRS-1 and IRS-2 impact outcomes in ADC

and SCC, we assessed the association of combined IRS-1 and IRS-2 expression with clinical

and pathological characteristics as well as survival outcomes. To do so, tumors were identified

as low IRS-1 and low IRS-2 (1), low IRS1 and high IRS-2 (2), high IRS-1 and low IRS-2 (3) and

high IRS-1 and high IRS-2 (4). Groups 2 and 4, which both represent high IRS2 expression,

were associated with significantly worse OS in ADC after multivariate analysis (Table 2, Fig

4A) (HR 50, CI 2–1161, p = 0.02; HR 41, CI 2.26–734, p = 0.01, respectively). In SCC, Groups

1 and 2, which both represent low IRS-1 expression, were associated with significantly worse

OS by univariate analysis (p = 0.04) (Table 2, Fig 4B). However, multivariate analysis did not

provide conclusive evidence for survival trends.

Discussion

In this study, we describe the expression patterns of IRS-1 and IRS-2 in NSCLC and identify

associations between IRS-1 and IRS-2 expression levels and survival outcomes in the two

major histological subtypes of NSCLC, ADC and SCC. For both ADC and SCC, IRS-1 exhibits

diffuse cytoplasmic and combined cytoplasmic and nuclear localization. In contrast, IRS2 is

localized diffusely in the cytoplasm or at the cell membrane, but absent from the nucleus. High

IRS-2 expression is significantly associated with decreased overall survival in ADC patients,

whereas low IRS-1 cytoplasmic expression is significantly associated with decreased overall

survival in SCC patients. After adjusting for confounders, tumors with low IRS-1 and high

IRS expression in non-small cell lung cancer (NSCLC)

PLOS ONE | https://doi.org/10.1371/journal.pone.0220567 August 8, 2019 7 / 14

https://doi.org/10.1371/journal.pone.0220567


ADC SCC
A E

4

4

Fig 3. Analysis of IRS staining patterns and overall survival in NSCLC. Kaplan-Meier survival curves showing overall survival (OS) for patients with

adenocarcinoma (A-D) or squamous carcinoma (E-H) as a function of IRS-1 or IRS-2 staining patterns. P-values based on univariate or multivariate (multi)

analysis are shown.

https://doi.org/10.1371/journal.pone.0220567.g003
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IRS-2 expression were found to be associated with poor outcomes in both ADC and SCC, sug-

gesting that elevated IRS-2 levels may play a role in the aggressive behavior of NSCLC. The

hazard ratios reported for these overall survival trends are of high magnitude and carry wide

confidence intervals, both suggesting a strong effect size and indicating the need for further

Table 2. Overall survival outcomes analysis for IRS staining.

Univariate1 Multivariate3

n P value HR2 95% CI P value

ADC

IRS-1 staining n = 63

Negative 0.24 1

Positive 2.03 0.50–8.32 0.33

IRS-1 cytoplasmic staining n = 63

High 0.24 1

Low 0.42 0.12–1.47 0.17

IRS-2 staining n = 58

Low 0.15 1

High 34.89 3.13–388.68 0.004

IRS-2 membrane staining n = 63

Negative 0.63 1

Positive 1.56 0.53–4.58 0.41

IRS-1:IRS-2 n = 58

Ratio 1 0.61 1

Ratio 2 49.55 2.11–1161.21 0.02

Ratio 3 1.08 0.04–26.96 0.96

Ratio 4 40.74 2.26–734.09 0.01

SCC

IRS-1 staining n = 43

Negative 0.25 1

Positive 0.74 0.16–3.38 0.7

IRS-1 cytoplasmic staining n = 43

High 0.008 1

Low 2.23 0.45–10.94 0.32

IRS-2 staining n = 35

Low 0.47 1

High 1.4 0.33–5.90 0.64

IRS-2 membrane staining n = 44

Negative 0.56 1

Positive 1.17 0.29–4.72 0.83

IRS-1:IRS-2 n = 34

Ratio 1 0.04 1

Ratio 2 1.25 0.74–189.02 0.77

Ratio 3 0.24 0.03–1.85 0.17

Ratio 4 0 0 -⚯

1Univariate P values were obtained from the log-rank test
2Hazard ratios shown were adjusted for age (as a continuous variable) as well as other core clinical variables (as categorical variables) including gender, race, tumor size,

nodal involvement, tumor grade, adjuvant treatments and TNM stages.
3Multivariate results were obtained from a model that adjusted for the core covariates. The results for IRS staining patterns were obtained from separate models

adjusting for the same set of the core covariates.

https://doi.org/10.1371/journal.pone.0220567.t002

IRS expression in non-small cell lung cancer (NSCLC)

PLOS ONE | https://doi.org/10.1371/journal.pone.0220567 August 8, 2019 9 / 14

https://doi.org/10.1371/journal.pone.0220567.t002
https://doi.org/10.1371/journal.pone.0220567


validation with a larger cohort to confirm these findings. Taken together, our results support

distinct contributions of IRS-1 and IRS-2 to the biology of ADC and SCC that may impact dis-

ease progression.

