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Summary

The RAS→RAF→MEK→ERK pathway is hyperactivated in the majority of human lung 

adenocarcinoma (LUAD). However, the initial activating mutations induce homeostatic feedback 

mechanisms that limit ERK activity. How ERK activation reaches the tumor-promoting levels 

that overcome the feedback and drive malignant progression is unclear. We show here that the 

lung lineage transcription factor NKX2-1 suppresses ERK activity. In human tissue samples 

and cell lines, xenografts, and genetic mouse models, NKX2-1 induces the ERK phosphatase 

DUSP6, which inactivates ERK. In tumor cells from late-stage LUAD with silenced NKX2-1, 

re-introduction of NKX2-1 induces DUSP6 and inhibits tumor growth and metastasis. We show 

that DUSP6 is necessary for NKX2-1-mediated inhibition of tumor progression in vivo and 

DUSP6 expression is sufficient to inhibit RAS-driven LUAD. Our results indicate that NKX2-1 
silencing, and thereby DUSP6 downregulation, is a mechanism by which early LUAD can unleash 

ERK hyperactivation for tumor progression.
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Introduction

Lung cancer and specifically lung adenocarcinoma (LUAD) remains the leading cause of 

cancer death world-wide. The development of therapeutic strategies for long-term patient 

management requires a better understanding of how cell signaling rewires for tumor 

progression. The mitogen-activated protein (MAP) kinase extracellular signal-regulated 

kinase (ERK) is an established initiator and driver of LUAD. ERK is activated downstream 

of receptor tyrosine kinase signaling to the RAS→RAF→MEK→ERK pathway. More than 

60% of LUADs harbor mutations in RAS genes, BRAF, or NF1, which encodes the RAS 

GTPase activating protein, or upstream receptor tyrosine kinases EGFR, ERBB2, MET, 

ALK, RET, and ROS1 [1, 2]. Mouse models show that these mutations are sufficient 

to initiate pre-cancerous and low-grade lesions [3–5], but the initial ERK activation is 

insufficient for progression to metastatic cancer [6, 7].

Active, phosphorylated ERK (p-ERK) is associated with more aggressive LUAD [8, 9] and 

experiments in mouse models show that increased ERK signaling promotes progression. 

When Kras mutation is combined with Trp53 or Lkb1 deletion and given time for the 

spontaneous acquisition of additional mutations, high-grade metastatic cancer with increased 

p-ERK develops [3, 6, 10–12]. Furthermore, paradoxical CRAF activation, by inhibition of 

BRAFV600E in the context of KRAS activation, stimulates ERK activity and accelerates 

tumor progression [13–15]. How low level ERK activation transitions to high activity 

sufficient for driving metastasis is unclear.

In addition to exhibiting high ERK activity, the most aggresive LUADs are also poorly 

differentiated [16, 17]. Mouse models of LUAD suggest that de-differentiation is initiated 

by loss of the lineage transcription factor NKX2-1/TTF-1 [18–20]. KRAS mutations are 

inversely correlated with NKX2-1 expression [21, 22], suggesting RAS-driven LUADs 

undergo selective pressure to lose NKX2-1. In KRASG12D-driven mouse tumors, Nkx2-1 
deletion increases p-ERK and accelerates progression to invasive carcinoma and metastasis 

[6, 18, 23]. We reasoned that in addition to beginning the de-differentiation process, 

NKX2-1 repression might drive tumor progression by releasing hyperactive ERK.

We sought to identify the mechanism of ERK activation mediated by NKX2-1 repression. 

ERK induces negative feedback signaling to upstream components of the RAS pathway, 

including Dual-specificity MAPK phosphatases (DUSPs). DUSP6 inactivates ERK by 

dephosphorylating the activation loop [24–26]. DUSP6 is upregulated in early lung cancer 

lesions with activating EGFR or RAS mutations [27] and is part of a gene signature that 

predicts relapse-free and overall survival [28]. NKX2-1 and DUSP6 expression positively 

correlate in human LUAD tumor samples and cell lines [29] and DUSP6 expression is 

frequently lost with LUAD progression [30].

