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Abstract
Background Lung cancer, a leading global cause of cancer-related mortality, necessitates enhanced prognostic 
markers for improved treatment outcomes. We have previously shown a tumor suppressive role of cytosolic arginine 
sensor for mTORC1 subunit 1 (CASTOR1), which is targeted for degradation upon phosphorylation at S14 (pCASTOR1) 
in multiple types of cancer. This study focuses on the predictive value of pCASTOR1 in lung adenocarcinoma (LUAD) 
patients with KRAS mutations.

Results Employing a newly developed pCASTOR1 specific antibody, we found that tumor cells exhibited significantly 
elevated pCASTOR1 scores compared to non-tumor cells (P < 0.05). Higher pCASTOR1 scores predicted poorer overall 
survival (OS) (HR = 3.3, P = 0.0008) and relapse-free survival (RFS) (HR = 3.0, P = 0.0035) in male patients with KRAS 
mutations. pCASTOR1 remained an independent predictor for OS (HR = 4.1, P = 0.0047) and RFS (HR = 3.5, P = 0.0342) 
after controlling for other factors. Notably, in early-stage LUAD, elevated pCASTOR1 scores were associated with 
significantly worse OS (HR = 3.3, P = 0.0176) and RFS (HR = 3.1, P = 0.0277) in male patients with KRAS mutations, akin to 
late-stage patients.

Conclusion Elevated pCASTOR1 scores serve as biomarkers predicting poorer OS and RFS in male LUAD patients 
with KRAS mutations, offering potential clinical utility in optimizing treatment strategies for this subgroup.

Keywords Lung adenocarcinoma, LUAD, Biomarker, Cytosolic arginine sensor for mTORC1 subunit 1, CASTOR1, 
Mammalian target of rapamycin complex 1, mTORC1, KRAS
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Introduction
Lung cancer stands as the leading cause of cancer-related 
fatalities worldwide, affecting both men and women [1]. 
The two primary subtypes, non-small cell lung carci-
noma (NSCLC) and small-cell lung carcinoma (SCLC), 
collectively constitute 85% and 15% of lung cancer cases, 
respectively [2, 3]. Among NSCLC cases, lung adeno-
carcinoma (LUAD) comprises 50%, with the remaining 
subtypes including squamous cell carcinoma, large cell 
carcinoma, and some undefined variants [4, 5].

NSCLC exhibits a notable sex-based distribution, with 
LUAD more frequently diagnosed in women, while men 
are more commonly affected by squamous cell carcinoma 
[6]. Approximately 30% of LUAD cases harbor Kirsten 
rat sarcoma (KRAS) mutations, often linked to cigarette 
smoking [7, 8]. KRAS mutations typically manifest as sin-
gle-base missense mutations, predominantly occurring 
in codon 12 of exon 2, with lesser occurrences at codons 
13 and 61 [9]. The G12C single-base missense muta-
tion stands out as the most prevalent KRAS mutation 
in LUAD, accounting for 13% of cases [10]. In contrast 
to KRAS mutations, epidermal growth factor receptor 
(EGFR) mutations are more prevalent among nonsmok-
ers. EGFR mutations are identified in 15% of LUAD 
cases and commonly exhibit mutual exclusivity with 
KRAS mutations [11, 12]. This distinction underscores 
the diverse molecular landscape of LUAD, influenced by 
both smoking history and specific genetic alterations.

Over the preceding decades, the treatment landscape 
for lung cancer has undergone a transformative shift, 
transitioning from conventional chemotherapy to molec-
ular targeted therapy and immunotherapy. This evolu-
tion has substantially enhanced the prognosis for patients 
afflicted with the disease [5]. Despite these advance-
ments, a notable proportion of patients either exhibit 
resistance to treatment or encounter disease progression 
and recurrence [5]. Similar to many other cancer types, 
LUAD encompasses a diverse array of KRAS mutations 
and other genetic alterations, underscoring the impera-
tive for personalized therapeutic strategies tailored to 
specific genotypes [13]. Recognizing this heterogeneity, 
there has been a concerted effort to implement highly 
effective therapies specifically designed for distinct dis-
ease subtypes and stages, with particular emphasis on 
early-stage management [14–17]. This nuanced approach 
aims to optimize treatment outcomes by addressing the 
unique genetic profiles of individual patients, marking a 
crucial step towards achieving precision medicine in the 
context of lung cancer therapeutics.

The mammalian target of rapamycin complex 1 
(mTORC1) is a pivotal regulator orchestrating diverse 
cellular functions, ranging from cell proliferation to sur-
vival. Its frequent activation in cancers, including LUAD, 
underscores its significance in tumorigenesis [18–20]. 

The dysregulation of the mTORC1 pathway is a com-
mon feature across various cancer types, emphasizing its 
role as a key player in oncogenesis [18]. Indeed, inhibi-
tors targeting mTORC1 have demonstrated remarkable 
efficacy against numerous cancer types, highlighting the 
therapeutic potential of modulating this pathway [18]. 
The intricate regulation of mTORC1 involves complex 
interplay with nutrient and growth factor pathways, con-
tributing to its multifaceted impact on cellular processes 
[18]. Understanding the specific pathways that mediate 
mTORC1 activity in distinct tumors, particularly LUAD, 
holds substantial promise in tailoring optimal treatment 
regimens. Moreover, such insights into mTORC1 regula-
tion could pave the way for the development of effective 
prognostic markers, facilitating more precise prognosti-
cation and clinical management of LUAD.