In a previous study of stage I NSCLC, loss of IRS-1 expression was observed more fre-

quently in SCC than other lung cancer types [23], similar to our observation that decreased

IRS-1 expression is associated with poor survival outcomes in SCC but not ADC. In that study,

decreased IRS-1 expression was more frequently noted in stage 1B tumors when compared

with stage IA tumors, but IRS-1 expression was not found to be significantly associated with

overall survival [23]. The significant association between low IRS-1 expression and overall sur-

vival of SCC patients observed in our current study may reflect the inclusion of later stage

tumors in our dataset. Low IRS-1 expression has also been reported to predict poor outcomes

specifically for K-RAS mutant ADC [24]. Our analysis, which was neutral for mutational sta-

tus, showed an opposite survival trend, but not significant association, for IRS-1 expression in

ADC. Of note, tumors in our dataset that tested positive for K-RAS mutation (n = 3) all

expressed low levels of IRS-1 expression. Future analysis of a larger cohort with greater repre-

sentation of K-RAS mutations will be necessary to resolve this potential discrepancy in

outcomes.

A reduction of IRS-1 expression in more advanced tumors has been observed in other can-

cer types and supports a suppressive role for IRS-1 signaling in tumor progression. For exam-

ple, IRS-1 is expressed at high levels in normal breast epithelium and benign breast lesions but

expression decreases during the progression to poorly differentiated, invasive carcinomas [19].

In prostate carcinoma cells, IRS-1:IRS-2 ratios are lower in malignant vs. benign prostate tissue

and decreased IRS-1 expression is associated with increased motility and invasion, functions

associated with later disease stages [25]. In this regard, loss of IRS-1 expression increases mam-

mary tumor metastasis in a mouse MMTV-PyMT tumor model [26]. The recent identification

of IRS-1 mutations in NSCLC that suppress migration supports a negative regulatory role for

IRS-1 in lung cancer progression [27]. IRS-1 may maintain differentiation and prevent tumor

invasion by impeding the epithelial mesenchymal transition (EMT). Specifically, expression of

IRS-1 inhibits TGF-ß-induced EMT by a mechanism involving the suppression of the snail

and slug EMT transcription factors [28].

High IRS-2 expression was significantly associated with poor OS in ADC, independent of

IRS-1 expression levels. Given the ability of IRS-1 to inhibit tumor progression, our finding

suggests that alternative mechanisms for suppressing IRS-1 function, rather than expression,

may occur in these tumors. IRS-1 signaling can be inhibited through negative feedback

Fig 4. Analysis of combined IRS-1 and IRS-2 expression and overall survival in NSCLC. Kaplan-Meier survival

curves showing overall survival (OS) as a function of IRS-1 and IRS-2 expression levels in ADC (A) or SCC (B). P-

values based on univariate analysis are shown.

https://doi.org/10.1371/journal.pone.0220567.g004
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pathways that increase IRS-1 serine/threonine phosphorylation, without altering total expres-

sion levels [29]. In metastatic mouse mammary tumors, total Irs-1 expression is equivalent to

the level of expression observed in non-metastatic tumors, but serine phosphorylation is

increased, which inhibits Irs-1 tyrosine phosphorylation and function [26]. Alternatively, IRS-

1 and IRS-2 may independently regulate their functional outcomes through the formation of

unique scaffolding interactions [30], with the ability of IRS-2 to promote tumor progression

being dominant to the suppressive activity of IRS-1. The mechanism for regulating IRS-1 and

IRS-2 function may differ between SCC and ADC, with the common outcome that IRS-1 sig-

naling is suppressed and IRS-2 signaling is dominant in both NSCLC subtypes.

The positive association of IRS-2 with poor outcomes in ADC likely reflects its role in regu-

lating tumor cell functions that promote tumor progression. The connection of IRS-2 with

tumor progression is substantiated by the observation that IRS-2 protein expression is elevated

in later disease stages in many cancers including breast, prostate and peripheral nerve sheath

tumors [31–33] and the IRS2 gene is amplified in additional malignancies including colorectal

cancer (CRC) and small cell lung cancer [34, 35]. In mouse models, a role for Irs-2 in progres-

sion is demonstrated by the finding that knockout of Irs-2 expression inhibits PyMT-driven

mouse mammary tumor metastasis and also suppresses tumor progression in Pten-/+ mice

[21, 31]. Functionally, IRS-2 promotes invasion, an early step in the dissemination of meta-

static cells to secondary organs [21]. Our data provide rationale for continued study of the

mechanisms by which IRS-1 and IRS-2 contribute to NSCLC and for further validation of the

predictive value of the relative levels of IRS-1 and IRS-2 expression for NSCLC outcomes.

Supporting information

S1 Fig. IRS expression in normal human lung tissue. (A) Cell extracts from MDA-MB-231

cells expressing shRNA targeting GFP (shGFP) or IRS-2 (shIRS2) were immunoblotted with

the indicated antibodies. (B) MDA-MB-231 cells expressing shRNA targeting GFP (shGFP) or

IRS-2 (shIRS2) were fixed in formalin and embedded in paraffin. Sections were stained by

IHC using an IRS-2-specific antibody. Magnification 20x. (C) Representative image of IgG

staining in NSCLC. (D-F) Representative images of H&E (D), IRS-1 (E) and IRS-2 (F) staining

of normal lung tissue. Scale bar = 50um.

(EPS)

S1 Table. Clinical data set. Minimal data set used to determine correlations between IRS

staining patterns and intensity and patient characteristics and outcomes.

(PDF)
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