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Abstract 

Rationale: Mxi1 is regarded as a potential tumor suppressor protein that antagonizes the transcriptional 
activity of proto-oncogene Myc. However, the clinical significances and underlying mechanisms by which 
Mxi1 is regulated in lung cancer remain poorly understood. 
Methods: Mass spectrometry analysis and immunoprecipitation assay were utilized to detect the 
protein-protein interaction. The phosphorylation of Mxi1 was evaluated by in vitro kinase assays. 
Poly-ubiquitination of Mxi1 was examined by in vivo ubiquitination assay. Lung cancer cells stably 
expressing wild-type Mxi1 or Mxi1-S160A were used for functional analyses. The expression levels of 
Mxi1 and S6K1 were determined by immunohistochemistry in lung cancer tissues and adjacent normal 
lung tissues. 
Results: We found that Mxi1 is downregulated and correlated with poor prognosis in lung cancer. Using 
tandem affinity purification technology, we provided evidence that β-Trcp E3 ubiquitin ligase interacts 
with and promotes the ubiquitination and degradation of Mxi1. Furthermore, we demonstrated that Mxi1 
is phosphorylated at S160 site by the protein kinase S6K1 and subsequently degraded via the ubiquitin 
ligase β-Trcp. Moreover, a phosphorylation mutant form of Mxi1 (Mxi1-S160A), which cannot be 
degraded by S6K1 and β-Trcp, is much more stable and efficient in suppressing the transcriptional activity 
of Myc and radioresistance in lung cancer cells. More importantly, a strong inverse correlation between 
S6K1 and Mxi1 expression was observed in human lung cancer tissues. 
Conclusion: Our findings not only establish a crosstalk between the mTOR/S6K1 signaling pathway and 
Myc activation, but also suggest that targeting S6K1/Mxi1 pathway is a promising therapeutic strategy for 
the treatment of lung cancer. 
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Introduction 
Lung cancer remains the leading cause of 

cancer-related deaths worldwide, and its incidence is 
rapidly rising in many developing countries [1, 2]. 
Non-small cell lung cancer (NSCLC), including 
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adenocarcinoma, squamous cell carcinoma and large 
cell carcinoma, comprises about 85% of the total cases 
[3]. Despite recent advances in molecular diagnosis 
and targeted therapies, the clinical outcomes of this 
disease remain poor, with the 5-year survival rate of 
less than 15% [4]. Local relapses and distant 
metastases are still the major obstacles to the 
improvement of patient survival. Thus, there is an 
urgent need to elucidate the mechanisms underlying 
tumorigenesis and identify novel therapeutic targets 
for lung cancer patients. 

Ribosomal protein S6 kinase 1, also known as 
S6K1, is a serine-threonine kinase that functions as the 
critical downstream effector of the mTOR signaling 
pathway [5, 6]. A growing body of evidence 
demonstrate that S6K1 plays critical roles in multiple 
key cellular processes, including cell cycle 
progression, protein synthesis, cell metabolism, 
adipogenesis and tumorigenesis [7-9]. S6K1 exhibits 
these functions mainly through its ability to 
phosphorylate downstream substrates and most of its 
substrates contain a S6K1 consensus phosphorylation 
motif (K/RXRXXS/T), as previously described [10]. 
For example, Dr. Sahin and colleagues showed that 
S6K1-mediated phosphorylation of BMAL1 regulates 
protein synthesis [11], while phosphorylation of EPRS 
by S6K1 has been reported to contribute to adiposity 
in mice [12]. Additionally, a previous study showed 
that phosphorylation of PDCD4 by S6K1 is required 
for cell growth and cell cycle progression [13]. 
Moreover, the involvement of S6K1-mediated Gli1 
phosphorylation in tumorigenesis of esophageal 
adenocarcinoma has also been documented [14]. 
These and many other findings strongly suggest that 
S6K1 is a potentially promising drug target for cancer 
treatment. 

Myc, a well-known oncoprotein, has been 
studied extensively in the past decades. As a 
transcription factor, Myc dimerizes with MAX to bind 
to promoters and therefore controls downstream gene 
expression [15]. Deregulation of Myc contributes to 
many altered cellular processes, which include cell 
proliferation, differentiation, apoptosis, metabolism, 
angiogenesis, genomic instability and tumorigenesis 
[16, 17]. MAX interactor 1 (Mxi1), a member of the 
MAD family, functions as an antagonist of Myc by 
competing for Max and recruiting transcriptional 
repressor [18, 19]. In this regard, Mxi1 is considered as 
a negative regulator of Myc through repressing the 
Myc-dependent transcriptional activity. Mxi1 gene 
localizes at chromosome 10q24-q25, a cancer hotspot 
which has been linked to the development of prostate 
cancer, glioblastoma and lung cancer [19]. 
Accumulating evidence suggest that Mxi1 has crucial 
roles in cell growth, differentiation, cell cycle control 

and tumorigenesis [18]. For instance, Mxi1 has been 
shown to suppress the growth of prostate cancer and 
glioblastoma cells [20, 21]. Moreover, Mxi1-/- mice 
exhibit increased susceptibility to tumorigenesis [22]. 
These data indicate that Mxi1 may be a potential 
tumor-suppressor. However, exactly how Mxi1 is 
regulated in lung cancer remains poorly understood. 

In the current study, we reported that Mxi1 is a 
novel substrate of S6K1 protein kinase and β-Trcp 
ubiquitin ligase. We showed that the S6K1-dependent 
phosphorylation of Mxi1 at Ser160 site acts to recruit 
the β-Trcp ubiquitin ligase, which facilitates the 
ubiquitination and degradation of Mxi1. Furthermore, 
we demonstrated that S6K1 and β-Trcp-dependent 
degradation of Mxi1 is crucial for Myc-dependent 
transcriptional activation and radioresistance in lung 
cancer cells. Importantly, a strong correlation between 
S6K1 overexpression and Mxi1 downregulation was 
observed in human lung cancer tissues, suggesting 
that S6K1 phosphorylation-dependent degradation of 
Mxi1 by β-Trcp ubiquitin ligase may suppress Mxi1 
expression and therefore promote Myc transcriptional 
activity and radioresistance in lung cancer. 