The cytosolic arginine sensor for mTORC1 sub-
unit 1 (CASTOR1) functions as a negative regulator of 
mTORC1. In its dimerized state, CASTOR1 inhibits the 
GATOR2 complex by binding to Mios, leading to the 
suppression of mTORC1 activity [19, 20]. Upon sensing 
arginine, CASTOR1 dissociates from the GATOR2 com-
plex, resulting in the activation of mTORC1 [19, 20]. Our 
previous works have established a tumor-suppressive 
role of CASTOR1, demonstrating that lower levels of 
CASTOR1 expression are associated with worse survival 
across at least 10 types of cancer [21, 22]. Overexpres-
sion of CASTOR1 has been shown to attenuate mTORC1 
activation in KSHV-transformed cells and breast cancer 
cells, thereby suppressing tumorigenesis [21, 22]. Since 
the tumor microenvironment often exhibits low arginine 
levels, cancer cells have evolved specific mechanisms to 
inhibit CASTOR1 function [23]. In KSHV-transformed 
cells, the virus encodes two specific miRNAs to inhibit 
CASTOR1 expression [22]. In other cancer types, CAS-
TOR1 is phosphorylated at S14 (pCASTOR1) by AKT, 
sensitizing it to ubiquitination by the RNF167 E3 ligase 
and subsequent proteasome-mediated degradation 
[21]. Given that AKT is activated by various growth fac-
tors and mutations in genes regulating AKT in cancer, 
CASTOR1 serves as a crucial integrator of signals from 
both nutrients and growth factors, thereby modulating 
mTORC1 activity, cell proliferation, and survival [23].

In this study, we explore the potential of phosphory-
lated CASTOR1 at S14 (pCASTOR1) as a prognostic 
marker in LUAD. Using a site-specific antibody target-
ing pCASTOR1, we examined LUAD tumors and adja-
cent non-tumor tissues in tissue microarrays (TMAs). 
Our observations revealed that tumor cells exhibit 
significantly elevated pCASTOR1 levels compared to 
non-tumor cells. To evaluate the prognostic value of 
pCASTOR1, we analyzed its association with overall sur-
vival (OS) and recurrence-free survival (RFS) in LUAD 
patients. Our findings indicate that pCASTOR1 scores 
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serve as predictors of survival outcomes specifically 
in male LUAD patients with KRAS mutations. Higher 
pCASTOR1 scores were found to significantly correlate 
with worse OS and RFS in these patients. This associa-
tion was particularly pronounced in early-stage (stage 
I-II) KRAS mutant LUAD male patients, where elevated 
pCASTOR1 scores conferred significantly worse OS and 
RFS, akin to outcomes observed in stage III-IV cases. 
These results pinpoint a subgroup of early-stage patients 
with KRAS mutations who are at a heightened risk of 
developing recurrent disease. Given that treatments 
for early-stage patients typically involve surgery, radio-
therapy, and chemotherapy, this identified patient group 
may benefit substantially from more tailored and specific 
treatment approaches. The implications of our findings 
underscore the potential for pCASTOR1 as a valuable 
biomarker in guiding treatment for male LUAD patients 
with KRAS mutations, particularly for those with early-
stage disease.

Methods
Study approval and population
This retrospective study was approved by the Institu-
tional Review Board of the University of Pittsburgh (Pro-
tocol ID: STUDY22020142) and informed consent from 
patients were obtained in accordance with the Declara-
tion of Helsinki. The study encompassed a cohort of 
patients diagnosed with LUAD who underwent thoracic 
surgical procedures at the University of Pittsburgh Medi-
cal Center (UPMC) (Table S1). The cohort consisted of 
165 LUAD patients, each characterized by known KRAS 
or EGFR mutation status. TMAs were constructed as 
previously described, excluding cases exhausted of tis-
sue cores, cases with insufficient cells for assessment of 
pCASTOR1 scores, cases with incomplete information 
for EGFR or KRAS genotyping, cases without EGFR fluo-
rescent in-situ hybridization (FISH) ratio and cases that 
were both KRAS positive and having EGFR FISH ratio 
above 2.0 [24].

Demographic and clinical data, encompassing variables 
such as age, sex, race, stage, smoking status, and out-
comes, were sourced from the UPMC Cancer Registry. 
OS was calculated from the date of disease diagnosis to 
the date of the last follow-up or the date of death. RFS 
was determined from the date of diagnosis to the date of 
recurrence, death, or the last follow-up, with recurrence 
or death considered as events. Cases lacking information 
on specific variables, such as stage, OS, RFS or pCAS-
TOR1 scores were excluded from the corresponding 
analyses involving those variables.

Immunohistochemistry and evaluation
Immunochemistry (IHC) staining was performed 
using a site-specific antibody targeting phosphorylated 

CASTOR1 at S14 (pCASTOR1). The rabbit antibody was 
commercially generated by Cocalica Biologicals (Stevens, 
PA) through immunization with a KLH-conjugated phos-
phopeptide C-EHRVRVL[pS]VARP and subsequently 
affinity-purified using a column generated with the 
unconjugated phosphopeptide. Following deparaffiniza-
tion, antigen retrieval was performed by heating the slide 
in citrate buffer at pH 6.0 with a microwave oven at full 
power for 20 min. Quenching of endogenous peroxidase 
was performed with 3% hydrogen peroxide followed by 
blocking with 5% bovine serum albumin (BSA). Incuba-
tion of the primary antibody was performed at 4 °C over-
night at a 1:50 dilution. Secondary antibody incubation 
was performed at room temperature for 1  h. A specific 
signal was detected using horseradish peroxidase (HRP)-
based diaminobenzidine (DAB) as a substrate and hema-
toxylin as the counterstain.

After the completion of IHC staining, a pathologist 
blinded to the cases scored the tissues for both intensities 
and frequencies of positive cells at different pCASTOR1 
levels in the tumors and adjacent non-tumor cells, result-
ing in two separate sets of scores: one for tumor cells 
and another for non-tumor cells. Staining intensity was 
scored using a 4-tier system as follows: 0 for no staining, 
and 1, 2, and 3 for weak, moderate, and strong staining, 
respectively. Staining frequency was scored in 5% incre-
ment from 0 to 100% for each staining intensity with 
total score of 100%. Final scores for both the tumor and 
non-tumor cells were obtained by averaging the scores 
of all the replicate cores from the same patients. The 
pCASTOR1 scores used in all the analyses were obtained 
by summing scores of moderate and strong staining 
intensities. Cores with insufficient cells for assessing 
pCASTOR1 level in tumor or non-tumor cells were not 
scored and excluded from analysis. The obtained scores 
were then subjected to analysis to explore their associa-
tion with survival outcomes. OS and RFS were assessed 
at every quartile of pCASTOR1 score. This iterative 
approach aimed to identify the most significant cut-
off point that could effectively stratify patients into two 
groups, i.e. those with low and high pCASTOR1 scores, 
yielding distinct survival outcomes.

