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ABSTRACT
◥

Esophageal squamous cell carcinoma (ESCC) is one of the most
common and deadly diseases. In our previous comprehensive
genomics study, we found that family with sequence similarity
135 member B (FAM135B) was a novel cancer-related gene, yet its
biological functions and molecular mechanisms remain unclear. In
this study, we demonstrate that the protein levels of FAM135B are
significantly higher in ESCC tissues than in precancerous tissues,
and high expression of FAM135B correlates with poorer clinical
prognosis. Ectopic expression of FAM135B promoted ESCC cell
proliferation in vitro and in vivo, likely through its direct interaction
with growth factor GRN, thus forming a feedforward loop with
AKT/mTOR signaling. Patients with ESCC with overexpression of
both FAM135B and GRN had worse prognosis; multivariate Cox
model analysis indicated that high expression of both FAM135B
and GRN was an independent prognostic factor for patients with

ESCC. FAM135B transgenic mice bore heavier tumor burden than
wild-type mice and survived a relatively shorter lifespan after
4-nitroquinoline 1-oxide treatment. In addition, serum level of
GRN in transgenic mice was higher than in wild-type mice,
suggesting that serum GRN levels might provide diagnostic dis-
crimination for patients with ESCC. These findings suggest that the
interaction between FAM135B and GRN plays critical roles in the
regulation of ESCC progression and both FAM135B and GRN
might be potential therapeutic targets and prognostic factors in
ESCC.

Significance: These findings investigate the mechanisms of
FAM135B in promoting ESCC progression and suggest new poten-
tial prognostic biomarkers and therapeutic targets in patients with
ESCC.

Introduction
Esophageal cancer is one of the most common cancers in the world

that mainly consists of two histologic types: squamous cell carcinoma
and adenocarcinoma (1, 2). China is a high-risk country for esophageal
cancer, where esophageal squamous cell carcinoma (ESCC) accounts
for about 90% of all esophageal cancers (3–5). Although there have
been advances in the diagnosis and operative techniques, the 5-year
survival rate (5YSR) for ESCC remains low at 15%–34% (6, 7).

Identification of biomarkers for early diagnosis would benefit patients
with ESCC. New therapeutic targets and prognostic factors could also
be potentially helpful for future therapeutic development.

GRN, also referred to as granulin, progranulin, or granulin–
epithelin precursor, is an autocrine growth factor (8). Elevated expres-
sion of GRN has been reported in various human cancers, and is
strongly believed to contribute to tumorigenesis in breast cancer, liver
cancer, gastric cancer, ovarian cancer, etc. (9–12). In ESCC also, GRN
was highly expressed, and the level of GRN was reported to be
significantly correlated with VEGF expression (13). However, the
biological role of GRN in the progression of ESCC has not been
elucidated.

In our previous study, family with sequence similarity 135 member
B (FAM135B) was identified as a novel cancer-related gene for the first
time, which harbored 6.8% mutations in ESCC samples and was
associated with worse survival of patients with ESCC (14). Besides,
FAM135B was amplified in 25% of ESCC samples (14). Apart from
ESCC, genomic alterations (both mutations or amplification) of
FAM135B were also observed in other types of human cancers,
including breast cancer, lung cancer, ovarian cancer, and colorectal
cancer (http://www.cbioportal.org). FAM135B protein consists of
1,406 amino acids and contains a conserved domain DUF676, indi-
cating that FAM135B may be a serine esterase. Interestingly, DUF676
domain also contains the protein sequences similar to the PGAP1-like
protein, which may participate in the transport of proteins from the
endoplasmic reticulum to the Golgi. Yet, little is known about its
function and mechanism(s) in cancer development, as well as its
clinical significance.

In this study, using ESCC cell lines, clinical tissue samples, and
transgenicmice, we investigated the roles of FAM135B in the initiation
and progression of ESCC and its clinical implications. The underlying
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molecular mechanisms were also explored, which suggested the
involvement of the essential autocrine growth factor, GRN, and the
vital PI3K/AKT/mTOR pathway.

Materials and Methods
Cell culture

ESCC cell lines, YES2, KYSE70, KYSE30, KYSE450, KYSE140,
KYSE150, KYSE410, KYSE180, KYSE510, and COLO680N, were
from professor Yutaka Shimada (Kyoto University, Kyoto, Japan) as
gifts. All these cell lines were cultured in PRIM1640 (Invitrogen)
with 10% FBS, except KYSE150, which was cultured in a 1:1 mixture
of RPMI1640 and F12 (Gibco, Thermo Fisher Scientific) culture
medium with 2% FBS. Immortalized esophageal epithelium cell line,
NE3, was donated by professor Enmin Li (Shantou University,
Shantou, Guangdong, P.R. China) and was cultured in a 1:1 mixture
of EpiLife and dKSFM (Gibco, Thermo Fisher Scientific). All cell
lines were used within five passages from thawing for experiments,
and were tested for Mycoplasma contamination using Mycoplasma
Real-time PCR Detection Kit (Applied Biosystems). All cell lines
were authenticated using short tandem repeat profiling by Beijing
Microread Genetics Co. Ltd. All of these cells were maintained at
37�C with 5% CO2.

Cell growth curve assay
The proliferation ability of ESCC cells was monitored by

xCELLigence Real-Time Cell Analyzer (RTCA)-MP System (Acea
Biosciences/Roche Applied Science). Cell index was read automat-
ically every 15 minutes and the recorded curve was shown as cell
index � S.E.M..

