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Abstract: Enhanced aerobic glycolysis contributes to the metastasis of pancreatic cancer metastasis, but the mech-
anism underlying the abnormal activation of glycolysis has not been fully elucidated. The E3 ligase tripartite motif 16 
(TRIM16) is involved in the progression of many cancers. However, the role of and molecular mechanism by which 
TRIM16 acts in pancreatic cancer are unclear. In this study, we report that TRIM16 was significantly upregulated in 
pancreatic cancer tissues, and high expression of TRIM16 was associated with poor prognosis in patients with pan-
creatic cancer. Multivariate analyses showed that TRIM16 was an independent predictor of poor outcomes among 
patients with pancreatic cancer. In addition, in vitro and in vivo evidence showed that TRIM16 promoted pancreatic 
cancer cell metastasis by enhancing glycolysis. Furthermore, we revealed that TRIM16 controlled glycolysis and 
pancreatic cancer cell’s metastasis by regulating sine oculis homeobox 1 (SIX1), an important transcription fac-
tor that promotes glycolysis. TRIM16 upregulated SIX1 by inhibiting its ubiquitination and degradation, which was 
mediated by NF-κB-inducing kinase (NIK), an upstream regulator of SIX1. Hence, NIK inhibitor can suppress SIX1 
expression, glycolysis and metastasis in TRIM16-overexpressing pancreatic cancer cells. Mechanistic investigations 
demonstrated that TRIM16 competed with NIK’s E3 ligase, TNF receptor-associated factor 3 (TRAF3), at the ISIIAQA 
sequence motif of NIK, and then stabilized NIK protein. Our study identified the TRIM16-NIK-SIX1 axis as a critical 
regulatory pathway in aerobic glycolysis and pancreatic cancer metastasis, indicating that this axis can be an excel-
lent therapeutic target for curing pancreatic cancer.
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Introduction

Pancreatic cancer is one of the most lethal 
malignancies worldwide [1]. Although the inci-
dence of pancreatic cancer is not high, it is 
associated with extremely high mortality [2]. 
Despite developments in the detection and 
management of pancreatic cancer, the 5-year 
survival rate of patients is dismal (less than 
9%) [3]. Most pancreatic cancer patients are 
diagnosed at an advanced stage, when most 
treatment regimens are ineffective [3]. Tumor 
metastasis is the leading cause of therapy  
failure in patients with pancreatic cancer. 

According to clinical experience and a review of 
the literature, distant metastasis occurs in  
90% of deaths [4]. One obstacle underlying the 
treatment of pancreatic cancer is our limited 
understanding of metastasis. Therefore, novel 
approaches or targets are urgently needed to 
improve treatments that will prevent the distal 
metastasis of pancreatic cancer.

Aerobic glycolysis, also known as the Warburg 
effect, is a hallmark of cancer [5]. Enhanced 
glycolysis is found in many human cancers, and 
tumor tissues exhibit increased glucose uptake 
and the overexpression of many glycolytic 
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enzymes, such as glucose transporter 1 
(GLUT1), hexokinase 2 (HK2), phosphoglycer-
ate kinase 1 (PGK1) and lactate dehydroge-
nase A (LDHA) [6]. Studies have confirmed that 
enhanced glycolysis promotes proliferation, 
EMT, invasion, metastasis and chemotherapy 
resistance in many cancers [7]. Abnormal gly-
colytic metabolism also plays an important role 
in the invasion and metastasis of pancreatic 
cancer [8]. Due to the distinctive glucose 
metabolism associated with carcinogenesis 
and cancer progression, glycolysis can be 
regarded as an attractive target that shows 
high selectivity for cancer cells. For example, 
scientists have developed a small molecule 
inhibitor, WZB117, that targets GLUT1, and its 
feasibility and effect in repressing glycolysis 
and tumors have been extensively tested in 
vitro and in vivo [9]. In addition, the PGK1 in- 
hibitor CBR-470-1 and the LDHA inhibitor FX11 
significantly inhibit glycolysis and tumor pro-
gression [10, 11]. Moreover, these inhibitors 
also show a synergistic antitumor effect when 
administered in combination with other agents. 
However, glycolysis is under sophisticated con-
trol, and most therapeutic strategies being 
developed to target glycolysis in cancer are 
generally for a single rate-limiting enzyme, indi-
cating that more-elaborate studies are needed 
to determine the mechanism underlying the 
abnormal activation of glycolysis and to identify 
agents that extensively inhibit glycolysis.

Increasing evidence shows that oncogenes  
and tumor suppressors regulate altered glu-
cose metabolism [12]. The oncoprotein sine 
oculis homeobox 1 (SIX1) is an important tran-
scription factor that regulates the process of 
glycolysis, which directly promotes the expres-
sion of several glycolytic enzymes, such as 
GLUT1, HK2, PGK1 and LDHA [13]. SIX1 
belongs to the PAX-SIX-EYA-DACH Network 
(PSEDN), which orchestrates the development 
of multiple organs in mammals [14]. Recently, 
increasing evidence has shown that SIX1 is 
dysregulated in cancer and plays a key role in 
the tumorigenesis of various human cancers, 
including breast cancer, hepatocellular carci-
noma and colorectal cancer [15]. In pancreatic 
cancer, SIX1 drives tumor growth and metasta-
sis [16, 17]. Various factors, especially noncod-
ing RNAs, can regulate SIX1 expression via 
posttranscriptional mechanisms and are in- 

volved in the regulation of cancer progression 
[18, 19]. NF-κB-inducing kinase (NIK, also 
known as MAP3K14) is also a regulator of  
SIX1, and SIX1 is upregulated in differentiated 
macrophages by the NIK-mediated suppres-
sion of the ubiquitin proteasome pathway [20]. 
Although increased SIX1 levels contribute to 
the aerobic glycolysis and metastasis of pan-
creatic cancer, the upstream regulatory mecha-
nisms of SIX1 remain unclear.

It is well known that the dysregulation of onco-
gene proteins is closely related to ubiquitin 
proteasome-mediated degradation [21]. The 
substrate to be degraded is ubiquitinated, and 
then the proteasome cleaves it. Ubiquitination 
requires the sequential action of three enzym- 
es: a ubiquitin-activating enzyme (E1), ubiqui-
tin-conjugating enzymes (E2) and a ubiquitin 
ligase (E3) [22]. As a substrate interaction mod-
ule, E3 ubiquitin ligases are the most heteroge-
neous and have attracted great attention. 
Tripartite motif 16 (TRIM16), an E3 ubiquitin 
ligase belonging to the tripartite motif (TRIM) 
protein family (a RING-type E3 ubiquitin ligase 
subfamily), mediates the ubiquitination of its 
target proteins and tags them for degradation 
[23]. TRIM16 harbors two B-box domains, a 
coiled-coil domain and a C-terminal domain 
called SPRY. TRIM16 is devoid of a typical RING 
domain, and the B box domains are important 
for its E3 ligase activity [24]. Previous studies 
have defined the functions of TRIM16 in various 
biological processes, such as cell proliferation, 
cell cycle regulation, differentiation, apoptosis 
and autophagy [25]. Nevertheless, its effect in 
cancer is controversial. TRIM16 has been 
ascribed both tumor-suppressive and oncogen-
ic roles in different types of tumors. In neuro-
blastoma, TRIM16 is identified as a DNA-
binding protein with histone acetylase activity 
that suppresses neuroblastoma cell growth 
and reduces tumorigenicity in vivo [26]. TRIM16 
also inhibits cell growth and migration in ovari-
an cancer and breast cancer [27, 28]. On the 
other hand, a study demonstrated that TRIM16 
was upregulated in colon cancer tissues and 
cell lines and that silencing TRIM16 could inhib-
it the viability of colon cancer cells [29]. In gas-
tric cancer, the expression of TRIM16 was 
increased in distant metastases, and the 
upregulation of TRIM16 could promote cell 
invasion and migration [30]. The expression 
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and role of TRIM16 in pancreatic cancer have 
not yet been reported. Importantly, we observed 
that the expression of TRIM16 mRNA was ele-
vated in pancreatic cancer tissues included in 
The Cancer Genome Atlas (TCGA) dataset 
(Supplementary Figure 1A). These data sug-
gested that TRIM16 may play a role in pancre-
atic cancer progression. However, the molecu-
lar function of TRIM16, its target protein sub-
strates, and its clinical significance in pancre-
atic cancer are unclear.

In this study, we aimed to determine the role of 
TRIM16 in the progression of pancreatic can-
cer. We further explored the mechanism of 
abnormally high expression of SIX1 in pancre-
atic cancer and found that TRIM16 positively 
regulated SIX1 expression by upregulating NIK. 
Furthermore, we elucidated that the molecular 
mechanism by which TRIM16 upregulates NIK 
was independent of its ubiquitin ligase activity. 
Our work identified an interplay among these 
proteins that promotes pancreatic cancer 
metastasis by enhancing aerobic glycolysis.

Materials and methods

Detailed methods and materials of this manu-
scription are provided in the Supplementary 
Information.

Animal studies

Animal studies were performed in accordance 
with the Guide for the Care and Use of 
Laboratory Animals published by the US 
National Institutes of Health (Publication No. 
85-23, revised 1996) and approved by the 
Animal Ethics Committee of Nanchang Univer- 
sity. 

