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Abstract
Limb expression 1-like protein (LIX1L) might be an RNA binding protein involved in post-transcriptional
regulation. However, little is known regarding the biological function and mechanism of LIX1L in cancer
cells. Here we demonstrate a clear correlation between LIX1L expression and EMT markers in 81 NSCLC
tissues and TCGA database, suggesting that LIX1L is a mesenchymal marker. Besides, LIX1L expression
is obviously elevated in TGFβ1-induced EMT NSCLC cells, and enhances cell migration, invasion, anoikis
resistance, EGFR-TKIs resistance and proliferation. Interestingly, the increased LIX1L expression
prominently localizes to the nucleoli, where it physically interacts with the key ribosome biogenesis
regulator NCL protein, inducing rRNA synthesis in EMT NSCLC cells. NCL knockdown or inhibition of rRNA
synthesis reverses the enhanced EMT functions and proliferation ability caused by LIX1L overexpression
in NSCLC cells, indicating that NCL expression and rRNA synthesis participates in LIX1L-mediated
biological functions during EMT. Collectively, our �ndings suggest that the LIX1L-NCL-rRNA synthesis
axis is a novel EMT-activated mechanism. Targeting the pathway might be a therapeutic option for EMT
and EGFR-TKIs resistance in NSCLC.

1. Introduction
Lung cancer is the leading cause of cancer-related death worldwide [1]. Non-small cell lung cancer
(NSCLC) accounts for approximately 85% of lung cancer cases [2, 3]. For patients harboring speci�c
epidermal growth factor receptor (EGFR) mutant genes, EGFR tyrosine kinase inhibitors (TKIs) are the
�rst-line treatment with signi�cant elimination of tumors [4, 5]. However, resistance to those drugs has
been a serious challenge [6–8]. Several mechanisms are responsible for the resistance, such as
alternative survival pathways bypassing the EGFR, secondary mutations in EGFR gene,
transdifferentiation of NSCLC to the small cell lung cancer histotype, and formation of resistant tumors
with mesenchymal characteristics in epithelial-mesenchymal transition (EMT) process [6, 7, 9–11].

EMT, an exemplar of cell plasticity in malignancies or development, can reversibly switch between
epithelial and mesenchymal states in response to internal and external stimuli, with a regulatory network
mainly consisting of transcription factors Snail1/2, Zeb1/2, and Twist1, which interacts with regulatory
signals (TGF-β1, Notch-1, NF-κB, etc.) and downstream genes (such as CDH1, VIM, FN1) [12–14]. In
cancer, the core functions of EMT, such as migration, invasion, outgrowth, escape from apoptosis, and
therapy resistance, provide an advantage under various stress conditions [12, 14]. Therefore,
identi�cation of the EMT-activated mechanisms will provide therapeutic options for EMT and TKIs
resistance in NSCLC.

Limb expression 1-like protein (LIX1L) might be an RNA binding protein involved in post-transcriptional
regulation [15–18]. Recently, Byers et al. developed a robust 76-gene EMT signature that can predict
resistance to EGFR and PI3K/Akt inhibitors [19], highlighting the different patterns of EGFR-TKI responses
in epithelial and mesenchymal NSCLC cells. LIX1L was among the 76 genes and positively correlated
with Vimentin and negatively correlated with E-cadherin [19]. A 37-gene EMT signature developed from
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NCI-60 cell lines also showed that LIX1L might be a novel mesenchymal gene marker [20]. Functionally,
LIX1L expression facilitated the migration and invasion of HCC cells [21]. Paradoxically, LIX1L
knockdown enhanced migration and invasion in MDA-MB231 breast cancer cells [20]. These studies
suggested that LIX1L might be a novel mesenchymal gene, but its biological function and mechanism in
lung cancer EMT process remains unclear.

Ribosome biogenesis is a hallmark of cell proliferation. It occurs in nucleolus and is initiated by
transcription of ribosomal DNA (rDNA) into rRNA by RNA polymerase I (POLR I) [22, 23]. The assembly of
rRNA and ribosomal protein into mature ribosome underpins global protein synthesis in living organisms
[24]. In tumor cells, the upregulation of ribosome biogenesis involves an alteration in the spectrum of
translated mRNAs [23, 25]. Certain mRNAs, such as oncogenes, growth genes, and survival genes, have a
low a�nity for ribosome and are outcompeted by housekeeping gene mRNAs, when the number of
ribosome is limited. On the contrary, an increase of ribosome biogenesis reduces this limiting factor and
induces the translation of oncogene mRNAs to facilitate tumor progression. Most recently, it was reported
that the hyperactivation of ribosome biogenesis is an important EMT feature and provides "fuel" for EMT
program [26]. Snail1 could recruit to the rDNA repeats in a TGFβ1-dependent manner, inducing rRNA
synthesis during EMT. POLR I inhibitor CX-5461 treatment blocked the association of Snail1 with rDNA to
inhibit ribosome biogenesis, and speci�cally halted the gain of mesenchymal traits in NMuMG cells [26].
Single-cell RNA sequencing data from primary mouse tracheal epithelial cells indicated that ribosome
biogenesis was signi�cantly upregulated in hypoxia-induced EMT basal cells, and inhibition of ribosome
biogenesis abrogated EMT in MTECs [27]. Collectively, these observations strongly suggest that EMT-
associated ribosome biogenesis fuels EMT program and endows mesenchymal traits. Nevertheless, the
roles of rRNA synthesis and the potential mechanisms in NSCLC EMT are unknown.

In this study, we demonstrate that the expression of LIX1L is positively correlated with mesenchymal
markers in NSCLC tissues and is elevated in TGFβ1-induced EMT NSCLC cells. Interestingly, the increased
LIX1L expression prominently localizes to the nucleoli and interacts with the key ribosome biogenesis
regulator NCL protein, inducing rRNA synthesis in EMT NSCLC cells. LIX1L promotes cell migration,
invasion, anoikis resistance, EGFR-TKIs resistance and proliferation at least in part by enhancing NCL
expression and rRNA synthesis during EMT. Our study reveals that the LIX1L-NCL-rRNAsynthesis axis is a
novel EMT-activated mechanism, and targeting the pathway might be a therapeutic option for EMT and
EGFR-TKIs resistance in NSCLC.