Materials and Methods 
Cell lines and transfection 

Human lung cancer cell lines (A549, H1299, 
H292, HCC827 and H1975), HBE, HeLa and HEK293T 
cell lines were obtained from American Type Culture 
Collection and cultured in DMEM medium containing 
10% FBS and 100 μg/mL penicillin and streptomycin 
at 37 °C in 5% CO2. Plasmid transfection was carried 
out using the polyethylenimine reagent or 
Lipofectamine 2000 (Invitrogen). 

Constructs 
The Mxi1 plasmid was generated by polymerase 

chain reaction (PCR) and subcloned into pDNOR201 
entry vector and then transferred to gateway- 
compatible destination vector with indicated SFB or 
HA tag using Gateway Technology (Invitrogen). 
S6K1, Mad1, Mad3 and Mad4 plasmids were 
purchased from DF/HCC DNA Resource Core. 
HA-S6K1-CA (F5A-T389E-R3A), HA-S6K1-KD 
(T229A), HA-AKT1, Myc-β-Trcp1, Myc-β-Trcp1- 
R474A and Myc-β-Trcp2 were gifts from Dr. Wenyi 
Wei (Harvard Medical School, USA). Mutations were 
introduced by using the KOD Hot Start DNA 
Polymerase (Novagen), and all mutations were 
verified by DNA sequencing. 

Antibodies and reagents 
The following antibodies in our study were used 

for immunoblotting: Phospho-Mxi1 antibody, which 
was raised against peptide RIRMDS(p)IGSTISS by 
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immunizing rabbits; anti-Mxi1 antibodies (sc-1042, 
Santa Cruz Biotechnology and HPA035319, Sigma- 
Aldrich); anti-S6K1 (sc-230), anti-Myc (sc-40), 
anti-Cdc20 (sc-13162), and anti-GAPDH (sc-166574) 
antibodies (Santa Cruz Biotechnology); anti-phospho- 
S6K1(Thr389) (#9234), anti-β-Trcp1 (#4394), anti- 
Cyclin B1(#4138), anti-Ubiquitin (#3933) and anti-HA 
(#3724) antibodies (Cell Signaling Technology); 
anti-Max (ab199489) , anti-β-Trcp2 (ab137770) and 
anti-Myc (ab32072) antibodies (Abcam); anti-RSK2 
(23762-1-AP) and anti-GAPDH (60004-1-Ig) 
antibodies (Proteintech); anti-Flag (F1804), anti-Actin 
(A5441) and anti-Tubulin (T-5168) antibodies (Sigma- 
Aldrich). MG132 (474790, a proteasome inhibitor) was 
purchased from Millipore, Hydroxyurea (H8627) and 
CHX (01810, Cycloheximide, a protein synthesis 
inhibitor) were purchased from Sigma-Aldrich. 

Lentivirus Packaging and generation of stable 
cell lines 

Lentiviral supernatants were generated by 
transient transfection of HEK293T cells with Mxi1 
plasmid and packaging plasmids pSPAX2 and 
pMD2G (kindly provided by Dr. Zhou Songyang, 
Baylor College of Medicine) and harvested 48 h after 
transfection. Supernatants were filtered and used to 
infect cells with the addition of 10 μg/mL Polybrene 
for 48 h. Stable cell lines were selected with media 
containing 2 μg/mL puromycin and confirmed by 
Western blotting. 

RNAi treatment 
The sequences of oligonucleotides targeting 

S6K1 and β-Trcp were as follows: 5-GGACAUG 
GCAGGAGUGUUU-3 and 5-AAGUGGAAUUUGU 
GGAACAUC-3, which has been described previously 
[13, 23, 24]. RSK siRNA-1: 5′- AGCGCTGAGAAT 
GGACAGCAA-3′; RSK siRNA-2: 5′-GGGAGGAGAU 
UUGUUUACACGCUUA-3′, which has been 
described previously [25, 26]. A549, H1299 or HeLa 
cells were seeded into each well of a 6-well tissue 
culture dish the day before transfection. SiRNAs 
transfection was performed according to the 
manufacturer’s instructions using Lipofectamine 
RNAiMAX transfection reagent (Invitrogen).  

Tandem affinity purification of SFB-tagged 
Mxi1 

Tandem affinity purification of SFB-tagged Mxi1 
was performed as previously described [27]. Briefly, 
HEK293T cells stably expressing exogenous 
SFB-tagged Mxi1 were collected after the MG132 
treatment for 4 h. Cells were lysed with NETN buffer 
(20 mM Tris-HCl [pH 8.0], 1 mM EDTA, 100 mM 
NaCl, and 0.5 % Nonidet P-40) for 20 min. The lysates 

were centrifuged (20,817g) and then incubated with 
streptavidin-conjugated beads (Amersham) for 2 h at 
4°C. After being washed three times, beads-bound 
proteins were eluted twice with 2 mg/mL biotin 
(Sigma-Aldrich) diluted in NETN buffer for 2 h. The 
elutes were further incubated with S protein agarose 
(Novagen) for 1 h. The immunocomplexes were again 
washed three times and resolved by SDS-PAGE. 
Protein bands were identified and analyzed by mass 
spectrometry. 

Western blotting and immunoprecipitation 
Cells were lysed in NETN buffer, and the 

clarified lysates were resolved by SDS-PAGE for 
Western blotting analysis. Alternatively, the clarified 
supernatants were first incubated with S protein 
beads (Novagen) overnight, and the precipitates were 
washed five times with NETN buffer. To investigate 
the endogenous interaction, the clarified supernatants 
were first incubated with Mxi1, S6K1 or β-Trcp 
antibody for 2 h at 4°C. Protein A/G-agaroses were 
then added overnight and the precipitates were 
washed five times with NETN buffer and analyzed by 
Western blotting. 