Statistical analysis

All results are shown as the mean ± SD and 
were analyzed using GraphPad Prism 8 
(GraphPad Software, USA) from at least three 
independent experiments. Two-tailed unpaired 
Student’s t test was used for analyzing the 
comparison between the two groups and one-
way ANOVA was used for analyzing the com- 
parison among multiple groups. Chi-square 
tests were used for analyzing the counting 
data. P values were two-sided, and differences 
were considered statistically significant at 
P<0.05. *P<0.05, **P<0.01, ***P<0.001.

Results

TRIM16 is highly expressed in pancreatic 
cancer tissues and is closely associated with 
a poor prognosis in patients with pancreatic 
cancer

To reveal the role of TRIM16 in the progression 
of pancreatic cancer, we initially explored the 
expression patterns of TRIM16 in 42 pancreat-
ic cancer tissues and compared them with 
those in adjacent normal tissues. RT-qPCR 
results showed that the mRNA expression of 
TRIM16 in fresh pancreatic cancer tissues was 
higher than that in corresponding normal tis-
sues (Figure 1A and 1B). We further examined 
the protein expression of TRIM16 in pancreatic 
cancer tissues by using western blotting. 
Consistent with the RT-qPCR results, the pro-
tein level of TRIM16 was also higher in pancre-
atic cancer tissues than in normal tissues 
(Figure 1C and 1D). In addition, we used immu-
nohistochemistry (IHC) to detect the protein 
expression of TRIM16 in 96 pancreatic cancer 
samples. As shown in Figure 1E and 1F, aber-
rant TRIM16 expression occurred in pancreatic 
cancer tissues, whereas a weak positive signal 
was detected in corresponding normal tissues. 
These results revealed that TRIM16 is highly 
expressed in pancreatic cancer tissues.

Next, to determine whether TRIM16 might be 
an effective target for predicting pancreatic 
cancer patient survival, we analyzed the rela-
tionship between the expression of TRIM16 
and prognostic factors in 96 pancreatic cancer 
patients (Supplementary Table 1). The data 
showed no significant association between 
TRIM16 expression and age, sex, tumor size or 
CEA level in pancreatic cancer patients, but 
high expression of TRIM16 was significantly 
correlated with vessel invasion (P<0.001), 
lymph node metastasis (P<0.001) and TNM 
stage (P = 0.001). Furthermore, we found that 
the overall survival (OS) and disease-free sur-
vival (RFS) of pancreatic cancer patients with 
high TRIM16 protein expression were signifi-
cantly poorer than in those with low TRIM16 
protein expression (Figure 1G and 1H). We 
additionally analyzed the relationship between 
TRIM16 mRNA expression and pancreatic can-
cer patient survival time included in The Cancer 
Genome Atlas (TCGA) database. The results 
showed that the cumulative survival rate was 
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significantly lower in pancreatic cancer patients 
with high TRIM16 mRNA expression than in 
those with low TRIM16 mRNA expression 

(Supplementary Figure 1B and 1C). Multivariate 
Cox regression analysis further revealed that 
high TRIM16 expression was an independent 

Figure 1. High TRIM16 expression correlates with poor prognosis in pancreatic cancer patients. (A, B) Determina-
tion and quantification of TRIM16 mRNA levels in pancreatic cancer tissues and paired normal tissues by qRT-PCR 
(*P<0.05). (C, D) Determination and quantification of TRIM16 protein levels in pancreatic cancer tissues and paired 
normal tissues by western blotting (*P<0.05). (E, F) Representative image (E) and quantification (F) of IHC stain-
ing of TRIM16 in pancreatic cancer tissues and paired normal tissues. Magnification, 100 ×, scale bar, 200 μm; 
magnification, 400 ×, scale bar, 50 μm. **P<0.01. (G, H) Kaplan-Meier plots representing probabilities of overall 
survival and disease-free survival in 96 pancreatic cancer patients according to expression level of TRIM16. Statisti-
cal analysis was conducted using Student’s t-test and Log Rank test.
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predictor of poor survival in patients with pan-
creatic cancer (Supplementary Table 2). Taken 
together, our data suggest that TRIM16 may be 
involved in the progression of pancreatic 
cancer.

TRIM16 promotes the metastasis of pancre-
atic cancer cells in vitro and in vivo

As shown in Supplementary Table 1, the high 
expression of TRIM16 was related to TNM 
stage, lymph node metastasis and vessel inva-
sion, and we speculated that TRIM16 might be 
involved in regulating pancreatic cancer cell 
metastasis. To prove our conjecture, we were 
going to knock down the expression of TRIM16 
in pancreatic cancer cells and detect biological 
changes in the cells. Firstly, we screened sev-
eral shRNAs targeting TRIM16 (Supplementary 
Figure 2A and 2B) and used the shRNA 
(shTRIM16-c) with the best effect of knockdown 
to conduct experiments. Then, we transfected 
two pancreatic cancer cell lines exhibiting high 
endogenous TRIM16 expression (AsPC-1 and 
BxPC-3) with shTRIM16 plasmids to knock 
down TRIM16 expression (Figure 2A-C). We 
found that TRIM16-silenced cells showed a sig-
nificantly lower in vitro invasive capacity than 
shNC-transfected cells (Figure 2D and 2E). 
Consistently, RTCA assay data also showed 
that downregulation of TRIM16 suppressed 
AsPC-1 and BxPC-3 cell migration (Figure 2F 
and 2G). Besides, we used another shRNA tar-
geting TRIM16 (shTRIM16-b) to carry out key 
silencing experiments. The results showed that 
shTRIM16-b can significantly reduce the 
expression of TRIM16 and inhibit the invasion 
and migration of pancreatic cancer cells 
(Supplementary Figure 2C-H). To exclude the 
off-target effect, we conduct rescue experi-
ments, we generated a TRIM16 cDNA harbor- 
ing silent mutations in the shRNA-targeting 
sequence that made the mRNA insensitive to 
this shRNA. Rescue experiments showed that 
shRNA-resistant-TRIM16 significantly restored 
and stabilized the expression of TRIM16 in 
BxPC-3 cells with TRIM16 interference, and 
cell’s migration was also restored (Supple- 
mentary Figure 2I-L). In contrast, we increased 
the TRIM16 level by transfecting a TRIM16 
overexpression plasmid into PANC-1 and 
CaPan-1 cells (Supplementary Figure 3A and 
3B). Compared with the control cells transfect-
ed with vector plasmid, the invasion ability of 

TRIM16-overexpressing cells was enhanced 
(Supplementary Figure 3C and 3D). RTCA 
assays also demonstrated that the upregula-
tion of TRIM16 enhanced the migratory ability 
of both pancreatic cancer cell lines (Supple- 
mentary Figure 3E and 3F). Our data confirmed 
that TRIM16 promoted the migration and inva-
sion of pancreatic cancer cells in vitro.

Next, we further examined the effect of altered 
TRIM16 expression on pancreatic cancer 
metastasis in vivo. Control cells and TRIM16-
silenced cells were injected into the tail veins of 
BALB/c nude mice, and we found that knocking 
down TRIM16 significantly reduced the inci-
dence of liver metastasis (Figure 2H and 2I). 
Additionally, H&E-stained serial liver sections 
revealed that decreasing TRIM16 markedly 
suppressed experimental liver metastasis 
(Figure 2J). However, the overexpression of 
TRIM16 increased the liver metastasis of pan-
creatic cancer (Supplementary Figure 3G-I). 
These data collectively indicate that TRIM16 
promotes the metastasis of pancreatic cancer 
cells in vivo.