2. Results
2.1. LIX1L expression is positively correlated with mesenchymal markers, lymphatic metastasis, and high
TNM stage in NSCLC tumor specimens.

To investigate the correlation of LIX1L expression with EMT markers in clinical tumor specimens, we
detected LIX1L, E-cadherin, and Vimentin expressions in 81 human NSCLC tissues by IHC assay. LIX1L
expression was observed in the cytoplasm and nucleus of tumor cells (Fig. 1A). The positive rate of LIX1L
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expression was 51.90% (42/81) and positively associated with lymphatic metastasis and high TNM
stage (Table S1, P < 0.0001). E-cadherin expression was mainly located in the membrane of tumor cells
(Fig. 1A) and the positive rate was 34.6% (28/81). E-cadherin expression is negatively associated with
lymph node metastasis (Table S1, P = 0.0361) and TNM stage (P = 0.0247). Cytoplasm expression rate of
Vimentin was 50.6% (41/81) and signi�cantly correlated with lymph node metastasis (Fig. 1A, Table S1,
P = 0.001). In addition, LIX1L expression was positively correlated with Vimentin expression (Fig. 1B; lung
squamous cell carcinomas (LUAD), r = 0.483; lung adenocarcinomas (LUSC), r = 0.687; P < 0.05), while
negatively correlated with E-cadherin expression (LUAD, r=-0.357; LUSC, r=-0.339; P < 0.05) in 41 LUAD
and 40 LUSC specimens, respectively.

Next, we investigated the relationship between LIX1L and EMT markers at mRNA level in TCGA database.
In 574 cases of LUAD, the correlation between LIXIL mRNA and CDH1 is low (Fig. 1C, r=-0.1037, P = 
0.0129), while LIX1L is positively correlated with VIM (r = 0.4427, P < 0.0001) and ZEB1 (r = 0.5178, P < 
0.0001). In 548 cases of LUSC, LIXIL expression is negatively correlated with CDH1 (Fig. 1C, r=-0.3245, P 
< 0.0001), and positively correlated with VIM (r = 0.6395, P < 0.0001) and ZEB1 (r = 0.5768, P < 0.0001).
The above results indicated that LIX1L expression is positively correlated with mesenchymal markers at
both mRNA and protein levels in NSCLC specimens.

2.2. LIX1L expression is signi�cantly elevated in TGFβ1-
treated EMT NSCLC cells.
Next, we treated H358, HCC827, and H1975 cells with TGFβ1 for 21d to induce EMT [28] and observed
LIX1L expression in the cells. After TGFβ1 treatment, the cell morphology changed from cobblestone-like
to elongated (Fig. 2A; Fig.S1A), accompanied by reduced E-cadherin expression and increased Vimentin
expression (Fig. 2B, C; Fig.S1B, C). The results indicated that the TGFβ1-treated cells had undergone EMT
(referred to as TGFβ1 cells thereafter). Compared with parental cells, the expression of LIX1L in TGFβ1
cells was signi�cantly increased at both mRNA and protein levels (Fig. 2D, E; Fig.S1D, E). Besides, the
microarray datasets (GSE49644) from GEO con�rmed that LIX1L mRNA expression was increased in
H358 (Log FC = 2.977, P < 0.0001) and HCC827 (Log FC = 2.852, P < 0.0001) cells treated with TGFβ1 for
48h (Fig. 2F). Taken together, the results from NSCLC tissues and cell lines indicated that LIX1L is a
mesenchymal gene and might be functionally involved in the process of EMT.

2.3. Upregulated LIX1L expression promotes core EMT
functions of NSCLC cells.
To investigate the biological functions of LIX1L during EMT, we knocked down LIX1L expression in H358-
TGFβ1, HCC827-TGFβ1 (Fig. 3A), and H1975-TGFβ1 (Fig.S2A) cells using speci�c siRNA transfection in
vitro. Transwells assay indicated that migration and invasion abilities were signi�cantly decreased after
LIX1L knockdown (Fig. 3B; Fig.S2B). CCK8 and clone formation assays showed that LIX1L knockdown
signi�cantly reduced cell proliferation (Fig. 3C, D; Fig.S2C, D). Resistance to anoikis is an important
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characteristic of EMT and a critical contributor to tumor invasion and metastasis [29, 30]. Next, we
induced cell anoikis by culturing the cells in Poly-HEMA coated plates [31, 32] and detected the apoptosis
using Western blot and �ow cytometry (FCM). Western blot showed that the active caspase-3 protein level
in LIX1L knockdown cells was increased compared with control cells (Fig. 3E; Fig.S2E). FCM (PE Annexin
V-7AAD apoptotic assay) indicated that the apoptotic (anoikis) rate was signi�cantly increased after
LIX1L knockdown in TGFβ1 cells (Fig. 3F; Fig.S2F). In addition, Western blot showed that E-cadherin
expression was obviously induced, while Vimentin and Twist1 protein expressions were inhibited upon
LIX1L knockdown (Fig. 3G; Fig.S2G). On the contrary, LIX1L overexpression in H358, HCC827, and H1975
cells (Fig. 3H; Fig.S2H) increased migration, invasion (Fig. 3I; Fig.S2I), proliferation (Fig. 3J; Fig.S2J),
colony formation (Fig. 3K; Fig.S2K), and anoikis resistance (Fig. 3L; Fig.S2L) abilities. Besides, LIX1L
overexpression inhibited E-cadherin protein expression and increased Vimentin and Twist1 protein
expressions (Fig. 3M; Fig.S2M). Together, gain or loss of function assays indicated that LIX1L expression
plays important functions in the EMT process of NSCLC cells.

