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Abstract
Background  Chemotherapeutic agents such as cisplatin are commonly used in patients with clinically unresectable or 
recurrent esophageal cancer (ESCA). However, patients often develop resistance to cisplatin, which in turn leads to a poor 
prognosis. Studies have shown that FAM111B may be involved in the development of tumors as an oncogene or tumor sup-
pressor gene. However, the pathological role and corresponding mechanism of FAM111B in ESCA are still unclear.
Methods  The GEPIA web tool, ENCORI Pan-Cancer Analysis Platform and UALCAN-TCGA database were used to 
study the expression of FAM111B in ESCA. CCK-8, angiogenesis, Transwell and xenograft assays were applied to explore 
the biological function of FAM111B in ESCA. Western blot, RT-qPCR, and RNA-seq analyses were applied to study the 
FAM111B/GSDMA axis in the progression of ESCA cells. CCK-8 and xenograft assays were used to study the role of the 
FAM111B/GSDMA axis in determining the sensitivity of ESCA to cisplatin.
Results  Our results demonstrated that FAM111B is highly expressed in ESCA tissues compared to normal tissues. We 
showed that FAM111B promotes the progression of ESCC cells by binding to GSDMA and that the trypsin protease domain 
is essential for the activity of FAM111B. Furthermore, we showed that the FAM111B/GSDMA axis regulates cisplatin 
sensitivity in ESCA.
Conclusions  Overall, we identified a novel FAM111B/GSDMA axis regulating ESCA tumorigenesis and chemosensitivity, 
at least in ESCC cells.
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1  Introduction

Esophageal cancer (ESCA) is a malignant tumor derived 
from the esophageal epithelium. Esophageal squamous 
cell carcinoma (ESCC) is the major histological subtype 
of ESCA and exhibits distinct characteristics [1]. Over 
the past two decades, although the development of new 
cancer treatment models such as targeted therapy and 
immunotherapy has benefited some ESCA patients, the 
overall prognosis of ESCA patients has not been signifi-
cantly improved, and the 5-year survival rate is less than 
20% [2]. Therefore, exploring new treatment strategies 
remains a hot topic in ESCA research. Chemotherapy 
drugs play an irreplaceable role in the first-line treatment 
and postoperative adjuvant therapy of ESCA patients. At 
present, the usual clinical treatments for ESCA patients 
with unresectable or relapsed tumors are cisplatin-based 
chemotherapy regimens [1, 3]. However, patients often 
develop drug resistance, leading to a poor prognosis [4]. 
Therefore, it is necessary to elucidate the molecular mech-
anisms of cisplatin resistance in ESCA to further improve 
the prognosis of patients.

Cisplatin resistance is regulated by complex mechanisms 
in malignant tumor biology, especially the activation of 
tumor-related signaling pathways [5]. However, the factors 
associated with cisplatin resistance in ESCA have not been 
fully elucidated. These factors include the involvement of 
multiple transporters, such as the solute carrier superfamily 
(SLC) [6], copper transporter 1/2 (CTR1/2) [7], and multi-
drug resistance protein subfamily (MPR) membrane trans-
porters [8], in the influx/efflux of platinum agents that can 
induce resistance [9]. Similarly, platinum agents can lead to 
drug resistance through binding and inactivation of related 
proteins, such as glutathione (GSH), methionine, and metal-
lothionein [10]. In addition, the nucleotide excision repair 
(NER) system in tumor cells can induce cisplatin resist-
ance by removing damaged nucleotides and synthesizing 
DNA to reestablish genetic integrity [9, 11]. Other factors 
include apoptosis and autophagy [9]. Therefore, exploring 
the mechanisms of cisplatin resistance in ESCA will aid in 
the development of new therapeutic strategies.

The FAM111B gene is located on human chromosome 
11q12.1 and is characterized as a protein with a trypsin-like 
cysteine/serine peptidase structural domain [12]. Initially, 
Mercier identified mutated FAM111B as the causative gene 
in a rare autosomal dominant disorder called Poikiloderma 
disease by whole-exome sequencing (WES) [13]. With the 
deepening of research, increasing evidence has shown that 
FAM111B can participate in occurrence and development 
as an oncogene or tumor suppressor gene and can thus affect 
prognosis [12, 14–16]. However, the pathological role and 
biological function of FAM111B in ESCA are not clear.

In this study, we found that FAM111B was upregu-
lated in ESCA through bioinformatics analysis in the Gene 
Expression Profiling Interactive Analysis (GEPIA) web tool, 
ENCORI Pan-Cancer Analysis Platform and University of 
Alabama at Birmingham Cancer-The Cancer Genome Atlas 
(UALCAN-TCGA) database. Subsequent studies showed 
that knockdown of FAM111B in ESCA cells attenuated cell 
proliferation and migration. Then, RNA-seq was performed 
for FAM111B and showed that FAM111B silencing sup-
pressed the proteasome signaling pathway, DNA replication 
and DNA damage repair pathways to block tumor growth. 
Furthermore, mass spectrometry indicated that FAM111B 
may bind to GSDMA, and RNA-seq was performed for 
GSDMA, which indicated that GSDMA silencing altered 
the chemical carcinogenesis DNA adduct pathway to sen-
sitize ESCA cells to cisplatin. Therefore, we identified a 
FAM111B/GSDMA axis that modulates cisplatin sensitivity 
to regulate the malignant biological behavior of ESCA cells.

2 � Method and Materials

2.1 � Cell lines and cell culture

The ESCC cell lines KYSE410 (#SC0538, Shanghai, China) 
and TE-1 (#SC0150, Shanghai, China) were purchased from 
Yuchi biology and identified by short tandem repeat (STR) 
profiling. The KYSE410 and TE-1 cells were both cultured 
in RPMI-1640 medium (Gibco, USA) supplemented with 
10% fetal bovine serum (FBS) (AC03L055, Shanghai Lifei 
Lab Biotech, China) and antibiotics. All cell lines were cul-
tured at 37 °C in 5% carbon dioxide.

