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MIF inhibitor, ISO-1, attenuates 
human pancreatic cancer cell 
proliferation, migration and 
invasion in vitro, and suppresses 
xenograft tumour growth in vivo
Bo Cheng, Qiaofang Wang, Yaodong Song, Yanna Liu, Yanyan Liu, Shujun Yang, Dejian Li, 
Yan Zhang & Changju Zhu ✉

This study sought to investigate the biological effects of specific MIF inhibitor, ISO-1, on the 
proliferation, migration and invasion of PANC-1 human pancreatic cells in vitro, and on tumour growth 
in a xenograft tumour model in vivo. The effect of ISO-1 on PANC-1 cell proliferation was examined 
using CCK-8 cell proliferation assay. The effect of ISO-1 on collective cell migration and recolonization 
of PANC-1 cells was evaluated using the cell-wound closure migration assay. The effect of ISO-1 on 
the migration and invasion of individual PANC-1 cells in a 3-dimensional environment in response 
to a chemo-attractant was investigated through the use of Transwell migration/invasion assays. 
Quantitative real time PCR and western blot analyses were employed to investigate the effects of ISO-1 
on Mif, nf-κB p65 and TNF-α mRNA and protein expression respectively. Finally, a xenograft tumor 
model in BALB/c nude mice were used to assess the in vivo effects of ISO-1 on PANC-1-induced tumor 
growth. We found high expression of MIF in pancreatic cancer tissues. We demonstrated that ISO-1 
exerts anti-cancer effects on PANC-1 cell proliferation, migration and invasion in vitro, and inhibited 
PANC-1 cell-induced tumour growth in xenograft mice in vivo. Our data suggests that ISO-1 and its 
derivative may have potential therapeutic applications in pancreatic cancer.

Pancreatic cancer exhibits very poor prognosis and extremely high mortality rate with a five-year survival rate 
of less than 5%1–3. As a result of its unique anatomical location, low degree of differentiation, and rapid disease 
development, most pancreatic malignancy presents at advances stages at the time of diagnosis4. Furthermore, 
as prominent resistance to systemic chemotherapy and radiotherapy often develops, surgical resection remains 
the only treatment option with curative potential5–7. However, less than 20% of patients are presented with this 
opportunity8,9. Despite advances in our understanding of the biology of pancreatic cancer development and pro-
gression, we are far from providing a curative answer. Therefore, there is still an urgent need for the identification 
and/or development of novel effective agents for the treatment of this aggressive malignancy.

Macrophage migration inhibitory factor (MIF), a member of the tautomerase family of cytokines, was orig-
inally identified as a T-cell-derived factor that inhibits the random migration of macrophages10,11. MIF is now 
recognized as a pleiotropic pro-inflammatory mediator playing critical roles in the innate and adaptive immune 
response and the overall inflammatory cascade12–14. MIF expression is elevated in numerous inflammatory and 
autoimmune diseases correlating positively with disease severity15,16. Given that inflammation and immunity are 
intimately associated with cancer progression, severity and unfavourable prognostic outcomes, it is not surpris-
ing that MIF expression have been found to be elevated in numerous cancers including squamous carcinoma, 
glioblastoma, cervical adenocarcinoma, malignant melanoma, nasopharyngeal cancer, colon cancer, lung cancer, 
breast cancer, and prostate cancer17–20. Studies have also shown high expression of MIF in pancreatic cancer21,22 
Importantly, the expression of MIF is directly and positively correlated with the aggressiveness of the cancer 
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phenotype. MIF have been suggested to be the “key” that links inflammation with cancer development and pro-
gression. Thus, MIF is an attractive target for the development of therapeutic inhibitors.

ISO-1 is a highly specific MIF tautomerase activity inhibitor and frequently used as the reference inhibitor 
for MIF23,24. ISO-1 treatment in mice has been shown to markedly inhibit the tumorigenic growth of prostate 
cancer, colon cancer, gallbladder cancer, osteosarcoma, lung adenocarcinoma, glioblastoma, and melanoma25–27. 
However, the effects of ISO-1 in pancreatic cancer remains to be examined and hence the purpose of this study. 
Here, using cell-based assays we showed that ISO-1 markedly inhibited the proliferation, migration and invasion 
of PANC-1 cells in vitro. By gene and protein expression analyses we further demonstrated the downregulation 
MIF, NF-κB p65 and TNF-α. Additionally the pNF-κB p65 was significanlty reduced suggesting inhibition of 
NF-κB signaling. Finally using a in vivo xenograft tumour model in nude mice, we showed that ISO-1 treat-
ment resulted in significant reduction in PANC-1 cell-induced tumour growth with concomitant reduction in 
MIF expression in tumour tissues. Collectively, our findings demonstrates that ISO-1 may offer beneficial effects 
against pancreatic cancer.

Results
The expression of MIF is elevated in human pancreatic cancer tissues. We first reaffirmed the 
involvement of MIF in pancreatic cancer tumourigenesis by examining the expression of MIF in human pancre-
atic cancer tissue samples, in para-carcinoma tissues and in normal tissue. Tissue samples were obtained from 
the Department of Pathology of the First Affiliated Hospital of Zhengzhou University. As shown in Fig. 1A,B, 
significant elevation in MIF positive staining was observed in both para-carcinoma and pancreatic cancer tissue 
samples as compared to normal tissue. Semi-quantitative measurement based on the integrated optical density 
(IOD) of staining intensity, showed that the expression of MIF was elevated 10-folds in pancreatic cancer tissues 
as compared to normal tissues (Fig. 1C). This data confirms a role for MIF in pancreatic cancer tumourigenesis.