2.4. LIX1L is localized in the nucleoli and impacts ribosomal RNA (rRNA) synthesis in TGFβ1-treated EMT
NSCLC cells

In NSCLC specimens, we have detected that positive LIX1L expression is distributed in the cytoplasm and
nucleus of tumor cells. Next, we determined the localization of LIX1L in EMT NSCLC cells using confocal
immuno�uorescent (IF). Interestingly, we found that LIX1L protein is enriched in the nucleus, especially in
the nucleoli of TGFβ1 cells (Fig. 4A; Fig.S3A) compared with parental cells. Considering that rRNA
synthesis and ribosome biogenesis occurs in nucleoli, we set out to investigate whether ribosome
biogenesis was in�uenced by LIX1L expression during EMT. RT-qPCR results showed that 47s and 45s
pre-rRNA (indicators of rRNA synthesis [33–35]) levels were signi�cantly increased in TGFβ1 cells
(Fig. 4B, C; Fig.S3B, C) compared with parental cells. Besides, H&E staining showed that the nucleolar size
was increased (re�ecting upregulation of ribosome biogenesis [25]) in TGFβ1 cells (Fig. 4D; Fig.S3D).
LIX1L knockdown led to a signi�cant decrease in 47s and 45s pre-rRNA expressions and nucleolus size
(Fig. 4E-G; Fig.S3E-G). In contrast, overexpression of LIX1L signi�cantly induced 47s and 45s pre-rRNA
expressions in H358, HCC827 (Fig. 4H, I), and H1975 cells (Fig.S3H, I).

Next, we explored the effect of LIX1L on the expression of several key ribosome biogenesis regulators
[33–35], including POLR I, nucleophosmin 1 (NPM1), �brillarin (FBL), and nucleolin (NCL), during EMT. RT-
qPCR showed that POLR I, NPM1, and FBL mRNA was increased signi�cantly in TGFβ1 cells (Fig. 4J-L;
Fig.S3J-L). NCL mRNA expression did not change obviously, but its protein expression was elevated in
TGFβ1 cells (Fig. 4M, N; Fig.S3M, N). After LIX1L knockdown, only NCL mRNA was decreased in the three
TGFβ1 cells (Fig. 4O-R, Fig.S3O-R). The above results indicated that the LIX1L expression plays a role in
rRNA synthesis during EMT.

2.5. LIX1L interacts with NCL protein to regulate rRNA
synthesis during EMT in NSCLC cells.



Page 6/29

Similar to LIX1L, NCL is mainly located in nucleolus and regulates rRNA synthesis [33–35]. Next, we
investigated the correlation between LIX1L and NCL expression in NSCLC cells. IF indicated that LIX1L
and NCL protein were co-located in the nucleoli of TGFβ1 cells (Fig. 5A; Fig.S4A). Co-IP results con�rmed
the physical association between the endogenous LIX1L and NCL proteins (Fig. 5B; Fig.S4B) as well as
between the exogenously expressed Flag-LIX1L and the endogenous NCL (Fig. 5C; Fig.S4C). Besides,
LIX1L-NCL interaction was demonstrated in the nuclear extract of TGFβ1 cells (Fig. 5D; Fig.S4D). Next, we
investigate the effect of LIX1L on NCL expression. Western blot showed that the NCL expression was
obviously increased after LIX1L overexpression (Fig. 5E; Fig.S4E), but inhibited upon LIX1L knockdown
(Fig. 5F; Fig.S4F). Besides, we performed LIX1L knockdown combined with MG132 (proteasome inhibitor)
treatment and found that MG132 restored the reduced LIX1L and NCL protein levels due to LIX1L
knockdown, suggesting that LIX1L and NCL protein might be degraded through proteasome pathway
(Fig. 5G; Fig.S4G). NCL is critical for rRNA synthesis [36, 37]. We then knocked down NCL expression and
observed a signi�cant decrease in the 47s pre-rRNA level (Fig. 5H; Fig.S4H) and the size of nucleoli
(Fig. 5I; Fig.S4I) in TGFβ1 cells. Furthermore, we investigated the role of NCL in LIX1L-induced rRNA
synthesis during EMT. RT-qPCR showed that NCL knockdown partially reversed the enhanced rRNA
synthesis due to LIX1L overexpression (Fig. 5J; Fig.S4J). These results indicated that LIX1L physically
interacts with NCL and promotes its expression in EMT NSCLC cells, which might be the mechanism of
LIX1L involved in the rRNA synthesis during EMT.

2.6. LIX1L-NCL promotes proliferation and core EMT
functions of NSCLC cells.
To investigate the biological functions of NCL during EMT, we knocked down its expression in H358-
TGFβ1, HCC827-TGFβ1, and H1975-TGFβ1 cells using speci�c siRNA transfection (Fig. 6A; Fig.S5A). NCL
Knockdown resulted in a signi�cant decrease in migration and invasion (Fig. 6B; Fig.S5B, P < 0.05), cell
proliferation (Fig. 6C; Fig.S5C, P < 0.05), colony formation (Fig. 6D; Fig.S5D, P < 0.05), and anoikis
resistance (Fig. 6E, F; Fig.S5E, F, P < 0.05), accompanied with upregulated E-cadherin expression and
reduced Vimentin and Twist1 expressions (Fig. 6G; Fig.S5G). These results indicated that NCL plays
important functions in the EMT process of NSCLC cells.

To elucidate whether NCL participates in LIX1L-mediated core EMT functions, we knocked down NCL
expression in LIX1L overexpression cells. Transwells results showed that NCL knockdown reversed the
increased migration and invasion abilities due to LIX1L overexpression (Fig. 6H; Fig.S5H, P < 0.05). CCK8
and clone formation assays showed that NCL knockdown abrogated LIX1L overexpression-induced
proliferation (Fig. 6I, J; Fig.S5I, J, P < 0.05). The above results indicated that NCL plays a role in LIX1L-
mediated EMT functions of NSCLC cells.

2.7. NCL protein is correlated with LIX1L expression, mesenchymal markers, lymphatic metastasis, and
high TNM stage in NSCLC tumor specimens.
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Next, we evaluate NCL expression in the 81 NSCLCs using IHC. NCL staining was mainly detected in the
nucleus of tumor cells (Fig.S6A, B). Positive expression rate of NCL was 70.4% (57/81) and positively
correlated with lymphatic metastasis and high TNM stage (Table S2, P < 0.0001). Besides, a positive
correlation was observed between NCL and LIX1L (Fig.S6C, D; LUAD, r = 0.417, P = 0.024; LUSC, r = 0.526,
P < 0.01), as well as between NCL and Vimentin (Fig.S6C, D; LUAD, r = 0.358, P = 0.012; LUSC, r = 0.437, P 
= 0.0338) in 41 LUAD and 40 LUSC specimens, respectively.