2.2 � Antibodies and chemical agents

The primary antibodies were used in the study: FAM111B 
(#29407–1-AP, Proteintech, 1:1000 dilution), GSDMA 
(#ab230768, Abcam, 1:1000 dilution), SNAI1 (#13099–1-
AP, Proteintech, 1:1000 dilution), cleaved caspase 3 (#9661, 
Cell Signaling Technology, 1:1000 dilution) and beta actin 
(#66009–1-Ig, Proteintech, 1:5000 dilution). The FAM111B 
and GSDMA shRNAs were purchased from GeneCopoeia 
(USA). The cisplatin (CDDP) was purchased from Med-
ChemExpress (New Jersey, USA). The sequence of shRNAs 
as follows:

shFAM111B #1:

5'-CAC​CGC​GAC​AGA​TTT​CTC​CTC​AAC​TCG​AGT​TGA​
GGA​GAA​ATC​TGT​CGC​-3'; shFAM111B #2:
5'-CAC​CGG​GTG​AGA​CTA​TTG​AAG​GAC​TCG​AGT​
CCT​TCA​ATA​GTC​TCA​CCC​-3'; shGSDMA #1:
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5'-CAC​CGA​AGG​AGA​TGC​AAG​ATC​AAC​TCG​AGT​
TGA​TCT​TGC​ATC​TCC​TTC​-3'; shGSDMA #2:
5'-CAC​CGC​GCC​ATC​CTC​TAT​TTC​GTC​TCG​AGA​CGA​
AAT​AGA​GGA​TGG​CGC​-3'.

2.3 � Co‑immunoprecipitation and western blot 
analysis

For the co-immunoprecipitation (co-IP) experiment, 1 ml of 
RIPA buffer (#P0013, Beyotime, China) was added to ESCA 
cells in a 10 cm dish to lysis, fully blown and placed on ice 
for 30 min. Then, the lysed cells were transferred into a 1.5 ml 
Eppendorf tube and centrifuged at 12,000 × g for 15 min at 
4 °C. After centrifugation, the cell supernatant was carefully 
drawn into a new 1.5 ml Eppendorf tube, incubated with pro-
tein A + G beads (#P2029, Beyotime, China) and a primary 
antibody or IgG (#A7007, Beyotime, China), and shaken at 
4 °C overnight. The next day, the beads were centrifuged at 
3000 rpm for 1 min, the supernatant was carefully discarded 
and repeatedly washed with RIPA buffer for 6 times. Then 
added 60 μl 1 × loading buffer. Finally, the beads containing 
1 × loading buffer were boiled at 100 °C for 10 min.

For the western blotting experiment, the steps of lysing 
ESCA cells were consistent with the co-IP experiment. 
The differences were that the supernatant after centrifuga-
tion was carefully drawn into a new 1.5 ml Eppendorf tube, 
and then an appropriate amount of 5 × buffer was added. 
Next, the cell lysate containing 5 × buffer was boiled at 
100 °C for 10 min. Finally, the boiled protein lysates were 
subjected to electrophoresis by using SDS-PAGE gels. The 
results were measured by Image J software.

2.4 � Tissue microarray and immunohistochemistry 
(IHC)

Tissue microarray specimens (# D081ES01T, China) were 
purchased from Bioaitech, immunostained with FAM111B 
(#29,407–1-AP, Proteintech, 1:200 dilution) and 
GSDMA (#ab230768, Abcam, 1:1000 dilution). Trans-
planted tumors of nude mice immunostained with KI67 
(#27,309–1-AP, Proteintech, 1:5000 dilution), FAM111B 
(#29,407–1-AP, Proteintech, 1:200 dilution), SNAI1 
(#13,099–1-AP, Proteintech, 1:500 dilution) and cleaved 
caspase 3 (#9661, Cell Signaling Technology, 1:400 
dilution). Dyeing intensity was graded/scored by blind 
method. 1 = showed weak staining (100 × magnification), 
but almost no staining (40 × magnification); 2 = showed 
medium staining (40 × magnification); 3 = showed strong 
staining (40 × magnification). The formula: staining inten-
sity × percentage of positive cells to calculate the final 
staining index.

2.5 � Quantitative real‑time PCR (RT‒qPCR) analysis

The RT-qPCR method was reported previously [17]. 
Total cellular RNA was extracted using TRIzol reagent 
(#AG21102, Accurate Biotechnology, Hunan, China). 
Reverse transcription kits (#AG11728, Accurate Biotech-
nology, Hunan, China) and PCR kits (#AG11701, Accu-
rate Biotechnology, Hunan, China) were used for RT-qPCR 
according to the instructions. All values were standardized 
by the corresponding β-actin values, and the 2-ΔΔCt method 
was used to quantify the fold change. The sequence of prim-
ers for RT-qPCR as follows:

FAM111B forward: 5′-GGA​ATG​CCT​CTC​AAG​TGC​
CT-3′;
FAM111B reverse: 5′-CTG​GGA​ATT​GTC​TGG​CGA​
GT-3′;
GSDMA forward: 5′-TAC​AGA​CCC​AGT​GAG​CCC​TA-3′;
GSDMA reverse: 5′-AGC​TGT​CTC​ACT​CGA​AAG​GC-3′;
HUWE1 forward: 5′-CTA​GCC​GCA​TCT​TCG​GGG​-3′;
HUWE1 reverse: 5′-GTG​TAG​TTG​CAC​TGG​GTG​GA-3′;
KDM6A forward: 5′-GTG​GAG​CCT​ACC​AAT​TCC​
CG-3′;
KDM6A reverse: 5′-CGT​ACC​TGT​GCA​ACT​CCT​GT-3′;
MUC16 forward: 5′-AGT​CTC​AGG​GAC​TCT​CTC​GG-3′;
MUC16 reverse: 5′-TGG​TTT​GGG​CAA​AGA​CCA​CT-3′;
SNAIl forward: 5′-CCT​GTC​TGC​GTG​GGT​TTT​TG-3′;
SNAIl reverse: 5′-CTG​AAA​TAG​CTG​CCT​GGG​CT-3′;
β-actin forward: 5′-AAA​GAC​CTG​TAC​GCC​AAC​AC-3′;
β-actin reverse: 5′-GTC​ATA​CTC​CTG​CTT​GCT​GAT-3′;

Data presents as mean ± SD of three independent 
experiments.

2.6 � Transwell assay

ESCA cells were divided into different treatment groups 
after intervention. Different groups of cells diluted by 
serum-free were added to the upper layer of Transwell cham-
ber in 24-well plate (2 × 104 cells per well), and 500 μl of 
15% FBS medium was added to the lower layer, placed in 
37 °C, 5% CO2 incubator for 24 h. The next day, cells were 
washed twice with PBS and fixed with methanol for 30 min, 
then washed twice with PBS. Next, the cells were stained 
with 0.1% crystal violet for 30 min and washed with PBS 
three times. Finally, the results can be obtained by taking a 
photo count.

2.7 � Cell counting Kit‑8 (CCK‑8) assay

The KYSE410 or TE-1 cells were seeded in 96-well plates 
(approximately 104 cells per well) and cultured at 37 °C in 
5% CO2 for 24 h. Divided into different treatment groups, 
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each group repeated at least 3 times. Each well was added 
with 10 μl CCK-8 reagent (#C0037, Beyotime, China) and 
incubated for 1 h. The absorbance values of different groups 
at 450 nm were measured by microplate reader, and the pro-
liferation of different groups could be calculated.

2.8 � Nude mouse xenograft assay

We selected half male and half female nude mice for the 
experiment (gender had no effect on the experimental 
results). BALB/C-nu/nu mice (6 weeks old, 22–24 g) 
were obtained from Hunan SJA Laboratory Animal 
Company, were raised in the animal center of Xiangya 
Hospital, humidity 60 ± 3%, temperature 22 ± 0.5 °C; 
automatic control of light and dark cycle. Food and 
water were freely available. The ESCA cells were sub-
cutaneously injected on the left side of the back of the 
nude mice (about 1 × 107 cells/mouse). The length and 
width of the tumor were measured every 2 days, and 
the volume was calculated by formula (L × W2)/2. The 
drug was administered until the tumor reached about 100 
mm3 (cisplatin, 1 mg/kg, twice a week). The mice were 
euthanized at appropriate time, and subcutaneous tumors 
were collected for further study. All animal experiments 
in this study were approved by the Institutional Animal 
Care and Use Committee (IACUC) of Xiangya Hospital, 
Central South University.

2.9 � RNA sequencing analysis

The KYSE410 cells were transfected with siNC or 
siFAM111B/siGSDMA, and the cells were collected 
after 48 h. The RNA sequencing (RNA-seq) was sub-
sequently performed by Novogene (Beijing, China). In 
short, 1 μg RNA per sample was used as the starting 
material for RNA-seq. The NEBNext Ultra RNA Library 
Prep Kit for Illumina (NEB, USA) was used to gener-
ate sequencing libraries according to the manufacturer's 
instructions, and an index code was added to each sam-
ple to assign sequence attributes. TruSeq PE Cluster Kit 

v3-cBot-HS (Illumina) was used to cluster samples on 
the cBot Cluster Generation System according to the 
manufacturer's instructions. After clustering, the library 
was sequenced on the Illumina Novaseq platform, result-
ing in a paired-end reads of 150 bp. The number of reads 
mapped to each gene was counted using Feature Counts 
v1.5.0-p3. The DESeq2R package (1.16.1) was used for 
differential expression analysis, differentially expressed 
genes (DEGs) were statistically enriched in the KEGG 
pathways through the clusterProfiler R package.

Fig. 1   FAM111B is highly expressed in ESCA. A-C, Differential 
expression analysis of FAM111B between tumor and normal tissues 
by GEPIA web tool, ENCORI Pan-Cancer Analysis Platform and 
UALCAN-TCGA database. *, p < 0.05. D and E, The protein expres-
sion levels of FAM111B in the adjacent non-tumor esophageal tissues 
(n = 20) and ESCA tissues (n = 20) were analyzed by the western blot. 
The protein levels of FAM111B were quantified by the image J soft-
ware. F and G, The IHC staining was performed in the tissue micro-
array of ESCA and normal esophageal tissues by using the FAM111B 
antibodies. H and I, The esophageal normal or cancer cell lines were 
harvested for Western blot and RT-qPCR analysis. Data presents as 
mean ± SD with three replicates. ***, p < 0.001. J, The prognosis 
of FAM111B in ESCA cancer was determined by the GEO dataset 
GSE53622. p value as indicated

◂ Table 1   Characteristics of survey respondents

Features Overall (N = 76)
n (%)

Gender
  Male 57 (75)
  Female 19 (25)

Age group (years)
  18–44 1 (1.32)
  45–54 8 (10.53)
  55–64 27 (35.53)
  65–74 34 (44.74)
  75 or older 6 (7.89)

T infiltrate
  T1 1 (1.32)
  T2 12 (15.79)
  T3 61 (80.26)
  T4 2 (2.63)

Lymphatic metastasis (N)
  N0 66 (86.84)
  N1 6 (7.89)
  N2 4 (5.26)

Stage
  II A 14 (18.42)
  II B 52 (68.42)
  III B 9 (11.84)
  III C 1 (1.32)

Grade
  1 16 (21.05)
  1–2 1 (1.32)
  2 39 (51.32)
  2–3 3 (3.95)
  3 17 (22.37)

Tumor diameter (cm)
  Tumor < 3 1 (1.32)
  3 ≤ Tumor < 7 57 (75.00)
  Tumor ≥ 7 17 (22.37)
  Missing Data 1 (1.32)

Pathological type
  esophageal squamous cell carcinoma 76 (100)
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2.10 � Statistical analysis

The experimental data were expressed as the mean ± SD. 
The sample size (n) for each statistical analysis was provided 
in the legend. p values were calculated using GraphPad 
Prism 5 software. The difference was considered statisti-
cally significant when the p < 0.05.