We hypothesized that in RAS-driven LUAD, NKX2-1 silencing removes DUSP6 expression 

and elevates ERK activity for tumor growth and metastasis. We found that NKX2-1 loss 

correlates with reduced DUSP6 in LUAD clinical samples. In LUAD cell lines, NKX2-1 

directly induces DUSP6 expression and limits tumor cell proliferation, migration, invasion, 

and tumor growth and metastasis. DUSP6 knockout abrogates the effects of NKX2-1 on 
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tumor growth. Further, inducing DUSP6 in KRAS-driven tumors shows that the DUSP6-

feedback loop is sufficient for NKX2-1 mediated tumor suppression. Our findings indicate 

that NKX2-1 tempers ERK activity and lung adenocarcinoma progression through the 

induction of the ERK phosphatase DUSP6.

Results

NKX2-1 transcriptionally induces DUSP6.

We tested if NKX2-1 promotes the DUSP6 negative feedback loop that tempers ERK 

signaling in LUAD. We first compared the amounts of NKX2-1 and DUSP6 expression in 

human LUAD using RNA-seq data from The Cancer Genome Atlas [1]. We also examined 

SPROUTY2 (SPRY2) expression, as SPRY2 inhibits RAF activation and is induced by 

KRASG12D mutation in mice [18]. Even though DUSP6 and SPRY2 are regulated by 

multiple transcription factors [31, 32], we found that DUSP6 and SPRY2 expression 

positively correlated with NKX2-1 mRNA and also with each other (Fig. S1A, B, NKX2-1 
and DUSP6 r2=0.28, p=1.8 e−12, NKX2-1 and SPRY2 r2=0.33, p=1.2 e−16, DUSP6 and 
SPRY2 r2=0.49, p=1.4 e−36). We then tested if NKX2-1 protein expression correlates with 

DUSP6 or SPRY2 in human samples of LUAD using tumor microarrays. NKX2-1 (TTF-1) 

expression status was provided by the source company, US Biomax, and we performed 

immunohistochemistry (IHC) for DUSP6 and SPRY2. We found that samples with the 

highest NKX2-1 intensities (2+ and 3+) contained significantly more DUSP6 than samples 

lacking NKX2-1 (Fig. 1A, S1C, p=0.001 and 0.002). No association was found between 

SPRY2 and NKX2-1 (Fig. 1A, S1C). Thus, NKX2-1 correlates with DUSP6 levels, but not 

SPRY2 levels in human LUAD.

We tested if NKX2-1 is sufficient to induce DUSP6 or SPRY2 in a panel of human 

LUAD cell lines that contain RAS oncogenes and silenced NKX2-1. qRT-PCR showed that 

exogenous NKX2-1 increased DUSP6 mRNA (A549 trend with p=0.069, H1299 p=0.003, 

H23 p=0.020, Fig. 1B). Western blotting showed that NKX2-1 also induced DUSP6 protein 

(A549 p=0.033, H1299 p=0.007, H23 p=0.002, Fig. 1D). NKX2-1 also increased SPRY2 
mRNA in A549 and H1299 cells (p=0.026 and 0.034), but not in H23 cells (p=0.414, 

Fig. 1C). SPRY2 protein was universally unaffected (A549 p=0.617, H1299 p=0.098, H23 

p=0.493, Fig. 1D). We also tested if NKX2-1 induces DUSP6 or SPRY2 in a murine LUAD 

cell line derived from KRASG12D;TP53Null; NKX2-1Null mouse tumors (3658 cells, [18]). 

Again, exogenous NKX2-1 increased Dusp6 mRNA and protein (p=0.003 and 0.022), but 

not Spry2 mRNA or protein (p=0.238 and 0.140, Fig. 1E, F).

We tested if NKX2-1 controls DUSP6 transcription. The promoter region of DUSP6 is 

highly conserved in vertebrates and located approximately 1000–250 bp upstream of the 

transcription start site (Mm, [32]). Our previous ChIP-seq of NKX2-1 in KRASG12D mouse 

tumors showed NKX2-1 binding within the promoter region of DUSP6, with the greatest 

enrichment between −600 and −400 [18]. Using A549 cells, we assayed the luciferase 

reporter activity of a promoter construct that included the putative transcription start site 

at −463 and a portion of the putative NKX2-1 binding region (191p, −550 to −359) and a 

larger construct that included the entire binding region for NKX2-1 (508p, −866 to −359). 