2.8. Inhibition of rRNA synthesis by CX-5461 inhibits cell proliferation and core EMT functions of NSCLC
cells

To examine the effect of rRNA synthesis on EMT process of NSCLC cells, we employed CX-5461 to inhibit
rRNA synthesis [26]. CX-5461 treatment in TGFβ1 cells led to a signi�cant reduction in 47s pre-rRNA
expression (Fig. 7A; Fig.S7A, P < 0.05), accompanied by decreased migration, invasion (Fig. 7B; Fig.S7B,
P < 0.05), proliferation (Fig. 7C, D; Fig.S7C, D, P < 0.05), and anoikis resistance (Fig. 7E, F; Fig.S7E, F, P < 
0.05). In addition, CX-5461 also signi�cantly reduced the expression of Vimentin and Twist1 protein
(Fig. 7G; Fig.S7G).

Next, we performed LIX1L overexpression combined with CX-5461 treatment in H358, HCC827, and
H1975 cells to elucidate whether rRNA synthesis participated in LIX1L-mediated biological functions.
Transwells assay demonstrated that CX-5461 signi�cantly reversed the enhanced migration and invasion
due to LIX1L overexpression (Fig. 7H; Fig.S7H, P < 0.05). CCK8 and clone formation assays showed that
CX-5461 treatment partially abrogated the LIX1L overexpression-induced proliferation (Fig. 7I, J; Fig.S7I,
J, P < 0.05). These results suggested that rRNA synthesis is required for LIX1L to execute EMT in NSCLC
cells.

2.9. Upregulated LIX1L enhances EGFR-TKIs resistance in TGFβ1-treated EMT NSCLC cells in part by
upregulating NCL expression and rRNA synthesis.

To investigate the effects of LIXIL on EGFR-TKIs resistance, cell response to ge�tinib or erlotinib
treatment was detected using CCK8 method. Compared to parental cells, the viabilities of H358-TGFβ1,
HCC827-TGFβ1, and H1975-TGFβ1 cells were all signi�cantly increased upon ge�tinib (Fig. 8A; Fig.S8A,
P < 0.05) or erlotinib (Fig. 8B; Fig.S8B, P < 0.05) treatment. IC50 value indicated that TGFβ1 cells were
more resistant to ge�tinib and erlotinib compared to parental cells (Fig. 8C; Fig.S8C, P < 0.05). LIX1L
knockdown in TGFβ1 cells decreased the cell resistance to ge�tinib and erlotinib treatment, and the IC50

value is decreased correspondingly (Fig. 8D-F; Fig.S8D-F, P < 0.05). In contrast, overexpression of LIX1L
signi�cantly promoted cell resistance to ge�tinib and erlotinib in H358, HCC827, and H1975 cells (Fig. 8G-
I; Fig.S8G-I, P < 0.05). These results indicated that LIX1L expression is positively correlated with EGFR-
TKIs resistance in NSCLC cells.

Next, we explore whether NCL expression and rRNA synthesis participate in the LIX1L-mediated EGFR-
TKIs resistance. As shown in Fig. 8J-M and Fig.S8J-M, overexpression of LIX1L signi�cantly promoted
cell resistance to ge�tinib and erlotinib, which is consistent with the above results in Fig. 8G-I and



Page 8/29

Fig.S8G-I. However, silencing NCL (Fig. 8J, K; Fig.S8J, K, P < 0.05) or treating with CX-5461 (Fig. 8L, M;
Fig.S8L, M, P < 0.05) signi�cantly reversed LIX1L-induced cell resistance to ge�tinib and erlotinib
treatment. Together, the above data suggested that LIX1L expression enhances EGFR-TKIs resistance in
TGFβ1-treated EMT NSCLC cells in part through upregulated NCL expression and rRNA synthesis.

3. Discussion
Nucleoli are the subdomains of nucleus that form around actively transcribed rRNA genes. They serve as
the site of rRNA synthesis and processing, and ribosome assembly [22, 23]. Pol I transcribes rDNA to
produce 47S pre-rRNA within nucleoli [38]. Therefore, nucleolar size re�ects the functional activity of rRNA
synthesis and ribosome biogenesis [25]. Besides, NCL protein, a key ribosome biogenesis regulator, also
mainly distributes in nucleoli [39, 40]. Here, we demonstrate that the protein of LIX1L prominently
translocates to the nucleoli of NSCLC cells during EMT, where it induces rRNA synthesis, through physical
association with NCL protein, accompanied by increased nucleolar size. Hyperactivation of rRNA
synthesis and ribosome biogenesis leads to not only an increases in global protein synthesis [24], but
also an alteration in the spectrum of translated mRNAs from housekeeping genes to oncogenes, growth
genes, and survival genes expression [23, 25], triggering tumor progression. Consistent with these reports,
we demonstrate that LIX1L promotes cell migration, invasion, proliferation, anoikis resistance, and EGFR-
TKIs resistance through NCL-mediated rRNA synthesis in EMT NSCLC cells (Fig. 9N).

LIX1L is �rst identi�ed as a key regulator of proliferation in acute myeloblastic leukemia cells [41].
Subsequent data revealed that LIX1L is overexpressed in human HCC and has an oncogenetic role mainly
through miRNAs (such as miR-21-3p, miR-6089, and miR-1269) regulation [21, 42, 43]. Although
Nakamura et al. detected the expression of LIX1L protein in several types of cancers, the clinical
signi�cance of LIX1L is unavailable [15]. In this study, IHC analysis in 81 NSCLC specimens showed that
LIX1L expression is positively associated with lymphatic metastasis, high TNM stage and Vimentin
expression, but is negatively correlated with E-cadherin expression. TCGA data indicated that LIXIL mRNA
expression is positively correlated with mesenchymal markers Vimentin and ZEB1. Besides, LIX1L
expression is signi�cantly elevated in TGFβ1-induced EMT NSCLC cells and promotes EMT process.
Together, our results reveal that LIX1L is a novel mesenchymal gene and involved in the EMT-associated
biological function in NSCLC.