Glycolysis is crucial for the pro-metastatic 
function of TRIM16

To determine the mechanism by which TRIM16 
influences the metastasis of pancreatic cancer 
cells, we used iTRAQ to find global changes in 
the proteome when TRIM16 was knocked down 
in BxPC-3 cells. KEGG analysis revealed that 
the top downregulated gene set in TRIM16-
silenced cells was associated with glycolysis 
(Figure 3A). Many studies and our previous 
study have shown that glycolysis can promote 
cancer cell metastasis [8, 9]. Therefore, we fur-
ther evaluated whether TRIM16 could modu-
late the glycolytic phenotype in pancreatic can-
cer cells. As expected, the overexpression of 
TRIM16 increased glucose uptake, lactate pro-
duction and ATP generation in PANC-1 and 
CaPan-1 cells (Figure 3B-D). Furthermore, the 
extracellular acidification rate (ECAR), which 
represents overall glycolytic flux, was also 
increased in TRIM16-overexpressing pancreat-
ic cancer cells (Figure 3E and 3F). Conversely, 
the downregulation of TRIM16 inhibited the gly-
colytic phenotype in AsPC-1 and BxPC-3 cells 
(Supplementary Figure 4A-E). Collectively, our 
results showed that TRIM16 can promote gly-
colysis in pancreatic cancer cells.
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Figure 2. TRIM16 promotes the metastasis of pancreatic cancer cells in vitro and in vivo. A. The protein level of TRIM16 was detected by using western blotting assay 
in fiver pancreatic cancer cells and the normal pancreatic duct epithelial cell line HPDE6-C7. Tubulin was used as a loading control. B, C. Western blotting analyses 
were used to detect the expression level of TRIM16 in AsPC-1 and BxPC-3 cells stably transfected with the TRIM16-silenced vector. Tubulin was used as a loading 
control. D, E. Transwell migration and transwell invasion assays of AsPC-1 and BxPC-3 cells transfected with TRIM16-silenced vector. The image was captured at 
400 × magnification. Scale bar, 50 μm. *P<0.05. F, G. RTCA assays were performed to detect the metastasis ability of AsPC-1 and BxPC-3 cells transfected with 
TRIM16-silenced vector. H. AsPC-1 cells transfected with TRIM16-silenced vector were injected into the tail vein of nude mice, and the in vivo liver metastatic signal 
detection were imaged by a Lumina Series III IVIS instrument. I. The incidence of liver metastasis were measured after 6-8 weeks. n = 6, **P<0.01. J. Representative 
image (left; magnification: × 100) and quantification (right) of H&E staining of liver metastatic nodules. n = 6. Scale bar, 50 μm. *P<0.05.
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Figure 3. TRIM16 promotes migration and invasion of pancreatic cancer cells by modulating aerobic glycolysis. A. KEGG analysis of iTRAQ data revealed that the 
top down-regulated gene set in TRIM16-silenced cells was associated with glycolysis. B-D. Glucose consumption, lactate production, and ATP levels in PANC-1 and 
CaPan-1 cells stably transfected with the TRIM16-overexpressing vector (His-TRIM16). Three independent experiments were performed. *P<0.05, **P<0.01. E, F. 
ECAR data showing the glycolytic rate and capacity in PANC-1 and CaPan-1 cells stably transfected with the TRIM16-overexpressing vector. Glucose (10 mM), oli-
gomycin (1.0 μM) and 2-deoxyglucose (2-DG, 50 mM) were sequentially injected into each well at the indicated time points. *P<0.05. G. Transwell migration and 
transwell invasion assays of PANC-1 cells transfected with TRIM16-overexpressing vector with or without the glycolytic inhibitor 2-DG. The image was captured at 
400 × magnification. Scale bar, 50 μm. *P<0.05. H. PANC-1 cells transfected with TRIM16-overexpressing vector were injected into the tail vein of nude mice, and 
oral administration of 2-DG from the date of injection. The incidence of liver metastasis was measured after 6-8 weeks. n = 6, **P<0.01. I. Representative image 
(left; magnification: × 100) and quantification (right) of H&E staining of liver metastatic nodules. n = 6. Scale bar, 50 μm. *P<0.05.
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To verify whether glycolysis mediates the pro-
metastatic effect of TRIM16 in pancreatic can-
cer cells, the glycolytic inhibitor 2-deoxy-D-glu-
cose (2-DG) was used to block glycolysis  
in PANC-1 and CaPan-1 cells transfected  
with TRIM16-overexpressing plasmids (Supple- 
mentary Figure 4F and 4G). The results of in 
vitro invasion assays showed that the increase 
in pancreatic cancer cell metastatic ability 
induced by TRIM16 overexpression was attenu-
ated by 2-DG (Figure 3G-I, Supplementary 
Figure 4H). These findings suggest that TRIM16 
exerts its metastasis-promoting function by 
enhancing glycolysis in pancreatic cancer cells.

TRIM16 enhances glycolysis by increasing 
SIX1 expression in pancreatic cancer 

Previous studies have demonstrated that SIX1 
is a key transcription factor that regulates aero-
bic glycolysis [13], and the iTRAQ data indicat-
ed that the protein expression of SIX1 was 
reduced in TRIM16-silenced cells (Figure 4A). 
Thus, we speculated that TRIM16-mediated 
glycolysis enhancement might result from ele-
vated levels of SIX1 in pancreatic cancer cells. 
As expected, western blotting data indicated 
that downregulating TRIM16 significantly re- 
duced SIX1 protein expression, whereas over-
expressing TRIM16 increased the protein level 
of SIX1 in pancreatic cancer cells (Figure 4B 
and 4C, Supplementary Figure 5A and 5B). 
However, TRIM16 alteration had no effect on 
the expression of SIX1 mRNA (Supplementary 
Figure 5C and 5D). We then investigated the 
expression of SIX1 target genes related to gly-
colysis, including GLUT1, HK2, PGK1 and LDHA, 
in TRIM16-overexpressing or TRIM16-silenced 
pancreatic cancer cells. Our data showed that 
the mRNA and protein levels of these genes 
were increased in TRIM16-overexpressing pan-
creatic cancer cells, whereas the expression of 
these genes was decreased in TRIM16-silenced 
pancreatic cancer cells (Supplementary Figure 
5E-H).

To further determine the correlation between 
TRIM16 and SIX1, we measured the protein 
level of SIX1 in 32 pancreatic cancer tissues 
that had upregulated levels of TRIM16. Our 
western blotting results showed that the level 
of SIX1 protein was significantly higher in pan-
creatic cancer tissues than in adjacent nontu-
mor tissues (Supplementary Figure 5I and 5J). 

In addition, correlation analysis indicated that 
the protein level of SIX1 was positively corre-
lated with the protein level of TRIM16 in pan-
creatic cancer tissues (Supplementary Figure 
5K). Moreover, immunohistochemistry (IHC) 
staining of pancreatic cancer specimens 
showed that the expression of SIX1 was high in 
the tumor tissue compared with the adjacent 
nontumor tissue, which was consistent with 
TRIM16 expression (Supplementary Figure 5L). 

Next, we sought to explore whether SIX1 was 
responsible for the oncogenic functions of 
TRIM16 in pancreatic cancer cells. We trans-
fected an shRNA plasmid targeting SIX1 into 
pancreatic cancer cells overexpressing TRIM16 
to inhibit SIX1 and examined the change in cell 
biological function. As shown in Figure 4D-H, 
we found that knocking down SIX1 attenuated 
the increase in glucose uptake, lactate produc-
tion, ATP generation and ECAR caused by 
TRIM16 overexpression. In addition, inhibiting 
SIX1 decreased the expression of GLUT1, HK2, 
PGK1 and LDHA in TRIM16-overexpressing 
cells and counteracted the oncogenic effect of 
TRIM16 (Figure 4I-K). On the other hand, we 
transfected a SIX1 overexpression plasmid into 
TRIM16-silenced pancreatic cancer cells and 
examined the change in cell biological function. 
The results showed that restoring the protein 
level of SIX1 rescued the decrease in glucose 
uptake, lactate production, ATP generation and 
ECAR induced by TRIM16 inhibition (Figure 
4L-P). Additionally, the downregulated expres-
sion of GLUT1, HK2, PGK1 and LDHA in TRIM16-
silenced cells was also reversed by the overex-
pression of SIX1 (Figure 4Q). Moreover, the 
inhibitory effects of silencing TRIM16 on inva-
sion and metastasis were also reversed by SIX1 
restoration (Figure 4R and 4S). Our data con-
firmed that SIX1 mediates the oncogenic effect 
of TRIM16 in pancreatic cancer cells.

TRIM16 stabilizes SIX1 protein by inhibiting its 
ubiquitination in pancreatic cancer cells

We further probed the mechanisms by which 
TRIM16 regulates SIX1. Our RT-qPCR results 
showed that the expression of SIX1 mRNA  
was not regulated by TRIM16 (Supplementary 
Figure 5C and 5D), suggesting that TRIM16  
may regulate the degradation of the SIX1 pro-
tein. A study reported that SIX1 was degraded 
by the ubiquitin proteasome system (UPS). To 
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Figure 4. TRIM16 enhances glycolysis by increasing SIX1 expression in pancreatic cancer. A. Heat map of top 10 differentially regulated proteins in the glycolysis set 
in shNC and shTRIM16 cells. B. Protein levels of SIX1 in PANC-1 cells stably transfected with the TRIM16-overexpressing vector. C. Protein levels of SIX1 in AsPC-1 
cells transfected with TRIM16-silenced vector. D. After knocking down SIX1 in TRIM16-overexpressing PANC-1 cells, the protein levels of TRIM16 and SIX1 were 
detected. Tubulin was used as a loading control. E-H. Glucose consumption, lactate production, ATP levels and glycolytic rate and capacity were measured. Three 
independent experiments were performed. *P<0.05. I. protein levels of GLUT1, HK2, PGK1 and LDHA were detected. Tubulin was used as a loading control. J, K. 
cell migration and invasive capacity were measured using the transwell assay. *P<0.05. L. After overexpression of SIX1 in TRIM16-silenced AsPC-1 cells, the protein 
levels of TRIM16 and SIX1 were detected. Tubulin was used as a loading control. M-P. Glucose consumption, lactate production, ATP levels and glycolytic rate and 
capacity were measured. Three independent experiments were performed. *P<0.05. Q. protein levels of GLUT1, HK2, PGK1 and LDHA were detected. Tubulin was 
used as a loading control. R, S. cell migration and invasive capacity were measured using the transwell assay. *P<0.05.
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determine whether SIX1 was also degraded by 
the UPS in pancreatic cancer cells, we first 
investigated the interaction between SIX1 and 
ubiquitin in pancreatic cancer cells. Coimmun- 
oprecipitation (co-IP) results showed that 
endogenous SIX1 and ubiquitin bound directly 
in pancreatic cancer cells (Figure 5A). The  
conjugated ubiquitin chains on SIX1 were pri-
marily Lys 48 (K48) Ub linkages (Figure 5B). 
Moreover, treatment with the proteasome 
inhibitor MG132 for the indicated time caused 
a significant accumulation of endogenous SIX1 
protein in pancreatic cancer cells (Figure 5C). 
These results demonstrated that the SIX1 pro-
tein is also degraded by the UPS in pancreatic 
cancer cells.