In the absence of NKX2-1, the activity of 191p and 508p was indistinct from the pGL3 
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vector (Fig. 1G). In the presence of NKX2-1, 508p exhibited 5 times more transcriptional 

activity than the pGL3 vector (p=0.011, Fig. 1G). However, NKX2-1 alone did not induce 

the activity of 191p or 508p (V vs NKX2-1 p=0.963 and 0.140, respectively). This 

suggests that in human lung adenocarcinoma, NKX2-1 induces DUSP6 mRNA expression 

to increase DUSP6 protein. However, additional factors recruited to the DUSP6 promoter 

may be required to function with NKX2-1 for the induction. The Forkhead box A1/2 

(FOXA1/2) proteins are candidate factors, with binding motifs within the DUSP6 promoter 

and functional interaction with NKX2-1 in lung cancer metastasis [32–35].

NKX2-1 inhibits cell proliferation, migration, and invasion.

We tested if NKX2-1 inhibits ERK-mediated and DUSP6-regulated cancer phenotypes. 

NKX2-1 expression uniformly inhibited cell proliferation in A549, H1299, H23, and 3658 

cells (Fig. 2A, S2A). Because H1299 cells exhibit the fastest in vitro motion of the LUAD 

lines (Fig. S2B), we used H1299 cells to test if NKX2-1 inhibits migration and invasion. 

NKX2-1 re-expression slowed 2D migration velocity from 0.33 μm/min to 0.19 μm/min 

(p=1.8×10−9, Fig. 2B). The reduced migration was similar to treatment with the MEK 

inhibitor Selumetinib, which reduced movement to 0.22 μm/min (p=7.1×10−6, Fig. 2B). 

We also tested if NKX2-1 inhibits 3D invasion by embedding H1299 cells as spheroids in 

collagen I and tracking cell movement. We found that NKX2-1 slowed invasion velocity 

from 0.257 μm/min to 0.177 μm/min (p=4×10−19, Fig. 2C, S2C). Consistent with previous 

cell culture studies in which RAS mutation or DUSP6 knockdown caused minimal long-

term changes in p-ERK [27, 30, 36], re-introduction of NKX2-1 did not significantly 

reduce p-ERK upon EGF or PMA stimulation (Fig. S2D, E). Thus, NKX2-1 inhibits cell 

proliferation, migration, and invasion, but cells in culture adjust their feedback signaling to 

p-ERK.

NKX2-1 induces DUSP6 and inhibits p-ERK during tumor progression.

We tested if NKX2-1’s inhibition of cancer phenotypes is associated with DUSP6 induction 

and ERK inhibition in vivo, in which more stringent biological pressures for growth and 

survival model the pathway rewiring of tumorigenesis. Multiple genetically-engineered 

mouse models of KRAS-driven LUAD have shown that KRASG12D expression induces 

NKX2-1-positive tumors (19) and that simultaneous deletion of NKX2-1 with KRASG12D 

expression increases tumor cell proliferation and overall tumor burden [18, 37]. We tested if 

the tumor progression induced by Nkx2-1 deletion is associated with reduced DUSP6 and 

increased p-ERK. For this, we used KRasfrtSfrt-G12D/+;Nkx2-1F/F;RosafrtSfrt-CreERT2 mice 

and intratracheal delivery of FlpO recombinase to activate the KRasG12D oncogene and 

express CreERT2 Cre recombinase. Following 1 week of tumor initiation, mice were treated 

with Tamoxifen to activate Cre and delete Nkx2-1. Twenty weeks after tumor initiation, 

lungs were harvested and tumors were identified by H&E staining (Fig. S3A). This strategy 

of removing Nkx2-1 after tumor initiation results in 60–100% recombination, depending 

on the mouse, and has a dominant effect with regard to tumor burden when deleted in 

established tumors ((37), Fig. S3B). NKX2-1 positive and negative tumors were identified 

by immunohistochemistry (IHC) staining for NKX2-1 and the product of its target gene 

pro-surfactant protein B (pro-SPB, Fig. S3B, C). We found that Nkx2-1 deletion reduced 

DUSP6 (Fig. S3C) and increased p-ERK and downstream ERK effectors p-RSK and p-S6 
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(Fig. S3D). Nkx2-1 deletion also reduced SPRY2 (Fig. S3C), which contrasts with the lack 

of SPRY2 regulation in the LUAD cell lines.