3 � Results

3.1 � FAM111B is abnormally overexpressed in ESCA

The cancer-related role of FAM111B in ESCA is unclear. 
First, we performed bioinformatics analysis in the GEPIA 
web tool, ENCORI Pan-Cancer Analysis Platform and 
UALCAN-TCGA database, and found that FAM111B 

Fig. 2   Knockdown of FAM111B attenuates the progression of ESCA 
in vitro. A-F, KYSE410 and TE-1 cells were infected with shControl, 
shFAM111B #1, or shFAM111B #2 for 72  h. Cells were collected 
for Western blot analysis (A), RT-qPCR analysis (B), CCK-8 assay 
(C), Transwell assay (D) and angiogenesis (E, F). Data presents as 
mean ± SD with three replicates. **, p < 0.01; ***, p < 0.001. G-L, 

KYSE410 and TE-1 cells were transfected with HA-FAM111B for 
24  h. Cells were collected for Western blot and RT-qPCR analysis 
(G), CCK-8 assay (H), Transwell assay (I, J) and angiogenesis (K, 
L). Data presents as mean ± SD with three replicates. **, p < 0.01; 
***, p < 0.001
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expression was upregulated in ESCA tissues compared to 
nontumor esophageal tissues (Fig. 1A-C). Then, we ana-
lyzed the protein levels of FAM111B in samples derived 
from patients with ESCC. We also found that FAM111B 
was upregulated in ESCC tissues compared with adjacent 
tissues (p < 0.05) (Fig. 1D, E). Moreover, we performed IHC 
staining to measure the protein level of FAM111B in tumor 
tissues and nontumor tissues in a tissue microarray includ-
ing samples from a cohort of patients with ESCC (N = 15). 

Representative images are shown in Fig. 1F. Similar to the 
above findings, FAM111B had a higher expression level in 
ESCC tissues than in nontumor esophageal tissues (Fig. 1G). 
We also noticed that the protein and mRNA expression 
levels of FAM111B in ESCA cell lines were greater than 
those in HET-1A cells, which are derived from normal 
esophageal tissue (Fig. 1H, I). Finally, analyses of the Gene 
Expression Omnibus (GEO) dataset GSE53622 showed 
that ESCA patients (patients were divided into high and 

Fig. 3   Knockdown of FAM111B attenuates the progression of ESCA 
in  vivo. A-E, KYSE410 cells were transfected with indicated shR-
NAs for 72 h. After puromycin selection, cells were subcutaneously 
injected into the nude mice. The tumor image was shown in panel A, 
the tumor mass was shown in panel B, the tumor growth curve was 
shown in panel C. The excised tumors were subjected to IHC stain-
ing of FAM111B (D) or Ki-67 (E). Data presents as mean ± SD with 

six replicates. ***, p < 0.001. F-J, TE-1 cells were transfected with 
indicated shRNAs for 72  h. After puromycin selection, cells were 
subcutaneously injected into the nude mice. The tumor image was 
shown in panel F, the tumor mass was shown in panel G, the tumor 
growth curve was shown in panel H. The excised tumors were sub-
jected to IHC staining of FAM111B (I) or Ki-67 (J). Data presents as 
mean ± SD with six replicates. ***, p < 0.001
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low FAM111B expression groups based on the optimal cut-
off value) with high expression of FAM111B have shorter 
overall survival (OS) time (p = 0.036, Fig. 1J). In addition, 
to further explore the correlation between high expression 
of FAM111B in ESCA patients and clinical prognosis, we 
performed univariate and multivariate Cox regression anal-
yses using the Gene Expression Omnibus (GEO) dataset 
GSE53622. However, the results of the univariate Cox anal-
ysis showed that only ESCA stage (hazard ratio: 2.123, 95% 
CI: 1.152 − 3.912, p = 0.016) was a poor prognostic indicator 
for OS (Fig. S1A). Multivariate Cox analysis showed that 
the expression of FAM111B (hazard ratio: 2.12, 95% CI: 
1.06 − 4. 2, p = 0.033) and ESCA stage (hazard ratio: 3.67, 
95% CI: 1.13 − 11.9, p = 0.03) were poor prognostic indica-
tors for OS (Fig. S1B). Moreover, we collected relevant clin-
icopathological information from 76 ESCC patients in this 
study (Table 1). Together, our results suggest that FAM111B 
is abnormally overexpressed in ESCA.