Next, to assess the role of TRIM16 in the pro-
cess of SIX1 degradation, we sought to deter-
mine whether TRIM16 was involved in regulat-
ing the degradation of the SIX1 protein. We 
silenced or overexpressed TRIM16 and detect-
ed the effects of altering TRIM16 on SIX1 
expression with or without MG132. We found 
that MG132 abolished the regulatory effect of 
TRIM16 on SIX1 (Figure 5D). Second, we test- 
ed the effect of changing TRIM16 on the degra-
dation rate of the SIX1 protein. A degradation 
dynamics assay showed that the half-life of 
endogenous SIX1 was significantly shortened 
in TRIM16-silenced pancreatic cancer cells but 
was prolonged in TRIM16-overexpressing cells 
(Figure 5E and 5F). Third, we found that the 
ectopic dose-dependent effect of TRIM16 over-
expression caused an accumulation of endog-
enous SIX1 proteins in pancreatic cancer cells 
(Figure 5G). Finally, we further explored the 
effect of TRIM16 on the ubiquitination level of 
SIX1. The results showed that knocking down 
TRIM16 increased the ubiquitination level of 
SIX1, whereas overexpressing TRIM16 inhibit-
ed the ubiquitination level of SIX1 (Figure 5H). 
These data demonstrate that TRIM16 inhibits 
the UPS-mediated degradation of SIX1, thereby 
stabilizing the SIX1 protein.

TRIM16 affects the ubiquitination of SIX1 by 
regulating the expression of NIK

Studies have shown that TRIM16 generally 
binds to various substrates to exert its effects. 
Therefore, we investigated the interaction 
between TRIM16 and SIX1. However, coimmu-
noprecipitation (co-IP) results showed that 

TRIM16 did not interact with SIX1 (Figure 6A). A 
GST pulldown experiment also confirmed that 
there was no direct interaction between the 
TRIM16 and SIX1 proteins (Figure 6B), indicat-
ing that TRIM16 did not directly affect the ubiq-
uitination of SIX1. Study has confirmed that 
SIX1 was degraded via the E3 anaphase-pro-
moting complex (APC) with its activating sub-
unit Cdh1 [31], thus we discuss whether 
TRIM16 can directly target Cdh1 to regulate  
the ubiquitination of SIX1. As shown in 
Supplementary Figure 6A, TRIM16 does not 
regulate the expression of Cdh1. What’s more, 
TRIM16 can’t directly target Cdh1 (Supple- 
mentary Figure 6B). It has been reported that 
NIK can inhibit the ubiquitination of SIX1,  
thereby stabilizing the SIX1 protein in mouse 
primary bone marrow-derived macrophages 
(BMDMs) and human fibroblasts [21]. We also 
confirmed that NIK regulated the ubiquitination 
and protein levels of SIX1 in pancreatic can- 
cer cells, as upregulating NIK inhibited the 
ubiquitination of SIX1, thereby increasing the 
protein level of SIX1, while knocking down  
NIK enhanced the ubiquitination of SIX1 and 
then decreasing the protein level of SIX1 
(Supplementary Figure 6C-E). Therefore, we 
speculated that TRIM16 regulates the ubiquiti-
nation of SIX1 via NIK. To test this hypothesis, 
we first explored whether TRIM16 regulates NIK 
expression. Western blotting data indicated 
that overexpressing TRIM16 upregulated NIK 
protein expression, whereas downregulating 
TRIM16 reduced the protein level of NIK in  
pancreatic cancer cells (Figure 6C and 6D, 
Supplementary Figure 6F and 6G). However, 
the expression of NIK mRNA was not regulat- 
ed by TRIM16 (Supplementary Figure 6H and 
6I). In addition, we transfected a shRNA plas-
mid targeting NIK into TRIM16-overexpressing 
cells to inhibit NIK and detected changes in  
the protein level and ubiquitination level of 
SIX1. As shown in Figure 6E and 6F, the up- 
regulation of TRIM16 led to a decrease in the 
ubiquitination level and an increase in the SIX1 
protein level, but this phenomenon was 
reversed when the expression of NIK was 
knocked down. Moreover, increasing NIK also 
reversed the increase in the ubiquitination level 
and the decrease in the SIX1 protein level 
caused by silencing TRIM16 (Figure 6G and 
6H). In addition, we evaluated the effect of NIK 
SMI1 (a selective inhibitor of NIK) on TRIM16-
mediated glycolysis and metastasis of pancre-



TRIM16 facilitates pancreatic cancer metastasis

5217 Am J Cancer Res 2022;12(11):5205-5225



TRIM16 facilitates pancreatic cancer metastasis

5218 Am J Cancer Res 2022;12(11):5205-5225

Figure 5. TRIM16 stabilizes SIX1 protein by inhibiting its ubiquitination. A. Representative western blot showing that 
Ubiquitin interacts with SIX1 in pancreatic cancer cells. Pancreatic cancer cells were lysed, and an immunoprecipi-
tation assay was performed with anti-IgG or anti-ub antibodies, followed by western blot with the indicated antibod-
ies. B. Ubiquitinated SIX1 in the lysates of AsPC-1 and PANC-1 cells was precipitated with anti-IgG or anti-SIX1 after 
the cells were treated with MG132 (15 mmol/l) for 12 h, followed by western blot to detect ubiquitin (linkage-specific 
K48). C. AsPC-1 and PANC-1 cells were treated with MG132 for the indicated times, the levels of SIX1 protein were 
detected by western blot. D. Transfecting TRIM16-silenced vector or TRIM16-overexpressing vector into AsPC-1 and 
PANC-1 cells, and using western blot to detect the protein levels of TRIM16 and SIX1 with or without MG132 treat-
ment. E, F. AsPC-1 and PANC-1 cells were stably transfected with the TRIM16-silenced or TRIM16-overexpressing 
vector. The cells were subjected to cycloheximide (CHX, 20 mmol/L) exposure for the indicated times and the protein 
level of SIX1 was detected. The degradation rate was converted into a statistical linear graph (*P<0.05, **P<0.01, 
nonlinear regression, exponential one-phase decay). G. AsPC-1 and PANC-1 cells were transfected with increas-
ing amounts of His-trim16 plasmid. The protein levels of SIX1 were detected with anti-SIX1 antibody. H. AsPC-1 
and PANC-1 cells were stably transfected with the TRIM16-silenced or TRIM16-overexpressing vector. The level of 
ubiquitin-attached SIX1 was precipitated with anti-SIX1 after the cells were treated with MG132 for 12 h, followed 
by western blot to detect ub.

Figure 6. TRIM16 affects the ubiquitination of SIX1 by regulating the expression of NIK. A. Representative western 
blot showing that TRIM16 don’t interact with SIX1 in pancreatic cancer cells. Pancreatic cancer cells were lysed, 
and an immunoprecipitation assay was performed with anti-IgG or anti-TRIM16 antibodies, followed by western blot 
with the indicated antibodies. B. GST pull-down assay performed to detect the direct interaction between TRIM16 
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atic cancer in vitro and in vivo. As shown in 
Figure 6I-L, NIK SMI1 suppressed the expres-
sion of SIX1 and glycolysis-related genes, the 
glycolytic phenotype and pancreatic cancer cell 
metastasis. Moreover, NIK SMI1 blocked the 
increase in glycolysis and tumor metastasis 
mediated by TRIM16 overexpression (Figure 
6I-L). These findings were similar in AsPC-1 
cells (Supplementary Figure 6J-M). Taken 
together, our data demonstrate that the 
TRIM16-mediated regulation of SIX1 ubiquiti-
nation and protein expression is dependent on 
NIK.

TRIM16 competed with TRAF3 at the ISIIAQA 
sequence motif of NIK and stabilized NIK pro-
tein 

Finally, we further explored the molecular 
mechanism by which TRIM16 regulates NIK.  
As shown in Figure 7A, endogenous NIK in pan-
creatic cancer cells interacted with TRIM16, as 
assessed by coimmunoprecipitation (co-IP) 
using anti-NIK antibodies. The results of GST 
pulldown assays confirmed that TRIM16 direct-
ly binds to NIK (Figure 7B). Next, we determin- 
ed the specificity of the TRIM16-NIK interaction 
by mapping the domains of TRIM16 required for 
the interaction with NIK. We found that the 
SPRY-domain-deleted TRIM16 protein was 
unable to interact with NIK, suggesting that 
SPRY domains are required for the TRIM16-NIK 
interaction (Figure 7C). A reciprocal pull-down 
assay also mapped the N-terminus (aa 1-331) 
of NIK as the major TRIM16-interaction region 
(Figure 7D). To examine whether TRIM16 cata-
lyzed the ubiquitination of NIK, we assembled 
an in vitro ubiquitylation system that contained 
ATP, an E1 Ub-activating enzyme (Uba1), an E2 
Ub conjugating enzyme (UbcH7), the substrate 
(NIK) and the E3 Ub ligase (TRIM16). As shown 
in Figure 7E, TRIM16 did not ubiquitylate NIK  
in vitro. However, knocking down endogenous 

TRIM16 in pancreatic cancer cells efficiently 
increased the formation of K48-linked polyu-
biquitin chains on NIK while having no effects 
on K63-linked polyubiquitin chains on NIK 
(Figure 7F, Supplementary Figure 7A). In con-
trast, upregulating TRIM16 reduced the forma-
tion of K48-linked polyubiquitin chains on NIK 
(Figure 7G, Supplementary Figure 7B). Our data 
suggested that TRIM16 stabilized NIK protein 
in a ligase-independent manner.