Effects of ISO-1 on PANC-1 pancreatic cancer cell proliferation. We next investigated the biological 
significantce of the inhibition of MIF activity in PANC-1 pancreatic cancer cells using the MIF inhibitor ISO-1. 
The effect of ISO-1 on PANC-1 cell proliferation was first evaluated using the CCK-8 proliferation/cytotoxicity 
assay. Based on the reduction of the water soluble tetrazolium salt WST to formazan dye by cellular dehydro-
genase, the amount of which is directly proportional to the number of live cells, we see that ISO-1 treatment 
dose-dependently inhibited the proliferation of PANC-1 cells at both 48 and 96 hour time points (Fig. 2A,B 
respectively). At both time points, 25 and 50% reduction in cell proliferation was achieved at concentrations 
of 400 and 800 μM respectively. Concentrations beyond 800 μM did not exert further appreciable increase in 
inhibitory effect. No significant effect on PANC-1 cell proliferation was observed at 200 μM. Therefore, ISO-1 
(>400 μM) significantly inhibited PANC-1 cell proliferation in vitro.

ISO-1 inhibited the collective migration and recolonization of PANC-1 cells. Cancer metastasis 
and progression is the main cause of death in patients, hence the investigation into the effects of therapeutics on 
the prevention of cancer cell migration and invasion is of utmost importance. To this end we employed the cell 
wound closure assay to examine the effects of ISO-1 treatment on the collective migration of PANC-1 cell mass 
in a 2-dimensional environment. A scratch wound was generated down the center of the confluent monolayer of 
PANC-1 cells after which cells were treated with indicated concentrations of ISO-1 for 24 and 48 hours (Fig. 3A). 
The migratory distance at each time point under each treatment condition was compared to time point 0 (when 
the scratch wound was created) and then expressed as a fold change relative to untreated controls (Fig. 3B). As 
shown in Fig. 3A, untreated PANC-1 cells exhibited a time-dependent reduction in the scratch wound space 
between the two opposing cell fronts indicating migration and recolonization of wound area by cells. Treatment 
with ISO-1 on the other hand, inhibited the collective migration of the cell mass and prevented the closure of 
the scratch wound area. This was particularly obvious with cells treated with 400 and 800 μM ISO-1. At 48 hours 
after treatment, the scratch wound width was observed to be more or less the same as the scratch wound initially 

Figure 1. Expression of MIF in human para-carcinoma and pancreatic cancer tissues. Normal tissue, para-
carcinoma tissue, and pancreatic cancer tissue were subjected to (A) H&E staining (magnification100×) or (B) 
MIF IHC staining (magnification 200×). (C) MIF expression in pancreatic cancer tissues were quantified and 
expressed as fold change relative to normal controls; **p < 0.01 when compared to normal pancreatic tissue.
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generated. This observation was confirmed by quantitative measurement of the migratory distance after treat-
ment with ISO-1. The migratory distance for cells treated with ISO-1 were markedly reduced relative to untreated 
controls (Fig. 3B). Together these results suggest that ISO-1 inhibited the collective planar migration of PANC-1 
cells in 2-dimensional environment.

ISO-1 attenuated PANC-1 single cell migration and invasion. In addition to the collective migration 
of the cancer cell mass, individual cancer cells must also need to demonstrate the capacity to migrate and invade 
through the extracellular matrix and intravasate into the circulation for colonization at distant secondary sites. 
Thus, we used the transwell migration chambers to assess the ability of individual PANC-1 cells to directionally 
migrate and invade through a 3-dimensional environment in response to a chemo-attractant. For our purpose, 
an FBS gradient was established (15% in bottom chambers versus 2.5% in upper transwell inserts) and used as 
the chemo-attractant for cell migration/invasion. Transwell chambers without or coated with Matrigel matrix 
was respectively used to explore the migration and invasion of PANC-1 cells in response to ISO-1 treatment. As 
shown in Fig. 4A,B, a dose-dependent decrease in PANC-1 cell migration and invasion through the transwell 
chambers was observed after 24 hours treatment with ISO-1. In terms of cell migration, significant difference 
was observed at 400 μM with more than 50% reduction in cell migration observed at concentration of 800 μM 
(Fig. 4C). At 1600 μM (1.6 mM) of ISO-1 treatment, cell migration was reduced by 75%. For PANC-1 cell invasion 
capacity, significant reduction in invasion was again observed at concentrations of 400 μM and above. However, 
50% reduction in invasion was observed at 400 μM and at 1.6 mM of ISO-1 only around 10% of cells exhibited 
invasive capabilities (Fig. 4D). Collectively these results suggest that ISO-1 can attenuate the directional migration 
and invasion of individual PANC-1 cells towards area of higher FBS concentration (chemo-attractant).

Figure 2. ISO-1 repressed the proliferation of PANC-1 human pancreatic cancer cells. PANC-1 cells were 
treated without or with serial dilutions of ISO-1 (200, 400, 800, 1600 and 3200 μM) for (A) 48 and (B) 96 hours. 
Graphs are presented as the mean ± SD of 5 independent experiments; **p < 0.01, ***p < 0.001 when 
compared with untreated controls.

Figure 3. Inhibition of the collective migration and recolonization ability of PANC-1 cells by ISO-1. (A) 
Representative phase contrast images wound area when it was first generated (0), at 24 hours and at 48 hours 
after ISO-1 treatment; (magnification 100×). (B) Quantitative analysis of the cell migration at 24 and 48 hours 
expressed as the fold decrease in migratory distance relative to untreated controls. Graphs are presented as mean 
± SD from 3 independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001 when compared with untreated 
control.
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ISO-1 downregulated the expression of MIF, NF-κB p65 and TNF-α. The NF-κB and TNF-α sig-
naling pathways are crucial elements in inflammation and tumorigenesis, as well as cancer cell proliferation and 
metastasis28–31. Furthermore, elevated TNF-α production by many cancer cells will positively feedback in an 
autocrine fashion to further augment the activation of the NF-κB signaling pathway to promote cancer cell pro-
liferation, migration and invasion29. As MIF has been shown to activate NF-κB signaling and induce TNF-α 
production32–35, we thus examined the effects of ISO-1 on these two factors. To this end, we examined the mRNA 
and protein expression of MIF, NF-κB p65 and TNF-α using real-time PCR and immunoblotting respectively. 
As shown in Fig. 5A–C, when compared to untreated controls, ISO-1 treated cells exhibited significant and 
dose-dependent downregulation in the mRNA expression of MIF, NF-κB p65 and TNF-α. The change in MIF 
mRNA expression observed was consistent with the role of ISO-1 as an inhibitor of MIF expression. In line with 
reduced mRNA expression, the protein levels of NF-κB p65, pNF-κB p65, MIF and TNF-α were also similarly 
dose-dependently reduced in response to ISO-1 treatment (Fig. 5D,E). Phosphorylation of NF-κB p65 is nec-
essary for the activation of NF-κB signaling and NF-κB-dependent transcriptional activities. Here we further 
showed that the phosphorylation of NF-κB p65 was attenuated when in the presence of ISO-1 suggesting the 
impairment of NF-κB signaling activation. Quantitative densitometric analyses confirmed the reduction in pro-
tein expression of TNF-α, pNF-κB p65, and NF-κB p65 (Fig. 5E). Together, data from our biochemical assays 
suggests that inhibition of MIF by ISO-1 impairs NF-κB signaling activation, and downregulates TNF-α gene 
expression and protein production in PANC-1 cells.