In vitro kinase assays 
To construct plasmids that express His-Mxi1-WT 

and His-Mxi1-160A proteins, the coding sequences of 
Mxi1-WT and Mxi1-160A were subcloned into 
pET22b (+) vector. Each expression plasmid was 
transformed into E. coli BL21, and the recombinant 
proteins were purified by His Sepharose Ni (GE 
Healthcare). HA-S6K1-WT or HA-S6K1-KD was 
obtained by immunoprecipitation using anti-HA 
agarose from the lysates of Hela cells overexpressing 
HA-S6K1-WT or HA-S6K1-KD. The samples were 
then incubated with 5 μg of His-Mxi1-WT or 
His-Mxi1-160A in 50 μL kinase buffer (Cell Signaling 
Technology) containing 10 mM ATP for 30 min at 
30°C. Subsequently, the samples were dissolved in 
SDS-PAGE loading buffer and subjected to Western 
blotting. 

λ-PPase treatment 
SFB-Mxi1 was immunoprecipitated with 

anti-Flag agarose from lysates of cells overexpressing 
SFB-Mxi1, resuspended in λ-PPase buffer containing 
200 U of enzyme (New England BioLabs), and 
incubated for 1 h at 30°C. The reaction was stopped by 
heat inactivation at 65°C for 1 h. 

In vivo ubiquitination assay 
HeLa cells were cotransfected with the indicated 

plasmids for 24 h. MG132 (10 μM) was added for 4 h 
prior to collection, and cells were lysed in NETN 
buffer. The clarified supernatants were first incubated 
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with S protein beads (Novagen) for 2 h and then 
subjected to western blotting. 

Real-time quantitative PCR 
This assay was carried out as described 

previously [28]. Total RNA was isolated using Trizol 
reagent (Invitrogen) according to the manufacturer’s 
instructions. First-strand cDNA was synthesized 
using the qPCR RT Master Mix (Toyobo). The primers 
were as follows: ODC1: F 5′-GATGACTTTTGATAGT 
GAAGTTGAGTTGA-3′; R 5′-GGCACCGAATTTCAC 
ACTGA-3′; CCND2: F 5′-GGCACCGAATTTCACAC 
TGA-3′; R 5′-GTTGCAGATGGGACTTCGGA-3′; eIF 
2a: F 5′-ATGGGACCTTGTTTGCCTGG-3′; R 5′-CCAC 
GTTGCCAGGACAGTAT-3′; Mxi1: F 5′- TGGCTACG 
CCTCTTCATTCC -3′; R 5′- CTGTTGGCAGTGCTGG 
TGTT-3′; GAPDH: F 5′-AATCCCATCACCATCTTC 
CAG-3′; R 5′-GAGCCCCAGCCTTCTCCAT-3. 

Clonogenic cell survival assay 
The A549 or H1299 stable cells were plated in 

triplicate in six-well plates and exposed to irradiation 
with indicated doses. After cultured for two weeks, 
cell clones were washed and fixed in methanol for 30 
min, then dyed with crystal violet for 30 min. 
Afterward, the dye was washed off and colonies that 
contained more than 50 cells were counted. 

Immunohistochemical (IHC) assay 
A lung cancer tissue microarray was purchased 

from Shanghai Outdo Biotech (Shanghai, China), 
which contained 90 carcinoma tissues and paired 
para-carcinoma tissues. All patients had been 
pathologically diagnosed with lung adenocarcinoma. 
IHC of Mxi1 and S6K1 were performed using 
anti-Mxi1 (HPA035319, Sigma-Aldrich) and anti-S6K1 
(sc-230, Santa Cruz Biotechnology) antibody 
respectively. The IHC analysis was performed as 
previously described [29-32]. In brief, the tissue 
sections were dewaxed and endogenous peroxidase 
was blocked by 1% hydrogen peroxide. After 
incubated with primary antibody against Mxi1 or 
S6K1 overnight at 4°C and being washed, tissue 
sections were treated with biotinylated secondary 
antibody for 1 h at room temperature. Finally, tissue 
sections were reacted with 3,3-diaminobenzidine and 
counterstained with hematoxylin. The total score 
(values 0-12) of protein expression was calculated by 
multiplying the percentage of immunopositively 
areas (0-25% = 1, 26-50% = 2, 51-75% = 3, >75% = 4) 
and immunostaining intensity (negative = 0, weak = 1, 
moderate = 2, or strong = 3). The score ≥ 6 defined 
high expression, while score < 6 defined low 
expression. 

Statistical analysis 
An unpaired Student's t test was used for 

statistical comparison. The Kaplan-Meier method was 
used to estimate the overall survival, correlation 
between S6K1 and Mxi1 expression was analyzed by 
using the Pearson’s chi-squared test. Statistically 
significant differences were defined when P values 
were at least below 0.05. 

Results 
Mxi1 is downregulated and predicts poor 
prognosis in lung cancer patients 

Mxi1 potentially functions as tumor suppressor 
due to its ability to counteract Myc-dependent 
oncogenic activities. To investigate Mxi1 expression in 
lung cancer, we first analyzed Mxi1 mRNA level in 
lung adenocarcinoma and normal lung tissue using 
the Oncomine database. As shown in Figure 1A, Mxi1 
mRNA level was significantly downregulated in lung 
cancer. To further determine whether Mxi1 
expression is indeed reduced in tumors, we first 
analyzed Mxi1 protein levels in five human lung 
cancer cell lines (H292, A549, HCC827, H1299, and 
H1975) and found that Mxi1 was remarkably 
downregulated in lung cancer cell lines compared 
with that in normal human lung epithelial cell HBE 
(Figure 1B). Next, we quantified Mxi1 protein level in 
lung adenocarcinoma tissue arrays by immuno-
histochemistry assay. Our data showed that Mxi1 
localized in the nucleus of cancer cells but Mxi1 
protein level was low in the lung cancer tissues 
compared with that in adjacent lung tissues (Figure 
1C, D). To elucidate whether Mxi1 expression is 
associated with clinical outcome, overall survival data 
of patients with lung adenocarcinoma were divided 
into two groups based on the intensity and the 
percentage of Mxi1 positive cells (low and high). 
Kaplan-Meier survival analysis demonstrated that 
low Mxi1 level was significantly associated with poor 
overall survival (P < 0.05) (Figure 1E). Therefore, our 
findings suggest that Mxi1 may be a tumor 
suppressor and its downregulation contributes to the 
development and progression of lung cancer. 