It has been reported that NIK is ubiquitylated 
by a TRAF-cIAP E3 complex consisting of cellu-
lar inhibitor of apoptosis 1 and 2 (c-IAP1/2)  
and tumor necrosis factor receptor-associated 
factors 2 and 3 (TRAF2/3), in which TRAF3 
functions as the substrate-binding component 
[32]. NIK is directly bound by TRAF3 and tar-
geted for ubiquitin-proteasome-mediated deg-
radation. Based on this information, we 
explored whether TRIM16 regulates the c-IAP-
TRAF-NIK complex. Firstly, we tested whether 
TRIM16 can directly target TRAF3, and the  
GST pull down ST pulldown experiment showed 
that TRIM16 didn’t interact with TRAF3 proteins 
(Supplementary Figure 7C). Secondly, although 
we found that knocking down TRIM16 did not 
change the protein levels of c-IAP1, c-IAP2, 
TRAF2 or TRAF3, it enhanced the binding of NIK 
and TRAF3, accompanied by a decrease in the 
binding of TRIM16 to NIK in pancreatic cancer 
cells (Figure 7H and 7I, Supplementary Figure 
7D and 7E). The upregulation of TRIM16 less-
ened the binding of NIK and TRAF3 and 
increased the binding of TRIM16 to NIK (Figure 
7J and 7K, Supplementary Figure 7F and 7G). 
These results indicated that TRIM16 may com-
pete with TRAF3 in combination with NIK. To 
further confirm this idea, we examined whether 
TRIM16 was also combined with a specific 
sequence motif (ISIIAQA) of NIK, which is 
required for the interaction of NIK with TRAF3 
[33]. We deleted this sequence motif to gener-

and SIX1. C. Protein levels of NIK in AsPC-1 cells transfected with TRIM16-silenced vector. D. Protein levels of NIK 
in PANC-1 cells stably transfected with the TRIM16-overexpressing vector. E, F. After silencing NIK in TRIM16-over-
expressing PANC-1 cells, the ubiquitination level of SIX1 was precipitated with anti-SIX1 after the cells were treated 
with MG132 for 12 h, followed by western blot to detect ub. The protein level of TRIM16, NIK and SIX1 were detected 
by western blot. G, H. After upregulating NIK in TRIM16-silenced AsPC-1 cells, the ubiquitination level of SIX1 was 
precipitated with anti-SIX1, followed by western blot to detect ub. The protein level of TRIM16, NIK and SIX1 were 
detected by western blot. I. The protein level of TRIM16, NIK, SIX1, GLUT1, HK2, PGK1 and LDHA were detected 
by western blot in TRIM16-overexpressing PANC-1 cells with or without NIK SMI1. J. Glucose consumption, lactate 
production and glycolytic capacity were measured in TRIM16-overexpressing PANC-1 cells with or without NIK SMI1. 
*P<0.05, ns, no significant. K, L. The cells’ migration and invasion abilities were measured by using transwell assays 
in TRIM16-overexpressing PANC-1 cells with or without NIK SMI1. *P<0.05, ns, no significant.
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Figure 7. TRIM16 dissociates NIK from TRAF3 and upregulates NIK protein. A. Representative western blot showing 
that TRIM16 interact with NIK in pancreatic cancer cells. Pancreatic cancer cells were lysed, and an immunopre-
cipitation assay was performed with anti-IgG or anti-TRIM16 antibodies, followed by western blot with the indicated 
antibodies. B. GST pull-down assay performed to detect the direct interaction between TRIM16 and NIK protein. C. 
Mapping of TRIM16 regions interacting with NIK. Lysates of HEK293T cells co-expressing Flag-NIK and GST-TRIM16 
variants (see scheme in left panel) were subjected to immunoprecipitation with anti-GST and blots were probed as 
indicated antibodies. D. Mapping of NIK regions interacting with TRIM16. Lysates of HEK293T cells co-expressing 
GST-TRIM16 and Flag-NIK variants (see scheme in left panel) were subjected to immunoprecipitation with anti-Flag 
and blots were probed as indicated antibodies. E. TRIM16 doesn’t ubiquitylate NIK in vitro. In vitro ubiquitylation 
assay was carried out with the recombinant proteins: NIK, Uba1 as E1, UbcH7 as E2, and TRIM16 as E3 together 
with indicated components. F, G. AsPC-1 cells were stably transfected with the TRIM16-silenced vector, PANC-1 cells 
were stably transfected with the TRIM16-overexpressing vector. The level of ubiquitin-attached NIK was precipitated 
with anti-NIK after the cells were treated with MG132 for 12 h, followed by western blot to detect ub (linkage-specific 
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ate a NIK mutant, NIKΔ78-84. GST pulldown 
assays confirmed that NIKΔ78-84 was largely 
defective in TRIM16 binding (Figure 7L), indi-
cating that TRIM16 was also combined with 
this specific sequence motif of NIK. Further- 
more, surface plasmon resonance (SPR) ex- 
periments demonstrated that the purified 
recombinant TRAF3 protein could bind to NIK, 
whereas adding TRIM16 proteins led to reduced 
binding between TRAF3 and NIK (Figure 7M). In 
summary, our results confirm that TRIM16 

many glycolytic genes, facilitating tumor metas-
tasis. The regulation of SIX1 expression by 
TRIM16 is mediated by NIK, which can inhibit 
the ubiquitination and degradation of SIX1. 
TRIM16 bound to NIK directly and competed 
with TRAF3 for NIK, resulting in the dissociation 
of NIK from TRAF3 and an increase in NIK pro-
tein expression (Figure 8). Our study estab-
lished the TRIM16-NIK-SIX1 axis as a critical 
regulatory pathway in the Warburg effect and in 
pancreatic cancer metastasis; these findings 

K48). H. The protein level of TRIM16, c-IAP1, c-IAP2, TRAF2 and TRAF3 were detected by using western blot in 
TRIM16-silenced AsPC-1 cells. I. The binding amount of NIK with TRAF3 or TRIM16 were detected by immunoprecipi-
tation with anti-NIK and blots were probed as indicated antibodies in TRIM16-silenced AsPC-1 cells. J. The protein 
level of TRIM16, c-IAP1, c-IAP2, TRAF2 and TRAF3 were detected by using western blot in TRIM16-overexpressing 
PANC-1 cells. K. The binding amount of NIK with TRAF3 or TRIM16 were detected in TRIM16-overexpressing PANC-1 
cells. L. TRIM16 was combined with a specific sequence motif (ISIIAQA) of NIK. GST pulldown assays were used to 
detect the interaction between TRIM16 and NIK variants. M. BIAcore-binding properties of NIK to TRAF3 with (KD = 
4.38±0.83 µM) or without TRIM16 (KD = 12.76±1.28 µM).

Figure 8. Proposed model of this paper. TRIM16 promotes SIX1-mediated 
aerobic glycolysis and pancreatic cancer metastasis by competing with 
TRAF3 at the ISIIAQA sequence motif of NIK, thereby stabilizing NIK protein 
and upregulating SIX1. 

competes with TRAF3 at the 
ISIIAQA sequence motif of 
NIK, which in turn leads to an 
increase in NIK protein levels.

Discussion

Cancer cells in solid tumors 
generally display high rates of 
aerobic glycolysis [5]. This 
metabolic reprogramming giv- 
es cancer cells an advantage 
for metastasis [34]. Pancrea- 
tic cancer has a high metasta-
sis rate, which is closely relat-
ed to the enhancement of  
glycolysis [8]. However, the 
mechanism of increased gly-
colysis in pancreatic cancer 
has not been fully elucidated. 
In our research, we demon-
strated that TRIM16 was high-
ly expressed in pancreatic 
cancer tissues and promoted 
the metastasis of pancrea- 
tic cancer. Using different can-
cer cell lines, we showed that 
TRIM16 upregulated the ex- 
pression of SIX1, a key tran-
scription factor for the re- 
gulation of glycolysis, and 
increased glucose uptake, 
lactate production, ATP gen-
eration, and the expression of 
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will provide a new theoretical basis and thera-
peutic targets for the treatment of pancreatic 
cancer.

TRIM16 is associated with diverse cellular pro-
cesses, such as apoptosis and differentiation 
[25]. However, the effect of TRIM16 on apopto-
sis is paradoxical. In human breast cancer  
and neuroblastoma cells, TRIM16 induces 
apoptosis [35]. However, under stressful condi-
tions, TRIM16 can promote the process of 
stress-induced aggregate clearance and pro-
tect cells against oxidative/proteotoxic-stress-
induced apoptosis [24]. The role of TRIM16 in 
cancer is also controversial. In neuroblastoma, 
ovarian cancer and breast cancer, TRIM16 acts 
as a tumor suppressor [26-28]. In colon cancer 
and gastric cancer, TRIM16 acts as an oncop- 
rotein [29, 30]. Therefore, TRIM16 should not 
be generalized as a tumor suppressor or onco-
protein, as its impact on cancer varies from 
cancer to cancer. Currently, there is no informa-
tion on the role of or mechanism by which TRI- 
M16 acts in pancreatic cancer. In this study, we 
found that TRIM16 was highly expressed in 
pancreatic cancer tissues, and an increase in 
TRIM16 expression was associated with the 
malignant phenotype of patients with pancre-
atic cancer. Our results, and data included in 
TCGA, showed that patients with high TRIM16 
expression had significantly shorter overall sur-
vival. Univariate and multivariate analyses 
showed that high TRIM16 expression is an 
independent predictor of poor prognosis in 
patients with pancreatic cancer. In addition, we 
examined the role of TRIM16 in pancreatic can-
cer metastasis using cell culture approaches 
and animal-based tumor models. We found 
that TRIM16 promoted pancreatic cancer cell 
migration and invasion in vitro and metastasis 
in vivo. Our data implied that TRIM16 serves as 
an oncogene and promotes tumor metastasis 
in pancreatic cancer.