NCL is an RNA-binding protein that participates in DNA transcription, ribosomal biogenesis, and post-
transcriptional regulation [39, 40, 44, 45]. It physically associates with miRNAs, lncRNAs, as well as
mRNAs and regulates the modi�cation and metabolism of these molecules to control speci�c gene
expression [46, 47]. The level of NCL is increased in highly proliferating cells, and higher NCL expression
correlates with more growth and metastasis of tumors [46, 48, 49]. In lung cancer, NCL expression is
induced by EGFR signaling and correlates with poor prognosis [50]. Consistent with these reports, our IHC
data from 81 NSCLCs showed that NCL expression is positively correlated with lymphatic metastasis,
high TNM stage, LIX1L expression, and Vimentin expression. Recent studies indicated that NCL
expression is involved in EMT process. For example, NCL could directly interact with the lncRNA CYTOR
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to form a complex, which activates EMT and NF-κB pathways to promote CRC progression [51]. CPNE7
mediates signal transduction and metastasis in many tumors. NCL could bind with CPNE7 to activate NF-
κB pathway, promoting cancer metastasis through EMT in mesenchymal stromal cells derived from oral
squamous cell carcinoma [52]. The present study indicates that NCL protein expression is induced in
TGFβ1-treated EMT cells and plays important functions in EMT process. Knockdown of NCL decreases
migration, invasion, proliferation, anoikis resistance, and EGFR-TKIs resistance, accompanied by
upregulated E-cadherin and downregulated Vimentin and Twist1 protein expression. Besides, NCL
participates in LIX1L mediated rRNA synthesis and EMT-related function, such as migration, invasion,
proliferation, and EGFR-TKIs resistance in EMT NSCLC cells.

Ribosome biogenesis is emerging as a necessary feature of EMT program. Inhibition of the initiation of
ribosome biogenesis by CX-5461 halts mesenchymal gene expression and induces the differentiation
from a basal-like to a luminal ERα + phenotype in mammary cancer cells [26]. Inhibition of rRNA synthesis
resulted in mesenchymal-epithelial transformation during mouse implantation and decidualization in
vitro [53]. Using the Mx1-Cre system to speci�cally knock out Zeb1 in adult hematopoietic stem cells,
ribosome biogenesis was downregulated in Zeb1–/–EpCAM + HSPCs [54]. In addition, treacle ribosome
biogenesis factor 1 regulates KRAS-activated genes and EMT genes in HCC and is required for the
increased rRNA production [55]. Consistent with the above reports, we show that rRNA synthesis is
elevated in EMT NSCLC cells and inhibition of rRNA synthesis suppresses cell migration, invasion,
proliferation, anoikis resistance, and EGFR-TKIs resistance, accompanied by downregulated Vimentin and
Twist1 protein expression. Besides, rRNA synthesis participates in LIX1L mediated cell proliferation,
migration, invasion, and EGFR-TKIs resistance in TGFβ1-induced EMT NSCLC cells. Furthermore, our
results demonstrate that LIX1L induces rRNA synthesis at least in part by enhancing NCL protein
expression during EMT. Collectively, we reveal that the LIX1L-NCL-rRNA synthesis axis is critical for the
EMT process induced by TGFβ1 in NSCLC cells.

In summary, this study demonstrates that LIX1L is a novel mesenchymal gene and functionally involved
in the process of EMT via NCL-mediated ribosomal RNA synthesis in NSCLC. Blocking NCL expression
and rRNA synthesis may provide a useful new strategy for lung cancer therapy.

4. Materials And Methods

4.1. Patients and clinical specimens
The present study protocol was approved by the Institutional Review Committee of Hebei Medical
University. All patients consented to the study. We randomly selected and reviewed the medical records of
81 patients with primary NSCLC in the Second Hospital of Hebei Medical University from 2010 to 2013.
The formalin-�xed para�n-embedded (FFPE) surgical tumor specimens were cut into 4µm sections and
the clinicopathological feature data were summarized for further investigation.

4.2. Cell culture and treatment
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NCI-H358, HCC827, and H1975 human NSCLC cell lines were obtained from Beijing Cell Resource Center
(Institute of Basic Medicine, Chinese Academy of Medical Sciences) and authenticated by STR pro�ling.
Cells were cultured in basal medium (Gibco) supplemented with 10% fetal bovine serum (Gemini), 100
units/ml penicillin, and 0.1mg/ml streptomycin (BI). Cells were cultured at 37°C in 5% CO2 incubator and
were routinely detected for mycoplasma. Cells were treated with recombinant human TGF-β1 (Gibco)
5ng/ml for 21d to construct EMT models [28]. To inhibit rRNA synthesis, CX-5461 (100 nM) was
employed for 24 h for subsequent detection [26]. MG132 (20µM) was added to the medium and
maintained for 6h to block the proteasome-dependent degradation pathway.

4.3. RNA interference and gene overexpression (RNAi and
OE)
Cells were transiently transfected with small interfering RNAs (siRNAs) to inhibit gene expression. The
siRNAs were synthesized by GenePharma (Shanghai, China), with sequences as follows:

siRNA-Lix1l sense, 5'-GGAGGAGUGCUGCAAAGAUTT-3';

siRNA-Lix1l reverse, 5'-AUGUUUGCAGCACUCCUCCTT-3';

siRNA-NCL sense, 5'-AAGAGCCUGUCAAAGAAUUTT-3';

siRNA-NCL reverse, 5'-AAUUCUUUGACAGGCUCUUCC-3';

siRNA-negative control (NC) sense, 5'-UUCUCCGAACGUGUCACGUTT-3';

siRNA-NC reverse, 5'-ACGUGACACGUUCGGAGAATT-3'.

The LIX1L-Flag plasmidwas constructed in pEZ-Lv203 vector (GeneCopoeia).
Lipofectamine2000(Invitrogen) was used for cell transfection in accordance with the manufacturer's
protocol.

4.4. RNA isolation, complementary DNA synthesis, and
quantitative real time PCR (RT-qPCR)
Total cell RNA was isolated using TRIzol reagent (Invitrogen). The mRNA complementary DNA was
synthesized using GoScript Reverse Transcription System (Promega), followed by polymerase chain
reaction (Agilent Mx3000/5P) ampli�cation with PCR Mix (Promega) in accordance with the
manufacturer’s instructions. β-actin was used as an internal control. Expression of each target was
calculated using the 2-ΔΔCt method, which presented relative expression. The mRNA primer sequences
are listed in supplementary information Table S1.