Oligonucleotides and plasmids transfection and lentivirus
infection of target cells

pGV141-FAM135B wild-type and mutated plasmids were con-
structed by GeneChem, as described previously (14). Specific siRNAs
targeting FAM135B and GRN were purchased from RiboBio Co. Ltd.
The target sequences of these siRNAs were: siFAM135B-1: GCATTC-
AGCCTGTGTCCAT; siFAM135B-2: GCAGATGTGGATACTTCTA;
siGRN-1: GCAGAAGGGTACCTGTGAA; and siGRN-2: GGACAC-
TTCTGCCATGATA. Cells were seeded in 60-mm culture plates and
transfected with oligonucleotides or plasmids using Lipofectamine 2000
(Life Technologies) according to themanufacturer's instructions. Trans-
fected cellswere incubated at 37�Cwith 5%CO2 for 48 hours. Lentivirus
of FAM135B plasmid and short hairpin RNAs (shRNA) were custom
designed and provided by GeneChem Co. Ltd. KYSE30 cells were
infected with lentiviruses of FAM135B plasmid, while KYSE450 cells
were infected with the lentiviruses of FAM135B shRNA1 and shRNA2
pool, and selected with 1 mg/mL puromycin for 10 days.

Reagents and antibodies
Cisplatin was purchased from the pharmacy of the clinical center

(Cancer Institute andHospital, Chinese Academy ofMedical Sciences,
Beijing, P.R. China). Rapamycin and LY294002 were purchased from
Sigma-Aldrich. Antibodies were commercially available from Cell
Signaling Technology and Sigma-Aldrich.

Western blotting
Cells were harvested in lysis buffer containing 1% Nonidet P-40

(Amresco, J619), 1� Protease Inhibitors Cocktail (Roche, P9599), and
50 mg/mL phenylmethylsulphonyl fluoride. Proteins from culture
medium were prepared by TCA/DOC protein precipitation and

loading volumeswere adjusted according to corresponding cell counts.
Blotted membranes were blocked in 5% skimmed milk in PBS and
incubated with the indicated primary and secondary antibodies.

GST affinity isolation and immunoprecipitation
GST-FAM135B fusion protein was incubated with the Glutathione-

agarose Beads (BD, 554780) at 4�Covernight. The glutathione-agarose
beads conjugated to GST fusion proteins were washed three times
with PBS and mixed with cellular lysates (1 mg) at 4�C for 6 hours.
Finally, beads were washed 5–7 times with lysis buffer and boiled in
loading buffer. The binding proteins were analyzed by Western blot
assay.

For immunoprecipitation, cellular lysates were incubated with
1 mg antibody and 20 mL Protein A/G Agarose Beads (Santa Cruz
Biotechnology, sc2003) or Anti-FLAG M2 magnetic beads at 4�C
overnight. Beads with immunocomplexes were treated as for the
GST affinity isolation assay. Rabbit or mouse isotype antibody
(Santa Cruz Biotechnology, sc2025 or sc2027) was used as negative
controls.

Quantitative reverse-transcription PCR
Total RNA was isolated from cells using TRIzol Reagent (Invitro-

gen) following the manufacturer's instructions, and 2 mg of total RNA
was reverse transcribed as described previously (Invitrogen). Then,
specific gene expression was detected by using SYBR Premix EX TaqII
(TaKaRa) in an ABI PRISM 7300 sequence detection system. Primer
sequences for quantitative reverse-transcription PCR (qRT-PCR)
analysis of FAM135B and GRNwere: FAM135B: 50-AGTGCTGACC-
TACATTGAC-30 and 50-GGCTTCCACCTACTACCA-30; and GRN:
50-GACCCAGCCTTGAGACAGC-30 and 50-AGAATGGGGTCCA-
GGGAGAA-30. All samples were normalized to GAPDH, 50-
TCTCTGCTCCTCCTGTTC-30 and 50-GTTGACTCCGACCTTCAC-30.
Data were analyzed using the DDCt method, using the GAPDH as a
housekeeping gene.

Xenograft assays
All animal care and procedures were in accordance with national

and institutional policies for animal health and well-being. Mouse
experimentations were approved by Cancer Institute and Hospital,
Chinese Academy of Medical Sciences (Beijing, P.R. China) and
Peking Union Medical College (Beijing, P.R. China). Four-week-old
immunodeficient mice (BALB/c nude mice, Vital River Co. Ltd) were
injected subcutaneously with ESCC cell lines. A total of 1� 106 ESCC
cells were suspended in 100 mL PBS and injected subcutaneously into
the flank of female nude mice (n¼ 5). Tumor size was measured every
week with digital calipers. Tumor volume was calculated using the
formula: 0.5 � a � b2, where a is the length of the tumor and b is the
width. After 3 or 4 weeks, the mice were sacrificed. The xenograft
tumors were harvested, weighed, and photographed.

Immunofluorescence staining
Cellswere placed in glass slides in 6-wellmicroplates. After 24hours,

cells were subjected to fixation with coldmethanol at 20�C andwashed
with PBS. Cells were blocked in 1% Normal Goat Serum (Santa Cruz
Biotechnology, SC2043), and then incubated with the 1:200 diluted,
indicated antibody at 4�C for overnight. The slides were subsequently
incubated with Alexa Fluor 488–labeled or Alexa Fluor 568–labeled
secondary antibody (Invitrogen, A-11034 and A-11004) for 1 hour.
Finally, nuclei were detected by 0.1mg/mLDAPI. The slides were then
mounted in permount and analyzed by Confocal Microscopy Leica
ST2 (Leica).
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Measurement of GRN by ELISA
Cells were cultured in fresh culture medium in the presence of

control solvent or 100 nmol/L PAF for 24 hours. GRN in the
supernatant (100 mL) was determined by using a Human GRN ELISA
Kit according to the manufacturer’s instruction (Boster Biological
Technology Co. Ltd) and normalized to the remaining cell numbers.
Serum was extracted from mice, and GRN concentrations in mice
serum were determined with a Mouse GRN Kit (Boster Biological
Technology Co. Ltd) according to the manufacturers' protocols.