3.2 � FAM111B promotes the proliferation 
and invasion of ESCA cells

Since the clinicopathological features related to FAM111B 
expression indicated that FAM111B is an oncogenic protein 
in ESCA, we investigated the biological effect of FAM111B 
in ESCA cells. Two different shRNAs were applied to knock-
down FAM111B in KYSE410 and TE-1 cells (Fig. 2A, B). 
The Cell Counting Kit-8 (CCK-8) assay, Transwell assay 
and angiogenesis assay indicated that FAM111B silenc-
ing blocked ESCC cell growth, invasion and angiogenesis 
respectively (Fig. 2C-F). In contrast, overexpression of 
FAM111B enhanced the growth, invasion and angiogenesis 
of ESCC cells (Fig. 2G-L). Moreover, the nude mouse xen-
ograft experiments showed that knockdown of FAM111B 
inhibited the growth of tumors derived from KYSE410 and 
TE-1 cells, and immunohistochemical (IHC) staining of 
nude mouse xenografts showed reduced expression levels of 
FAM111B and a tumor cell proliferation marker (Ki-67) in 

nude mouse xenografts of the shFAM111B group (Fig. 3A-
J). To further validate this conclusion, we injected KYSE410 
cells transfected with shFAM111B or empty vector into the 
inner left thigh of each mouse to generate a lymph node 
metastasis model. The left popliteal lymph nodes were iso-
lated 21 days after injection. The lymph nodes of mice in 
the knockdown FAM111B group were significantly smaller 
than those in the control group (Fig. S1C, D). Then, we 
analyzed the RNA levels of EMT-associated proteins based 
on RNA-seq data of cells with different level of FAM111B, 
and we found that only the RNA level of SNAI1 (also known 
as snail) was decreased after knockdown of FAM111B 
(Fig. S1E), which was further verified by RT-qPCR, Western 
blotting and immunohistochemistry (Fig. S1F-H). Therefore, 
our data indicate that knockdown of FAM111B inhibits the 
progression of ESCA in cells and in mice.

3.3 � FAM111B activates the proteasome signaling 
pathway, DNA replication and DNA damage 
repair pathways in ESCA

To further explore the mechanism of the tumor-promoting 
effect of FAM111B in ESCA, RNA-seq was performed after 
knockdown of FAM111B in KYSE410 cells (Fig. 4A). KEGG 
pathway enrichment analysis showed that FAM111B silenc-
ing suppressed numerous signaling pathways, such as the 
MAPK signaling pathway, proteoglycans in cancer, PI3K-
Akt signaling pathway, and ubiquitin-mediated proteolysis 
pathway in ESCA cells (Fig. 4B). Given that FAM111B is 
reported to degrade p16 to promote the progression of lung 
adenocarcinoma [18], our finding was consistent with previ-
ous reports. On the other hand, gene set enrichment analy-
sis (GSEA) also showed that knockdown of FAM111B was 
involved in the reduction of the proteasome signaling path-
way, nucleotide excision repair signaling pathway, mismatch 
repair signaling pathway, and homologous recombination 
signaling pathway (Fig. 4C). Moreover, we performed GSEA 
of the TCGA-ESCA database to study the pathways in which 
FAM111B was involved, patients were divided into high 
and low FAM111B expression groups based on the median 
value (Fig. 4D). Similarly, we demonstrated that the DNA 
replication signaling pathway, homologous recombination 
pathway, Fanconi anemia pathway, nucleotide excision path-
way, mismatch pathway, and non-homologous end-joining 
pathway had the most prominent positive association with 
FAM111B in ESCA (Fig. 4E). Consistently, GSEA of the 
TCGA-ESCA database showed that differentially expressed 
genes related to FAM111B were involved in the activation 
of the ubiquitin-mediated proteolysis pathway, cell cycle, 
mismatch repair, and homologous recombination signaling 
pathway in ESCA (Fig. 4F). It has been well documented that 

Fig. 4   FAM111B activates the proteasome signaling pathway, DNA 
replication and DNA damage repair pathways in ESCA. A, KYSE410 
cells were infected with shControl or shFAM111B for 72  h. Cells 
were subjected to RNA-seq analysis. B, KEGG pathway enrichment 
analysis indicated that the pathways were changed after knockdown 
of FAM111B in KYSE410 cells. C, GSEA analysis showed proteas-
ome signaling pathway, nucleotide excision repair pathway, mismatch 
repair pathway, and homologous recombination pathway were acti-
vated by knocking down FAM111B in KYSE410 cells. D, Heatmap 
to show the differentially expressed genes between the FAM111B-
high and FAM111B-low expression groups. E, Pathway enrichment 
analysis of the TCGA-ESCA database. F, GSEA enrichment analysis 
of the TCGA database

◂

351



H. Wang et al.

1 3

the DNA replication signaling pathway and cell cycle pathway 
represent tumor growth ability. Meanwhile, the homologous 
recombination pathway, Fanconi anemia pathway, nucleotide 
excision pathway, mismatch pathway, and non-homologous 
end-joining pathway are all involved in DNA damage repair. 
Thus, our results showed that FAM111B plays an important 
role in modulating the proteasome signaling pathway, DNA 
replication and DNA damage repair pathways in ESCA.

3.4 � FAM111B interacts with GSDMA and degrades 
GSDMA expression in ESCA

Since downregulation of FAM111B is important for the pro-
gression of ESCA, the regulatory mechanism of FAM111B 
in ESCA is worthy of further study. We performed mass 
spectrometry to identify the potential binding partners of 
FAM111B, revealing that FAM111B may bind to GSDMA 
(Fig. 5A). This finding was confirmed by immunoprecipita-
tion in both KYSE410 and TE-1 cells (Fig. 5B). We further 
evaluated the relationship between FAM111B and GSDMA 
in ESCA cells after knocking down FAM111B. We found 
that FAM111B silencing increased the protein level of 
GSDMA and had no effect on the mRNA level of GSDMA 
in ESCA cells (Fig. 5C, D). In contrast, overexpression of 
FAM111B reduced the level of GSDMA protein in ESCA 
cells and had no effect on the mRNA level (Fig. 5E, F). 
Moreover, we designed a plasmid that removed the peptidase 
domain of the FAM111B gene (HA-FAM111B ∆TPD) and 
found that HA-FAM111B ∆TPD had no effect on the protein 
level of GSDMA in either KYSE410 or TE-1 cells (Fig. 5G-
I). We also measured the protein levels of FAM111B and 
GSDMA in an ESCA tissue microarray by IHC (Fig. 5J, 
K). Our results indicated that FAM111B expression was 
negatively correlated with GSDMA expression. Together, 
these findings support that FAM111B is a binding partner 
of GSDMA and degrades GSDMA in ESCA cells. More 
importantly, the trypsin protease domain is essential for the 
activity of FAM111B in ESCA cells.