4.5. Western blot analysis (WB)
Cells were lysed at 4°C in lysis buffer supplemented with Protease Inhibitor Cocktail (APExBIO). Total
cellular protein concentration was measured with the BCA kit (Pierce) and 15 µg protein per lane was
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separated in SDS-PAGE and transferred to PVDF membranes (Bio-Rad). Blots were blocked with 5%
skimmed milk powder in TBS with 0.1% Tween 20 for 60 min at 37°C, and incubated with speci�c
antibodies at 4°C overnight. The blots were probed with HRP-conjugated a�nipure secondary antibodies
(Proteintech, IL, USA), visualized by the chemiluminescence, and scanned using ImageQuant LAS 4010
Imaging System (GE Healthcare Life Sciences, Piscataway, NJ). Equal loading of protein was con�rmed
by reprobing membranes for β-actin as a loading control. The speci�c antibodies are listed in
supplementary information Fig.S2.

4.6. Nuclear extract preparation and co-
immunoprecipitation (Co-IP)
Extraction of nuclear proteins was conducted using Minute Cytoplasmic and Nuclear Extraction Kit (sc-
003, Invent) according to the manufacturer's instructions. Brie�y, 500µl cytoplasmic extraction buffer
containing 5µl Protease Inhibitor Cocktail (APExBIO) was added to the cell �ash on ice for 5 min and the
lysed cells were centrifuged. The pellet was washed and then nuclear extraction buffer was added to the
pellet. After incubation on ice and �ltration, the nuclear extract was collected.

Co-IP assay was performed using Protein A/G PLUS-Agarose (sc-2003, SANTA CRUZ) in accordance with
the manufacturer's instructions. Brie�y, whole cell lysate and nuclear extract were supplemented with
Protease Inhibitor Cocktail and precleared by adding IgG and Protein A/G PLUS-Agarose, followed by
incubation at 4°C for 30 min. After centrifugation, the supernatant was added with primary antibody and
IgG (1µg) and incubated at 4°C for 120 min, respectively. Subsequently, 50 µl Protein A/G PLUS-Agarose
was added and incubation was conducted on a rocker platform at 4°C overnight. Next,
immunoprecipitates were washed with PBS 4 times, and 40 µl electrophoresis sample buffer was added
to the immunoprecipitates, followed by boiling samples for 5 min and detection of WB. The antibodies
were presented in supplementary information Fig.S2.

4.7. Morphological observation and Laser confocal
immuno�uorescence detection (IF)
When cultured to 70% con�uence in the 6-well plate, cells were �xed in 4% neutral paraformaldehyde for
30 min and observed under phase contrast microscopy. For IF study, cells were seeded in a 24-well plate
with a sterile glass slide at the bottom, cultured for 24 h, and �xed in paraformaldehyde for 30 min. After
washing with PBS, the cells were incubated in 4% Bovine Serum Albumin and 0.5% tritonX 100 for 60 min
at 37°C, and then incubated in primary antibodies at 4°C overnight. After washing with PBS for 15 min,
cells were incubated in Fluorescein (FITC)-conjugated A�nipure Goat Anti-Rabbit IgG (H + L) and
Fluorescein (Cy3)-conjugated A�nipure Goat Anti-Mouse IgG (H + L) diluted at 1:200 for 60 min at 37°C in
dark. Cells were counterstained with DAPI (Sigma) and observed using a laser confocal microscope
(Leica TCS SP8).

4.8. Haematoxylin and eosin (H&E)-staining and nucleolar
size evaluation
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The cell-climbing sheets were �xed with methanol for 30 min. After washing with distilled water for
10min, the sheets were stained with hematoxylin and eosin, respectively. Then the sheets were
dehydrated with alcohol, soaked in xylene and sealed with neutral gum. The nucleoli were stained purple
by H&E-staining method and nucleolar size was graded according to the following algorithm: 1) Lack of
nucleoli or nucleoli present but inconspicuous (size low); 2) prominent nucleoli or macronucleoli (size
high).

4.9. Immunohistochemistry (IHC)
The IHC assay was performed using SP-9001 IHC kit (ZSGB-BIO, Beijing, China). H2O2 (5%) was employed
to eliminate endogenous peroxidase activity. After incubation in 5% normal goat serum for 30 min to
block non-speci�c binding, the sections were incubated with primary antibody at 4°C overnight followed
by a biotinylated goat secondary antibody at 37°C for 45 min. Next, the sections were treated with
streptavidin labeled with horseradish peroxidase for 60 min at 37°C and were stained with
diaminobenzidine (DAB) and counterstained with hematoxylin. The sections were observed under the
microscope (Olympus, Japan) and photographs were acquired (400×) using LAS V4.9 (Leica, Germany).
Stained cells were counted and the positive staining rate was analyzed in �ve random �elds for each
sample. The primary antibodies were presented in Supporting Information Fig.S2.

4.10. Cell proliferation and colony formation assays
Cells were seeded into 96-well plates (1000 cells per well) in the standard culture condition. After 24, 48,
72, and 96 h, each well was added with Cell Counting Kit-8 reagent (CCK-8, Dojindo, China) for 2 h, and
the proliferation of cells was assessed by measuring the absorbance of optical density (OD) at 450 nm
wavelength in �ve replicates. For colony formation assay, the cells were seeded into 6-well plates with
500 cells per well and cultured for 10–14 d in normal medium replaced twice a week. After 10–14 d, the
colonies were �xed with 4% neutral paraformaldehyde for 30 min, stained with 0.1% crystal violet for 30
min, and then counted and taken pictures.

4.11. Migration and invasion assays

Transwell chambers (8µm pore, BD Biosciences) were utilized for migration and invasion studies. The
transwell chambers with (for invasion assay) or without (for migration assay) Matrigel (BD Biosciences)
were placed in 24-well plates, and the suspension with 4× 104 cells was added to the chamber, followed
by adding 500 µL medium supplemented with 10% FBS to the 24-well plates. After incubation for 24-48h,
the cells on the lower surface of the chambers were �xed with 4% formalin for 30min, stained with crystal
violet for 30min, counted and photographed using a light microscope (Olympus, Japan).