β-Trcp binds to Mxi1 and promotes the 
degradation of Mxi1 

It has been reported that Myc was involved in 
G0/S progression [33], so we examined the abunda-
nce of Mxi1, which is considered an antagonist of Myc 
during cell cycle. Interestingly, the level of Mxi1 was 
higher when cells were arrested at early S phase after 
hydroxyurea stimulation and then started to decrease 
(Figure S1), indicating Mxi1 may be a cell 
cycle-regulated and labile protein. To explore how 
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Mxi1 is regulated, we performed an unbiased tandem 
affinity purification (TAP) and mass spectrometry 
(MS) technology to identify Mxi1-interacting proteins 
in cells. As shown in Figure 2A, a number of 
previously reported Mxi1-interacting proteins, 
including SIN3A, SAPS3, HDAC1 and HDAC2, were 
identified. Intriguingly, we noticed that ubiquitin 
ligase complex Cullin 1-β-Trcp2 is a candidate Mxi1 
binding partner. There are two distinct paralogs of 
β-Trcp protein β-Trcp1 and β-Trcp2, which share 
identical biological and biochemical traits [34]. 
Therefore, we will use the term β-Trcp to refer to both. 
To validate our mass spectrometry results, co-imm-
unoprecipitation experiments were carried out with 
β-Trcp since it is the substrate specificity subunit of 
the Cullin complexes and binds directly to substrates. 
As shown in Figure 2B, exogenous β-Trcp1 or β-Trcp2 
associated with Mxi1, and vice versa. The R474 site of 
β-Trcp1 is required for mediating its association with 
most of its substrates [35]. Notably, the interaction 
between Mxi1 and β-Trcp1-R474A mutant was 
dramatically reduced, further supporting that Mxi1 is 
likely a substrate of β-Trcp. Furthermore, we also 
found that the endogenous Mxi1 interacted with 
β-Trcp1 and β-Trcp2 (Figure 2C). More importantly, 
β-Trcp depletion using siRNAs targeting both β-Trcp1 
and β-Trcp2 led to Mxi1 accumulation in two different 
cancer cell lines (Figure 2D). Additionally, overexpre-
ssion of β-Trcp1 reduced endogenous Mxi1 levels in a 
dose-dependent manner (Figure 2E). These results 
indicate that β-Trcp negatively controls the stability of 
Mxi1. To further examine whether Mxi1 is a 
ubiquitination substrate of β-Trcp, we performed in 
vivo ubiquitination assay and showed that β-Trcp 
ligase could polyubiquitinate Mxi1 in cells (Figure 
2F). In line with this notion, the half-life of Mxi1 was 
markedly extended after β-Trcp depletion (Figure 
2G). These data indicate that Mxi1 is a novel substrate 
of β-Trcp which ubiquitinates and targets it for 
degradation.  

It has been well documented that β-Trcp ligase 
binds to its substrates by recognizing a characterized 
phosphodegron motif DSGXXS [34]. we noticed that 
the C-terminus of Mxi1 contains a conserved 
159DSIGST164 sequence, which is similar to a canonical 
DSGXXS motif (Figure 2H). To investigate whether 
β-Trcp ubiquitinates Mxi1 via this motif, we gene-
rated serine160 to alanine mutant (S160A) and found 
that the S160A mutant was less ubiquitinated than 
wild-type Mxi1 in the presence of β-Trcp (Figure 2I), 
suggesting that Mxi1 phosphodegron motif (DSIGST) 
determines ubiquitination and degradation of Mxi1 
by β-Trcp ligase. 

S6K1 is involved in the regulation of Mxi1 
stability 

Emerging evidence have shown that β-Trcp 
recognizes downstream substrates with 
phosphorylated Ser residue in the phosphodegron 
motif DSGXXS [34]. In addition, it has also been 
reported that several protein kinases including CK1, 
GSK3β and S6K1 often participate in β-Trcp-mediated 
ubiquitination and degradation [36]. We therefore 
sought to identify the upstream kinase that 
phosphorylates Mxi1 and triggers its destruction. 
Excitingly, the β-Trcp-binding degron in Mxi1 is near 
to a canonical RXRXXS phosphorylation consensus 
motif for S6K1 (Figure 3A) [10]. Thus, we suspected 
that Mxi1 may be a downstream substrate of S6K1 
kinase. To test this hypothesis, we examined the Mxi1 
expression in cells transfected with S6K1 or AKT1 and 
found that overexpression of S6K1-CA (constitutively 
active) and S6K1-WT (wild-type), but not that of 
AKT1, resulted in decreased Mxi1 expression (Figure 
3B). Importantly, S6K1-KD (kinase dead) mutant did 
not affect Mxi1 protein level (Figure 3B). RSK, another 
AGC kinase, has been reported to be capable of 
recognizing RXRXXS consensus motif. However, we 
did not detect the accumulation of Mxi1 protein in 
RSK-depleted cells (Figure S2). Therefore, all of these 
results suggest that S6K1 but not AKT1 and RSK may 
be responsible for regulating Mxi1 stability. 
Consistent with this notion, knockdown of S6K1 
stabilized endogenous Mxi1 but not Myc in three 
different cancer cell lines (Figure 3C). Additionally, 
accumulation of Mxi1 was also observed after 
glutamine deprivation in which the activity of S6K1 
was inhibited (Figure 3D). These results strongly 
suggest that Mxi1 downregulation in cancer cells may 
be due to S6K1 overexpression and/or activation. 

Considering that Mxi1 is degraded via a 
proteasome-dependent pathway, we hypothesized 
that S6K1 may negatively regulate the stability of 
Mxi1 by promoting its ubiquitination. To test this 
hypothesis, we performed in vivo ubiquitination assay 
and showed that the ubiquitination of wild-type Mxi1 
was dramatically reduced when S6K1 was silenced 
(Figure 3E). Likewise, S6K1 depletion also prolonged 
the half-life of Mxi1 (Figure 3F). These findings 
indicate that S6K1 negatively controls the stability of 
Mxi1 through ubiquitin proteasome pathway. 