3.5 � The downregulation of GSDMA promotes 
the proliferation and invasion of ESCA cells

Then, we studied the biological role of GSDMA in ESCA 
cells. First, RNA-seq was performed after knockdown of 
GSDMA in KYSE410 cells (Fig. 6A). KEGG pathway 
enrichment analysis of the RNA-seq database showed 
that knockdown of GSDMA activated numerous cellular 
processes and signaling pathways (Fig. 6B). Among them, 
the chemical carcinogenesis DNA adduct pathway and 
drug metabolism-other enzymes pathway were activated 
after GSDMA silencing (Fig. 6B), which was opposite 
to FAM111B (Fig. 4E). The expression level of GSDMA 
was decreased after transfection with GSDMA-specific 

shRNAs (Fig.  6C, D). We showed that knockdown of 
GSDMA promoted cancer cell invasion and proliferation 
by Transwell assay and CCK-8 assay in both KYSE410 
and TE-1 cells (Fig. 6E, F). We further found that co-trans-
fection of cells with shGSDMA and shFAM111B attenu-
ated the induction of cancer cell proliferation and invasion 
mediated by knockdown of FAM111B alone (Fig. 6G-I). 
Moreover, the nude mouse xenograft experiments showed 
that co-transfection of shGSDMA and shFAM111B in 
KYSE410 cells attenuated the proliferation of tumors 
mediated by knockdown of FAM111B alone (Fig. S2A, 
B). On the other hand, transfection of KYSE410 and TE-1 
cells with HA-FAM111B plasmids did not further enhance 
the cell proliferation and invasion abilities compared to 
knockdown of GSDMA alone (Fig. 6J, K). Together, our 
data suggest that knockdown of GSDMA promotes the 
proliferation and invasion of ESCA cells and that GSMDA 
contributes to mediating the cancer-related function of 
FAM111B in ESCA.

3.6 � The FAM111B/GSDMA axis regulates 
the sensitivity of ESCA cells to cisplatin

Next, we searched for genes commonly regulated by both 
FAM111B and GSDMA through RNA-seq analysis, and 
the results are shown in Fig. 7A, B, C. Seventeen genes 
(ERLIN1, DUT, ACKR3, GBP1, ZFHX3, LUZP1, CBL, 
KDM6A, AGO2, SCAF4, MUC16, ACTG1, HUWE1, 
B3GALT5, SPEN, CCN2, NAV2) were regulated by both 
FAM111B and GSDMA in KYSE410 cells. The above 
results indicated that drug metabolism-associated path-
ways are commonly modulated by FAM111B and GSDMA 
(Fig. 4E and 6B). Given that cisplatin is the major agent 
for the chemotherapy of ESCA, dysregulation of DNA 
damage repair associated pathways is involved in regulat-
ing the ESCA cells to cisplatin. Our results also demon-
strated that FAM111B was closely correlated with the acti-
vation of DNA damage repair pathways (Fig. 4B, 4C, 4E, 
4F). Notably, previous studies have shown that three genes 
(HUWE1, KDM6A and MUC16) commonly regulated by 
FAM111B and GSDMA are associated with cisplatin resist-
ance [19–21]. Thus, we investigated whether the FAM111B/
GSDMA axis regulates the sensitivity of ESCA cells to cis-
platin. First, we demonstrated that HUWE1, KDM6A and 
MUC16 were regulated by FAM111B and GSDMA in both 
TE-1 and KYSE410 cells (Fig. 7D). Then, we showed that 
knockdown of FAM111B enhanced the sensitivity of TE-1 
and KYSE410 cells to cisplatin, but inhibition of GSDMA 
increased the IC50 values of cisplatin in TE-1 and KYSE410 
cells (Fig. 7E). We also indicated that depletion of GSDMA 
attenuated the change in cisplatin IC50 values induced by 
knockdown of FAM111B in both KYSE410 and TE-1 cells 
(Fig. 7E). Then, we showed that knockdown of FAM111B 
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Fig. 5   FAM111B interacts with GSDMA and decreases GSDMA 
expression in ESCA. A, The mass spectrometry results showed that 
FAM111B and GSDMA were bound to each other. B, KYSE410 and 
TE-1 cells were harvested and immunoprecipitated with IgG and 
FAM111B or GSDMA antibodies. C and D, KYSE410 and TE-1 
cells were infected with indicated shRNAs for 72 h. Cells were har-
vested for Western blot (C) and RT-qPCR analysis (D). Data pre-
sents as mean ± SD with three replicates. Ns, not significant. E and 
F, KYSE410 and TE-1 cells were transfected with HA-FAM111B 