ISO-1 suppressed tumour growth in PANC-1 xenograft mice model. With promising in vitro 
results, we next sought to investigate the potential therapeutic benefits of ISO-1 treatment on PANC-1 tumour 
growth in nude mice. Xenograft models were established by the subcutaneous injection of PANC-1 cells into the 
right axilla of nude mice. Tumours were allowed to proliferate and grow for two weeks after which mice were 
treated with intraperitoneal injections of low (5 mg/kg) or high (10 mg/kg) dose of ISO-1 for another 2 weeks 
(Fig. 6A). At the end of the experimental period, tumour tissues were excised (Fig. 6B) and tumour volume and 
weight were evaluated (Fig. 6C,D). As shown in Fig. 6A,B, the tumours from ISO-treated mice were significantly 
smaller than those from untreated controls. Quantitative measurement confirmed a dose-dependent reduction 
in tumour volume and weight when compared with untreated controls (Fig. 6C,D).

Histological and immunohistochemical examination of tumour tissues further demonstrated that ISO-1 
treatment significantly altered the cellular morphology of tumour tissue. Compared with the typical tumour 
morphology of high nucleus to cytoplasm ratio and numerous active mitotic cells seen in untreated samples, 

Figure 4. Attenuation of directional migration and invasion of PANC-1 cells following ISO-1 treatment. 
Representative phase contrast of crystal violet stained PANC-1 cells that (A) migrated through the transwell 
membrane or (B) invaded through the Matrigel Matrix after 24 hours of ISO-1 treatment (magnification 
200×). (C,D) Quantitative analysis of PANC-1 cell migration and invasion respectively, expressed as fold 
change relative to untreated controls. Graphs are presented as the mean ± SD from 3 independent experiments; 
*p < 0.05, **p < 0.01 when compared with untreated controls.
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Figure 5. Effects of ISO-1 on the mRNA and protein expression of MIF, NF-κB p65 and TNF-α. Western blot 
was obtained by using gel under uniform standard conditions and by cutting the film under uniform standard 
exposure conditions. The film was cut according to marker and the target strip was retained. Therefore, Fig. 5 
shows the cut film. High contrast (overexposed) films are not used. mRNA expression of (A) MIF, (B) NF-κB 
p65 and (C) TNF-α were examined by real-time qPCR using RNA extracted from PANC-1 cells treated 
without or with indicated concentrations of ISO-1 for 24 hours. (D) Western blot analyses were conducted on 
protein lysates extracted from PANC-1 cells treated with indicated concentrations of ISO-1 for 24 hours. (E) 
Quantitative densitometric analysis of protein bands first normalized to GAPDH and then expressed as fold 
change relative to untreated controls. Graphs are expressed as the mean ± SD of each group from 3 independent 
experiments. *p < 0.05, and **p < 0.01 when compared with untreated controls.

Figure 6. ISO-1-suppressed PANC-1 cell-induced tumor growth in xenograft mice model. (A) Tumour status 
in vivo in each group and (B) tumour tissues removed. (C) Tumour volume (cm3) and (D) tumour weight (g) 
were measured. Graph presented as mean ± SD; *p < 0.05 when compared to untreated controls.
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ISO-1-treated tumour tissues exhibited a less dense cell arrangement with cells appearing more flattened in mor-
phology (Fig. 7A). Expression of MIF and pNF-κB p65 were also found to be markedly reduced in ISO-1-treated 
tumour tissues (Fig. 7B–E). These results were consistent with our in vitro cellular and biochemical analyses pro-
viding further evidence that ISO-1 can offer therapeutic benefits against the growth and progression of pancreatic 
cancer.

Discussion
Macrophage migration inhibitory factor (MIF) a member of the tautomerase family of cytokines is highly 
expressed in a number of cancers including squamous carcinoma, glioblastoma, cervical adenocarcinoma, 
malignant melanoma, nasopharyngeal cancer, colon cancer, lung cancer, breast cancer, and prostate cancer20,36–40. 
Importantly, the expression of MIF is directly and positively correlated with the aggressiveness of the cancer 
phenotype. Our finding that MIF expression is substantially elevated in human para-carcinoma and pancreatic 
cancer tissues provides further evidence for the importance of MIF in pancreatic tumorigenesis. Thus, mounting 
evidence for the involvement of MIF in tumourigenesis makes MIF an attractive target for the development of 
therapeutic inhibitors. ISO-1 is a member of the isoxazoline class of compounds and considered the ‘gold stand-
ard’ archetypal competitive MIF inhibitor15,24. In this study, we demonstrated using in vitro cellular based assays 
that ISO-1 treatment inhibited PANC-1 human pancreatic cancer cell proliferation, migration and invasion. By 
real time PCR and western blot analyses, we further showed the downregulation of MIF, TNF-α and NF-κB p65 
mRNA expression with concomitant reduction in their protein expression. Finally, we extended our in vitro work 
to an in vivo PANC-1 xenograft tumour growth model using BALB/c nude mice. Intraperitoneal treatment with 
ISO-1 markedly attenuated tumour growth, with significant reduction in tumour volume and weight, and down-
regulation of MIF expression in ISO-1 treated tumour tissues.