Western-blotting
Western-blotting was performed as previously described 
[25]. Total proteins from cells were prepared in Laemmli 
Buffer supplemented with a cocktail of protease inhibi-
tors (Roche Diagnostics). Proteins separated by SDS-
PAGE were transferred onto a nitrocellulose membrane 
(Invitrogen). The membranes were blocked for 1  h and 
incubated overnight at 4  °C with rabbit polyclonal anti-
bodies to CASTOR1 (1:1000) or pCASTOR1 (1:1000), or 
a rabbit monoclonal antibody to GAPDH (1:1000, Cell 
Signaling Technology, #5174). Membranes were then 
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incubated with an HRP-conjugated secondary antibody 
for 1 h at room temperature. The membranes were then 
rinsed with TBST buffer and soaked in the SuperSignal 
West Femto Substrate (Thermo Scientific, #24096). Sig-
nals were visualized by the ChemiDoc Imaging System 
and quantified using Image Lab software (Bio-Rad).

Statistical analysis
The univariate OS and RFS analyses were conducted 
using the Kaplan-Meier method. The comparison of sur-
vival between groups was accomplished using the log-
rank test, executed with GraphPad (Version 10.1.0). To 
ascertain multivariate survival significance and hazard 
ratios, Cox regression analysis was employed (IBM SPSS 
Statistics, Version 28.0.1.1). For comparisons of pCAS-
TOR1 scores between tumor and non-tumor cells, paired 
t-test was utilized. All statistical analyses adhered to a 
significance threshold of P < 0.05.

Results
Patient characteristics
The study consisted of 165 LUAD patients with char-
acteristics presented in Table S1. The median age of 
the patients was 66.0 years, 74 (44.8%) were male, 153 
(92.7%) were white, and most of them were former 
smokers or nonsmokers with only 42 (25.5%) smokers at 
diagnosis. KRAS mutations were present in 76 (46.1%) 
patients and EGFR mutations were present in 43 (26.1%) 
patients. Overall median RFS was 58 months (95% CI: 
40–78 months) and overall median OS was 76 months 
(95% CI: 60–102 months).

Lung adenocarcinoma tumors have more pCASTOR1-
positive tumor cells than non-tumor cells 
We generated an antibody targeting the phosphorylated 
S14 site of CASTOR1 (pCASTOR1) using a phospho-
peptide. To validate the specificity of the antibody, we 
examined 293T cells overexpressing wild-type (WT) 
CASTOR1, CASTOR1 with a constitutively phosphory-
lation mimic at S14 by mutating the serine to aspar-
tic acid (S14D) or CASTOR1 with a phosphorylation 
dead mutation at S14 by mutating the serine to alanine 
(S14A) [21]. The antibody detected robust endogenous 
pCASTOR1 signal in cells expressing the vector control, 
which was significantly reduced upon treatment with 
λ-phosphatase (Fig.  1A). CASTOR1 is targeted for deg-
radation by RNF167 E3 ligase upon S14 phosphorylation 
[21]. Consequently, cells expressing S14D CASTOR1 
had much lower total protein levels than those express-
ing WT or S14A CASTOR1 (Fig.  1A). As expected, the 
pCASTOR1/CASTOR1 ratio of S14D CASTOR1 was 
much higher than that of WT or S14A CASTOR1. Treat-
ment with λ-phosphatase reduced pCASTOR1 signals in 

all types of cells. These results confirmed the specificity 
of the pCASTOR1 antibody.

Using the pCASTOR1 antibody, we then stained the 
LUAD tissue cores from 165 patients. The pCASTOR1 
antibody stained tumor cells with variable intensities 
and frequencies while non-tumor cells had much lower 
intensities and frequencies (Fig.  1B-F). We compared 
pCASTOR1-positive cells between tumor cells and non-
tumor cells. Tumor cells consistently had significantly 
higher numbers of pCASTOR1-positive cells than those 
of non-tumor cells consisting of stromal and immune 
cells (P < 0.05 for all cases in Fig.  1C). This trend per-
sisted when cases were examined according to the status 
of KRAS or EGFR mutations (KRAS mutants in Fig. 1D, 
n = 76; EGFR mutants in Fig.  1E, n = 43; KRAS WT and 
EGFR WT in Fig. 1F, n = 46).

pCASTOR1 scores predict survival in male LUAD patients 
with KRAS mutations
We investigated pCASTOR1 as a prognostic marker for 
LUAD patients. The examination of OS and RFS revealed 
several predictors, including sex, age at diagnosis and 
cancer stage (Fig. S1). These results were consistent 
with findings from other studies [26–28]. While ciga-
rette smoking was reported to be a risk factor for KRAS 
mutant lung cancer [29], there was no association of OS 
and RFS with smoking in this cohort. This could be due 
to the fact that patients from this cohort were predomi-
nantly former smokers and nonsmokers.

Next, we stratified the patients based on pCASTOR1 
scores. However, no significant differences in survival 
outcomes were observed in the entire cohort or when 
stratified by KRAS or EGFR mutant genotype (Fig. 2A-H, 
Table S2). Previous studies have implicated sex hormones 
in the development and therapeutic outcomes of lung 
cancer [6]. Indeed, female patients had significantly bet-
ter OS and RFS than male patients (HR = 1.8, P = 0.0006 
for OS and HR = 1.5, P = 0.0290 for RFS, Fig. S1). This 
trend persisted in patients harboring KRAS mutations 
(HR = 2.4, P = 0.0004 for OS and HR = 1.9, P = 0.0108 for 
RFS) but not those with EGFR mutations or without any 
KRAS and EGFR mutations (Fig. S1). When patients were 
stratified according to pCASTOR1 scores in tumor cells, 
no differences were observed in OS and RFS between 
patients with low vs. high pCASTOR1 scores in male 
(Fig. 3A-B) or female patients (Fig. 4A-B).