for 24 h. Cells were collected for Western blot analysis (E) and RT-
qPCR analysis (F). Data presents as mean ± SD with three replicates. 
Ns, not significant. G, The structure difference of FAM111B and 
FAM111B ∆TPD. H and I, KYSE410 and TE-1 cells were trans-
fected with indicated HA-FAM111B/HA-FAM111B ∆TPD plasmids 
for 48 h. Cells were collected for Western blot analysis. Ns, not sig-
nificant. ***, p < 0.001. J and K, The IHC staining was performed in 
the tissue microarray of ESCA by using the FAM111B and GSDMA 
antibodies
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increased the cleaved caspase 3 levels compared to those in 
the control group in KYSE410 and TE-1 cells after cispl-
atin treatment. Knockdown of GSDMA reduced the cleaved 
caspase 3 levels compared to those in the control group in 
KYSE410 and TE-1 cells after cisplatin treatment (Fig. S2C, 
D). Moreover, co-knockdown of FAM111B and GSDMA 
attenuated the changes in cleaved caspase 3 compared to 
knockdown of FAM111B alone in KYSE410 and TE-1 
cells after cisplatin treatment (Fig. S2C, D). Subsequent in 
vivo cell proliferation studies showed that knockdown of 
GSDMA blocked FAM111B-mediated regulation of the sen-
sitivity of ESCA cells to cisplatin (Fig. 7F-H). In addition, 
IHC staining assay by detecting cleaved caspase 3 in nude 
mice transplanted tumors also showed that GSDMA dimin-
ished the effect of FAM111B on regulating the apoptosis 
induced by cisplatin treatment (Fig. S2E, F). In conclusion, 
our results suggest that FAM111B regulates the sensitivity 
of ESCA cells to cisplatin via GSDMA.

4 � Discussion

Cisplatin is the main agent in ESCA chemotherapy. There-
fore, exploring the underlying mechanism that regulates the 
sensitivity of ESCA cells to cisplatin is important for pro-
longing the survival time of patients with ESCA. Previous 
studies have shown that HUWE1 can enhance the toxicity 
of platinum drugs to cells through the DNA damage repair 
pathway [19, 22]. Our results also proved that FAM111B 
is closely related to the activation of DNA damage repair 
pathways in the RNA-seq analysis of ESCA cells. He et al. 
found that KDM6A acts as a demethylating enzyme to 
degrade H3K27me3, which in turn leads to resistance to 
cisplatin in osteosarcoma [20]. In addition, studies have 
shown that patients with elevated expression of MUC16 in 
lung cancer, gastric cancer, ovarian cancer and prostate can-
cer exhibit resistance to cisplatin [21, 23–25]. Interestingly, 
our study showed that knockdown of FAM111B reduced 
the mRNA levels of HUWE1, KDM6A and MUC16 in 
ESCA cells. However, knocking down GSDMA led to the 

opposite results. Therefore, we further explored the rela-
tionship between the FAM111B/GSDMA axis and cisplatin 
in KYSE410 and TE-1 cells. We found that knockdown of 
FAM111B improved sensitivity to cisplatin, while inhi-
bition of GSDMA increased the IC50 values of cisplatin 
in ESCA cells, and depletion of GSDMA attenuated the 
change induced by knockdown of FAM111B. Subsequent 
nude mouse xenograft experiments also demonstrated that 
depletion of GSDMA attenuated the FAM111B-mediated 
regulation of cisplatin sensitivity in ESCA cells. Our results 
revealed that the FAM111B/GSDMA axis was critical for 
the sensitivity of ESCA cells to cisplatin. However, the 
cancer-related function and associated mechanism of the 
FAM111B/GSDMA axis should be studied in the future.

Pyroptosis, a novel inflammatory form of programmed 
cell death, is mediated by pore-forming proteins, such as 
gasdermin family proteins (GSDMs). Recent studies sug-
gest that the role of pyroptosis in tumor progression is con-
troversial. On the one hand, inducing pyroptosis can kill 
tumor cells, but the resulting inflammatory environment can 
promote tumor proliferation and metastasis [26]. However, 
the association between pyroptosis and ESCA is poorly 
understood. GSDMs are pore-forming proteins, mainly 
gasdermins A-E and pejvakin [27]. GSDMD was originally 
discovered as a downstream effector of the inflammasome 
by Shi et al. Upon caspase cleavage, GSDMD releases the 
gasdermin-N and gasdermin-C structural domains. The 
gasdermin-N structural domain binds to membrane phos-
pholipids, which in turn disrupts membrane permeability 
and leads to cell swelling [28]. In addition to GSDMD, 
other members of the GSDM family can also penetrate cell 
membranes and activate pyroptosis [29]. Gasdermin A par-
ticipates in the apoptosis of tumor cells by regulating mito-
chondrial homeostasis, which in turn regulates tumor devel-
opment [30]. SpeB, a streptococcal protease, can induce cell 
pyroptosis by lysing human GSDMA and murine GSDMA 
[31]. Furthermore, pyroptosis-induced inflammation can 
act synergistically with checkpoint blockade to induce anti-
tumor immunity [32, 33]. Here, we showed that GSDMA 
suppressed the progression of ESCA, which might be medi-
ated by pyroptosis. However, we did not further explore the 
relationship between GSDMA and pyroptosis in this study. 
In future exploration, we will focus on the specific role and 
related molecular mechanisms of GSDMA and pyroptosis 
in the progression of ESCA.

FAM111B is a protein containing the structural domain of a 
trypsin-like cysteine/serine peptidase [12]. With the deepening 
of research, increasing evidence shows that aberrant expression 
of FAM111B is closely related to tumorigenesis and tumor 
progression [14, 16]. Kawasaki et al. found that FAM111B 
enhances the proliferation and migration of lung adenocarci-
noma cells by degrading p16 [18], our findings indicate that 
FAM111B can regulate the progression of ESCA by degrading 