ISO-1 inhibits MIF’s tautomerase activity and also shown to prevent binding of MIF to its surface receptor 
thereby blocking MIF-induced signaling cascades39. In cancer, MIF predominantly signals through binding with 
the CD74 receptor, however, binding through the chemokine receptors CXCR2, CXCR4, and CD44 have also 
been shown36,40. Binding of MIF to CD74 activates several key signaling pathways including MAPK, PI3K/Akt 
and NF-κB, leading to cell proliferation and survival41–43. Interestingly, a recent study by Zheng et al. found that 
intracellular MIF itself can form a complex with the NF-κB p65 subunit and is necessary for the phosphorylation 
and nuclear translocation of NF-κB p65 in bone resorbing osteoclasts. Importantly, treatment with 4-IPP a sui-
cide substrate/irreversible inhibitor of MIF attenuated NF-κB p65 phosphorylation44. Our results which showed 
downregulation of MIF, NF-κB p65 and pNF-κB p65 protein in PANC-1 cells is consistent with the work by 
Zheng and colleagues as well as other studies using ISO-1 in other cellular systems45,46.

As a pro-inflammatory mediator, MIF is capable of triggering via paracrine and autocrine loops, significant 
induction of pro-inflammatory cytokines such as IL-1β, IL-6, IFN-γ, and TNF-α47,48. In macrophages and RAW 
cells, ISO-1 was found to abrogate LPS-induced TNF-α production and secretion, and the genetic deletion of 
MIF in mice attenuates TNF-α production and protects against septic shock49,50. Our own biochemical analysis 
demonstrated that TNF-α gene and protein expression in PANC-1 cells were markedly reduced following ISO-1 
treatment. In cancer cells, elevated production and secretion of TNF-α acts in a paracrine and autocrine manner 
to promote tumor proliferation, progression and ultimately metastasis51–53. In pancreatic cancer patients, serum 
levels of TNF-α have been shown to be substantially elevated54,55 providing further evidence for the intimate link 

Figure 7. Expression of MIF and pNF-κB p65 were reduced in ISO-1 treated tumor tissues. Sectioned 
tissues were processed for (A) hematoxylin and eosin staining (H&E, magnification 200×), (B) MIF IHC 
(magnification 200×), (C) pNF-κB p65 IHC (magnification 200×). (D,E) MIF and pNF-κB p65 expression 
in ISO-1 treated tumour tissues were quantified and expressed as fold change relative to untreated controls; 
*p < 0.05 when compared to untreated controls.
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between chronic inflammation and cancer development, with MIF being a likely candidate playing the role of the 
“middle man” bridging and intimately linking the two processes.

Conclusion
A literature search identified three other studies examining the involvement of MIF in pancreatic cancer with two 
utilizing hamster MIF and cells as investigative models21,22, This study to our knowledge is the first study to inves-
tigate the effects of ISO-1 on human pancreatic cancer cells in vitro and pancreatic cancer cell-induced tumour 
growth in vivo. Our data have provided evidence that ISO-1 offers potential anti-cancer effects and further studies 
should be carried out to investigate the therapeutic application of ISO-1 or its derivatives for treatment of pan-
creatic cancer.

Materials and Methods
Human pancreatic cancer tumour samples. Tissue samples from patients with pancreatic cancer 
(n = 6) was obtained from the Department of Pathology of the First Affiliated Hospital of Zhengzhou University 
(Zhengzhou, China). The experiment has been approved by the Ethics Committee of Scientific Research and 
Clinical Experiment of the First Affiliated Hospital of Zhengzhou University (Ethics review number: 2019-ky-
426) and was conducted in accordance with the relevant guidelines and regulations. The study is partly guided by 
the principles of the Declaration of Helsinki 2018 (World Medical Association). Informed consent was obtained 
from all subjects. Samples were processed for hematoxylin and eosin (H&E) and immunohistochemical (IHC) 
staining as described below. The clinicopathological features are described in Table 1. All patients underwent 
surgery to remove cancer tissues including surrounding normal pancreatic tissue, tissue adjacent to carcinoma 
(para-carcinoma) and carcinoma tissue.

Cell culture and ISO-1 treatment. The PANC-1 human pancreatic cell line was procured from FuHeng 
Biology (Shanghai, China) and cultured in RPMI 1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, 
USA) supplemented with 10% fetal bovine serum (FBS; HyClone, GE Life Sciences, Chicago, IL, USA) and 100 
units/ml penicillin and 100 μg/ml streptomycin. Cells were maintained in a 37 °C incubator with humidified 
atmosphere of 5% CO2. The MIF inhibitor, ISO-1, was purchased from Chengdu Purifa Technology Development 
Co. Ltd. (Chengdu, China) and dissolved in dimethylsulfoxide (DMSO; Sigma Aldrich, St Louis, MO, USA) to 
stock concentration of 100 mM and diluted further in media before use in downstream experimental applications.

CCK-8 cell proliferation/cytotoxicity assay. We examined the effects of ISO-1 on PANC-1 cell pro-
liferation using the Cell Counting Kit-8 (CCK-8) assay in accordance with manufacturer’s protocol (Beyotime 
Biotechnology, Jiangsu, China). PANC-1 cells were seeded into 96-well plate at density of 5 × 103 cells/well in 
triplicates per treatment condition and cultured overnight. Cells were then treated with various concentrations 
(200, 400, 800, 1600 and 3200 μM) of ISO-1 for 48 and 96 hours. Cells treated with equal dilution of DMSO in 
media was used as untreated mock controls. In the last 4 hours of treatment, cells were incubated with 10 μl of 
CCK-8 reagent after which the absorbance at wavelength of 450 nm was measured on a microplate spectropho-
tometer reader (Varioskan LUX; Thermo Fisher Scientific). Cell viability was calculated as follows: [Abs450 of 
ISO-1 treatment group – Abs450 of blank]/[Abs450 of untreated controls − Abs450 of blank] × 100%. Blanks were 
empty wells containing media and CCK-8 reagent only.