Generation and analyses of transgenic mice
FAM135B transgenic mice (CAG-fam135b-HA-3flag/þ,

FAM135B-Tg) were created via pronucleus injection by CasGene
Biotech. Co. Ltd using C57BL/6J mice. The sequence of the primer
designed to check the genotype using DNA extracted from mice tails
was: 50-TCACCTGGGAACCCTGTA-30 (forward) and 50-CACCGT-
CATGGTCTTTGTAG-30 (reverse). PCRs were performed under the
following reaction conditions: initial denaturation for 10 minutes at
94�C, followed by 35 cycles of denaturation at 94�C for 30 seconds,
annealing at 55�C for 30 seconds, and extension at 72�C for 45 seconds.
PCR-amplified DNA was analyzed on a 2% agarose gel.

Carcinogen treatment
The experiments were carried out under controlled conditions with

a 12-hour light/dark cycle. The carcinogen, 4-nitroquinoline 1-oxide
(4NQO; Sigma), stock solution was prepared weekly in propylene
glycol at 5 mg/mL and stored at 4�C. For the drinking water method,
the 4NQO stock solution was diluted in the drinking water with a
concentration of 100 mg/mL, and the water was changed once a week.
Six-week-old C57BL/6J mice, both FAM135B-Tg and wild-type, were
used for the studies. Mice were allowed access to the drinking water at
all times during the treatment. Each strain of mice was randomly
divided into an experimental group, in which the drinking water
contained 4NQO, and a control group, in which the drinking water
contained only the same volume of propylene glycol without 4NQO.
After a 16-week carcinogen treatment, mice were analyzed for pre-
cancerous and cancerous lesions in the esophagi at different times for
up to 6 weeks, or observed for survival analysis.

IHC and evaluation of staining
All the tissue microarrays were deparaffinized in xylene and rehy-

drated in graded ethanol. After antigen retrieval with sodium citrate,
tissue microarrays were blocked with 1.5% normal blocking serum in
PBS for 1 hour at room temperature, and incubated with anti-
FAM1355B or GRN antibody (diluted at 1:100) at 4�C overnight.
Horseradish peroxidase–conjugated secondary antibody was added
for 1 hour after rinsing with PBS. Sections were stained with 3,30-
diaminobenzidine (DAB). Degree of immunostaining was determined
on the basis of both the intensity of staining and the proportion of
positively stained cells. The proportion of positive tumor cells was
scored as follows: 0, no positive tumor cells; 1, <10%; 2, 10%–49%; 3,
50%–79%; and 4,≥80%. The intensity of stainingwas graded according
to the following criteria: 0, no staining; 1, weak staining (light yellow);
2, moderate staining (yellow–brown); and 3, strong staining (brown).
The IHC score was calculated as staining intensity score� proportion
of positive tumor cells. IHC score of cytoplasmic FAM135B >2 was
identified as high level and ≤2 was identified as low level. IHC score of
cytoplasmicGRNand nucleic FAM135B>6was identified as high level
and ≤6 was identified as low level. Xenograft tumors and esophagi of
mice were fixed in 4% paraformaldehyde solution overnight, embed-
ded in paraffin, and processed into 5-mm thick sections. The sections

were stained with FAM135B, GRN, pAKT, Ki-67, or PCNA antibodies
and visualized by DAB, as described above.

Statistical analysis
Statistical analysis was assessed by IBM SPSS Statistics 24 and

GraphPad Prism 7. Two-tailed Student t test was used to analyze the
statistical significance of differences between experimental groups. The
two-tailed Pearson x2 test was used to analyze the association of
FAM135B and GRN expression and clinicopathologic parameters.
The survival curves were plotted by using Kaplan–Meier analysis and
compared by log-rank test. Survival data were also evaluated by
multivariate Cox regression analysis. Each experiment was performed
at least three times. Data are presented as mean � SEM. Differences
were considered significant at P < 0.05.

Results
Cytoplasmic FAM135B level is significantly higher in ESCC
tissues and correlates with poor prognosis

To disclose the clinical significance of FAM135B, we investi-
gated the protein levels of FAM135B in a tissue microarray that
incorporated 95 ESCC and 85 paired adjacent normal tissues.
Clinicopathologic features are summarized in Supplementary
Table S1. Both the cytoplasm and the nucleus were positively
stained for FAM135B protein (Fig. 1A). In cytoplasm, carcinoma
tissues showed a relatively strong positive expression, whereas most
of the paired adjacent normal tissues had a weak positive or negative
expression. Statistical result showed that FAM135B expression was
significantly higher in cytoplasm of ESCC tissues than that in the
adjacent normal tissues (P < 0.001; Fig. 1B). Moreover, the intensity
of IHC staining of FAM135B in ESCC was classified into four
degrees (Fig. 1C). In ESCC tissues, the proportion of moderate and
strong staining was 58.9%, whereas this proportion was 7.1% in
adjacent normal tissues (Fig. 1D). According to the method men-
tioned in the Materials and Methods, samples were classified into
high and low expression groups, and there was a significant
difference between ESCC tissues and adjacent normal tissues in
distribution of samples (Supplementary Table S2). The expression
level of FAM135B had no significant correlation with clinical
parameters, such as gender, age, lymph node metastasis (LNM),
or American Joint Committee on Cancer (AJCC) stages (Supple-
mentary Table S1; ref. 15). In nucleus, there was no significant
difference of FAM135B expression between ESCC tissues and
adjacent normal tissues (P > 0.05; Fig. 1B; Supplementary
Table S2).