We tested if NKX2-1 is sufficient for induction of DUSP6 and inhibition of ERK during 

tumor growth and metastasis using cell line xenografts. Subcutaneous tumors of A549 

cells expressing NKX2-1 were significantly smaller by weight than A549 tumors lacking 

NKX2-1 (A549-V median tumor weight 0.64 g versus A549-NKX2-1 median 0.17 g, 

p=0.02, Fig. 2D). 5 out of 9 mice with A549-V tumors exhibited micrometastases to the 

lung versus 0 out of 9 mice with A549-NKX2-1 tumors (Fig. 2E). IHC showed that tumors 

lacking NKX2-1 exhibit low DUSP6 expression and high p-ERK, but tumors with NKX2-1 

exhibited high DUSP6 expression and reduced p-ERK (Fig. 2F). SPRY2 was not regulated 

(Fig. 2F).

H1299 cells transplanted orthotopically into mouse lungs showed similar regulation by 

NKX2-1. The cells were infected for stable expression of GFP-Luciferase and followed by 

bioluminescence imaging. After 5 weeks of growth, we found that tumors without NKX2-1 

grew 9-fold (H1299-V normalized median flux 0.7 photon/sec increased to 6.1 photons/sec, 

p=0.0003, Fig. 2G, H). In contrast, tumors expressing NKX2-1 did not exhibit significant 

growth (Fig. 2G, H). H1299-NKX2-1 tumors were 3 times smaller than H1299-V tumors 

(H1299-NKX2-1 median 1.8 photons/sec, p=0.02, Fig. 2G, H). IHC showed subpopulations 

with moderate and high NKX2-1 expression (Fig. 2I). Cells with moderate NKX2-1 

harbored high DUSP6 expression, but high p-ERK. In contrast, cells with high NKX2-1 

harbored moderate increases in DUSP6 and no p-ERK (Fig. 2I, arrows). SPRY2 levels 

were unchanged. The unexpected population with moderate NKX2-1, but high DUSP6 and 

p-ERK, is likely a result of re-wiring of the higher basal expression of DUSP6 that we had 

observed by Western (Fig. 1D). In sum, the A549 and H1299 transplant data are consistent 

with our hypothesis that NKX2-1-mediated DUSP6 induction limits ERK activation to 

temper ERK-mediated tumor growth and metastasis.

NKX2-1 drives tumor progression through DUSP6.

We sought to directly test if NKX2-1 acts through DUSP6 to control tumor progression. 

Previous studies with DUSP6 knockdown in NHBE and A549 cells did not show regulation 

of cell growth, suggesting that knockdown efficiency was insufficient to overcome KRAS-

induced activation of ERK and expression of DUSP6 [30]. We therefore generated A549 

and H1299 DUSP6 CRISPR/Cas9 knockout clones (Fig. S4A, C). We found that in A549 

cells, DUSP6 knockout (KO) slowed A549 cell proliferation by Day 4 (Fig. S4B), similar 

to findings that DUSP6 loss can be toxic in LUAD cells that harbor KRAS and EGFR 

mutations [27]. In H1299 cells, DUSP6 loss did not change cell proliferation (Fig. S4D), 

but slowed migration velocity (control wildtype (WT) 0.34 μm/min versus DUSP6 KO 
0.19 μm/min, p=7.4×10−16, Fig. S4E, F). This suggests that in unpressured cell culture 

conditions, DUSP6 loss causes toxicity in A549 and H1299 cells.

We aimed to test if NKX2-1 requires DUSP6 to inhibit in vivo tumor progression, so 

introduced TRE-NKX2-1 into the DUSP6 KO clones of A549 and H1299 cells. Doxycycline 

induced NKX2-1 expression in both control WT and DUSP6 KO cells, and DUSP6 
expression in control cells (Fig. 3A, B). Despite the in vitro toxicity of DUSP6 KO noted 
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above, we characterized the effects of NKX2-1 expression in the absence of DUSP6. We 

found that in A549 cells, NKX2-1 expression slowed the proliferation of the control WT 

cells 2.4-fold (Day 6, p=0.01), but not the DUSP6 KOs (Fig. 3C). Similarly, in H1299 

cells, NKX2-1 expression slowed the proliferation of the control WT cells 1.6 fold (Day 6, 

p=0.03), but not the DUSP6 KOs (Fig. 3D). NKX2-1 also slowed the migration of control 

WT cells from 0.32 μm/min to 0.21 μm/min, but did not slow the DUSP6 KOs (Fig. 3E). 