Cell-wound closure migration assay. The cell-wound closure migration assay was employed to examine 
the ability of PANC-1 cells to collectively migrate and recolonize the wound area following ISO-1 treatment. To 
this end, PANC-1 cells seeded in 24-well plates (density of 4 × 104 cells/well) were cultured to 100% confluence 
after which a linear scratch wound was drawn down the center of the cell monolayer using the tip of a sterile 
pipette tip. Cellular debris and floating cells were removed, and fresh media supplemented with 2.5% FBS without 
or with ISO-1 (100 or 200 μM) were added to respective wells. Phase contrast images were taken immediately 
after the creation of the scratch wound and designated time point 0. Further images were captured at 24 and 
48 hour time points. The width of the scratch wounds was quantified for each treatment condition at each time 
point using ImageJ software (NIH; Bethesda, MD, USA). The migration distance was calculated as follows: inhib-
itory distance (μm) = [wound width a time point 0 − wound width after ISO-1 treatment (at 24 or 48 hours)]/2. 
The change in migratory distance was then expressed as fold change relative to untreated controls; migration 
inhibitory fold = (average migration distance in the control group − average migration distance in the treatment 
group)/average migration distance in the control group.

Variable characteristics

n 6

Gender (male/female) 4/2

Age (yrs) (43~67)

Histologic diagnosis Pancreatic Ductal 
Adenocarcinoma

TNM staging(n)
I (2)
II (1)
III (1)
IV (2)

Table 1. Clinical characteristics of the pancreatic cancer patients.
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Transwell migration and invasion assay. The migration and invasion of PANC-1 cells in a 3-dimensional 
environment following treatment with ISO-1 were assessed using the Transwell Permeable Support Filter 
Chambers (8 μm pore size; Corning Inc, Corning, NY, USA) and BioCoat Matrigel Invasion Chambers (8 μm 
pore size; Corning Inc) respectively. PANC-1 cells were serum-starved for 24 hours prior to seeding (density of 
3 × 105 cells/well) into the upper inserts of the chambers in low serum (2.5% FBS) RPMI media. The bottom 
chamber wells were filled with high serum (15% FBS) RPMI media. Cells in the upper chambers were then 
treated without or with 400, 800, or 1600 μM ISO-1 for 24 hours. After the treatment period, the non-migrated/
invaded cells remaining on the surface of the membrane in the upper chamber inserts were gently removed 
using a cotton-tipped swab, and migrated/invaded cells on the other side of the membrane or bottom surface 
of the insert were fixed in 4% paraformaldehyde (PFA). Fixed cells were then stained with 0.2% crystal violet 
and phase contrast images were captured under a light microscope. The number of migrated/invaded cells in 
5 randomly-selected fields from each treatment condition were quantified using ImageJ and expressed as fold 
change relative to untreated controls.

RNA extraction and quantitative real-time PCR (qPCR) analysis. Total RNA was extracted from 
PANC-1 cells treated without or with 200 or 400 μM ISO-1 for 24 hours using AxyPrep Total RNA Extraction 
Kit (Axygen Inc, Corning Inc) in accordance with manufacturer’s instructions. Complementary DNA (cDNA) 
was then synthesized using 2 μg of purified RNA using the BeyoRT II First Strand cDNA Synthesis Kit (Beyotime 
Biotechnology) and subsequently used as template for qPCR in reaction mixture containing specific forward 
and reverse primers, and TB Green Premix Ex Taq (Takara Bio Inc., Shiga, Japan). qPCR was performed on 
a Applied Biosystems TM Quant StudioTM3&5 (Thermo Fisher Scientific) with the following cycling con-
ditions: 95 °C for 30 secs; followed by 40 cycles of 95 °C for 5 secs, 60 °C for 30 secs. Specific primers against 
the following human genes were used: MIF (Sense: 5′-GGACAGGGTCTACATCAACTA-3′, and Anti-Sense: 
5′-TCTTAGGCGAAG GTGGAG-3′); TNF-α (Sense: 5′-TTATTTATTTACAGATGAATG-3′, and Anti-Sense: 
5′-TTAGACAACTTAATCAGA-3′); NF-κB p65 (Sense: 5′-CCTTATCAAGTGTCTTCCATCA-3′, and 
Anti-Sense: 5′-AATGCCAGTGCCATACAG-3′); and GAPDH (Sense: 5′-CTCTGGTA AAGTGATATTGT-3′, 
and Anti-Sense: 5′-GGTGGAATCATATTGGAACA-3′). The expression of target genes was normalized to inter-
nal housekeeping gene GAPDH using the 2−ΔΔCT method.

Protein extraction and immunoblotting. Total cellular proteins were extracted from PANC-1 cells 
treated without or with 200 or 400 μM ISO-1 for 24 hours using RIPA cell lysis buffer containing protease/phos-
phatase inhibitor cocktail. Protein lysates were cleared by centrifugation, concentration quantified, and then 20 μg 
of cleared proteins were resolved on 12% SDS-PAGE gel. Separated proteins were then transferred to nitrocellu-
lose membranes (MilliporeSigma, Burlington, MA, USA) overnight at 4 °C. After blocking with 5% non-fat dry 
milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 hour at room temperature, the membranes 
were incubated with primary antibodies against NF-κB p65, phospho-NF-κB p65 (pNF-κB p65) and GAPDH 
(1:1000 dilution in 1% non-fat dry milk in TBST; Abcam, Cambridge, UK) overnight at 4 °C. Membranes were 
extensively washed and then incubated with corresponding HRP-conjugated secondary antibodies (1:5000 dilu-
tion; Beyotime Biotechnology) for 1 hour at room temperature. HRP reactivity was detected by exposure to ECL 
Plus Chemiluminescent Detection System (Thermo Fisher Scientific) and imaged on a LI-COR Odyssey Imaging 
System (LI-COR, Lincoln, NE, USA). Densitometric quantitation was conducted for each protein band of interest 
using Studio Digits 3.1 software (LI-COR). The relative expression levels of target proteins were normalized to 
internal loading control GAPDH and expressed as fold change against untreated controls.