The median survival time for all cases was 22 months, where the 1-,
3-, and 5-year survival rate for the whole group was 64.9%, 29.8%,
20.2%, respectively. The Kaplan–Meier survival analysis showed that
median survival time for patients with high FAM135B expression in
the cytoplasm was significantly shorter than those with low FAM135B
expression (15 vs. 30 months; P ¼ 0.025; Fig. 1E). Univariate Cox
regression analysis showed that clinicopathologic parameters statis-
tically significantly related to survival included gender, tumor volume,
T-stage, LNM, and AJCC stages (P ¼ 0.021, 0.006, 0.028, 0.008, and
0.001, respectively). No significant differences were observed between
survival and age or tumor differentiation (all P > 0.05; Supplementary
Table S3). Multivariate Cox regression analysis showed that tumor
volume [HR, 1.747, 95% confidence interval (CI), 1.064–2.869; P ¼
0.027) and AJCC stages (HR, 2.486; 95% CI, 1.480–4.167; P ¼ 0.001)
were two independent prognostic factors in patients with ESCC
(Supplementary Table S3).
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Figure 1.

FAM135B was highly expressed in human patients' ESCC tissues and was related to patients' survival. A, IHC analysis of FAM135B expression in ESCC and
adjacent normal tissues. B, Paired analysis of FAM135B expression level in ESCC and adjacent normal tissues in both cytoplasm (paired t test, ��� , P < 0.001)
and nucleus (NS, not significant). C, Representative images of IHC expression of FAM135B in ESCC: �, no staining; þ, weak staining; þþ, moderate staining; and
þþþ, strong staining (magnification,�200). D, Distribution of each level of FAM135B in both ESCC (top) and adjacent tissues (bottom). E, Kaplan–Meier estimates
of overall survival among 95 patients with ESCC according to levels of cytoplasmic FAM135B expression (P ¼ 0.025, log-rank test).
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FAM135B promotes ESCC proliferation in vitro and in vivo
To identify the role of FAM135B in ESCC development, we first

examined its expression levels in different esophageal cell lines. As a
result, FAM135B was highly expressed in ESCC cell lines compared
with immortalized normal esophageal cell line, NE3 (Fig. 2A). In
ESCC cell lines, there was higher expression in KYSE140 and
KYSE450, while relatively low expression in KYSE30 and KYSE410
(Fig. 2A). Overexpression of FAM135B in the ESCC cell lines, KYSE30
and KYSE410, significantly promoted cell proliferation, whereas
knockdown of FAM135B substantially suppressed cell growth in
KYSE450 and KYSE140 (Fig. 2B; Supplementary Fig. S1A). Flowcy-
tometry analysis showed that overexpression of FAM135B resulted
in a remarkable decrease of G0–G1-phase populations in KYSE30
and KYSE410 cells, but a prominent increase of cell numbers in
G2–M-phase. In contrast, FAM135B knockdown resulted in a marked
accumulation of cells in G0–G1-phase in KYESE450 and KYSE410
cells, accompanied by a substantial decrease in the number of cells in
G2–M-phase (Fig. 2C; Supplementary Fig. S1B). Colony formation
ability in both KYSE410 and KYSE30 cells was markedly increased by
FAM135B overexpression, but notably suppressed by FAM135B
knockdown in KYSE140 and KYSE450 cells (Fig. 2D; Supplementary
Fig. S1C). Furthermore, ESCC cell lines stably overexpressing
FAM135B exhibited significantly decreased sensitivity to cisplatin-
induced apoptosis, but when FAM135B was knocked down, the
sensitivity increased (Fig. 2E; Supplementary Fig. S1D).

Next, we transplanted KYESE30 cells with stable overexpression of
FAM135B or KYSE450 cells with stable knockdown of FAM135B into
the back flank of nudemice and found that the growth rate of xenograft
formed by ESCC cells overexpressing FAM135B was significantly
greater than that of their control counterparts. In contrast, the growth
rate of xenograft cancer cells with FAM135B knockdown was signif-
icantly lower than that of control cells (Fig. 2F–H). The tumors with
stable overexpression of FAM135Bdisplayedmore expression ofKi-67
compared with controls, whereas tumors with FAM135B knocked
down displayed less expression of Ki-67 (Fig. 2I; Supplementary
Fig. S1E). These results suggested that FAM135B significantly pro-
moted tumorigenesis both in vitro and in vivo.

FAM135B interacts directly with GRN and promotes GRN
secretion

To explore the molecular mechanism of FAM135B in ESCC, we
performed coimmunoprecipitation (CO-IP) assay and mass spec-
trometry to screen proteins that interacted with FAM135B. As a result,
a specific band was shown at about 70 kDa. Through mass spectrom-
etry analysis, GRN was identified as one of the proteins that was
precipitated by flag-tagged FAM135B (Fig. 3A). To verify the inter-
action between FAM135B and GRN, CO-IP assay using antibody
against FAM135B or GRN was carried out and the results confirmed
the interaction between FAM135B and GRN (Fig. 3B and C). Besides,
a GST pull-down assay was performed to test whether FAM135B binds
to GRN in vitro, GST did not pull downGRNprotein (lane 2), whereas
purifiedGST-FAM135B pulled downGRNprotein (lane 3), indicating
the direct interaction between FAM135B and GRN (Fig. 3D). Fur-
thermore, immunofluorescence (IF) result also exhibited colocaliza-
tion of FAM135B and GRN in both KYSE30 (left) and KYSE450
(right), which further confirmed their interaction (Fig. 3E).

To further explore the biological role of the interaction between
FAM135B and GRN, we examined the expression level of GRN after
interfering FAM135B and did not see obvious effect of FAM135B on
the levels of GRN at bothmRNA and protein levels. Also, GRN did not
regulate the mRNA level of FAM135B (Fig. 3F). Considering that

GRN could be secreted, we detected the level of GRN in culture
medium. As shown in Fig. 3G, secretion of GRN was increased when
FAM135B was upregulated. In contrast, secretion of GRN was
decreased when FAM135B was downregulated (Fig. 3G). The con-
centration of GRN protein in the cell culture media was also measured
by using ELISA. Compared with control, overexpression of FAM135B
resulted in increased GRN level, while knockdown of FAM135B led to
decreased GRN level in culture media (P < 0.05; Fig. 3H). Taken
together, these results indicated that FAM135B interacted directly with
the growth factor, GRN, and promoted its secretion into extracellular
medium.