4.12. Drug sensitivity assay and 50% inhibitory concentration (IC 50 ) detection

Cells were seeded into 96-well plates with 2.5 × 104 cells/well, cultured for 24 h, and added with different
concentrations (0.005-80µM) of ge�tinib/erlotinib, respectively. After 48 h, CCK-8 was added to each well
(10 µl/well) for 2 h. The absorbance (A) at 450 nm was measured using a microplate reader (ELx800,
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BioTek), and the cell survival rate was calculated using the following formula: cell survival rate =
(Treatment group A – non-cellular group A) / (NC group A – non-cellular group A). The 50% inhibitory
concentration (IC50) was calculated according to the relative survival curve using GraphPad Prism 6
(GraphPad Software).

4.13. Anoikis assay

To induce anoikis [31, 32], trypsinized cells were seeded into 6-well plates (3 × 105/well) that had been
coated with Poly (2-hydroxyethyl methacrylate) (poly-HEMA, #SLCF8468, SIGMA). The cells were then
cultured for 18–24 h for further study. Poly-HEMA plates were made by applying 1.5 ml of a 10 mg/ml
solution of poly-HEMA in alcohol into the well, drying in a cell incubator at 37°C for 12h, followed by
washing with PBS.

4.14. Apoptosis detection

To quantify the cells of apoptosis, PE Annexin V-7AAD Apoptosis Detection Kit (BD Biosciences) was
employed to stain cells in accordance with the manufacturer's protocols, and the cells were detected with
FACScan �ow cytometer (BD Biosciences). The data were analyzed with FlowJo software. In addition, the
apoptosis was also assessed by Western Blot with active caspase 3 (apoptosis implementing protein)
antibody.

4.15. Statistical analysis

Statistical Product and Service Solutions (SPSS) 13.0 (Chicago, IL, USA) and GraphPad Prism 6 (La Jolla,
CA, USA) software were used for statistical analysis. The data in this study met the assumption of
normal distribution and were shown as the mean ± standard deviation (SD). The differences between
groups were assessed by using Students’t-test or χ2-test method and correlations were tested by
Spearman correlation or Person correlation analysis. All experiments were performed at least 3 replicates.
Results were considered statistically signi�cant at p value less than 0.05.
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Figures

Figure 1

LIX1L expression is positively correlated with mesenchymal markers in NSCLC tumor specimens. (A)
Expression of LIX1L, E-cadherin, and Vimentin protein in 81 NSCLC tissues was detected by IHC staining
(Scale bar, 100 µm). (B) The distribution of E-cadherin or Vimentin expression in LIX1L-positive or LIX1L-
negative LUAD (n=41) and LUSC (n=40) tissues was assessed by χ2-test based on IHC results,
respectively. (C) The correlation between LIXIL mRNA and EMT markers in LUAD (n=574) and LUSC
(n=548) was evaluated by Person correlation analysis based on TCGA data.
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Figure 2

LIX1L expression is signi�cantly elevated in TGFβ1-treated EMT NSCLC cells. (A) Representative
morphology of H358 and HCC827 cells treated with TGFβ1 for 21 days by phase contrast microscope
(Scale bar, 100μm). (B) EMT markers CDH1 and VIM mRNA expression were detected in TGFβ1 cells and
parental cells using RT-qPCR. (C) E-cadherin and Vimentin protein expression was analyzed in the above
cells using Western Blot assay. (D, E) LIX1L expression at mRNA and protein level was detected in the
above cells using RT-qPCR and Western Blot assay, respectively. (F) LIX1L mRNA expression was
analyzed in H358 and HCC827 cells treated with TGFβ1 for 48h from GEO microarray datasets
GSE49644. β-actin was used as an internal control. Data were obtained from three independent
experiments and shown as mean±SD. *P<0.05, ** P<0.01.
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Figure 3

Upregulated LIX1L expression promotes core EMT functions of NSCLC cells. (A) RNAi was performed to
knock down LIX1L expression in H358-TGFβ1 and HCC827-TGFβ1 cells. The level of mRNA or protein of
LIX1L was detected by RT-qPCR (Top) and Western blot (Bottom), respectively at 48h post transfection.
(B) Knockdown of LIX1L reduced cell migration (without Matrigel) and invasion (with Matrigel), by
Transwells assay. (C, D) Knockdown of LIX1L reduced cell proliferation, determined by CCK8 (C) and
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Colony formation assay (D). (E) Knockdown of LIX1L increased the active Caspase-3 protein level in cells
cultured in Poly-HEMA coated plates to induce cell anoikis. (F) Knockdown of LIX1L increased the
apoptotic (anoikis) rate in above cells, detected by FCM with PE Annexin V-7AAD. (G) The EMT markers E-
cadherin, Vimentin, and Twist1 protein was detected after LIX1L knockdown in TGFβ1 cells by Western
blot assay. (H) The e�ciency of LIX1L overexpression in H358 and HCC827 cells was evaluated by RT-
qPCR (Top) and Western blot (Bottom), respectively at 48h post transfection. (I) Transwells assays were
performed to detect cell migration and invasion after LIX1L overexpression. (J, K) Cell proliferation was
detected by CCK8 and Clone formation assay, respectively. (L) The apoptotic (anoikis) rate was detected
in LIX1L overexpression cells by FCM with PE Annexin V-7AAD. (M) The expression of E-cadherin,
Vimentin, and Twist1 protein was detected after LIX1L overexpression in H358 and HCC827 cells by
Western blot assay. *P< 0.05, ** P< 0.01, and *** P< 0.001.
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Figure 4

LIX1L is localized in the nucleoli and impacts ribosomal RNA (rRNA) synthesis in TGFβ1-treated NSCLC
cells. (A) The distribution of LIX1L protein was detected in H358-TGFβ1 and HCC827-TGFβ1 cells as well
as in their parental cells by Immuno�uorescence (IF). (B, C) The levels of 47s and 45s pre-rRNA were
detected in the above cells by RT-qPCR. (D) The nucleolar morphology was shown in the above cells by
H&E staining. (E, F) Knockdown of LIX1L expression in TGFβ1 cells decreased the expression of 47s and
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45s pre-rRNA, shown by RT-qPCR. (G) The nucleolar morphology was shown after LIX1L knockdown in
TGFβ1 cells by H&E staining. (H, I) Overexpression of LIX1L expression in H358 and HCC827 cells
increased the expression of 47s and 45s pre-rRNA, by RT-qPCR. (J-M) The POLR1, NPM1, FBL, and NCL
expression in TGFβ1 cells and parental cells was assessed by RT-qPCR. (N) NCL protein expression in the
above cells was examined by Western blot assay. (O-R) The POLR1, NPM1, FBL, and NCL expression was
tested after LIX1L knockdown in TGFβ1 cells by RT-qPCR. *P<0.05, ** P<0.01, and *** P<0.001.