Because of the different prevalence of KRAS and EGFR 
mutations in male and female LUAD patients [30, 31], 
we investigated the survival differences among male 
and female patients by genotype. Among male patients 
with KRAS mutations, those with high pCASTOR1 
scores had significantly worse OS (HR = 3.3, P = 0.0008) 
and RFS (HR = 3.0, P = 0.0035) compared to those with 
low pCASTOR1 scores (Fig.  3C-D). All patients with 
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high pCASTOR1 scores experienced events of recur-
rence within 5 years, and only 11% of them achieved 
5-year OS with none surviving past 10 years. In contrast, 
among patients with low pCASTOR1 scores, 50% of 
them had 5-year OS and RFS, and 20% achieved 10-year 
OS and RFS (Fig.  3C-D). pCASTOR1 score remained 

significantly predictive of both OS (HR = 4.1, P = 0.0047) 
and RFS (HR = 3.5, P = 0.0342) in male KRAS mutant 
LUAD patients after controlling for age at diagnosis, 
stage and smoking history (Table  1). Conversely, there 
was no association of pCASTOR1 scores with outcomes 
in female KRAS mutant LUAD patients (Fig. 4C-D, Table 

Fig. 1 Detection of pCASTOR1 in LUAD tumor and non-tumor cells. A pCASTOR1 antibody specifically detects phosphorylated CASTOR1 at S14 site. Un-
treated and λ-phosphatase-treated proteins from 293T cells transfected with vector control, wild-type (WT) CASTOR1, CASTOR1 with a phosphorylation 
dead mutation at S14 by mutating serine to alanine (S14A) or constitutively phosphorylation mimic at S14 by mutating serine to aspartic acid (S14D) were 
examined with an antibody generated with a CASTOR1 S14 phosphopeptide. Band intensities of total CASTOR1 and pCASTOR1 were quantified using 
Image Lab software (Bio-Rad) and normalized against those of GAPDH. B pCASTOR1 has different staining intensities in LUAD tumors. Representative 
pCASTOR1 images of LUAD tumors showing tumor with absence of pCASTOR1 staining and tumors stained with weak, moderate or strong intensity of 
pCASTOR1. Images on the lower panel correspond to the digitally enlarged boxed region on the top panel. C-F Comparison of pCASTOR1 scores between 
tumor cells (T) and non-tumor cells (NT) in all patients (n = 165) (C), patients with KRAS mutations (n = 76) (D), patients with EGFR mutations (n = 43) (E) 
and patients without KRAS or EGFR mutations (n = 46) (F). Cores with insufficient cells for assessment of pCASTOR1 scores in tumor or non-tumor cells 
were excluded from the analysis. P-values were assessed with two-tailed paired t-test
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Fig. 2 OS and RFS of LUAD patients stratified according to pCASTOR1 scores. A-H All LUAD patients (A and B), patients with KRAS mutations (C and D), 
patients with EGFR mutations (E and F), and patients without any KRAS or EGFR mutations (G and H) were analyzed for OS (A, C, E and G) and RFS (B, D, F 
and H). X-axis: months elapsed. Y-axis: proportion of OS (%) or RFS (%). HR: Hazard ratio; CI: Confidence interval
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Fig. 3 OS and RFS of LUAD male patients grouped according to pCASTOR1 scores. A-H All male patients (A and B), male patients with KRAS mutations (C 
and D), male patients with EGFR mutations (E and F), and male patients without any KRAS or EGFR mutations (G and H) were analyzed for OS (A, C, E and 
G) and RFS (B, D, F and H). X-axis: months elapsed. Y-axis: proportion of OS (%) or RFS (%), HR: Hazard ratio; CI: Confidence interval
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S3). pCASTOR1 score was not predictive of OS or RFS in 
male or female EGFR mutant LUAD or EGFR/KRAS WT 
patients (Figs. 3E-H and 4E-H).

High pCASTOR1 scores confer worse survival in early-stage 
male LUAD patients with KRAS mutations
We next stratified LUAD patients with early- (stage 
I-II) or late-stage (stage III-IV) disease based on pCAS-
TOR1 scores. Cancer stage was predictive of survival, 

particularly in patients with KRAS mutations (Fig. S1). 
In general, patients in late-stage had almost twice the 
risk compared to those in early-stage to develop events 
of disease recurrence or death. In patients with EGFR 
mutations, and without either KRAS or EGFR muta-
tions, cancer stage was only predictive of OS but not 
RFS (Fig. S1). In agreement with the results described 
above, when stratified by cancer stage, pCASTOR1 score 
was not a predictor in all patients regardless of genotype 

Fig. 4 OS and RFS of female LUAD patients stratified according to pCASTOR1 scores. A-H All female LUAD patients (A and B), patients with KRAS muta-
tions (C and D), patients with EGFR mutations (E and F), and patients without any KRAS or EGFR mutations (G and H) stratified according to pCASTOR1 
scores for OS (A, C, E and G) and RFS (B, D, F and H). X-axis: months elapsed. Y-axis: proportion of OS (%) or RFS (%). HR: Hazard ratio; CI: Confidence interval
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(Fig. 5A-H). However, significant differences in both OS 
(HR = 3.3, P = 0.0176) and RFS (HR = 3.1, P = 0.0277) were 
found in early-stage male patients with KRAS mutations 
albeit not in all male patients (Fig. 6A-D). In early-stage 
male patients with KRAS mutations, those with high 
pCASTOR1 scores, only 25% of them achieved 5-year OS 
(Fig. 6C) and none of them survived up to 5 years with-
out experiencing an event of disease recurrence (Fig. 6D). 
These “pCASTOR1 high” early-stage male patients with 
KRAS mutations performed similarly to those of late-
stage patients (Fig.  6C-D). For “pCASTOR1 low” early-
stage male patients with KRAS mutations, 60% achieved 
both 5-year OS and RFS (Fig. 6C-D). Thus, high pCAS-
TOR1 scores in the early-stage male patients with KRAS 
mutations conferred adverse disease outcomes with 
prognosis similar to those in the advanced stage cancer. 
In contrast, pCASTOR1 score failed to predict OS and 
RFS in early- or late-stage of male patients with EGFR 
mutations, or without any KRAS and EGFR mutations 
(Fig. 6E-H). It also failed to predict OS and RFS in early- 
or late-stage female patients regardless of the genotype 
(Fig. 7A-H).