PANC-1-induced tumour growth in nude mice xenograft model in vivo. Four-week-old male 
BALB/c nude mice were obtained from Beijing Vital River Laboratory Animal Technology Co. Ltd (Beijing, 
China). Animal experiments were approved by the Ethics Committee of Scientific Research and Clinical 
Experiment of the First Affiliated Hospital of Zhengzhou University (Ethics review number: 2019-ky-139; 
Zhengzhou, China). All experimental methods involving the use of animals were conducted in accordance with 
the animal experimental rules of the First Affiliated Hospital of Zhengzhou University. Mice received subcu-
taneous injections of 3 × 106 PANC-1 cells in PBS (300 μl; 1 × 107 cells/ml) into the right axilla of each mice. 
Two weeks after tumour cell injection, mice were randomly assigned to 3 groups with 6 mice per group. Control 
group was given intraperitoneal injections of normal saline, whereas treatment groups were given intraperitoneal 
injections ISO-1 at 5 mg/kg or 10 mg/kg, every day for 2 weeks. At the end of the 2 weeks treatment period, all 
mice were sacrificed and tumours were removed for measurement of volume (cm3) and weight (g). Formula for 
tumour volume was as follows: tumour volume (cm3) = [tumour length (cm) × tumour width (cm) × tumour 
height (cm)] × 0.52. The weight of the tumour tissues were measured using standard analytical laboratory bal-
ance. At the end of the experimental period, two mice exhibited tumour growth on their tail and hence removed 
from analysis.

Histology and immunohistochemistry. Resected tumour tissues were fixed in 10% formaldehyde and 
then embedded in paraffin blocks for sequential sectioning into 4 μm thick sections. Tissue sections were pro-
cessed for H&E staining as per our standard laboratory procedures. IHC staining was carried out using the High 
Efficiency Immunohistochemical Secondary Antibody Kit (Absin Bioscience Inc, Shanghai, China). Antibody 
against pNF-κB p65 was purchased from Cell Signaling Technology. The distribution and expression levels of 
MIF and pNF-κB p65 were statistically analyzed using ImageJ software, and the expression intensity was evalu-
ated by the size of integrated optical density (IOD) value (IOD = average absorbance × area). The higher the IOD 
value, the higher the expression level of MIF and pNF-κB p65. Cells with higher expression of MIF and pNF-κB 
p65 was considered more mitotically active.

https://doi.org/10.1038/s41598-020-63778-y


9Scientific RepoRtS |         (2020) 10:6741  | https://doi.org/10.1038/s41598-020-63778-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Statistical analysis. Data presented in this study are expressed as mean ± standard deviation (SD) of at 
least 3 independent experiments unless otherwise stated. SPSS 17.0 software (IBM Corporation, Armonk, NY, 
USA) was used to determine statistical difference between groups using Student’s t-test or analysis of variance 
(ANOVA). Statistical difference was observed when calculated p was less than 0.05 or otherwise indicated.

Received: 19 November 2019; Accepted: 6 April 2020;
Published: xx xx xxxx

References
 1. Van Laethem, J. L. et al. New strategies and designs in pancreatic cancer research: consensus guidelines report from a European 

expert panel. European Society for Medical Oncology. Ann Oncol. Mar 23(3), 570–6 (2012).
 2. Hruban, R. H. World Health Organization; 2014. Pancreatic Cancer. World Cancer Report; pp. 413–421 (2014).
 3. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2015. CA: a cancer journal for clinicians 65(1), 5–29 (2015).
 4. Ryan, D. P., Hong, T. S. & Bardeesy, N. Pancreatic adenocarcinoma. N Engl J Med. 371(11), 1039–1049 (2014).
 5. Manji, G. A., Olive, K. P., Saenger, Y. M. & Oberstein, P. Current and Emerging Therapies in Metastatic Pancreatic Cancer. Clin 

Cancer Res. 23, 1670–1678 (2017).
 6. Teague, A., Lim, K. H. & Wang, G. A. Advanced pancreatic adenocarcinoma: a review of current treatment strategies and developing 

therapies. Ther Adv Med Oncol. 7, 68–84 (2015).
 7. Garrido, L. I. & Hidalgo, M. Pancreatic cancer: from state-of-the-art treatments to promising novel therapies. Nat Rev Clin Oncol 

12(6), 319–334 (2015).
 8. Sharma, C., Eltawil, K. M., Renfrew, P. D., Walsh, M. J. & Molinari, M. Advances in diagnosis, treatment and palliation of pancreatic 

carcinoma: 1990-2010. World J Gastroenterol. Feb 21; 17(7):867–97(2011).
 9. Siegel, R., Ma, J., Zou, Z. & Jemal, A. Cancer statistics. CA Cancer J Clin. 64, 9–29 (2014).
 10. Bloom, B. R. & Bennett, B. Mechanism of a reaction in vitro associated with delayed-type hypersensitivity. Science. 153(3731), 80–82 

(1966).
 11. David, J. R. Delayed hypersensitivity in vitro: Its mediation by cell-free substances formed by lymphoid cell-antigen interaction. Proc 

Natl Acad Sci USA 56(1), 72–77 (1966).
 12. Bloom, J., Sun, S. & Al-Abed, Y. MIF, a controversial cytokine: a review of structural features, challenges, and opportunities for drug 

development. Expert Opin Ther Targets. Dec 20(12), 1463–1475 (2016).
 13. O’Reilly, C., Doroudian, M., Mawhinney, L. & Donnelly, S. C. Targeting MIF in Cancer: Therapeutic Strategies, Current 

