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Abstract
Purpose  Pancreatic cancer is characterized by a dense desmoplasia stroma, which hinders efficient drug delivery and plays 
a critical role in tumor progression and metastasis. MLN4924 is a first-in-class NEDD8-activating enzyme inhibitor that 
exhibits anti-tumor activities toward pancreatic cancer, and given the comprehensive effects that MLN4924 could have, we 
ask what impact MLN4924 would have on the stroma of pancreatic cancer and its underlying mechanisms.
Methods  Primary pancreatic stellate cells (PSCs) and human HMEC-1 cells were treated with MLN4924 in vitro. The 
proliferation and extracellular matrix protein levels of PSCs were tested, and their relationship with transcription factor Gli1 
in PSCs was investigated. The angiogenic phenotypes of HMEC-1 cells were evaluated using capillary-like tube formation 
assay, and their relationship with REDD1 in HMEC-1 cells was investigated.
Results  In this study, we found that MLN4924 inhibited the proliferation of pancreatic stellate cells and their secretion of 
collagen and CXCL-1, and the collagen secretion inhibiting effect of MLN4924 was related with transcription factor Gli1. 
MLN4924 inhibited multiple angiogenic phenotypes of HMEC-1 cells, and mTOR agonist partially relieved the inhibition 
of MLN4924 on HEMCs. MLN4924 increased the expression of REDD1 and REDD1 knockdown promoted the angiogenic 
phenotypes of HMEC-1 cells.
Conclusions  Our study suggests that MLN4924 inhibits both the tumor stroma and angiogenesis in pancreatic cancer, and 
the inhibition effect is related with Gli1 in pancreatic stellate cells and REDD1 in vascular endothelial cells, respectively.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly fatal 
malignancy with an overall 5-year survival rate of 10% in 
the USA [1]. Although the incidence of PDAC is rather 
low, comprising only 2.6% of worldwide cancer cases, it 
contributes to 4.7% of worldwide cancer-related deaths [2]. 
In the past decade, combination chemotherapies such as 
FOLFIRINOX and gemcitabine plus nab-paclitaxel have 
improved the survival of PDAC patients by several months 
[3, 4], but the overall response of PDAC to chemotherapies 

is very limited. The chemoresistance of PDAC may partly 
be attributed to its highly desmoplastic microenvironment, 
which can function as a barrier to effective drug delivery 
to PDAC cells [5]. The tumor microenvironment (TME) in 
PDAC, which is often referred as tumor stroma, is com-
posed of pancreatic stellate cells (PSCs), extracellular matrix 
(ECM) proteins, tumor vasculature and immune cells. As 
the most abundant stromal cells and major ECM produc-
ers, PSCs are regarded as the key player in the desmoplastic 
reaction in PDAC [6]. The dynamic interaction among PSCs, 
cancer cells and other stroma components closely relates 
the progression and therapeutic escape of PDAC [7–10]. 
Moreover, studies have also shown that tumor stroma can 
restrain the progression of PDAC [11], highlighting the com-
plex role of tumor stroma in pancreatic cancer. Recently, 
stroma-targeting approach has received great attention and 
emerged as a promising strategy to overcome chemoresist-
ance in PDAC. Several agents have been proposed, yet none 
has been translated into clinical success [12].
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MLN4924 is a first-in-class NEDD8-activating enzyme 
(NAE) inhibitor that has shown promising anti-tumor activ-
ities against hematological and solid malignancies [13]. 
MLN4924 acts primarily by inhibiting the Cullin-Ring 
ligases (CRLs), which are the largest family of E3 ubiqui-
tin ligases. The activation of CRLs requires the binding of 
ubiquitin-like protein NEDD8 to the Cullin proteins, a modi-
fication known as neddylation, in which NEDD8 is activated 
by the NAE and conjugated to the Cullins via a three-step 
enzymatic cascade resembling the process of ubiquitination 
[14]. By binding to NEDD8 to form NEDD8-MLN4924 
adducts in the presence of NAE, MLN4924 blocks the enzy-
matic activity of NAE, and ultimately inhibits the CRLs-
mediated ubiquitin–proteasome system (UPS), which is 
responsible for the degradation of about 20% of cellular 
proteins [15]. Previous studies have shown that MLN4924 
can suppress tumor cell growth by inducing DNA damage, 
apoptosis, senescence, apoptosis and autophagy [16–19], 
and of particular interest is that it can also inhibit angiogen-
esis during tumor development [20]. In our previous study, 
we found that MLN4924 inhibited the growth of PDAC cells 
directly [16], given the comprehensive effects that inhibit-
ing UPS could have, we ask what impact MLN4924 would 
have on the stroma of pancreatic cancer. Here, we report 
that MLN4924 inhibited PSCs’ growth and their secretion 
of collagen and CXCL-1, and the collagen secretion inhibit-
ing effect of MLN4924 was related with transcription factor 
Gli1. We found that MLN4924 inhibited multiple angio-
genic phenotypes of HMEC-1 cells, which could be partially 
relieved by mTOR agonist, and the angiogenesis inhibition 
effect of MLN4924 was related with REDD1 in HMEC-1 
cells.