While this suggests that NKX2-1 requires DUSP6 to suppress proliferation and migration, 

the in vitro toxicity of DUSP6 KO limits clear conclusions.

We then tested if NKX2-1 acts through DUSP6 to control LUAD progression in vivo. 

We generated subcutaneous tumors with single clones of A549 WT or DUSP6 KO cells 

harboring inducible TRE-NKX2-1 and GFP-luciferase. Tumor establishment took 5 weeks 

for control WT tumors, but 7 weeks for DUSP6 KO tumors because the KO cells initially 

grew more slowly. However, once tumors were established (150–400 mm3), both A549 lines 

grew at the same rate over the ensuing 4 weeks (Fig. 4A, B, +vehicle, median 2.4-fold). 

We then established tumors in a larger cohort of mice and induced NKX2-1 expression 

with doxycycline. After 4 weeks of NKX21 induction, control tumors had stopped growing 

(Fig. 4A, C, +NKX2-1). DUSP6 KO tumors continued to grow, but at a slower rate than 

vehicle-treated DUSP6 KO (median of 1.5-fold). IHC of these final tumors showed that in 

A549 WT tumors, areas with NKX2-1 expression harbored high DUSP6 expression and low 

p-ERK (Fig. S5A). A lack of staining for Cleaved Caspase 3 (CC3, Fig. S5A) indicated 

reduced proliferation, rather than increased apoptosis, is likely the cause of slowed tumor 

growth following NKX2-1 expression. In contrast, in A549-DUSP6 KO tumors, NKX2-1 

expression was not associated with p-ERK and some CC3 staining indicated the presence 

of apoptosis (Fig. S5A). These results, in which DUSP6 KO toxicity is overcome during in 
vivo growth, indicate that NKX2-1 inhibition of tumor growth requires DUSP6. The results 

also further support that NKX2-1 regulation of p-ERK requires DUSP6.

We tested if DUSP6 expression is sufficient to temper LUAD tumor growth. We generated 

tumors in KrasLSL-G12D/+; Nkx2-1F/F control mice and KrasLSL-G12D/+; Nkx2-1F/F; CAG-
rtTA3 mice [6, 38] using a dual promoter lentivirus that encodes constitutive Cre 

and doxycycline-inducible Dusp6 or Spry2. The CAG-rtTA3 transgene drives ubiquitous 

expression of the tetracycline-regulated transactivator gene. After 5 weeks of tumor growth, 

a doxycycline diet induced exogenous DUSP6 or SPRY2 in established KRASG12D, 

NKX2-1Null tumors. This Cre-mediated strategy of simultaneously initiating tumors and 

removing NKX2-1 results in a high rate (~96%) of Cre-mediated recombination for Nkx2-1 
deletion (37). H&E staining showed that control mice lacking rtTA3 harbored multiple 

large tumors throughout their lungs (Fig. S5B, C, wildtype). The tumors resembled those 

of our KRasfrtSfrt-G12D/+;Nkx2-1F/F;RosafrtSfrt-CreERT2 mice: low DUSP6 expression and 

high, uniform p-ERK (Fig. 4D wildtype, Fig. S3C, S3D NKX2-1Null). Mice with the rtTA3 
transgene harbored tumors with heterogeneous HA-tagged DUSP6 and SPRY2 expression, 

likely due to stochastic silencing of integrated lentivirus following tumor initiation (Fig. 

4D, E). Tumors with induced DUSP6 had regressed to small lesions with low p-ERK and 

DUSP6 expression reduced overall tumor burden (Fig. 4F; Fig. S5B, rtTA3). Consistent with 

our previous finding that Nkx2-1 deletion reduces SPRY2 [18] in transgenic mouse tumors, 

SPRY2 expression reduced tumor size and p-ERK in this system (Fig. 4E, G).
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Discussion

Discerning the mechanisms of negative feedback disruption in LUAD in vivo is a high 

priority, as feedback loss is expected to induce tumor progression or alternatively, tumor 

killing through toxicity. Here, we identify a mechanism of ERK feedback disruption 

that promotes the progression of KRAS-driven mucinous LUAD transitioning through 

dedifferentiation. NKX2-1 is expressed in alveolar type II cells in the adult, the predominant 

cell of origin for LUAD [39, 40]. We show that NKX2-1 induces DUSP6. In a genetically-

engineered mouse model of LUAD, DUSP6 is downregulated concomitant with NKX2-1. 