S6K1 interacts with Mxi1 and phosphorylates 
Mxi1 at Ser160 in vitro and in vivo 

Given that the abundance of Mxi1 is controlled 
by S6K1 and S6K1 is a serine/threonine kinase, we 
asked whether Mxi1 is a direct substrate of S6K1. 
First, we examined whether S6K1 could associate with 
Mxi1. As shown in Figure 4A, endogenous S6K1 and 
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p-S6K1 was present in Mxi1 immunoprecipitates and 
vice versa, indicating that S6K1 binds to Mxi1 in cells. 
We noted a highly conserved S6K1 phosphorylation 
motif in Mxi1 (RXRXXS160) (Figure 3A). To examine 
whether S6K1 regulates Mxi1 through phosphory-
lation at Ser160, we generated a rabbit polyclonal 
antibody that specifically recognizes phosphorylated 
Ser160 of Mxi1 (p-S160-Mxi1). Indeed, this antibody 
specifically recognized the ectopically expressed 
wild-type Mxi1, but not the Mxi1 S160A mutant in 
which the serine residue at position 160 was replaced 
with alanine (Figure 4B). Additionally, the anti-p- 
S160-Mxi1 antibody was able to recognize wild-type 
Mxi1, but not the same Mxi1 that was pre-treated with 
λ-PPase (Figure 4C). These results demonstrated that 
the anti-p-S160-Mxi1 antibody is highly specific for 
recognizing Ser160 phosphorylated Mxi1 and Mxi1 is 
phosphorylated at this residue in vivo. Using in vitro 
kinase assay, we confirmed again that S6K1 could 
phosphorylate wild-type Mxi1, but not the S160A 
mutant (Figure 4D). Only the catalytically active 
version of S6K1 (S6K1-CA), but not the catalytically 
dead version of S6K1 (S6K1-KD), was able to phosp-
horylate Mxi1 (Figure 4D). Moreover, we showed that 
phosphorylation of endogenous Mxi1 at Ser160 
decreased when S6K1 was depleted in two different 
lung cancer cell lines (Figure 4E). Taken together, 
these results strongly suggest that S6K1 directly 
phosphorylates Mxi1 at Ser160 in vitro and in vivo.  

Phosphorylation of Mxi1 by S6K1 at S160 site 
promotes its binding to β-Trcp and 
ubiquitin-mediated degradation 

The above findings demonstrate that S6K1 and 
β-Trcp negatively regulates the stability of Mxi1 
through ubiquitin proteasome pathway. To further 
determine whether Mxi1 degradation is dependent on 
its phosphorylation by S6K1, we compared 
ubiquitination of wild-type Mxi1 with that of Mxi1 
S160A mutant. As shown in Figure 5A, the 
polyubiquitination of Mxi1 S160A mutant was 
significantly reduced. Consistent with this finding, 
the half-time of Mxi1 S160A mutant was longer than 
that of wild-type Mxi1 (Figure 5B). These data 
indicate that phosphorylation of Mxi1 at Ser-160 
promotes polyubiquitination of Mxi1. Additionally, 
we showed that wild-type Mxi1, but not the S160A 
mutant of Mxi1, can be degraded by S6K1 (Figure 5C), 
further supporting that phosphorylation at S160 is 
critical for the stability of Mxi1.  

It has been reported that most, if not all, β-Trcp 
substrates must be phosphorylated before they can be 
recognized by β-Trcp. Therefore, we examined 
whether Ser160 phosphorylation of Mxi1 would be 
required for its binding to β-Trcp. As shown in Figure 

5D, unlike wild-type Mxi1, Mxi1 S160A mutant failed 
to associate with β-Trcp. Consistent with this finding, 
the S160A mutant was less ubiquitinated than 
wild-type Mxi1 (Figure 5E). More importantly, S6K1 
overexpression could accelerate the ubiquitination of 
wild-type Mxi1 but not S160A mutant, whereas 
knockdown of S6K1 exhibited an opposite effect 
(Figure 5E, F). These results indicate that Mxi1 
phosphorylation at Ser160 site by S6K1 facilitates its 
binding and degradation by β-Trcp. Collectively, 
these results suggest that S6K1-dependent Mxi1 
phosphorylation at Ser160 site promotes the binding 
of Mxi1 to β-Trcp and triggers its polyubiquitination 
and degradation. 

Phosphorylation of Mxi1 at S160 by S6K1 
promotes Myc activation and radioresistance 
in lung cancer cells 

To determine the biological consequence of 
S6K1-dependent phosphorylation of Mxi1 at Ser160, 
we generated A549 and H1299 derivative cell lines 
stably transfected with retrovirus expressing 
wild-type or S160A mutant of Mxi1 (Figure 6A). 
Notably, we demonstrated that the mRNA levels of 
Mxi1 in Mxi1-WT and Mxi1-S160A stably expressed 
A549 and H1299 cells are equally transcribed (Figure 
S3), further supporting the notion that the regulation 
of Mxi1 by S6K1 occurs at the post-translational level. 
It has been reported that Mxi1 is a well-known Myc 
inhibitory protein; we then examined whether Mxi1 
phosphorylation would affect Myc-dependent gene 
transcription. Indeed, the mRNA levels of ODC1, 
CCND2, and eIF2a, three well-established Myc-target 
genes, were decreased in cells stably expressing 
wild-type Mxi1, when compared to control cells 
(Figure 6B). Importantly, cells stably expressing the 
Mxi1 S160A mutant showed even stronger inhibition 
of these Myc-target genes (Figure 6B). These results 
suggest that Mxi1 phosphorylation in lung cancer 
cells promotes Myc-mediated transcription. 

Myc proto-oncogene has been shown to be 
involved in cell proliferation in various human 
cancers. Therefore, we speculated that 
phosphorylation of Mxi1 at Ser160 by S6K1 may affect 
the cell proliferation in lung cancer. As expected, cells 
with wild-type Mxi1 expression showed a reduction 
in cell colony formation comparing with control cells 
(Figure 6C), which is consistent with previous reports 
suggesting that Mxi1 may function as a tumor 
suppressor. Importantly, we found that cells 
expressing Mxi1 S160A mutant displayed reduced 
colony formation than those cells expressing 
wild-type Mxi1 (Figure 6C). Furthermore, we 
demonstrated that cells expressing the S160A mutant 
of Mxi1 had fewer colonies than cells expressing 
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wild-type Mxi1 following irradiation (Figure 6D), 
suggesting that Mxi1 phosphorylation at Ser160 may 
promote cancer cell radioresistance. Together, these 
results indicate that Mxi1 phosphorylation in lung 

cancer cells promotes Myc-mediated transcription 
and cell proliferation in normal condition as well as in 
response to DNA damage. 