Figure 5

LIX1L interacts with NCL protein to regulate rRNA synthesis during EMT of NSCLC cells. (A) The
localization of NCL and LIX1L protein was detected in H358-TGFβ1 and HCC827-TGFβ1 cells, as well as
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in their parental cells, by IF. (B) The physical association between the endogenous LIX1L and NCL
proteins was detected by Co-IP in the whole TGFβ1 cell lysate. (C) The physical association between the
exogenously expressed Flag-LIX1L and the endogenous NCL was detected by Co-IP in the whole LIX1L-
overexpression cell lysate. (D) LIX1L-NCL interaction was tested in the nuclear extract of TGFβ1 cells. (E)
LIX1L overexpression increased the expression of NCL protein in H358 and HCC827 cells. (F) LIX1L
knockdown reduced the expression of NCL protein in H358-TGFβ1 and HCC827-TGFβ1 cells. (G) LIX1L
knockdown reduced the expression of LIX1L and NCL protein in TGFβ1 cells, but MG132 (proteasome
inhibitor) treatment reversed the decrease of LIX1L and NCL protein expression. (H) Knockdown of NCL in
H358-TGFβ1 and HCC827-TGFβ1 cells decreased the expression of 47spre-rRNA, detected by RT-qPCR. (I)
The nucleolar morphology was detected in NCL knockdown TGFβ1 cells and control cells by H&E
staining. (J) RT-qPCR showed that the expression of 47s pre-rRNA was increased upon LIX1L
overexpression in H358 and HCC827 cells, while reversed after NCL siRNA transfection. *P<0.05 and **
P<0.01.
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Figure 6

LIX1L-NCL promotes cell proliferation and core EMT functions of NSCLC cells. (A) The e�ciency of NCL
knockdown by siRNA transfection in H358-TGFβ1 and HCC827-TGFβ1 cells was showed by RT-qPCR
(Top) and Western blot (Bottom), respectively at 48h post transfection. (B) Knockdown of NCL reduced
cell migration (without Matrigel) and invasion (with Matrigel) in TGFβ1 cells. Knockdown of NCL reduced
proliferation (C, D), and anoikis resistance (E, F). (G) The expression of E-cadherin, Vimentin and Twist1
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was detected after NCL knockdown in TGFβ1 cells by Western blot assay. (H) Transwells assay showed
that knockdown NCL expression reversed the increase of migration and invasion due to LIX1L
overexpression in H358 and HCC827 cells. (I, J) CCK8 and clone formation assay indicated that NCL
knockdown abrogated the enhanced proliferation activity induced by LIX1L overexpression in H358 and
HCC827 cells. *P<0.05, ** P<0.01, and *** P<0.001.
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Figure 7

rRNA synthesis participated in LIX1L-mediated cell proliferation and core EMT functions of NSCLC cells.
(A)The level of 47s pre-rRNA was detected in H358-TGFβ1 and HCC827-TGFβ1 cells treated with rRNA
synthesis inhibitor CX-5461 by RT-qPCR assay. (B) The effects of CX-5461 treatment on cell migration
and invasion were detected in the above cells by Transwells assay. (C, D) The effects of CX-5461
treatment on cell proliferation were detected in the above cells by CCK8 and clone formation assay,
respectively. (E, F) The impact of CX-5461 treatment on cell anoikis resistance ability was assessed by
Western Blot (active Caspase-3 protein) and FCM (PE Annexin V-7AAD apoptotic assay) in H358-TGFβ1
and HCC827-TGFβ1 cells cultured in Poly-HEMA coated plates to induce cell anoikis. (G) The effects of
CX-5461 treatment on the expression of E-cadherin, Vimentin and Twist1were examined by Western blot
assay. (H) Transwells showed that CX-5461 treatment abrogated the increase of migration and invasion
ability due to LIX1L overexpression in H358 and HCC827 cells. (I, J) CCK8 and clone formation assay
indicated that CX-5461 treatment reversed the cell proliferation activity induced by LIX1L overexpression
in H358 and HCC827 cells, respectively. *P<0.05, ** P<0.01, and *** P<0.001.
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Figure 8

Upregulated LIX1L enhances EGFR-TKIs resistance of TGFβ1-treated EMT NSCLC cells in part by
upregulating NCL expression and rRNA synthesis. (A, B) Cell viability was assessed by CCK8 assays in
TGFβ1 and parental cells upon the indicated doses of ge�tinib or erlotinib treatment. (C) The IC50 value
was assessed based on the above CCK8 results. (D, E) H358-TGFβ1 and HCC827-TGFβ1 cells were
transfected with NC or LIX1L siRNA for 24h and then treated with the indicated doses of ge�tinib or
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erlotinib, respectively. The cell viability was assessed by CCK8 assays. (F) The IC50 value was assessed
based on the CCK8 results as in D and E. (G, H) H358 and HCC827 cells were transfected with an empty
vector or LIX1L-vector for 24h and then treated with the indicated doses of ge�tinib or erlotinib,
respectively. The cell viability was assessed by CCK8 assays. (I) The IC50 value was assessed based on
the CCK8 results as in G and H. CCK8 assays showed that the cell viability upon ge�tinib or erlotinib
treatment was increased by LIX1L overexpression in H358 and HCC827 cells, while it was in part
abrogated by NCL knockdown (J, K), and by CX-5461 treatment (L, M). (N) Schematic model illustrating
the mechanisms by which LIX1L-mediated EMT and EGFR-TKIs resistance in NSCLC cells. *P<0.05 and **
P<0.01.
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