Discussion
By integrating signals of both nutrients and growth fac-
tors, CASTOR1 regulates mTORC1 activity [18–20]. 
As mTORC1 is commonly activated in cancer [18, 
32], it is reasonable to speculate that pCASTOR1 can 
serve as a potential biomarker in cancer. Using a spe-
cific antibody, we examined pCASTOR1 level in tumor 
and non-tumor cells in LUAD tissues. We showed that 
pCASTOR1 scores were significantly higher in tumor 
cells than non-tumor cells irrespective of the presence 
of KRAS or EGFR mutations in tumor cells (Fig.  1C-F). 
However, there was no significant difference in pCAS-
TOR1 level among different stages or grades of tumors 
(results not shown). These results are consistent with 

those of a previous report showing the lack of a cor-
relation between tumor stage and mTORC1 activity in 
patients prior to chemotherapy [33]. Indeed, it has been 
reported that hyperactivation of mTORC1 activity occurs 
at the early stages of tumorigenesis in colorectal cancer 
and is involved in the transformation of normal cells to 
tumor cells [34, 35]. However, other studies have revealed 
that mTORC1 activity increases with tumor grade and is 
implicated in tumor invasive growth in colorectal cancer 
and colon adenocarcinoma [36, 37]. Our results suggest 
that pCASTOR1 change might be involved in the neo-
plastic transformation of cancer cells and its level might 
be maintained in subsequent tumor progression. This is 
consistent with the tumor suppressive function of CAS-
TOR1, which must be inhibited in order to achieve con-
stitutive activation of mTORC1 for tumor cell growth 
[21, 22].

In this study, we found that pCASTOR1 score was an 
independent and significant predictor of OS and RFS in 
male patients with KRAS mutations, and high pCAS-
TOR1 scores predicted worse OS and RFS (Fig.  3C-D; 
Table 1). These results were not found in female patients 
with KRAS mutations (Fig. 4C-D, Table S3). Furthermore, 
we observed that high pCASTOR1 scores were predic-
tive of worse OS and RFS in early-stage but not late-stage 
male LUAD patients with KRAS mutations (Fig. 6C-D).

LUAD is known to display sex-specific differences in 
frequency, response to treatment and patient survival. 
LUAD is the more common type of lung cancer in female 
patients [38], who also respond better to chemotherapy 
and have better survival than male patients [39, 40]. This 
could explain why pCASTOR1 scores were significantly 
and independently predictive of survival in male patients 
with KRAS mutations but not female patients (Figs. 3C-D 
and 4; Table 1). Additional studies are required to further 
determine the impact of sex and genotype on the prog-
nostic value of pCASTOR1 in LUAD patients.

Table 1 Multivariate analysis of male patients with KRAS mutations
Characteristics OS RFS

n (%) HR 95.0% CI P-value n (%) HR 95.0% CI P-value
Age (year-old)
 < 65 11 (33.3) 1.0 8 (27.6) 1.0
 ≥ 65 22 (66.7) 0.9 0.4–2.1 0.7503 21 (72.4) 1.8 0.7-5.0 0.2305
Stage
 I & II 23 (69.7) 1.0 22 (75.9) 1.0
 III & IV 10 (30.3) 5.0 1.8–13.6 0.0017 7 (24.1) 2.8 0.8–9.7 0.0951
Pack year
 < 40 13 (39.4) 1.0 12 (41.4) 1.0
 ≥ 40 20 (60.6) 1.6 0.7–3.5 0.2678 17 (58.6) 0.9 0.4–2.1 0.8477
pCASTOR1
 Low 24 (72.7) 1.0 21 (72.4) 1.0
 High 9 (27.3) 4.1 1.5–11.0 0.0047 8 (27.6) 3.5 1.1–11.2 0.0342
HR: hazard ratio; CI: Confidence interval; OS: Overall survival; RFS: Recurrence-free survival; Pack year: total cigarette packs smoked in lifetime
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By further examining cancer stage, we have identified 
a prognostic value of pCASTOR1 level in early-stage 
LUAD male patients with KRAS mutations. Since KRAS 
mutations are known to constitutively activate the AKT/
mTOR pathway through its effector proteins [41], it is 
reasonable to assume that the presence of a high pCAS-
TOR1 score in LUAD with KRAS mutations is indicative 

of a dysregulated mTORC1 activity, and hence more 
aggressive tumor growth and worse patient survival. As 
a consequence, a high pCASTOR1 score was predictive 
of worse OS and RFS in early-stage male LUAD patients 
with KRAS mutations (Fig. 6C-D; Table 1). Furthermore, 
it has been reported that chemotherapy treatment of 
lung cancer with KRAS mutations causes hyperactivation 

Fig. 5 OS and RFS of LUAD patients stratified according to cancer stage and pCASTOR1 scores. A-H All patients (A and B), patients with KRAS mutations 
(C and D), patients with EGFR mutations (E and F), and patients without any KRAS or EGFR mutations (G and H) were analyzed for OS (A, C, E and G) and 
RFS (B, D, F and H). Early-stage patients were those in stages I and II while late-stage patients were those in stages III and IV. X-axis: months elapsed. Y-axis: 
proportion of OS (%) or RFS (%). HR: Hazard ratio; CI: Confidence interval
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of mTORC1 signaling [42]. Direct comparison of 
matched tissues before and after chemotherapy revealed 
that the mTOR activation markers, phosphorylated-
mTOR and phosphorylated-S6 were upregulated in 

chemotherapy-treated LUAD with KRAS mutations 
but not in treatment-naïve tumors. In contrast, this 
phenomenon was not observed in matched tumors 
with a wild-type KRAS [42]. Importantly, treatment of 

Fig. 6 OS and RFS of LUAD male patients stratified according to cancer stage and pCASTOR1 scores. A-H All male patients (A and B), male patients with 
KRAS mutations (C and D), male patients with EGFR mutations (E and F), and male patients without any KRAS or EGFR mutations (G and H) were analyzed 
for OS (A, C, E and G) and RFS (B, D, F and H). Early-stage patients were those in stages I and II while late-stage patients were those in stages III and IV. 
X-axis: months elapsed. Y-axis: proportion of OS (%) or RFS (%). HR: Hazard ratio; CI: Confidence interval
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lung cancer cells harboring KRAS mutations with the 
mTORC1 inhibitor rapamycin restored chemosensitiv-
ity of the resistant cells and, combination of rapamycin 
and chemotherapy showed strong synergistic effect in 
inhibiting tumor growth [42]. These results indicate that 

mTORC1 hyperactivation is a mechanism of chemoresis-
tance of cancer cells with KRAS mutations [42]. Never-
theless, mTOR inhibitors failed in KRAS mutant NSCLC 
in other studies [43, 44]. In our current study, patients 
were mainly diagnosed and treated by chemotherapy, 