Developments, and Future Opportunities. Med Res Rev. May 36(3), 440–60 (2016).
 14. Tjie, K. et al. Small molecule inhibitors of macrophage migration inhibitory factor (MIF) as emerging class of therapeutics for 

immune disorders. Drug Discov Today. Nov 23(11), 1910–1918 (2018).
 15. Greven, D., Leng, L. & Bucala, R. Autoimmune diseases: MIF as a therapeutic target. Expert Opin Ther Targets. 14(3), 253–264 

(2010).
 16. Adamali, H. et al. Macrophage migration inhibitory factor enzymatic activity, lung inflammation, and cystic fibrosis. Am J Respir 

Crit Care Med. 186(2), 162–169 (2012).
 17. Nagarajan, P. et al. MIF antagonist (CPSI-1306) protects against UVB-induced squamous cell carcinoma. Mol Cancer Res. 12(9), 

1292–1302 (2014).
 18. Gordon, W. A. N., Lim, S. Y., Yuzhalin, A. E., Jones, K. & Muschel, R. Macrophage migration inhibitory factor: A key cytokine and 

therapeutic target in colon cancer. Cytokine Growth Factor Rev. 26(4), 451–461 (2015).
 19. Oliveira, C. et al. Macrophage migration inhibitory factor engages PI3K/Akt signalling and is a prognostic factor in metastatic 

melanoma. BMC Cancer. 14(1), 630 (2014).
 20. Liao, B. et al. Macrophage migration inhibitory factor contributes angiogenesis by up-regulating IL-8 and correlates with poor 

prognosis of patients with primary nasopharyngeal carcinoma. J Surg Oncol. 102(7), 844–851 (2010).
 21. Suklabaidya, S. et al. Characterization and use of HapT1-derived homologous tumors as a preclinical model to evaluate therapeutic 

efficacy of drugs against pancreatic tumor desmoplasia. Oncotarget. 7(27), 41825–41842 (2016).
 22. Yang, S. et al. A Novel MIF Signaling Pathway Drives the Malignant Character of Pancreatic Cancer by Targeting NR3C2. Cancer 

Res. Jul 1 76(13), 3838–50 (2016).
 23. Lubetsky, J. B. et al. The Tautomerase Active Site of Macrophage Migration Inhibitory Factor Is a Potential Target for Discovery of 

Novel Anti-inflammatory Agents. J Biol Chem. 277, 24976–82 (2002).
 24. Cournia, Z. et al. Discovery of human macrophage migration inhibitory factor (MIF)-CD74 antagonists via virtual screening. J Med 

Chem. Jan 22 52(2), 416–24 (2009).
 25. Tanese, K. et al. Cell Surface CD74–MIF Interactions Drive Melanoma Survival in Response to Interferon-γ. J Invest Dermatol. 135, 

2775–84 (2015).
 26. Schrader, J. et al. Restoration of contact inhibition in human glioblastoma cell lines after MIF knockdown. BMC cancer. 9(1), 464 

(2009).
 27. Subbannayya, T. et al. Macrophagemigration inhibitory factor a therapeutic target in gallbladder cancer. BMC Cancer. Nov 4 15, 843 

(2015).
 28. Martin, C. et al. Tumor Necrosis Factor Induces Tumor Promoting and Anti-Tumoral Effects on Pancreatic Cancer via TNFR1. PLoS 

One. 8(9), e75737 (2013).
 29. Prabhu, L., Mundade, R., Korc, M., Loehrer, P. J. & Lu, T. L. Critical role of NF-κB in pancreatic cancer. Oncotarget. 5, 10969–75 

(2014).
 30. Mansouri, L. et al. Functional loss of I kappa B epsilon leads to NF-kappa B deregulation in aggressive chronic lymphocytic 

leukemia. J Exp Med. 212(833), 43 (2015).
 31. Setia, S., Nehru, B. & Sanyal, S. N. Activation of NF-κB: Bridging the gap between inflammation and cancer in colitis-mediated 

colon carcinogenesis. Biomed Pharmacother. 68, 119–28 (2014).
 32. Gu, R. et al. Macrophage migration inhibitory factor is essential for osteoclastogenic mechanisms in vitro and in vivo mouse model 

of arthritis. J. Cytokine. 72, 135–45 (2015).
 33. Houdeau, E. et al. Sex steroid regulation of macrophage migration inhibitory factor in normal and inflamed colon in the female rat. 

J. Gastroenterology. 132, 982–93 (2007).
 34. Chan, L. Y. Y. et al. Activation of tubular epithelial cells by mesangial-derived TNF-alpha: glomerulotubular communication in IgA 

nephropathy. J. Kidney Int. 67, 602–12 (2005).
 35. Shih, H. C., Huang, M. S. & Lee, C. H. Polymorphonuclear cell priming associated with NF-kB activation in patients with severe 

injury is partially dependent on macrophage migration inhibitory factor. J. Am. Coll. Surg. 211, 791–7 (2010).
 36. Dessein, A. F. et al. Autocrine induction of invasive and metastatic phenotypes by the MIF-CXCR4 axis in drug-resistant human 

colon cancer cells. Cancer Res. 70, 4644–4654 (2010).
 37. Kamimura, A. et al. Intracellular distribution of macrophage migration inhibitory factor predicts the prognosis of patients with 

adenocarcinoma of the lung. Cancer. 89(2), 334–341 (2000).

https://doi.org/10.1038/s41598-020-63778-y


1 0Scientific RepoRtS |         (2020) 10:6741  | https://doi.org/10.1038/s41598-020-63778-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 38. Xu, X. et al. Overexpression of macrophage migration inhibitory factor induces angiogenesis in human breast cancer. Cancer Lett 
261(2), 147–157 (2008).

 39. Dios, A. et al. Inhibition of MIF bioactivity by rational design of pharmacological inhibitors of MIF tautomerase activity. J. Med. 
Chem. 45(12), 2410–2416 (2002).

 40. Kindt, N., Lechien, J. R., Nonclercq, D., Laurent, G. & Saussez, S. Involvement of CD74 in head and neck squamous cell carcinomas. 
J. Cancer Res. Clin. Oncol. 140, 937–947 (2014).