FAM135B/GRN and PI3K/AKT/mTOR pathways form a
feedforward loop

PI3K/AKT/mTOR pathway is a critical pathway for cell prolifer-
ation. We found that overexpression of GRN significantly increased
the levels of p-PI3K, pAKT, p-mTOR, cyclin B1, and cyclin A
(Fig. 4A). Meanwhile, FAM135B was also upregulated by GRN over-
expression (Fig. 4A). Consistent with the GRN overexpression results,
when GRN was knocked down, the protein levels of p-PI3K, pAKT,
p-mTOR, and FAM135B were reduced (Fig. 4A). To explore the
causality between FAM135B and PI3K/AKT/mTOR pathway, we used
rapamycin to inhibit the activity of mTOR and found that FAM135B
protein was significantly decreased in both time- and concentration-
dependent manners, without interfering its mRNA level (Fig. 4B
and C). We also knocked down mTOR by siRNAs, and result showed
that FAM135B protein was decreased correspondingly, while its
mRNA level was not changed (Fig. 4D and E). Intracellular GRN
protein and its secretion were also decreased by treatment with
rapamycin or siRNAs of mTOR (Supplementary Fig. S2A and S2B),
without interfering mRNA level of GRN (Supplementary Fig. S2C and
S2D). Besides, both rapamycin and LY294004, a specific inhibitor of
phosphorylation of PI3K, could inhibit the upregulation of FAM135B
by GRN overexpression (Fig. 4F). These results indicate that GRN
could regulate FAM135B through PI3K/AKT/mTOR pathway in
ESCC cells.

Interestingly, we found that FAM135B could also activate the
PI3K/AKT/mTOR pathway, and the activation could be inhibited
when GRN was knocked down (Fig. 4G). Phenotypically, the effect of
FAM135B on proliferation could be abolished when cells were treated
with rapamycin or when GRN was knocked down (Fig. 4H and I).
These results indicated that GRN probably served as a growth factor to
activate PI3K/AKT/mTOR pathway and subsequently led to upregu-
lation of FAM135B, which in turn promoted GRN secretion. Thus,
FAM135B formed a feedforward loop with PI3K/AKT/mTOR path-
way via GRN autocrine to exert its oncogenic functions in modulating
ESCC proliferation (Fig. 4J).

Concurrent high expression of FAM135B and GRN is an
independent prognostic factor for patients with ESCC

Although GRN has been reported to be highly expressed in
several types of cancers (9, 16, 17), its role in ESCC has not been
investigated. We checked the expression of GRN in ESCC samples
and their normal counterparts by using tissue microarray. Result
showed that GRN was remarkably higher in ESCC tissues than
normal tissues (Fig. 5A and B). As predicted, we found that GRN
could significantly promote ESCC cells' proliferation and colony
formation (Fig. 5C and D). Flow cytometry analysis showed that
overexpression of GRN resulted in a substantial decrease of KYSE30
cells in G0–G1-phase, but a significant increase in cell number in
G2–M-phase. In contrast, GRN knockdown resulted in a significant
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Figure 2.

FAM135B promotes ESCC cell lines proliferation both in vitro and in vivo.A, FAM135B expression level in various cell lines examined byWestern blotting. The normal
esophageal cell line, NE3,was included as a negative control for thedetectionof endogenousFAM135B expression, andb-actinwas used as a loading control.B,Effect
of FAM135B overexpression or FAM135B knockdown on proliferation of ESCC cells. C, Effect of FAM135B overexpression or FAM135B knockdown on the cell-cycle
progression of ESCC cells; data are shown as the means � SEM from three experiments. � , P < 0.05; ��, P < 0.01, compared with control cells by two-sided t test.
D, Effect of FAM135B overexpression or FAM135B knockdown on colony formation of ESCC cells. Results present number of colonies; data are shown as the
means� SEM from three independent experiments. ��� , P < 0.001, comparedwith control cells by two-sided t test. E, Effect of FAM135B overexpression or FAM135B
knockdownon sensitivity to cisplatin-induced apoptosis of ESCCcells. Results present proportionof apoptotic cells inducedby cisplatin; data are shownas themeans
� SEM from three independent experiments. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001, compared with control cells by two-sided t test. F, Images of xenograft tumors
grown in nude mice by injection of KYSE30 and KYSE450 cells with FAM135B overexpression or knockdown. G, Volumes of xenograft tumors. Results are shown as
themeans� SEM for 5mice in each group.H,Weight of xenograft tumors. Results are shown as themeans� SEM for 5mice in each group. ��, P <0.01; ��� , P <0.001,
compared with control cells by two-sided t test. I, Ki-67 staining in FAM135B overexpression or knockdown tumors versus control tumors.
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accumulation of KYESE450 cells in G0–G1-phase, accompanied by a
substantial decrease in the number of cells in G2–M-phase (Fig. 5E).
Furthermore, GRN decreased the sensitivity of ESCC cells to
cisplatin-induced apoptosis (Fig. 5F). These findings further con-
firmed that GRN could promote ESCC malignance. More impor-
tantly, although FAM135B and GRN were not always consistent in
expression, the Kaplan–Meier survival analysis showed that patients
who concurrently expressed high FAM135B and high GRN survived

a tremendously shorter lifespan, with the 5YSR to be 0%, indicating
that there might be a synergistic effect when both FAM135B and
GRN are overexpressed (Fig. 5G). Moreover, multivariate Cox
regression model analysis revealed that concurrent high expression
of FAM135B and GRN could be an independent prognostic factor
for patients with ESCC (Supplementary Table S4). This implied that
evaluating the levels of both FAM135B and GRN may help in
predicting patients' prognosis.