Fig. 7 OS and RFS of female LUAD patients stratified according to cancer stage and pCASTOR1 scores. A-H All female LUAD patients (A and B), female 
patients with KRAS mutations (C and D), female patients with EGFR mutations (E and F), and female patients without any KRAS or EGFR mutations (G 
and H) were analyzed for OS (A, C, E and G) and RFS (B, D, F and H). X-axis: months elapsed. Y-axis: proportion of OS (%) or RFS (%). HR: Hazard ratio; CI: 
Confidence interval
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surgery and radiation therapy before the availability of 
targeted therapy or immunotherapy. Our results sug-
gest that treatment of “pCASTOR1 high” early-stage 
male LUAD patients with KRAS mutations with the con-
ventional approach might not be effective if they had 
hyperactivated mTORC1 activity prior to chemotherapy. 
Despite presenting with early-stage LUAD, these patients 
displayed survival outcomes similar to those presenting 
with an advanced stage LUAD. Hence, a different treat-
ment approach might be needed to manage the disease 
in this subgroup of patients. In this case, pCASTOR1 
could potentially serve as a biomarker to identify this 
subgroup of patients who might resist and fail to ben-
efit from conventional treatment approaches, including 
chemotherapy.

Despite the availability of numerous approaches, treat-
ment for early-stage NSCLC, especially stage I NSCLC is 
still largely confined to surgery, chemotherapy or radia-
tion as a single or combined regimen. Stage II NSCLC 
patients, however, have slightly broader treatment 
options including immunotherapy or EGFR-mutant tar-
geted therapy with Osimertinib [45, 46]. Other treat-
ments including those targeting KRAS-G12C mutation 
(adagrasib or sotorasib) are mainly reserved for patients 
with an advanced-stage NSCLC [45]. NSCLCs with 
KRAS mutations can be good candidates for immuno-
therapy because of the high tumor mutation burden [47]. 
In fact, tumors with both KRAS and TP53 dual muta-
tions exhibit a high rate of PD-L1 positivity and are more 
sensitive to PD-1 inhibitors [48]. In line with the cur-
rent practice, we propose that “high pCASTOR1” male 
early-stage LUAD patients with KRAS mutations should 
be considered for approaches other than chemotherapy 
alone as the first-line treatment including immunother-
apy or targeted therapies.

While this study revealed pCASTOR1 as a poten-
tial biomarker for male early-stage LUAD patients with 
KRAS mutations, we acknowledge that the major limita-
tion of this study being the small sample size in each gen-
otype subgroup of both male and female patients, with 
each of them having less than 50 patients. Nevertheless, 
the findings in this study still maintain its robustness in 
both the univariate and multivariate analyses despite the 
small sample size.

Conclusion
In summary, we have developed a specific antibody 
for pCASTOR1 and revealed higher pCASTOR1 lev-
els in tumor than non-tumor cells. We have shown that 
pCASTOR1 score is a prognostic marker in male LUAD 
patients with KRAS mutations. Early identification of this 
subgroup of patients could help tailor specific treatments 
to improve their survival outcomes.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13578-024-01307-4.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We would like to thank members from Dr. Gao’s laboratory for technical 
supports and helpful suggestions.

Author contributions
The authors listed above all contributed to this manuscript and approved 
the final submitted version. S.K.L: Investigation, methodology, data 
curation, formal analysis, visualization, writing–original draft, writing–
review. G.S.: Investigation, methodology, data curation, writing–review. 
X.W.: Investigation, methodology, data curation, writing–review. T.T. L.: 
Investigation, methodology, data curation, writing–review. L.P.C.: Investigation, 
methodology, writing–review. A.G.D.: Investigation, writing–review. Y.F.H.: 
Formal analysis, writing–review and editing. T.F.B.: Investigation, writing–
review and editing. L.P.S.: Investigation, writing–review and editing. S.-J.G.: 
Conceptualization, funding, managing, formal analysis, investigation, 
visualization, methodology, writing–original draft, writing–review and editing.

Funding
This work was supported by grants from National Institutes of Health 
(CA096512, CA278812, CA284554 and CA124332 to S.-J. Gao), and in part by 
award P30CA047904.

Data availability
All data generated or analyzed during this study are included in this 
manuscript and its supplementary information files.

Declarations

Ethics approval and consent to participate
This retrospective study was approved by the Institutional Review Board of the 
University of Pittsburgh (Protocol ID: STUDY22020142) and informed consent 
from patients were obtained in accordance with the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
Gabriel Sica reports ownership of stocks of Johnson and Johnson, and 
Abbvie. T Timothy F. Burns reports a grant from Novartis, consulting fees from 
Blueprint Medicines, Mirati Therapeutics, EMD Serono, Janssen Scientific 
Affairs, Jazz Pharmaceuticals, Amgen, AstraZeneca, Takeda and Eli Lilly, Inc, 
honoraria from Amgen Mexico, participation on a Data Safety Monitoring 
Board of Advarra, Inc (Lantern Pharma) during the conduct of the study. Shou-
Jiang Gao reports receipt of honoraria from Wiley. The remaining authors 
declare no conflict of interest.

Received: 21 August 2024 / Accepted: 25 September 2024

References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et 

al. Global Cancer statistics 2020: GLOBOCAN estimates of incidence and 
Mortality Worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209–49.

2. Chen Z, Fillmore CM, Hammerman PS, Kim CF, Wong KK. Non-small-cell lung 
cancers: a heterogeneous set of diseases. Nat Rev Cancer. 2014;14(8):535–46.

3. Kahnert K, Kauffmann-Guerrero D, Huber RM. SCLC-State of the art and what 
does the Future have in Store? Clin Lung Cancer. 2016;17(5):325–33.

https://doi.org/10.1186/s13578-024-01307-4
https://doi.org/10.1186/s13578-024-01307-4


Page 14 of 14Loo et al. Cell & Bioscience          (2024) 14:127 

4. Langer CJ, Besse B, Gualberto A, Brambilla E, Soria JC. The evolving role of 
histology in the management of advanced non-small-cell lung cancer. J Clin 
Oncol. 2010;28(36):5311–20.