The Warburg effect is a hallmark of cancer 
cells. Enhanced glycolysis plays a crucial role 
during tumor metastasis [8]. Therefore, under-
standing the potential regulatory mechanisms 
of glycolysis in pancreatic cancer will be benefi-
cial for the prevention and treatment of this 
malignant cancer. Transcription factors, such 
as HIF1α, p53, c-Myc and SIX1, play a critical 
role in glycolysis by directly regulating the 
expression of several glycolytic enzyme-related 

genes [12, 13]. Glycolysis mediated by these 
transcription factors is regulated by a variety of 
signals, thus forming a complex network to  
contribute to the Warburg effect. Here, our 
iTRAQ data showed that SIX1 and glycolytic 
genes were significantly reduced when TRIM16 
was downregulated in pancreatic cancer cells. 
However, TRIM16 did not affect the expression 
of HIF1α, p53 or c-Myc. In addition, silencing 
TRIM16 inhibited the expression of SIX1 and 
several glycolytic genes that were target genes 
of SIX1, as well as the metabolic phenotype of 
glycolysis. In contrast, increasing TRIM16 en- 
hanced the expression of SIX1 and glycolytic 
activity in pancreatic cancer cells. More impor-
tantly, restoring SIX1 rescued the decrease in 
glycolytic activity and metastasis induced by 
TRIM16 inhibition, but inhibiting SIX1 de- 
creased the expression of glycolytic genes in 
TRIM16-overexpressing cells and counteracted 
the oncogenic effect of TRIM16. Hence, our 
data indicated that the prometastatic role of 
TRIM16 was dependent on SIX1-mediated gly-
colysis. Since the TRIM16/SIX1 axis is deregu-
lated in cancer, correlates with prognosis and 
controls glycolysis, this axis is expected to be 
an excellent therapeutic target for curing pan-
creatic cancer.

SIX1, a homeobox transcription factor, is a key 
regulator during the embryonic development of 
numerous organs [36]. SIX1 is largely downreg-
ulated after embryogenesis but is overex-
pressed in many cancers, such as pancreatic 
cancer, breast cancer, ovarian carcinoma, 
colorectal cancer and hepatocellular carcino-
ma [17, 37-39]. SIX1 can promote tumor grow- 
th, the epithelial-mesenchymal transition, 
tumor metastasis and cancer stem cell proper-
ties. Recently, SIX1 was identified as a key reg-
ulator of glycolytic gene expression, and it pro-
motes the Warburg effect, which is closely 
associated with cancer progression [13]. 
Various factors, including noncoding RNA and 
O-GlcNAcylation modification [18, 40], affect 
cancer progression by regulating the expres-
sion of SIX1. However, studies on the ubiquiti-
nation and degradation of SIX1 are rare. In the 
present study, we demonstrated that TRIM16 
inhibited the ubiquitination of SIX1, thus block-
ing its protein degradation. In addition, we clari-
fied the mechanisms by which TRIM16 medi-
ates the ubiquitination modification of SIX1 in 
pancreatic cancer. We found that TRIM16 did 
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not interact with SIX1 but inhibited SIX1 ubiqui-
tination through NIK. Upregulating NIK could 
reverse the increase in the ubiquitination level 
and the decrease in the protein level of SIX1 
caused by silencing TRIM16. Importantly, NIK 
SMI1, a selective inhibitor of NIK, suppressed 
SIX1 expression, glycolysis and cell invasion  
in TRIM16-overexpressing pancreatic cancer 
cells. TRIM16 and SIX1 are difficult to target at 
present, so NIK inhibitors have prospects for 
broad application because they can decrease 
SIX1 expression and extend the inhibition of 
glycolysis. Notably, NIK inhibitors are currently 
for research use only. In the future, understand-
ing in vivo target engagement, time of residen-
cy and their effects in other cancer models are 
necessary to fully assess the therapeutic value 
of NIK inhibitors.

Studies have shown that NIK is a key regulator 
of SIX1. NIK inhibits the ubiquitination level of 
SIX1 and proteasome-mediated degradation in 
mouse primary bone marrow-derived macro-
phages (BMDMs) and human fibroblasts [20]. 
We confirmed that this regulatory mechanism 
is also present in pancreatic cancer cells. NIK is 
constitutively active in pancreatic cancer cells 
and promotes pancreatic cancer cell prolifera-
tion and tumorigenicity [41, 42]. The activation 
of NIK is primarily controlled through its protein 
accumulation [32]. The regulatory mechanism 
of NIK protein stability is dependent on TRAF-
cIAP E3 complex-mediated ubiquitination and 
proteasome degradation events [33]. In this 
study, we found that TRIM16 was involved in 
the NIK degradation process but did not serve 
as an E3 ubiquitin ligase for NIK in pancreatic 
cancer cells. This notion is supported by three 
lines of experimental evidence. First, TRIM16 
bound to NIK directly but did not ubiquitylate 
NIK in vitro. Second, inhibiting TRIM16 effi-
ciently increased the formation of K48-linked 
polyubiquitin chains on NIK, while upregulating 
TRIM16 reduced the ubiquitination level of  
NIK. Third, TRIM16 competed with TRAF3 for 
NIK, resulting in the dissociation of the TRAF-
cIAP E3 complex from NIK, thereby inhibiting 
the ubiquitination and degradation of NIK. 
Although TRIM16 can act as an E3 ligase, our 
study reveals that TRIM16 can also compete 
with other E3 ligases to stabilize substrates. 
This novel mechanism is consistent with that 
reported in other studies [24, 25].

Our study confirmed that TRIM16 is upregulat-
ed and the TRAF-cIAP E3 complex is downregu-
lated in pancreatic cancer cells [42], indicating 
that the imbalance between them might be a 
major cause of NIK’s constitutive activation in 
pancreatic cancer. Thus, targeting NIK may 
make cancer therapy more effective than tar-
geting TRIM16. However, further investigation 
of the potential side effects of NIK inhibition is 
required, as NIK is a central kinase of the non-
canonical NF-κB pathway and is also involved in 
the canonical NF-κB pathway [43].
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Supplementary Materials and Methods

Clinical specimens

Human pancreatic cancer tissues and paired adjacent normal tissues were collected from 96 pancre-
atic cancer patients at the Second Affiliated Hospital of Nanchang University. Informed consent was 
obtained from all patients with approval by the Medical Research Ethics Committee of the Second 
Affiliated Hospital of Nanchang University.

Quantitative RT-PCR

Total RNA of PC cells was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Quantitative 
RT-PCR for mRNA detection was performed using a PrimeScript RT reagent kit with gDNA Eraser 
(TaKaRa, RR047A) and TB GREEN Premix Ex Taq (TaKaRa, RR420A). Relative quantification of the mRNA 
levels was performed using the comparative Ct method, and Tubulin was used as the reference gene for 
mRNA expression, each experiment was run in triplicate and a mean value was used for the comparison 
of each group. Primer sequences are listed in below.

Immunohistochemistry (IHC)

Pancreatic cancer and adjacent normal tissues were fixed with formalin, then, dehydration with xylene 
and graded alcohol and embedded in paraffin. A slide was subjected to antigen retrieval in 0.01 M 
citrate buffer, blocked in goat serum for 30 min and incubated with antibody overnight at 4°C in optimal 
dilution, then, slides were further incubated with biotin-conjugated secondary antibody for 30 minutes 
in 37°C and developed by 3,3-diaminobenzidine(DAB) following by hematoxylin staining. The stained 
IHC slides were scanned and the scores are ranged from 0-12.

Western blot 

For western blot analysis, equal amounts of protein were isolated and fractionated via sodium dodecyl 
sulfate-polyacryla-mide gelelectrophoresis (SDS-PAGE), the separated proteins were transferred to 
PVDF membranes, blocked with 5% nonfat milk. The membranes were then incubated with primary 
antibodies according to the recommended concentration at 4°C overnight, followed by HRP-conjugated 
secondary antibodies, washed three times with 1 × TBST, then, The results were obtained via chemilu-
minescence using Quantity-One software (Bio-Rad, Hercules, CA, USA).

Gene Primer Sequences
TRIM16 forward: CTTGCAGCCGCATCAGGTGA

reverse: GGTGCACTGGAGTTCAGCCT
SIX1 forward: CGATGCTGCCGTCGTTTGGC

reverse: TGGTTGTGAGGCGAGAACTG
NIK forward: CCAGCTGCCATCTCTATCATC

reverse: AAACAGAGTTGCCCAAGGCC
GLUT1 forward: TTGGCTCCGGTATCGTCAAC

reverse: GGCCACGATGCTCAGATAGG
HK2 forward: CAGCACAAAGCAGTCGGACC

reverse: CAGAGAGGCGCATGTGGTAG
PGK1 forward: CTGTCATCCTGCTGGAGA

reverse: GCCTTCTGTGGCAGATTGAC
LDHA forward: CATGGCCTGTGCCATCAGTA

reverse: AGATATCCACTTTGCCAGAGACA
Tubulin forward: GATGTATGCCAAGCGTGCCT

reverse: AGACCACAACTTTCTGTGTTGG
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Primary antibodies are listed in below.