Figure 3.

FAM135B interactedwithGRNandpromoted
GRN secretion. A, SDS-PAGE matrix showed
a specific lane inCO-IP assay.B,Westernblot
verification of the precipitation of GRN by
flag-tagged FAM135B. C, Anti-GRN antibody
could precipitate with FAM135B. D, GST-
FAM135B could also precipitate with GRN
in vitro. E, IF showed colocalization between
FAM135B (red) andGRN (green). F,qRT-PCR
analysis of GRN and FAM135B expression in
ESCC cell lines. Data are shown as themeans
� SEM from three independent experiments.
NS, not significant compared with control
cells by two-sided t test. G, Regulation of
FAM135B did not interfere with the intracel-
lular protein level of GRN, but enhanced its
secretion into culture media. H, Extracellular
level of GRN was examined by ELISA. Data
are shown as the means � SEM from three
independent experiments. �� , P < 0.01, com-
pared with control cells by two-sided t test.
IP, immunoprecipitation.
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Figure 4.

GRN and FAM135B formed a regulation loop through PI3K/AKT/mTOR pathway. A, Expression of p-PI3K, pAKT, p-mTOR, cyclin A, cyclin B1, and FAM135B was
increased following GRN overexpression. The effect was overturned when GRN was knocked down. b-actin served as a loading control. B, FAM135B was decreased
both time and concentration dependently when rapamycin (rapa) was adopted. C, qRT-PCR analysis of FAM135B expression after rapamycin treatment. Data are
shown as the means � SEM from three independent experiments. NS, not significant compared with control cells by two-sided t test. D, FAM135B and phospho-
p70s6kweredecreasedwhenmTORwas knockeddown.E,qRT-PCR analysis of FAM135Bexpression aftermTORwas knockeddown.Data are shownas themeans�
SEM from three experiments. NS, not significant, comparedwith control cells by two-sided t test. F, The upregulation of FAM135B byGRNwas eliminatedwhen PI3K/
AKT/mTOR pathway inhibitors were adopted.G, FAM135B activated PI3K/AKT/mTOR pathway, but the effect was blockedwhen GRNwas knocked down.H, Effect
of FAM135B overexpression and GRN knockdown on proliferation of ESCC cells. I, Effect of FAM135B overexpression and treatment of rapamycin on proliferation of
ESCC cells. J, Model mechanism of promoting ESCC proliferation by FAM135B and GRN.
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Figure 5.

GRN was highly expressed in ESCC and promoted ESCC cells proliferation. A, Representative images of IHC staining of human ESCC and adjacent normal tissues'
tissue arrays using antibody for GRN. B, Paired analysis of GRN expression level in ESCC and adjacent normal tissue (paired t test, � , P < 0.05). C,Overexpression of
GRN significantly enhanced the proliferation of KYSE30, whereas knockdown of GRN reduced the rate of ESCC proliferation in KYSE450 cells. D, Effect of GRN
overexpression or GRN knockdown on colony formation of ESCC cells. Results present number of colonies; data are shown as the means � SEM from three
independent experiments. ��� ,P<0.001, comparedwith control cells by two-sided t test.E,Effect of GRNoverexpression or knockdownon the cell-cycle progression
of ESCC cells; data are shown as the means � SEM from three experiments. � , P < 0.05, compared with control cells by two-sided t test. F, Effect of GRN
overexpression orGRNknockdownon sensitivity to cisplatin-induced apoptosis of ESCC cells. Results present proportion of apoptotic cells inducedby cisplatin; data
are shown as the means � SEM from three experiments. �� , P < 0.01; ��� , P < 0.001, compared with control cells by two-sided t test. G, Kaplan–Meier estimates of
overall survival among patients with ESCC according to levels of cytoplasmic FAM135B and GRN expression (P ¼ 0.002, log-rank test).
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FAM135B enhanced susceptibility to 4NQO–induced
esophageal dysplasia and neoplasia

To further explore the effect of FAM135B on tumorigenesis in vivo,
we developed FAM135B-Tgmice. 4NQOwas administrated to induce
esophageal cancer (18, 19). FAM135B-Tg mice were verified by PCR
assay at DNA level and by Western blotting at protein level before
4NQO treatment (Supplementary Fig. S3A and S3B). Treatment
schedule is shown in Fig. 6A. Overall, the carcinogenic reagent had
no debilitating effects on the general health of the mice (Fig. 6B).

After 4NQO treatment, 89.66% of FAM135B-Tg mice and 60.71%
of wild-type mice developed esophageal tumors, while mice treated
with vehicle developed no tumors (Fig. 6C; Supplementary Table S5).
4NQO induced an average of approximately 1.30 esophageal tumors
permouse inwild-typemice, whereas FAM135B-Tgmice produced an
average of approximately 2.10 esophageal tumors per mouse (Fig. 6D;
Supplementary Table S5). Moreover, the proportion of mice with
neoplasms > 2mmwas 53.85% in the FAM135B-Tg group and 23.81%
in wild-type group (Fig. 6E; Supplementary Table S5).