Materials and Methods

Cell Lines and Antibodies

Human microvascular endothelial cell line HMEC-1 was 
purchased from ATCC and cultured in MCDB131 medium 
(10372019, Life Technologies, Shanghai, China) supple-
mented with 10 ng/mL Epidermal Growth Factor (PHG0314, 
Thermofisher, Shanghai, China), 1 µg/mL Hydrocortisone 
(H0396, Sigma, Shanghai, China), 10% fetal bovine serum 
(Gibco, Shanghai, China), in a humidified 37 °C and 5% 
CO2 incubator. Anti-Vimentin (ab8978), anti-α-SMA 
(ab5694) and anti-REDD1 (ab191871) were purchased 
from Abcam, Shanghai, China. Anti-Gli1 (2643) was pur-
chased from Cell Signaling Technology, Shanghai, China. 
Anti-GAPDH (sc-32233) and anti-β-actin (sc-69879) were 
purchased from Santa Cruz, Shanghai, China. Fluorescent 
dye-conjugated secondary antibodies (A-21201, A-11008) 
were obtained from Thermo Fisher Scientific, Shanghai, 

China. Horseradish peroxidase-conjugated secondary anti-
bodies against mouse (sc-2005) and rabbit (sc-2004) were 
obtained from Santa Cruz.

Isolation and Culture of Human Pancreatic Stromal 
Outgrowths

The human PSC lines were established from fresh surgi-
cal specimens of pancreatic cancer using the outgrowth 
method described previously [21]. Fresh pancreatic tissue 
blocks (100–150 mg) were obtained from surgical samples 
of patients with pancreatic cancer undergoing pancreatic sur-
gery at Zhongshan Hospital, Fudan University. This experi-
ment was approved by the Ethics committee. The tissue 
blocks were cut into ~ 1 mm3 pieces and seeded in a six-well 
plate in the presence of 10% FBS in a 1:1 (vol/vol) mixture 
of DMEM with Ham’s F12 medium. 24 h after seeding, 
culture medium was changed, and 48 h later, the small tis-
sue blocks were transferred to new culture plates. The PSCs 
grew out from the tissue blocks 1–3 days later. The small 
tissue blocks were removed after 2–3 weeks. Cells were 
passaged 1:3 when they reached 80% of confluence. The 
isolated cells were confirmed to be PSCs by their spindle-
shaped morphology, loss of lipid droplets (assessed using the 
Lipid Staining Kit from Sigma-Aldrich, #MAK194, Shang-
hai, China) and immunofluorescence staining for αSMA and 
vimentin. Cell populations between passage 3 and 6 were 
used.

MTT Cell Viability Test

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) method was used to detect cell viability. 
Briefly, 2000 cells were seeded in a 96-well plate and treated 
with MLN4924 of varied concentrations for 48 h. Then cells 
were incubated in 20% MTT (Sigma-Aldrich, Shanghai, 
China) diluted in a normal culture medium for an additional 
4 h, and the absorbance was measured at a wavelength of 
490 nm.