 

 
Figure 1. Mxi1 is downregulated and predicts poor prognosis in lung cancer patients. A. Box plots show the Mxi1 mRNA levels are down-regulated in lung 
adenocarcinoma tissue in comparison to normal lung tissue. B. Upper panel: Western blotting analysis of Mxi1 expression in five human lung cancer cell lines and one 
normal human bronchial epithelial cell line (HBE). Lower panel: quantification of Mxi1 protein expression (n=3). C. Representative immunohistochemical staining 
images for Mxi1 in lung adenocarcinoma tissue and adjacent lung tissue. Scale bar, 100 μm. D. Statistical analysis of immunohistochemical staining for Mxi1 in lung 
adenocarcinoma tissue microarray. E. OS (overall survival) curve shows that low expression of Mxi1 predicts poor prognosis in lung adenocarcinoma patients. 
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Figure 2. β-Trcp binds to Mxi1 and promotes the ubiquitination and degradation of Mxi1. A. Mxi1-associated proteins in HEK293T cells identified by tandem affinity 
purification and mass spectrometry analysis were presented. The recovered peptide numbers for a given protein were listed as indicated. B. Exogenously expressed 
β-Trcp interacts with Mxi1 and vice versa. HEK293T cells were transfected with indicated constructs. Cell lysates were subjected to pulldown using S protein beads 
or immunoprecipitation (IP) using anti-Myc beads and then analyzed by Western blotting using indicated antibodies (n=3). C. Endogenous β-Trcp binds to Mxi1 and 
vice versa. HeLa cell lysates were subjected to immunopreciptation using IgG or anti-β-Trcp antibodies and then analyzed by Western blotting as indicated (n=3). D. 
β-Trcp knockdown leads to accumulation of endogenous Mxi1. HeLa and H1299 cells were transfected with control or β-Trcp siRNA for 48 h and then analyzed by 
Western blotting as indicated (n=3). The ratio shows relative Mxi1 protein expression normalized for GAPDH (control, set at 1). E. Overexpression of β-Trcp1 
decreases the levels of Mxi1 protein. HeLa cells were transfected with increasing amounts of β-Trcp1, followed by Western blotting with indicated antibodies (n=3). 
The ratio shows relative Mxi1 protein expression normalized for GAPDH (control, set at 1). F. HeLa cells were transfected with indicated constructs for 24 h and 
treated with MG132 (10 μM) for another 4 h. The samples were subjected to immunopreciptation (IP) using anti-Flag beads and then analyzed by Western blotting 
using indicated antibodies (n=3). WCL: whole cell lysate. G. Upper panel: HeLa cells transfected with indicated siRNA for 48 h were treated with CHX (20 mg/mL) 
for the indicated times and then analyzed by Western blotting using indicated antibodies. Lower panel: Quantification of the Mxi1 band intensities over time (n=3). 
H. Alignment of the candidate phosphodegron sequence in Mxi1 from different species. I. HeLa cells stably expressing empty vector (EV), wild-type Mxi1, or Mxi1 
S160A mutant were transfected with indicated constructs and then treated with MG132 (10 μM) for another 4 h. The samples were analyzed as described in (E) (n=3).  
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Figure 3. Mxi1 protein level is negatively regulated by S6K1. A. Upper panel: alignment of the amino acid sequences encompassing the S6K1 consensus 
phosphorylation motif in previously reported S6K1 substrates. Lower panel: alignment of S6K1/AKT phosphodegron motifs in Mxi1 from different species. B. S6K1 
but not AKT1 overexpression results in decreased Mxi1 protein level. HEK293T cells were transfected with indicated constructs. Cells were collected and analyzed 
as in (B) (n=3). The ratio shows relative Mxi1 protein expression normalized for GAPDH or Actin (control, set at 1). C. Knockdown of S6K1 stabilizes endogenous 
Mxi1. HeLa, A549 and H1299 cells were transfected with indicated siRNAs for 48 h. Cell lysates were collected and immunoblots were performed with the indicated 
antibodies (n=4). The ratio shows relative Mxi1 protein expression normalized for GAPDH (control, set at 1). D. HeLa cells were treated with glutamine deprivation 
for 24 h. Cells were collected and analyzed as in (B) (n=3). The ratio shows relative Mxi1 protein expression normalized for GAPDH (control, set at 1). E. HeLa cells 
were transfected with indicated constructs after cells were transfected with S6K1 siRNA for 24 h. Cells were collected after treatment with MG132 (10 μM) for 4 
h. The samples were subjected to immunoprecipitation using anti-Flag beads and then analyzed by Western blotting as indicated (n=3). F. Left panel: H1299 cells 
transfected with indicated siRNA for 48 h were treated with CHX (20 mg/mL) for the indicated times and then analyzed by Western blotting using indicated 
antibodies. Right panel: Quantification of the Mxi1 band intensities over time (n=3). 

 

Correlation between S6K1 overexpression and 
Mxi1 downregulation in human lung cancer 
tissues 

Our data above strongly suggest Mxi1 
downregulation in cancer may be dependent on S6K1 
overexpression and/or activation, which has been 
implicated in several types of cancer [37, 38]. Thus, we 
speculated that S6K1 may have oncogenic activity in 
lung cancer via its ability to suppress Mxi1 
expression. We first detected the levels of S6K1 and 
p-S6K1 in a panel of lung cancer cell lines and found 
that p-S6K1 expression varied dramatically and total 
S6K1 protein levels were enriched (Figure S4). We 
then performed IHC staining of lung adenocarcinoma 
tissue arrays to illustrate the protein level of S6K1 in 
89 pairs of lung adenocarcinomas tissue and adjacent 
normal lung tissue. We observed that S6K1 expression 
was detected in both the nucleus and cytoplasm of 