 41. Hu, W. et al. Adrenomedullin protects Leydig cells against lipopolysaccharide-induced oxidative stress and inflammatory reaction 
via MAPK/NF-kappaB signalling pathways. Scientific reports. 7, 16479 (2017).

 42. Cao, W. G. et al. Stimulation of macrophage migration inhibitory factor expression in endometrial stromal cells by interleukin 1, 
beta involving the nuclear transcription factor NFkappaB. Biology of reproduction. 73, 565–70 (2005).

 43. Starlets, D. Y. et al. Cell surface CD74 initiates a signaling cascade leading to cell proliferation and survival. Blood. 107, 4807–4816 
(2006).

 44. Zheng, L. et al. Macrophage migration inhibitory factor (MIF) inhibitor 4-IPP suppresses osteoclast formation and promotes 
osteoblast differentiation through the inhibition of the NF-κB signaling pathway. FASEB J. Jun 33(6), 7667–7683 (2019).

 45. Heike, D., Geou, Y. L. & Peter, S. Downregulation of TRAF2 mediates NIK-induced pancreatic cancer cell proliferation and 
tumorigenicity. PLoS One. 8, e53676 (2013).

 46. Marina, L. et al. A regulates CXCL1/CXCR2-dependent oncogene-induced senescence in murine Kras-driven pancreatic 
carcinogenesis. J Clin Invest. Aug 1 126(8), 2919–2932 (2016).

 47. Bernhagen, J. et al. MIF is a noncognate ligand of CXC chemokine receptors in inflammatory and atherogenic cell recruitment. Nat 
Med. 13(5), 587–596 (2007).

 48. Candido., J. & Hagemann, T. Cancer-related inflammation. J Clin Immunol. 33(Suppl 1), S79–84 (2013).
 49. Al, A. Y. 1 et al. ISO-1 binding to the tautomerase active site of MIF inhibits its pro-inflammatory activity and increases survival in 

severe sepsis. J Biol Chem. Nov 4 280(44), 36541–4 (2005).
 50. Thierry, R. et al. High expression levels of macrophage migration inhibitory factor sustain the innate immune responses of neonates. 

PNAS February 23 113(8), E997–E1005 (2016).
 51. Li, B. et al. Low levels of tumor necrosis factor alpha increase tumor growth by inducing an endothelial phenotype of monocytes 

recruited to the tumor site. Cancer Res. Jan 1 69(1), 338–48 (2009).
 52. Balkwill, F. Tumour necrosis factor and cancer. Nat Rev Cancer. 9, 121–37 (2009).
 53. Waters, J. P., Pober, J. S. & Bradley, J. R. Tumour necrosis factor and cancer. J. Pathol. 230, 241–8 (2013).
 54. Sclabas, G. M., Fujioka, S., Schmidt, C., Evans, D. B. & Chiao, P. J. NF-κB in pancreatic cancer. Int J Gastrointest Cancer. 33, 15–26 

(2003).
 55. Egberts, J. H. et al. Anti-tumor necrosis factor therapy inhibits pancreatic tumor growth and metastasis. Cancer Res. 68, 1443–50 

(2008).

Acknowledgements
This work was supported by the Scientific Research Project of Henan Education Department (19A320013). We 
extend our sincere thanks to Henan Key Laboratory of Digestive Organ Transplantation, the Open and Key 
Laboratory of Hepatobiliary & Pancreatic Surgery and Digestive Organ Transplantation at Henan Universities, 
and Zhengzhou Key Laboratory of Hepatobiliary & Pancreatic Diseases and Organ Transplantation for 
supporting this study.

Author contributions
C.J.Z. designed the experiments. B.C., Q.F.W., Y.D.S., Y.N.L., and Y.Y.L. performed the experiments. S.J.Y. and 
D.J.L. performed histological analysis, C.B. and Q.F.W. drafted the manuscript, and Y.Z. and C.B. revised the 
manuscript. All of the authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63778-y.
Correspondence and requests for materials should be addressed to C.Z.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-63778-y
https://doi.org/10.1038/s41598-020-63778-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	MIF inhibitor, ISO-1, attenuates human pancreatic cancer cell proliferation, migration and invasion in vitro, and suppresse ...
	Results
	The expression of MIF is elevated in human pancreatic cancer tissues. 
	Effects of ISO-1 on PANC-1 pancreatic cancer cell proliferation. 
	ISO-1 inhibited the collective migration and recolonization of PANC-1 cells. 
	ISO-1 attenuated PANC-1 single cell migration and invasion. 
	ISO-1 downregulated the expression of MIF, NF-κB p65 and TNF-α. 
	ISO-1 suppressed tumour growth in PANC-1 xenograft mice model. 

	Discussion
	Conclusion
	Materials and Methods
	Human pancreatic cancer tumour samples. 
	Cell culture and ISO-1 treatment. 
	CCK-8 cell proliferation/cytotoxicity assay. 
	Cell-wound closure migration assay. 
	Transwell migration and invasion assay. 
	RNA extraction and quantitative real-time PCR (qPCR) analysis. 
	Protein extraction and immunoblotting. 
	PANC-1-induced tumour growth in nude mice xenograft model in vivo. 
	Histology and immunohistochemistry. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Expression of MIF in human para-carcinoma and pancreatic cancer tissues.
	Figure 2 ISO-1 repressed the proliferation of PANC-1 human pancreatic cancer cells.
	Figure 3 Inhibition of the collective migration and recolonization ability of PANC-1 cells by ISO-1.
	Figure 4 Attenuation of directional migration and invasion of PANC-1 cells following ISO-1 treatment.
	Figure 5 Effects of ISO-1 on the mRNA and protein expression of MIF, NF-κB p65 and TNF-α.
	Figure 6 ISO-1-suppressed PANC-1 cell-induced tumor growth in xenograft mice model.
	Figure 7 Expression of MIF and pNF-κB p65 were reduced in ISO-1 treated tumor tissues.
	Table 1 Clinical characteristics of the pancreatic cancer patients.