Fig. 6   The downregulation of GSDMA promotes the proliferation 
and invasion of ESCA cells. A, KYSE410 cells were infected with 
shControl or shGSDMA for 72 h. Cells were subjected to RNA-seq 
analysis.  B, KEGG pathway enrichment analysis indicated that the 
pathways were changed after knockdown of GSDMA in KYSE410 
cells. C-F, KYSE410 and TE-1 cells were infected with shControl, 
shGSDMA #1, or shGSDMA #2 for 72  h. Cells were collected for 
Western blot analysis (C), RT-qPCR analysis (D), Transwell assay 
(E) and CCK-8 assay (F). Data presents as mean ± SD with three rep-
licates. **, p < 0.01; ***, p < 0.001. G-M, KYSE410 and TE-1 cells 
were transfected with indicated constructs for 72 h or 24 h. Cells were 
collected for Western blot analysis (G, J), Transwell assay (H, L) and 
CCK-8 assay (I, M). Data presents as mean ± SD with three repli-
cates. Ns, not significant. ***, p < 0.001
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GSDMA and the trypsin protease domain is essential for the 
activity of FAM111B, which is consistent with previous report. 
In this study, we found that FAM111B is abnormally highly 
expressed in ESCA. Subsequently, in vitro and in vivo experi-
ments showed that knockdown of FAM111B inhibited the 
growth and lymph node metastasis of ESCC cells. We need 
more experiments to show whether knockdown of FAM111B 
can inhibit the liver or lung metastasis of ESCC cells. Moreo-
ver, we performed univariate and multivariate Cox analyses of 
FAM111B expression in ESCA with the TCGA-ESCA data-
set. Although the result of univariate COX analysis of the GEO 
dataset GSE53622 did not support FAM111B expression as 
an independent risk predictor in ESCA, we still believe that 
abnormal FAM111B expression has some value in the evalu-
ating clinical prognosis and deciding on a treatment strategy 
for ESCA patients, and we hope to support our finding through 
more investigations in the future.

Studies on FAM111B gene mutations have mainly 
focused on hereditary-related diseases and have shown that 
autosomal dominant mutations in the FAM111B gene can 
lead to hereditary fibrosing poikiloderma with tendon con-
tractures, myopathy, and pulmonary fibrosis (POIKTMP) 
[34, 35]. The POIKTMP mutation is in the hinge or enzyme 
domain within the FAM111B cluster [36]. Arowolo et al. 
showed that mutations in the protease domain of FAM111B 
have a more severe disease phenotype than those in the 
hinge [37]. However, Sandra et al. showed that FAM111B 

mutation is associated with increased susceptibility to pan-
creatic cancer [15], suggesting that the FAM111B mutation 
may promote cancer formation. Recent studies have found 
that disease-related mutations in FAM111B cause excessive 
activation [38], indicating that tumorigenesis may be due to 
dysfunctional protease activity. Our findings suggest that 
FAM111B is aberrantly overexpressed in ESCA and that 
FAM111B can activate the proteasome signaling pathway, 
DNA replication and DNA damage repair pathways to par-
ticipate in the development of ESCA as an oncogene. How-
ever, more experiments are needed to prove whether there is 
a highly mutated FAM111B in ESCA. In future studies, we 
will focus on this issue and explore the correlation between 
highly mutated FAM111B and ESCA progression and cispl-
atin resistance. Overall, the shortcoming of this study is that 
due to the limitation of clinical samples, we only used ESCC 
cell lines (KYSE410 and TE-1) and ESCC tissues to prove 
our hypothesis. In the future, we will explore the association 
of FAM111B with esophageal adenocarcinoma, as well as 
other types of esophageal tumors, and continue to investigate 
the relationship between the FAM111B/GSDMA axis and 
ESCA progression. In addition, we will pay more attention 
to the relationship between the FAM111B/GSDMA axis 
and the proteasome signaling pathway, DNA replication 
and DNA damage repair pathways and pyroptosis in ESCA 
development and treatment.

Collectively, we demonstrated that FAM111B 
is overexpressed in ESCA. Then, we found that 
knockdown of FAM111B inhibits the progression of 
ESCC cells. Moreover, analysis of FAM111B RNA-
seq data indicated that FAM111B can activate the 
proteasome signaling pathway, DNA replication 
and DNA damage repair pathways to participate in 
the development of ESCA. Furthermore, FAM111B 
interacts with GSDMA and regulates its stability. More 
importantly, we revealed that the trypsin protease 
domain is essential for the activity of FAM111B. 
Subsequently, our data suggest that knockdown of 
GSDMA promotes the proliferation and invasion of 
ESCA cells. Moreover, analysis of GSDMA RNA-
seq data indicated that GSDMA silencing altered the 
chemical carcinogenesis DNA adduct pathway. Finally, 
we showed that FAM111B regulates the sensitivity of 
ESCA cells to cisplatin via GSDMA. In summary, we 
identified a novel FAM111B/GSDMA axis modulating 
the tumorigenesis and chemosensitivity of ESCA 
(Fig. 8), at least in ESCC cells.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13402-​023-​00871-0.
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Fig. 7   The FAM111B/GSDMA axis regulates the sensitivity of 
cisplatin in ESCA. A-C, The genes intersection of the RNA-seq of 
FAM111B and GSDMA. D, KYSE410 and TE-1 cells were trans-
fected with indicated constructs for 72 h or 24 h. Cells were collected 
for RT-qPCR analysis. Data presents as mean ± SD with three repli-
cates. Ns, not significant; **, p < 0.01; ***, p < 0.001. E, TE-1 and 
KYSE410 cells were infected with indicated shRNAs for 72 h. Then, 
these cells were treated with cisplatin and harvested for CCK-8 assay. 
F and G, TE-1 cells were transfected with indicated shRNAs for 72 h. 
Cells were collected and subcutaneously injected into the nude mice. 
These mice were treated with or without cisplatin. The tumor growth 
curve was shown in panel G and H. Data presents as mean ± SD with 
six replicates. ***, p < 0.001
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Fig. 8   A model depicting that FAM111B degrades GSDMA to tumo-
rigenesis and chemosensitivity of ESCA
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