cancer cells, and it was significantly upregulated in 
lung adenocarcinoma tissue (Figure 7A, B). 
Moreover, Kaplan-Meier analysis showed that 
patients with high S6K1 level displayed dramatically 
worse overall survival (P = 0.001) than those with low 
S6K1 level (Figure 7C). Therefore, S6K1 
overexpression has a potential role in lung cancer 
development and correlates with poor outcome for 
lung cancer patients. Given that S6K1 negatively 
regulates Mxi1 protein level in lung cancer cells 
(Figure 2), we further explored the correlation 
between S6K1 and Mxi1 expression in lung 
adenocarcinoma tissue microarrays. Interestingly, 
there was an inverse correlation between the protein 
levels of S6K1 and Mxi1 (P < 0.001, χ2 tests; Figure 7D, 
E), suggesting that S6K1 overexpression may 
contribute to Mxi1 down-regulation in lung 
adenocarcinoma. 
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Discussion 
Accumulating evidence support the role of Mxi1 

as a tumor suppressor. In this study, we showed that 
S6K1 is a key kinase responsible for Mxi1 
phosphorylation and downregulation. Our data 
support a working hypothesis in which S6K1 
phosphorylates Mxi1 at Ser160 site to promote its 
binding to the β-Trcp ubiquitin ligase complex. This 
interaction subsequently leads to Mxi1 ubiquitination 
and degradation by β-Trcp. Moreover, the 
S6K1-dependent phosphorylation of Mxi1 regulates 
Myc-dependent transcription activity and cell 
radioresistance. Importantly, S6K1 overexpression 
correlates with Mxi1 downregulation and serves as a 
poor prognosis marker in human lung cancer 
samples, implying that targeting S6K1/Mxi1 pathway 
is a promising therapeutic strategy for lung cancer 
treatment. 

As a key negative regulator of Myc oncogenic 
activities, Mxi1 is tightly regulated at multiple levels. 
Previous studies have demonstrated that several 
transcriptional factors could regulate Mxi1 at 
transcriptional level. For instance, Sp1, AP2 and HIF-1 
induce Mxi1 at mRNA level [39, 40]. In addition, some 
microRNAs are involved in the regulation of Mxi1 at 
translational level. For example, miR-191 controls 
erythroid enucleation by directly targeting Mxi1 [41]. 
Mxi1 is also considered as a direct target of miR-155 
and suppresses glioma cell proliferation [42]. In this 
study, we demonstrated that Mxi1 is also regulated at 
post-translational level. We observed that inhibition 
of kinase activity or protein level of S6K1 led to 
upregulation of Mxi1 at protein level. We 
demonstrated that Mxi1 is a bona fide substrate of S6K1 
and the S6K1-dependent phosphorylation of Mxi1 is a 
major post-translational modification of Mxi1 
responsible for Mxi1 degradation. Importantly, our 

functional analysis showed that 
phosphorylation of Mxi1 at 
Ser160 is critical for Mxi1 function 
in Myc transcriptional activation 
and cell radioresistance. Notably, 
previous study has reported that 
S6K1 and RSK could phosphory-
late Mad1, a member of Mad 
family, at Ser145 and promote 
Mad1 degradation [43]. It has 
long been known that Mad family 
consists of four related proteins: 
Mad1, Mxi1(also termed Mad2), 
Mad3 and Mad4, which function 
to inhibit the transcriptional 
activity of Myc [18]. Our further 
study clearly demonstrated that 
the other three Mad family 
proteins (Mad1, Mad3 and Mad4) 
were also negatively controlled 
by S6K1 (Figure S5). Intriguingly, 
we observed that all four Mad 
proteins contain S6K1 binding 
motif (Figure S5). Accordingly, 
our data, combined with previous 
reports, strongly suggest that 
S6K1 overexpression promotes 
the transcriptional activation of 
Myc by destabilizing all Mad 
family proteins. Collectively, our 
work establishes an exciting 
crosstalk between S6K1 signaling 
pathway and Myc activation via 
the regulation of Mad family 
members, which occurs without 
affecting Myc protein level. 

 

 
Figure 4. S6K1 binds and phosphorylates Mxi1 at Ser160 in vitro and in vivo. A. Endogenous S6K1 binds to Mxi1 
and vice versa. HeLa cell lysates were subjected to immunoprecipitation using IgG, anti-Mxi1, or anti-S6K1 
antibodies and then analyzed by Western blotting using indicated antibodies (n=3). B. HeLa cells stably 
expressing empty vector (EV), wild-type Mxi1, or Mxi1 S160A mutant were lysed and then analyzed by 
Western blotting using indicated antibodies (n=4). C. Lysates prepared from HeLa cells transfected with 
SFB-Mxi1 were treated with λ-PPase with or without λ-PPase inhibitor and then analyzed by Western blotting 
as indicated (n=3). D. Upper panel: His-Mxi1-WT or S160A protein were incubated in vitro with 
immunoprecipitates isolated from HEK293T cells transfected with HA-S6K1 construct and then analyzed by 
Western blotting using indicated antibodies. Lower panel: Proteins immunoprecipitated using anti-HA beads 
from HEK293T cells transfected with constructs encoding HA-S6K1 or HA-S6K1-KD were incubated with 
His-Mxi1-WT protein in vitro separately and then analyzed by Western blotting using indicated antibodies 
(n=3). E. A549 or H1299 cells were transfected with indicated S6K1 siRNA for 48 h and cell lysates were 
analyzed by Western blotting using antibodies as indicated (n=3). The ratio shows relative p-S160-Mxi1 or Mxi1 
protein expression normalized for GAPDH (control, set at 1). 
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Figure 5. S6K1 phosphorylates Mxi1 at Ser160 site to promote β-Trcp-mediated ubiquitination and degradation of Mxi1. A. HeLa cells stably expressing empty 
vector (EV), wild-type Mxi1, or Mxi1 S160A mutant were transfected with indicated construct for 24 h and then treated with MG132 (10 μM) for another 4 h. Cell 
lysates were analyzed as described in Figure 2F (n=3). B. Upper panel: HeLa cells transfected with constructs encoding SFB-Mxi1-WT or SFB-Mxi1-S160A were 
treated with CHX (20 mg/mL) for the indicated times and then analyzed as described in Figure 2F. Lower panel: Quantification of the Mxi1 band intensities over time 
(n=3). C. HEK293T cells were transfected with constructs as indicated. Cell lysates were analyzed by Western blotting as indicated (n=4). The ratio shows relative 
Mxi1 protein expression normalized for Actin (control, set at 1). D. HeLa cells stably expressing empty vector (EV), wild-type Mxi1, or Mxi1 S160A mutant were 
transfected with indicated construct for 24 h and then subjected to immunopreciptation using anti-Flag beads. The samples then were analyzed by Western blotting 
using indicated antibodies (n=3). E. HeLa cells stably expressing empty vector (EV), wild-type Mxi1, or Mxi1 S160A mutant were transfected with indicated constructs 
and then treated with MG132 (10 μM) for another 4 h. The samples were analyzed as described in (A) (n=3). F. HeLa cells stably expressing empty vector (EV), 
wild-type Mxi1, or Mxi1 S160A mutant were transfected with indicated siRNAs for 48 h and then treated with MG132 (10 μM) for another 4 h. The samples were 
analyzed as described in (E) (n=3). 