Morphologically, most of tumors were located within the lumen of
esophagus, distributed randomly from top to the junction part of
esophagus with stomach (Fig. 6F). Most of the tumors were less than
2 mm in diameter, white and rounded, and raised into lumen. No
tumor invaded into surrounding tissues, probably because the termi-
nation left not long enough time for the tumors to invade. No lymph
node involvementwas observed.Histopathologically, some esophageal
tumors showed proliferation into the submucosa and exhibited fea-
tures of squamous cell differentiation (Supplementary Fig. S3C). Most
FAM135B-Tg mice developed tumors more rapidly than wild-type
mice and the tumors displayed more obvious features of malignancy,
including larger size, multiplicity, more nuclear atypia, and invasive-
ness. IHC staining showed that FAM135B was relatively higher in
FAM135B-Tg mice esophagi than in wild-type; while there was no
significant elevation of GRN in FAM135B-Tg mice esophagi. Besides,
staining of FAM135B and GRN indicated that both FAM135B and
GRNwere elevated in 4NQO–induced ESCC (Fig. 6G; Supplementary
Fig. S3D). Furthermore, pAKTwas also elevated in FAM135B-Tgmice
esophagi and in tumors induced by 4NQO, which indicated the
activation of AKT pathway (Fig. 6G; Supplementary Fig. S3D). More-
over, another 29 transgenic mice and 27 wild-type mice were treated
with 4NQO for 16 weeks and observed for survival time. Wild-type
mice survived significantly longer than FAM135B-Tg mice (Fig. 6H).
In addition, another 22 mice in each group were observed for spon-
taneous tumors. Result came out that 9 (40.9%) FAM135B-Tg mice
developed spontaneous tumors within 1.5 years, while the proportion
was only 22.7% in wild-type mice (Supplementary Fig. S3E and S3F).
Collectively, these results indicated that FAM135B played a critical
oncogenic role in the development of ESCC.

Because GRN secretion was upregulated by FAM135B in ESCC
cells, we questioned whether GRN level in serum was also changed in
transgenicmice.We testedGRN levels inmice serumbyELISA and the
result showed that GRN secretion was significantly elevated in
FAM135B-Tg mice than wild-type mice (Fig. 6I).

Discussion
In this study, we tried to provide evidence for the oncogenic role of

FAM135B in ESCC and explored its mechanisms, as well as its
potential clinical applications. To our knowledge, this is the first work
to report mechanism of FAM135B in ESCC.

FAM135B was previously identified by our group to be associated
with cancer for the first time in 2014 (14). It was mutated in 6.8% and

amplified in 25% ESCC cases. More importantly, mutation of
FAM135B was significantly correlated with poor prognosis. Thus, we
believed that FAM135B might be critical in cancer development. To
explore the mysterious correlation, we first referred to several data-
bases, such as cBioPortal (http://www.cbioportal.org), to learn more
about FAM135B. As the database showed, FAM135Bwasmutated and
amplified in various human tumors. The proportion of mutation in
FAM135B varied from 0% to 58.97% in different types of tumors and
its amplification reached up to 46.7%. In addition to ESCC, mutation
and amplification of FAM135B were also found in breast cancer,
prostate cancer, lung cancer, ovarian cancer, and colorectal cancer,
etc., indicating that variation of FAM135B might prevalently contrib-
uted to cancer development (20–23). Moreover, we noticed that
overexpression of mutated FAM135B greatly promoted ESCC prolif-
eration, and its effect was stronger thanwild-type FAM135B, this led us
to suppose that mutation of FAM135B enhanced the function of itself.
Because role of wild-type FAM135B has not been clarified, we focused
on the function and mechanism of wild-type FAM135B in this study,
and mutated FAM135B would be further explored in the future work.

In respect of functional mechanism, we proved for the first time
that FAM135B directly interacted with GRN and promoted the
secretion of GRN. GRN is a protein that is well known as a special
kind of autosecreted growth factor (24, 25). GRN exerts its oncogenic
roles probably via different mechanisms in different types of cancers.
For instance, Kim and colleagues reported that GRN elevated the
phosphorylation of c-Src and c-Myc inHER2þ breast cancer cells (26).
Lam and colleagues showed that GRN promoted the progression of
liver cancer due to its interaction with TPM3 and GRP78 (10, 27). In
ovarian cancer, GRN could regulate epithelial-to-mesenchymal tran-
sition process and activate MMP, PKC, or CAF to promote migration
and invasion (12, 28). Besides, in cervical cancer, GRN enhanced the
phosphorylation of mTOR and activated mTOR signaling in human
cervical mucosa epithelial cells and cervical cancer cells (29). But its
impact on signaling pathways in ESCC has not been explored previ-
ously. In this study, we found that overexpression of GRN could
activate the PI3K/AKT/mTOR pathway, which is in accordance with
the findings reported in other studies (11, 29). We also found that
FAM135B was elevated by overexpressing GRN, yet the elevation
could be partially canceled through inhibiting the PI3K/AKT/mTOR
pathway by LY294002 or rapamycin. These results indicated that GRN
regulated FAM135B through the PI3K pathway. Moreover, when we
concurrently overexpressed FAM135B and knocked down GRN, the
effect on proliferation of FAM1355B wasmostly abolished. Taken into
consideration that overexpression of FAM135B promoted secretion of
GRN, while knockdown of FAM135B decreased secretion of GRN, we
believed FAM135B, GRN, and the PI3K/AKT/mTORpathway formed
a forward feedback loop. Although pathways interfered by GRN are
relatively clear, the receptor of GRN is still inconclusive. Various
receptors, such as EphA2, TNFR, sulfate, and dlk, have been reported,
yet with controversy (30–35).We look forward to further researches to
disclose the receptor(s) of GRN.

Although we also found that FAM135B could increase GRN
secretion, the process how FAM135B promoted GRN secretion
remains to be defined. Through online prediction tools, we found
that the first 17 amino acids at N-terminal of GRN constructed a signal
peptide (http://www.cbs.dtu.dk/services/SignalP/), indicating that
GRN might be secreted through classical secretory pathway (36).
Considering that FAM135B probably work as esterase or serine lipase,
we speculated that FAM135B may have the ability of hydrolyzing
signal peptide of GRN, thus accelerating the process of GRN secretion.
Interestingly, DUF676 domain of FAM135B is close to PGAP1, which
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Figure 6.