5. Wang M, Herbst RS, Boshoff C. Toward personalized treatment approaches for 
non-small-cell lung cancer. Nat Med. 2021;27(8):1345–56.

6. Fuentes N, Silva Rodriguez M, Silveyra P. Role of sex hormones in lung cancer. 
Exp Biol Med (Maywood). 2021;246(19):2098–110.

7. Meuwissen R, Berns A. Mouse models for human lung cancer. Genes Dev. 
2005;19(6):643–64.

8. Riely GJ, Kris MG, Rosenbaum D, Marks J, Li A, Chitale DA, et al. Frequency and 
distinctive spectrum of KRAS mutations in never smokers with lung adeno-
carcinoma. Clin Cancer Res. 2008;14(18):5731–4.

9. Prior IA, Lewis PD, Mattos C. A comprehensive survey of Ras mutations in 
cancer. Cancer Res. 2012;72(10):2457–67.

10. Biernacka A, Tsongalis PD, Peterson JD, de Abreu FB, Black CC, Gutmann EJ, et 
al. The potential utility of re-mining results of somatic mutation testing: KRAS 
status in lung adenocarcinoma. Cancer Genet. 2016;209(5):195–8.

11. Unni AM, Lockwood WW, Zejnullahu K, Lee-Lin SQ, Varmus H. Evidence that 
synthetic lethality underlies the mutual exclusivity of oncogenic KRAS and 
EGFR mutations in lung adenocarcinoma. Elife. 2015;4:e06907.

12. Pao W, Miller V, Zakowski M, Doherty J, Politi K, Sarkaria I, et al. EGF receptor 
gene mutations are common in lung cancers from never smokers and are 
associated with sensitivity of tumors to gefitinib and erlotinib. Proc Natl Acad 
Sci U S A. 2004;101(36):13306–11.

13. Ferrer I, Zugazagoitia J, Herbertz S, John W, Paz-Ares L, Schmid-Bindert G. 
KRAS-Mutant non-small cell lung cancer: from biology to therapy. Lung 
Cancer. 2018;124:53–64.

14. Zhong WZ, Wang Q, Mao WM, Xu ST, Wu L, Shen Y, et al. Gefitinib versus 
vinorelbine plus cisplatin as adjuvant treatment for stage II-IIIA (N1-N2) EGFR-
mutant NSCLC (ADJUVANT/CTONG1104): a randomised, open-label, phase 3 
study. Lancet Oncol. 2018;19(1):139–48.

15. Wu YL, Tsuboi M, He J, John T, Grohe C, Majem M, et al. Osimertinib in 
Resected EGFR-Mutated non-small-cell Lung Cancer. N Engl J Med. 
2020;383(18):1711–23.

16. Cascone T, William WN Jr., Weissferdt A, Leung CH, Lin HY, Pataer A, et al. 
Neoadjuvant nivolumab or nivolumab plus ipilimumab in operable non-
small cell lung cancer: the phase 2 randomized NEOSTAR trial. Nat Med. 
2021;27(3):504–14.

17. Shu CA, Gainor JF, Awad MM, Chiuzan C, Grigg CM, Pabani A, et al. Neoadju-
vant atezolizumab and chemotherapy in patients with resectable non-small-
cell lung cancer: an open-label, multicentre, single-arm, phase 2 trial. Lancet 
Oncol. 2020;21(6):786–95.

18. Goul C, Peruzzo R, Zoncu R. The molecular basis of nutrient sensing and 
signalling by mTORC1 in metabolism regulation and disease. Nat Rev Mol 
Cell Biol. 2023. https://doi.org/10.1038/s41580-023-00641-8.

19. Chantranupong L, Scaria SM, Saxton RA, Gygi MP, Shen K, Wyant GA, et al. 
The CASTOR Proteins Are Arginine Sensors for the mTORC1 pathway. Cell. 
2016;165(1):153–64.

20. Saxton RA, Chantranupong L, Knockenhauer KE, Schwartz TU, Sabatini DM. 
Mechanism of arginine sensing by CASTOR1 upstream of mTORC1. Nature. 
2016;536(7615):229–33.

21. Li T, Wang X, Ju E, da Silva SR, Chen L, Zhang X, et al. RNF167 activates 
mTORC1 and promotes tumorigenesis by targeting CASTOR1 for ubiquitina-
tion and degradation. Nat Commun. 2021;12(1):1055.

22. Li T, Ju E, Gao SJ. Kaposi sarcoma-associated herpesvirus miRNAs suppress 
CASTOR1-mediated mTORC1 inhibition to promote tumorigenesis. J Clin 
Invest. 2019;129(8):3310–23.

23. Li T, Gao SJ. Metabolic reprogramming and metabolic sensors in KSHV-
induced cancers and KSHV infection. Cell Biosci. 2021;11(1):176.

24. Villaruz LC, Jones H, Dacic S, Abberbock S, Kurland BF, Stabile LP, et al. ATM 
protein is deficient in over 40% of lung adenocarcinomas. Oncotarget. 
2016;7(36):57714–25.

25. Gao SJ, Kingsley L, Hoover DR, Spira TJ, Rinaldo CR, Saah A, et al. Seroconver-
sion to antibodies against Kaposi’s sarcoma-associated herpesvirus-related 
latent nuclear antigens before the development of Kaposi’s sarcoma. N Engl J 
Med. 1996;335(4):233–41.

26. Ragavan M, Patel MI. The evolving landscape of sex-based differences in lung 
cancer: a distinct disease in women. Eur Respir Rev. 2022;31:163.

27. Wang BY, Huang JY, Cheng CY, Lin CH, Ko J, Liaw YP. Lung cancer and 
prognosis in Taiwan: a population-based cancer registry. J Thorac Oncol. 
2013;8(9):1128–35.

28. Jeon DS, Kim HC, Kim SH, Kim TJ, Kim HK, Moon MH, et al. Five-year overall 
survival and prognostic factors in patients with Lung Cancer: results from the 
Korean Association of Lung Cancer Registry (KALC-R) 2015. Cancer Res Treat. 
2023;55(1):103–11.