Antibodies SOURCE IDENTIFIER
TRIM16 Abcam Cat# ab251749
TRIM16 Abcam Cat# ab72129
SIX1 proteintech Cat# 10709-1-AP
NIK Abcam Cat# ab203568
GLUT1 Abcam Cat# ab115730
HK2 proteintech Cat# 22029-1-AP
PGK1 proteintech Cat# 17811-1-AP
LDHA proteintech Cat# 19987-1-AP
Tubulin proteintech Cat# 66031-1-Ig
Ubiquitin Abcam Cat# ab134953
Ubiquitin (linkage-specific K48) Abcam Cat# ab140601
Ubiquitin (linkage-specific K63) Abcam Cat# ab179434
GST proteintech Cat# 66001-2-Ig
His proteintech Cat# 66005-1-Ig
Flag proteintech Cat# 20543-1-AP

Cell culture

The human pancreatic cancer cell lines PANC-1, BxPC-3, AsPC-1, CaPan-1, CFPAC-1, normal pancreatic 
duct epithelial cell HPDE6-C7 and HEK293T were purchased from the Shanghai Institute of Cell Biology, 
China. All cells were cultured in the recommended DMEM (Gibco) supplemented with 10% fetal bovine 
serum and were exposed to 100 U/mL penicillin and streptomycin at 37°C in 5% CO2.

The plasmids construction

The short hairpin RNAs for TRIM16, SIX1 and NIK silencing were synthesized by GeneChem, Company 
(Shanghai, China). A TRIM16 (NM_006470.4), SIX1 (NM_005982.4) or NIK (NM_003954.5) overex-
pression plasmids was constructed by introducing the respective cDNA in 6*His tagged-pcDNA3.1(+), 
HA tagged-pcDNA3.1(+) and Flag tagged-pcDNA3.1(+) (GeneChem, Shanghai, China). All shRNA and 
overexpression plasmids were embedded into pGPU6/GFP/Neo vector lentivirus.

Plasmids expressing fusion protein were constructed by introducing the respective cDNA in GST tagged-
pGEX-4T-1, 6*His tagged-pGEX-4T-1 and Flag tagged-pGEX-4T-1 (GeneChem, Shanghai, China). All the 
plasmids were transfected into BL21 (DE3) Escherichia coli cells, and the fusion protein was expressed 
under suitable temperature and IPTG induction. Using ÄKTA™pure (GE Healthcare, America) purified the 
fusion protein.

Lentivirus transfection and generation of stable cells

The day before transfection, 1 × 105 cells were seeded into 6-well plates. Cells were seeded at 70% 
confluence 12 hours before infection, and the cell culture medium was replaced with medium contain-
ing lentivirus. After infection for 12 hours, the medium was replaced with fresh medium, and 48 h later 
the infected cells were selected with 5 µg/ml puromycin (InvivoGen, San Diego, CA, USA). To select for 
stably transfected cells, cells were cultured in high-glucose DMEM with 5 μg/mL puromycin for 4 weeks. 
Clones demonstrating puromycin resistance and expressing GFP were selected and expanded. Western 
blotting analysis was used to confirm the effect of the constructed stable cells.

In vitro invasion and migration assays 

The pancreatic cancer cells’ migration abilities were detected in a Transwell Boyden Chamber (pore size 
of 8 μm, BD Biosciences). Briefly, 1 × 105 pancreatic cancer cells were resuspended in FBS-free culture 
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medium and then added into the upper Boyden chamber, while the lower chamber was filled with culture 
medium containing 10% FBS. After 24 h, cells in the upper chamber that had passed through the poly-
carbonate membrane between the upper and lower compartment and adhered to its lower side were 
stained with crystal violet. The cells were counted, and we took images of them. For the cell invasion 
assay, the polycarbonate membranes were precoated with a matrix gel.

In vivo metastasis assay

The nude mice (male BALB/c-nu/nu, 4-6 weeks old) were purchased from the Animal Center of Nanjing 
Medical University. 5 × 105 pancreatic cancer cells were stably transduced with firefly luciferase gene 
and injected into the tail vein of BALB/c nude mice. After 6-8 weeks, for in vivo signal detection, the mice 
were anesthetized with isofluorane and then imaged in a Lumina Series III IVIS instrument (PerkinElmer, 
USA). Then, the mice were euthanized, and their livers were removed and stained with haematoxylin and 
eosin stain (H&E) for pathological examination. The animal work was approved by the Ethics Committee 
for Animal Experiments of the Second Affiliated Hospital of Nanchang University.

Glucose uptake assays, lactic acid production assays, ATP production rate and extracellular acidifica-
tion rate (ECAR) assays

These metabolic profiles were tested by using the Glucose Uptake Assay Kit (Abnova Corporation, Taipei 
City, Taiwan), Lactate (human) ELISA Kit (BioVision, San Francisco, USA), Agilent Seahorse XF Real-Time 
ATP Rate Assay Kit and Seahorse XF Glycolysis Stress Test kit (Agilent, California, USA). These kits were 
used according to the manufacturer’s instructions. 

Isobaric tags for relative and absolute quantitation (iTRAQ)

Firstly, we transfected shRNA targeting TRIM16 into pancreatic cancer cells. The shRNA sequence is 
CACACCAUAGUCUCCCUGGTT. Then, cells were collected and extracting the proteins using extraction 
buffer (50 mM phosphate-buffered saline, 100 mM NaCl, 1 mM PMSF, and 1 mM EDTA). Groups shNC-
1, shNC-2 and shNC-3 (shNC = controls) and groups shTRIM16-1, shTRIM16-2 and shTRIM16-3 were 
formed. After precipitated with acetone, the protein samples were dissolved in TEAB buffer, and then 
reduced, alkylated, trypsin-digested, and labeled according to the manufacturer’s instructions. After the 
combination of six labeled samples, the iTRAQ-labeled peptides were fractionated by high-performance 
liquid chromatography (HPLC), and analyzed by high-resolution Orbitrap Fusion mass spectrometer. The 
mass spectrometer raw data were analyzed with Proteome Discoverer Software version 2.1 (Thermo 
Fisher Scientific).

In vivo ubiquitination assay

Pancreatic cancer cells were exposed to MG132 (15 mmol/L) for 12 h, and then the cell lysate was 
immunoprecipitated with primary antibody. The ubiquitination of protein was detected by an anti-ubiq-
uitin antibody.

Co-immunoprecipitation (co-IP) and GST pull-down assay

For co-immunoprecipitation, cells were harvested in western and IP lysis buffer, rotated in rotator at 4°C 
for 2 h, centrifuged at 10,000 rpm for 10 min to get rid of cellular debris, then, the supernatant was 
incubated with primary antibody at 4°C for 2 h and mixed with proteinA/GPLUS-Agarose overnight, the 
immuno-complexes and collected and washed five times by western and IP lysis buffer after centrifuga-
tion, the pellet was mixed with SDS-PAGE sample buffer and boiling for 10 min following by western blot 
and autoradiography.

GST-fusion protein or control GST was added into the cell lysates harvested from the cells transfected 
with 6*His-tagged SIX1 or Flag-tagged NIK. After being incubated with Glutathione beads (Sigma-
Aldrich, St. Louis, MO, USA) for 2 h, the bound proteins were subjected to western blot analysis using His 
or Flag antibodies.
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Surface plasmon resonance (SPR) analysis

The binding affinity of NIK protein to TRAF3 protein was detected with or without TRIM16 by using a 
BIAcore X100 system to perform the SPR analysis. Purified NIK protein was covalently coupled to a CM5 
sensor chip (GE Healthcare). For kinetic measurements, a series of concentration of TRAF3 + vehicle or 
TRAF3 + TRIM16 proteins (2000 nM, 1000 nM, 500 nM, 250 nM, 125 nM, and 62.5 nM) were flowed 
over the NIK chip surface. The binding kinetics were analyzed using the 1:1 Langmuir binding model 
(Biacore Evaluation X100 software, version 2.0). The apparent equilibrium dissociation constant (KD) 
was calculated as the ratio Koff/Kon (Kon: the association rates, Koff: the dissociation rates). The 
higher the KD value, the lower the binding affinity.