In LUAD cell lines and xenografts, NKX2-1 re-expression causes DUSP6 upregulation. 

Further, DUSP6 is both necessary and sufficient for NKX2-1 to inhibit in vivo ERK activity 

and tumor growth. We conclude that in early KRAS mutant lesions, NKX2-1’s induction 

of DUSP6 maintains the negative feedback signaling of the RAS→RAF→MEK→ERK 

pathway and thereby limits ERK activity and tumor progression. NKX2-1 silencing reduces 

DUSP6, which allows for increased ERK activity that promotes tumor progression during 

dedifferentiation [19].

Previous analysis of human tumors in the TCGA found that DUSP6 was the only ERK 

pathway negative-feedback regulatory gene expressed differently in tumors with KRAS or 

EGFR mutations versus tumors lacking ERK pathway mutations [27]. Consistent with this 

human study, we found that DUSP6, but not SPRY2, correlated with NKX2-1 in human 

LUAD samples. Further, DUSP6, but not SPRY2, was upregulated upon introduction of 

NKX2-1 into human LUAD cell lines, both in vitro and in xenografts. However, in the 

genetically engineered mouse tumors, Nkx2-1 deletion caused a loss of SPRY2 along with a 

loss of DUSP6. This suggests that NKX2-1 works through DUSP6 in the human disease, but 

in the KRASG12D mouse model, NKX2-1 may utilize both DUSP6 and SPRY2 to suppress 

tumor progression.

Different cell types in the lung have distinct thresholds for oncogenic versus toxic ERK 

activity, suggesting that NKX2-1-regulated DUSP6 could contribute to a cell type-specific 

transformation process. Alveolar type II cells transformed by dual KRas and BRaf mutations 

suffer toxicity from excessively high p-ERK that occurs with loss of the wildtype BRaf 
allele [14]. In contrast, club cells are transformed by the same high p-ERK and develop 

into intrabronchiolar lesions [14]. Our data suggest that in KRAS-transformed alveolar 

type II cells, silencing of NKX2-1 and the resulting reduction in DUSP6 levels increases 

p-ERK to a sweet spot of tumor-promoting activity without toxic hyperactivity. However, 

complete knockout of DUSP6 in vitro had the opposite effect: cell proliferation and cell 

migration were slowed. Surprisingly, the same cells showed tumor growth in vivo. Our 

finding indicates that under selective pressure, the tumor cells rewire to adopt an ERK signal 

intensity that promotes growth and dissemination.

NKX2-1’s regulation of DUSP6 to control ERK activation has therapeutic implications. We 

recently found that BRAFV600E; NKX2-1WT tumor cells exit the cell cycle when treated 

with BRAF and MEK inhibitors, but NKX2-1-negative persister cells arrest within the cell 

cycle [37]. Together, the data suggest that the NKX2-1-positive cells are addicted to the 

lower level of ERK activity maintained in the presence of NKX2-1-induced DUSP6. LUAD 
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cells with acquired resistance to EGFR inhibitors are similarly addicted to the inhibitor-

dampened ERK activity, as inhibitor withdrawal induces toxic ERK hyperactivation [41]. 

However, decreased DUSP6 expression and increased ERK activation is an identified 

resistance mechanism by which LUADs escape therapeutics targeting upstream RAS 

pathway mutations [42]. Therapeutic strategies to induce tumor-killing by inhibiting 

DUSP6 and activating ERK are concerning because of in vivo tumor heterogeneity and 

selection. Lineage heterogeneity promotes chemoresistance [20]. Models of tumors with 

heterogeneous ERK activity show that ERK heterogeneity contributes to differences in 

transcriptional states that promote tumorigenesis [43]. An NKX2-1-negative subpopulation 

would contribute to both lineage and ERK activity heterogeneity, both of which would 

complicate treatment. LUADs harboring NKX2-1 positive and negative cells with different 

levels of ERK activation will need to be treated differently than tumors with uniform 

NKX2-1 expression or loss.

Methods

Cell lines and cell culture

A549 (KRASG12S), H1299 (NRASQ61K), H23 (KRASG12C), Phoenix-Ampho, and 293T 

cells (ATCC) were cultured in DMEM/High Glucose medium (Gibco) with 5% FBS 

(Sigma).