Induction of squamous tumorigenesis by 4NQO.A, Experimental protocol. As indicated, 4NQOwas provided at the end of 6thweek and last to the end of 22ndweek.
The mice were sacrificed at the end of 28th week to harvest esophagus tissue. B, Body weight of mice at the end of 4NQO treatment. NS, not significant. C–E,
Quantification of the esophageal tumors. C–E, Incidence of tumors (C), average tumor burden (D), and percentage ofmice bearing tumor over 2mm in diameter (E).
� , P < 0.01. F,Gross appearance of 4NQO–induced esophageal lesions. Images of specimens. Gross images (top) and fluorescence images (bottom). Arrows indicate
visible tumors with enhancing fluorescence. Scale bars, 0.5 cm. G, IHC staining of FAM135B and GRN in esophagus epithelial tissues from FAM135B-Tg and wild-type
(WT)mice after 4NQO treatment, respectively. FAM135Bwas relatively higher in FAM135B-Tgmice than inwild-typemice andmuch higher in 4NQO–induced ESCC.
GRNexpression resembledFAM135B.H,Kaplan–Meier estimates of overall survival among 56mice after 4NQO treatment (P¼0.027, log-rank test). I,ELISAof serum
GRN level. GRN was significantly elevated in FAM135B-Tg mice than wild-type mice. �� , P < 0.01. TG, FAM135B-Tg.
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plays critical role in the transport of proteins from the endoplasmic
reticulum to the Golgi, indicating that FAM135Bmay play a role in the
transport of GRN. Moreover, FAM135B may also be involved in the
palmitoylation process of GRN because we found that there are
multiple potential palmitoylation sites in GRN protein (http://nba
palm.biocuckoo.org/). However, these hypotheses are based on
sequential characteristics. Further experiments are needed to verify
these hypotheses.

Although high level of protein GRN expression has been reported
previously in several human cancers and is believed to contribute to
tumorigenesis in breast cancer, gastric cancer, invasive ovarian car-
cinoma, glioblastoma, etc. (11, 12, 37, 38), whether expression of GRN
is elevated in ESCC has not been determined. Through IHC analysis of
ESCC tissue array, we found that expression of GRN in ESCC tissues
was higher than in normal esophageal tissues. We also tried to analyze
the relationship between GRN level and other clinical factors, such as
overall survival, tumor size, differentiation, and LNMs, but did notfind
any correlation probably due to small sample size or single source of
tissue array. We also analyzed whether there was a correction between
expression of FAM135B and GRN, but failed to see significant
relevance. However, remarkably, when we analyzed expression level
of FAM135B andGRNwith patients' survival, we found that thosewho
expressed both high FAM135B and GRN had the worst overall
survival. Furthermore, multivariate Cox regression analysis showed
that concurrent high expression of FAM135B and GRN was an
independent prognostic factor. The outcome indicated that grouped
factors may have advantage over single factor in prognosis prediction.
It also inspired us to look for more groups of factors in future
translational research. Grouped factors can be from different fields.
For instance, investigators fromUniversity ofMaryland (College Park,
MD) have conducted clinical trials to find out whether combing GRN
level in the blood with standard mammography screening can help
detect breast cancer better than mammography screening alone (NCT
number: NCT02700776).

As FAM135B has been proved to promote malignance of ESCC cell
lines above, we stepped further to explore its role in transgenic mice.
FAM135B-Tg C57BL/6J mice were treated with 4NQO, which is a
quinoline derivative. 4NQO forms DNA adducts and induces intra-
cellular oxidative stress, resulting inmutations andDNA strand breaks
that are similar to the genetic alterations provoked by tobacco expo-
sure, although its exact mechanism is still unknown (39). 4NQO has
been extensively used to induce cancers of the oral cavity and esoph-
agus in animal models. Results from others show that it can effectively
induce oral and esophageal cancers that closely resemble early human
lesions (17, 40, 41). In this study, we treated FAM135B-Tg and wild-
type mice with 4NQO and observed that FAM135B-Tg mice were
more vulnerable to 4NQO. Tumor incidence and proportion of tumor
> 2 mm were higher in transgenic mice than wild-type mice. But the
difference was not statistically significant, probably due to the small
sample size. Besides, in this study, we tested GRN level in mice serum
with an ELISA kit and found that secreted GRN level was increased in
transgenic mice compared with wild-type mice. These results have
provided insights into oncogenic role of FAM135B, and helped us to

explore whether FAM135B and GRN level (both in cytoplasm and
serum) could potentially be applied to clinical use, such as tumor
screening, diagnosis ormonitoring of cancer recurrence, and even new
treatment with antibodies of FAM135B or GRN alone or together with
other therapies.

Besides induced esophageal cancers, we also observed for sponta-
neous tumors in transgenicmice. The preliminary result indicated that
tumors spontaneously developed from a variety of organs and there
was a higher proportion of transgenic mice that developed sponta-
neous tumors than wild-type within 1.5 years (40.9% vs. 22.7%),
although statistical difference was not reached, which may probably
be attributed to a relatively small sample size. Apart from spontaneous
tumors, several other abnormalities also occurred, such as a high
incidence of severe disorder in eyes, which indicated that FAM135B
might play critical roles in aspects beyond cancer development.

In conclusion, our study provides evidences for oncogenic role of
FAM135B in ESCC. We found that FAM135B could promote malig-
nance of ESCC cell lines and tumor development in transgenic mice.
The underlining mechanism probably involved enhanced secretion of
its interactor GRN, as well as the AKT/mTOR pathway.We also found
that higher level of cellular FAM135B was significantly correlated with
poorer overall survival. Moreover, patients with concurrent over-
expression of FAM135B and GRN had the worst prognosis. These
findings indicate that FAM135B and GRN are potential prognostic
factors and therapeutic targets in ESCC.
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