Supplementary Figure 1. A. The mRNA level of TRIM16 was upregulated in pancreatic cancer tissues via the TCGA 
dataset. B and C. Kaplan-Meier plots representing probabilities of overall survival and disease-free survival in the 
TCGA dataset according to expression level of TRIM16.
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Supplementary Table 1. Correlation between TRIM16 and clinicopathologic characteristics of 96 
pancreatic cancer patients 

Variables clinicopathological  
characteristics numbers TRIM16 high 

expression
TRIM16 low 
expression p value

Age 0.749
<60 42 27 15
≥60 54 33 21

Gender 0.711
Female 45 29 16

Male 51 31 20
Tumor site 0.236

Pancreatic head 58 39 19
Pancreatic body and tail 38 21 17

Tumor size 0.114
≤4 cm 46 25 21
>4 cm 50 35 15

Vessel invasion <0.001***
NO 43 18 25
YES 53 42 11

Lymph node metastasis <0.001***
Negative 37 14 23
Positive 59 46 13

TNM stage 0.001**
I-II 41 18 23

III-IV 55 42 13
CEA 0.893

Normal 18 11 7
Abnormal 78 49 29

**P<0.01, ***P<0.001.

Supplementary Table 2. Univariate and multivariate analyses of overall survival in pancreatic cancer 
patients

Parameters
Univariate Multivariate analysis

HR 95% CI P value HR 95% CI P value
Age (≥60 vs <60) 1.165 0.723-3.261 0.653 - - -
Gender (Female vs Male) 1.576 0.523-2.341 0.686 - - -
Tumor site (Head vs Body and tail) 1.076 0.943-3.655 0.136 - - -
Vessel invasion (YES vs NO) 2.768 1.665-4.132 0.025* 2.124 1.416-3.172 0.012*
Lymph node metastasis (Positive vs Negative) 1.673 1.184-2.262 0.029* 1.394 0.893-1.926 0.095
TNM stage (III-IV vs I-II) 2.653 2.132-3.243 0.016* 2.214 1.696-2.975 0.017*
TRIM16 expression (High vs Low) 3.174 1.952-5.128 0.007** 2.597 1.611-4.332 0.019*
HR, Hazard Ratio; CI, Confidence Interval; *P<0.05; **P<0.01. 
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Supplementary Figure 2. ShRNA-resistant TRIM16 plasmid rescued the expression of TRIM16 and recovered cell’s migration in shTRIM16-pancreatic cancer cells. 
A and B. Western blotting and qRT-PCR analyses were used to detect the expression level of TRIM16, Tubulin was used as a loading control. C. Western blotting 
analyses were used to detect the expression level of TRIM16, Tubulin was used as a loading control. D. Transwell migration and transwell invasion assays were used 
to detect the cells’ migration and invasion abilities. The image was captured at 400 × magnification. Scale bar, 50 μm. *P<0.05. E. RTCA assays were performed to 
detect the cells’ metastasis ability. F. AsPC-1 cells transfected with TRIM16-b were injected into the tail vein of nude mice, and the in vivo liver metastatic signal de-
tection were imaged by a Lumina Series III IVIS instrument. G. The incidence of liver metastasis were measured after 6-8 weeks. n = 6, **P<0.01. H. Representative 
image (left; magnification: × 100) and quantification (right) of H&E staining of liver metastatic nodules. n = 6. Scale bar, 50 μm. *P<0.05. I. Construction of shRNA-
resistant TRIM16 plasmid. J. Western blotting analyses were used to detect the expression level of TRIM16, Tubulin was used as a loading control. K. Transwell 
migration assays were used to detect the cells’ migration abilities. The image was captured at 400 × magnification. Scale bar, 50 μm. *P<0.05. L. Quantification of 
migrated cells in different groups. *P<0.05.



TRIM16 facilitates pancreatic cancer metastasis

8 

Supplementary Figure 3. PANC-1 and CaPan-1 cells were stably transfected with the TRIM16-overexpressing vector. A and B. Western blotting analyses were used 
to detect the expression level of TRIM16, Tubulin was used as a loading control. C and D. Transwell migration and transwell invasion assays were used to detect the 
cells’ migration and invasion abilities. The image was captured at 400 × magnification. Scale bar, 50 μm. *P<0.05. E and F. RTCA assays were performed to detect 
the cells’ metastasis ability. G. PANC-1 cells stably transfected with the TRIM16-overexpressing vector were injected into the tail vein of nude mice, and the in vivo 
liver metastatic signal detection were imaged by a Lumina Series III IVIS instrument. H. The incidence of liver metastasis were measured after 6-8 weeks. n = 6, 
**P<0.01. I. Representative image (left; magnification: × 100) and quantification (right) of H&E staining of liver metastatic nodules. n = 6. Scale bar, 50 μm. *P<0.05.
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Supplementary Figure 4. A-C. Glucose consumption, lactate production, and ATP levels in AsPC-1 and BxPC-3 cells 
stably transfected with the TRIM16-silenced vector. Three independent experiments were performed. *P<0.05. D 
and E. ECAR data showing the glycolytic rate and capacity in AsPC-1 and BxPC-3 cells stably transfected with the 
TRIM16-silenced vector. *P<0.05. F and G. Glucose consumption, lactate production, and ATP levels were measured 
in TRIM16-overexpressing PANC-1 and CaPan-1 cells with or without 2-DG. H. Transwell migration and transwell in-
vasion assays of CaPan-1 cells transfected with TRIM16-overexpressing vector with or without 2-DG. The image was 
captured at 400 × magnification. Scale bar, 50 μm. *P<0.05.



TRIM16 facilitates pancreatic cancer metastasis

10 



TRIM16 facilitates pancreatic cancer metastasis

11 

Supplementary Figure 5. A. Protein levels of SIX1 in CaPan-1 cells stably transfected with the TRIM16-overexpressing vector. B. Protein levels of SIX1 in BxPC-3 cells 
transfected with TRIM16-silenced vector. C and D. MRNA levels of SIX1 in AsPC-1 or BxPC-3 cells transfected with TRIM16-silenced vector and PANC-1 or CaPan-1 
cells stably transfected with the TRIM16-overexpressing vector. *P<0.05, ns, no significant. E. MRNA levels of SIX1 target glucose metabolism genes (GLUT1, HK2, 
PGK1 and PFKM) in AsPC-1 cells transfected with TRIM16-silenced vector and PANC-1 cells stably transfected with the TRIM16-overexpressing vector. *P<0.05, 
**P<0.01. F. MRNA levels of SIX1 target glucose metabolism genes (GLUT1, HK2, PGK1 and PFKM) in BxPC-3 cells transfected with TRIM16-silenced vector and 
CaPan-1 cells stably transfected with the TRIM16-overexpressing vector. *P<0.05, **P<0.01. G. Protein levels of GLUT1, HK2, PGK1 and PFKM in AsPC-1 cells 
transfected with TRIM16-silenced vector and PANC-1 cells stably transfected with the TRIM16-overexpressing vector. H. Protein levels of GLUT1, HK2, PGK1 and 
PFKM in BxPC-3 cells transfected with TRIM16-silenced vector and CaPan-1 cells stably transfected with the TRIM16-overexpressing vector. I and J. Determination 
and quantification of SIX1 protein levels in pancreatic cancer tissues and paired normal tissues by western blotting assay. Tubulin was used as a loading control. K. 
Scatter plots show a positive correlation between TRIM16 and SIX1 at the protein level in pancreatic cancer tissues. L. Representative IHC staining of TRIM16 and 
SIX1 in pancreatic cancer tissues and paired normal tissues. Magnification, T 400 ×. Scale bar, 50 μm.
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Supplementary Figure 6. A. Protein levels of Cdh1 in AsPC-1 cells transfected with TRIM16-silenced vector. B. GST 
pull-down assay performed to detect the direct interaction between TRIM16 and Cdh1. C and D. NIK inhibits ubiq-
uitination of SIX1. AsPC-1 and PANC-1 cells were stably transfected with the NIK-silenced or NIK-overexpressing 
vector. The level of ubiquitin-attached SIX1 was precipitated with anti-SIX1 after the cells were treated with MG132 
for 12 h, followed by western blot to detect ub. E. NIK upregulates SIX1 protein. AsPC-1 and PANC-1 cells were sta-
bly transfected with the NIK-silenced or NIK-overexpressing vector. The protein level of SIX1 was detected by using 
western blot. F. Protein levels of NIK in BxPC-3 cells transfected with TRIM16-silenced vector. G. Protein levels of NIK 
in CaPan-1 cells stably transfected with the TRIM16-overexpressing vector. H and I. MRNA levels of NIK in AsPC-1 
or BxPC-3 cells transfected with TRIM16-silenced vector and PANC-1 or CaPan-1 cells stably transfected with the 
TRIM16-overexpressing vector. *P<0.05, ns, no significant. J. The protein level of TRIM16, NIK, SIX1, GLUT1, HK2, 
PGK1 and LDHA were detected by western blot in TRIM16-overexpressing CaPan-1 cells with or without NIK SMI1. K. 
Glucose consumption, lactate production and glycolytic capacity were measured in TRIM16-overexpressing CaPan-1 
cells with or without NIK SMI1. *P<0.05, ns, no significant. L and M. The cells’ migration and invasion abilities were 
measured by using transwell assays in TRIM16-overexpressing CaPan-1 cells with or without NIK SMI1. *P<0.05, 
ns, no significant.
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Supplementary Figure 7. A and B. AsPC-1 cells were stably transfected with the TRIM16-silenced vector, PANC-1 
cells were stably transfected with the TRIM16-overexpressing vector. The level of ubiquitin-attached NIK was precipi-
tated with anti-NIK after the cells were treated with MG132 for 12 h, followed by western blot to detect ub (linkage-
specific K63). C. GST pull-down assay performed to detect the direct interaction between TRIM16 and TRAF3. D. The 
protein level of TRIM16, c-IAP1, c-IAP2, TRAF2 and TRAF3 were detected by using western blot in TRIM16-silenced 
BxPC-3 cells. E. The binding amount of NIK with TRAF3 or TRIM16 were detected by immunoprecipitation with anti-
NIK and blots were probed as indicated antibodies in TRIM16-silenced BxPC-3 cells. F. The protein level of TRIM16, 
c-IAP1, c-IAP2, TRAF2 and TRAF3 were detected by using western blot in TRIM16-overexpressing CaPan-1 cells. G. 
The binding amount of NIK with TRAF3 or TRIM16 were detected in TRIM16-overexpressing CaPan-1 cells.