Tumor xenografts and tumor initiation in genetically engineered mice.—With 

the University of Utah PRR Core, IACUC #18–11004, subcutaneous tumors were generated 

and monitored as follows: 5 ×106 A549 cells were mixed with Matrigel and injected 

subcutaneously into the flank of NSG mice (both male and female mice). Tumor burden of 

CRISPR KOs was monitored weekly by caliper and bioluminescence measurements (IVIS).

Under University of Utah IACUC #18–08005, KrasLSL-G12D/+; Nkx2-1F/F mice and 

KrasLSL-G12D/+; Nkx2-1F/F; CAG-rtTA3 mice were infected intratracheally with 4×104 pfu/

mouse lentivirus pCDH-TRE-DUSP6 or pCDH-TRE-SPRY2 that encoded 1) doxycycline 

inducible Dusp6 or Spry2 and 2) constitutive Cre.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NKX2-1 transcriptionally induces DUSP6.
A. IHC intensity scores of DUSP6 and SPRY2 in human LUAD TMAs. Intensities were 

scored on a scale of 0 (no staining) to 3+ (highest staining). B. and C. qRT-PCR of DUSP6 
and SPRY2 upon NKX2-1 expression in cell lines. Mean and SEM for n=3 for A549 and 

H1299, n=4 for H23. D. Westerns of DUSP6 and SPRY2 in LUAD cell lines. V = empty 

vector. Means and SD. n=4 for A549, n=3 for H1299 and H23. E. qRT-PCR of DUSP6 and 

SPRY2 upon NKX2-1 expression in mouse 3658 cells, KRASG12D n=3. Mean and SEM. F. 

Westerns of DUSP6 and SPRY2 in 3658 cells. Means and SD, n=3. G. DUSP6 luciferase 

reporter assay, A549 cells. Mean and SEM of normalized luciferase, n=3.
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Figure 2. NKX2-1 inhibits cell proliferation, migration and invasion, and tumor growth, 
dissemination and ERK activity.
A. Cell proliferation. B. Migration velocity upon NKX2-1 expression and MEK inhibition 

(Selumetinib 10 μM). C. Invasion velocity as distance/time. D. Tumor weight from A549 

cells transplanted subcutaneously in mice. p=0.02. Central line is median. Lower and upper 

box limits are 1st and 3rd quartiles. E. Number of mice with lung A549 micrometastases. 

Fisher’s exact test p=0.0294, Chi-square p=0.0085. F. H&E and IHC staining in primary 

A549 tumors. Scale bar 100 μm. G. Tumor size in H1299 orthotopic transplants, indicated 

by total luciferase flux and normalized to initial size at week 1 per cohort. Box center is 

median. n=16 mice with V, 19 mice NKX2-1. H. Representative H1299 IVIS. I. IHC of 

stable H1299 cells transplanted orthotopically into mouse lungs. Images of H&E, NKX2-1, 

DUSP6, SPRY2, and p-ERK stains. Scale bar 50 μm.
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Figure 3. NKX2-1 requires DUSP6 to slow cell proliferation and migration.
A. and B. Westerns of A549 and H1299 DUSP6 knockouts (KOs) with doxycycline (DOX) 

induction of TRE-NKX2-1. Means and SD, n=3. C. and D. Cell proliferation upon NKX2-1 

induction in A549 and H1299 DUSP6 KOs. Significance between uninduced and DOX-

induced NKX2-1 expression, n=3. E. Cell migration upon NKX2-1 induction.

Ingram et al. Page 14

Oncogene. Author manuscript; available in PMC 2022 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. NKX2-1 controls tumor progression through DUSP6.
A. Tumor size in A549 subcutaneous tumors, derived from cell clones in Fig. S4A. Total 

luciferase flux and normalized to the size at the start of induction of NKX2-1 with DOX. 

Box center is median. B. and C. IVIS images for time points in A. D. and E. IHC for 

p-ERK in KN-rtTA3 mice infected with TRE-Dusp6 and TRE-Spry2, after 1 week of 

DOX-mediated de-repression of rtTA3 and induction of DUSP6 or SPRY2. F. and G. Tumor 

burden in mice with KRASG12D; NKX2-1Null; WT tumors and KRASG12D; NKX2-1Null; 

rtTA3 treated with TRE-Dusp6 and TRE-Spry2 for 1 week.
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