 
Moreover, our data also support a role of β-Trcp 

in this process. β-Trcp is a critical 
substrate-recognition subunit of the Cullin E3 
ubiquitin ligase, which targets substrates for 
ubiquitination and degradation [44-46]. It is well 
recognized that β-Trcp binds to its substrates only 
after they are properly phosphorylated [46]. Our data 
demonstrate that S6K1-dependent phosphorylation of 
Mxi1 at Ser160 site results in its subsequent 
ubiquitination and degradation via β-Trcp E3 ligase, 
suggesting that S6K1 acts cooperatively with β-Trcp 
to control the stability of Mxi1. Given that all four 
Mad proteins contain β-Trcp binding motif (Figure 
S5), we speculated that other Mad family members 
(Mad1, Mad3 and Mad4) may also be recognized and 
degraded by β-Trcp ligase after phosphorylation by 
S6K1. Additionally, it is worth noting that the 
poly-ubiquitination of Mxi1-S160A was also detected 
(Figure 5A), indicating that there may be additional 
ubiquitin ligases that are also involved in the 
degradation of Mxi1 in this setting, and this requires 
further investigation. 

Mxi1 is a potential tumor suppressor since it 
antagonizes the activity of Myc oncogene. However, 
very little is known about Mxi1 expression in cancers. 

Our work showed that Mxi1 is downregulated in lung 
cancer, which predicts poor prognosis. More 
importantly, we demonstrated a strong correlation 
between Mxi1 downregulation and overexpression of 
S6K1, an oncogene known to promote tumorigenesis 
[47, 48]. In addition, we also found 21 tumors that 
contained both low levels of S6K1 and Mxi1, 
suggesting that other molecules, in addition to S6K1, 
may be involved in Mxi1 downregulation. Our 
findings clearly showed that β-Trcp binds to Mxi1 and 
promotes the degradation of Mxi1, suggesting the 
abundance of Mxi1 is also negatively regulated by 
β-Trcp. It has been reported that β-Trcp is 
overexpressed in multiple types of human cancer [49, 
50], including lung cancer [51]. Therefore, all of these 
results indicate that S6K1 acts cooperatively with 
β-Trcp to contribute to the decreased level of Mxi1 in 
lung cancer tissues. Collectively, our study provides a 
mechanism by which Mxi1 is downregulated in 
cancer, as proposed in Figure 7F. These data also 
provide important insights into the crosstalk between 
the mTOR/S6K1 signaling pathway and Myc 
activation. Several S6K1 inhibitors, such as 
PF-4708671, LY-2779964 and AD80, have been 
suggested to be effective in some advanced cancers 
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[52, 53]. In particular, the compound LY-2779964 has 
undergone a phase I clinical trial in patients with 
advanced cancers [54]. Our work provides a strong 
rationale for the development of S6K1 inhibitors as 
anti-cancer agents in human lung cancer. Given that 

S6K1 is overexpressed in lung cancer tissues, we 
reason that targeting the S6K1/Mxi1 signaling 
pathway may be effective for treatment of lung 
cancers. 

 

 
Figure 6. Phosphorylation of Mxi1 at Ser160 by S6K1 promotes Myc activation and cell radioresistance in lung cancer. A. A549 and H1299 cells stably expressing 
empty vector (EV), wild-type Mxi1, or Mxi1 S160A mutant were collected and analyzed by Western blotting using indicated antibodies (n=4). The ratio shows relative 
Mxi1 protein expression normalized for GAPDH (control, set at 1). B. The mRNA levels of the indicated genes were analyzed by Real time-PCR in A549 and H1299 
cells stably expressing wild-type or mutant Mxi1. * P < 0.05, ** P < 0.01, *** P <0.001 (n=4). C. A549 and H1299 cells stably expressing wild-type or mutant Mxi1 were 
seeded and cultured for two weeks. The colonies were stained by crystal violet and then counted. Representative pictures are shown. * P < 0.05, ** P < 0.01, *** P 
<0.001 (n=3). D. A549 and H1299 cells stably expressing wild-type or mutant Mxi1 were irradiated with indicated doses. After two weeks, the colonies contained 
more than 50 cells were counted. ** P < 0.01, *** P <0.001 (n=3).  
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Figure 7. Overexpression of S6K1 correlates with Mxi1 downregulation and predicts poor prognosis in lung cancer. A. Representative immunohistochemical 
staining images for S6K1 in lung adenocarcinoma tissue and adjacent lung tissue. B. Statistical analysis of immunohistochemical staining for S6K1 in lung 
adenocarcinoma tissue microarray. C. OS (overall survival) curve shows that high expression of S6K1 associates with poor prognosis in lung adenocarcinoma 
patients. D. Representative immunohistochemical staining images for Mxi1 and S6K1 in two lung adenocarcinoma tissues. E. Statistical analysis of 
immunohistochemical staining for Mxi1 and S6K1 shows Mxi1 low expression correlates with S6K1 overexpression in lung adenocarcinoma tissue microarray. F. A 
proposed model shows mechanistically how Mxi1 is regulated by S6K1-mediated phosphorylation and β-Trcp-induced ubiquitination and degradation. The 
phosphorylation of Mxi1 at Ser160 by S6K1 leads to the binding of β-Trcp and results in Mxi1 degradation, which ultimately results in Myc activation and promotes 
cell radioresistance in lung cancer. 
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