29. Wang X, Ricciuti B, Nguyen T, Li X, Rabin MS, Awad MM, et al. Association 
between Smoking History and Tumor Mutation Burden in Advanced Non-
small Cell Lung Cancer. Cancer Res. 2021;81(9):2566–73.

30. Dogan S, Shen R, Ang DC, Johnson ML, D’Angelo SP, Paik PK, et al. Molecular 
epidemiology of EGFR and KRAS mutations in 3,026 lung adenocarcinomas: 
higher susceptibility of women to smoking-related KRAS-mutant cancers. 
Clin Cancer Res. 2012;18(22):6169–77.

31. Zhang YL, Yuan JQ, Wang KF, Fu XH, Han XR, Threapleton D, et al. The 
prevalence of EGFR mutation in patients with non-small cell lung cancer: a 
systematic review and meta-analysis. Oncotarget. 2016;7(48):78985–93.

32. Zou Z, Tao T, Li H, Zhu X. mTOR signaling pathway and mTOR inhibitors 
in cancer: progress and challenges. Cell Biosci. 2020;10(31). https://doi.
org/10.1186/s13578-020-00396-1.

33. Winters BR, Vakar-Lopez F, Brown L, Montgomery B, Seiler R, Black PC, et al. 
Mechanistic target of rapamycin (MTOR) protein expression in the tumor and 
its microenvironment correlates with more aggressive pathology at cystec-
tomy. Urol Oncol. 2018;36(7):342. e7- e14.

34. Zhang YJ, Dai Q, Sun DF, Xiong H, Tian XQ, Gao FH, et al. mTOR signaling 
pathway is a target for the treatment of colorectal cancer. Ann Surg Oncol. 
2009;16(9):2617–28.

35. Aoki K, Tamai Y, Horiike S, Oshima M, Taketo MM. Colonic polyposis caused by 
mTOR-mediated chromosomal instability in Apc+/Delta716 Cdx2+/- com-
pound mutant mice. Nat Genet. 2003;35(4):323–30.

36. Francipane MG, Lagasse E. mTOR pathway in colorectal cancer: an update. 
Oncotarget. 2014;5(1):49–66.

37. Khaleghpour K, Li Y, Banville D, Yu Z, Shen SH. Involvement of the PI 3-kinase 
signaling pathway in progression of colon adenocarcinoma. Carcinogenesis. 
2004;25(2):241–8.

38. Youlden DR, Cramb SM, Baade PD. The International Epidemiology of 
Lung Cancer: geographical distribution and secular trends. J Thorac Oncol. 
2008;3(8):819–31.

39. Yu XQ, Yap ML, Cheng ES, Ngo PJ, Vaneckova P, Karikios D, et al. Evaluating 
prognostic factors for sex differences in Lung Cancer Survival: findings from a 
large Australian cohort. J Thorac Oncol. 2022;17(5):688–99.

40. Wheatley-Price P, Blackhall F, Lee SM, Ma C, Ashcroft L, Jitlal M, et al. The 
influence of sex and histology on outcomes in non-small-cell lung cancer: a 
pooled analysis of five randomized trials. Ann Oncol. 2010;21(10):2023–8.

41. Vasan N, Boyer JL, Herbst RS. A RAS renaissance: emerging targeted 
therapies for KRAS-mutated non-small cell lung cancer. Clin Cancer Res. 
2014;20(15):3921–30.

42. Liang SQ, Buhrer ED, Berezowska S, Marti TM, Xu D, Froment L, et al. mTOR 
mediates a mechanism of resistance to chemotherapy and defines a 
rational combination strategy to treat KRAS-mutant lung cancer. Oncogene. 
2019;38(5):622–36.

43. Luo J, Ostrem J, Pellini B, Imbody D, Stern Y, Solanki HS, et al. Overcoming 
KRAS-Mutant Lung Cancer. Am Soc Clin Oncol Educ Book. 2022;42:1–11.

44. Riely GJ, Brahmer JR, Planchard D, Crinò L, Doebele RC, Lopez LAM et al. A 
randomized discontinuation phase II trial of ridaforolimus in non-small cell 
lung cancer (NSCLC) patients with KRAS mutations. J Clin Oncol. 2012;30(15).

45. Board PDQATE. Non-Small Cell Lung Cancer Treatment (PDQ®): Health Profes-
sional Version, PDQ Cancer Information Summaries. National Cancer Institute 
(US); 2023. Bethesda (MD).

46. Ettinger DS, Wood DE, Aisner DL, Akerley W, Bauman JR, Bharat A, et al. NCCN 
Guidelines(R) Insights: Non-small Cell Lung Cancer, Version 2.2023. J Natl 
Compr Canc Netw. 2023;21(4):340–50.

47. Spigel DR, Schrock AB, Fabrizio D, Frampton GM, Sun J, He J, et al. Total 
mutation burden (TMB) in lung cancer (LC) and relationship with response to 
PD-1/PD-L1 targeted therapies. J Clin Oncol. 2016;34(15suppl):9017.

48. Skoulidis F, Goldberg ME, Greenawalt DM, Hellmann MD, Awad MM, Gainor 
JF, et al. STK11/LKB1 mutations and PD-1 inhibitor resistance in KRAS-Mutant 
Lung Adenocarcinoma. Cancer Discov. 2018;8(7):822–35.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1038/s41580-023-00641-8
https://doi.org/10.1186/s13578-020-00396-1
https://doi.org/10.1186/s13578-020-00396-1

	CASTOR1 phosphorylation predicts poor survival in male patients with KRAS-mutated lung adenocarcinoma
	Abstract
	Introduction
	Methods
	Study approval and population
	Immunohistochemistry and evaluation
	Western-blotting
	Statistical analysis

	Results
	Patient characteristics
	Lung adenocarcinoma tumors have more pCASTOR1-positive tumor cells than non-tumor cells
	pCASTOR1 scores predict survival in male LUAD patients with KRAS mutations
	High pCASTOR1 scores confer worse survival in early-stage male LUAD patients with KRAS mutations

	Discussion
	Conclusion
	References