BrdU Proliferation Assay

After treatment, cells were incubated with bromodeoxyur-
idine (BrdU) labeling reagent for 30 min at 37 °C, following 
the manufacturer’s instructions (Roche Diagnostics). Briefly, 
BrdU was added to the culture medium to a final concentra-
tion of 100 μM. After fixation with FixDenat for 30 min at 
room temperature, cells were incubated with Anti-BrdU-
POD working solution for 90 min at room temperature. After 
washing, the tetramethylbenzidine substrate was added and 
incubated in the dark for 15 min. Then stop solution was 
added and absorbance was read at the wavelength of 450 nm 
using a microplate reader (Tecan infinite M2009PR).
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Cell Apoptosis Assay

For apoptosis, cells were labeled using the Annexin V-PE 
apoptosis detection kit following the manufacturer's instruc-
tions (88-8007, eBioscience, San Diego, CA). Briefly, cells 
were harvested with trypsin, washed twice with ice-cold 
PBS, and resuspended in 1 × binding buffer. Then, 10   μl of 
annexin V-APC was added into 200ul of cell suspensions. 
After incubation for 15 min, the population study of the 
target cohort was performed by a flow cytometer (Guava 
easyCyte HT, Millipore, Burlington, USA).

Quantification of ECM Components

PSCs of different groups were treated accordingly for 48 h, 
and then the cell supernatants of each group were col-
lected. Enzyme-linked immunosorbent assay (ELISA) kits 
were applied to detect the protein levels of CXCL-1 (CSB-
E09150h, Cusabio Technology LLC, Wuhan, China) and 
MCP-1 (CSB-E04655h, Cusabio Technology LLC, Wuhan, 
China) in the supernatants following the instructions of the 
manufacturer. The Sircol Collagen Assay (Biocolor Ltd., 
Carrickfergus, UK) was used to detect the collagens in the 
supernatants following the instructions of the manufacturer.

RNAi Using shRNA

shRNA interference was used to decrease target gene expres-
sion according to the methods described previously [22]. 
The GV115 lentiviral vectors were designed and constructed 
by GeneChem Co., Ltd. (Shanghai, China). The human 
REDD1 shRNA target sequence was GGG​CAA​AGA​ACT​
ACT​GCG​CCT. Transfected clones were validated by qPCR 
and western immunoblot analysis.

Western Blotting

Total protein was extracted, and the concentration was meas-
ured using BCA protein assay (P0010S, Beyotime, Shang-
hai, China). 20–30 µg protein was separated on an 8–10% 
gel and electrotransferred onto polyvinylidene difluoride 
membranes (IPVH00010, Millipore, Shanghai, China). 
Membranes were incubated with antibodies as indicated in 
each figure. Then, the membranes were probed with HRP-
conjugated secondary antibody for 1 h at room temperature. 
The protein bands were detected with ECL-PLUS reagent 
(32132, Thermo Fisher Scientific, Shanghai, China).

Immunofluorescence

Cells were seeded on coverslips and fixed with 4% para-
formaldehyde for 10 min, then permeabilized with 0.2% 
Triton X-100 for 5 min at room temperature. Bovine serum 

albumin (BSA) was then used to block for 30 min at 37 °C. 
Cells were then incubated with primary antibody overnight 
at 4 °C, followed by incubation with Alexa Fluor 488-conju-
gated secondary antibodies at 37 °C for 45 min. Nuclei were 
stained for 5 min using DAPI. Subsequently, sections were 
sealed with antifade mounting medium and examined under 
a fluorescence microscope (Olympus IX71, Tokyo, Japan).

Quantitative Real‑Time PCR

Total RNA was isolated using the Trizol reagent (Invitrogen, 
Carlsbad, CA, USA). Standard cDNA synthesis reactions 
were performed using the M-MLV Reverse Transcriptase 
kit (Promega, Shanghai, China) following the manufacturer’s 
instructions. Reverse transcribed products were amplified 
using SYBR Premix Ex Taq (TaKaRa, Shanghai, China). 
PCR reactions were carried out using the LightCycler® 480 
II Real-Time PCR system (Roche, USA) and repeated three 
times. Relative mRNA levels were normalized to GAPDH, 
and the relative expression of transcripts was analyzed 
using the 2−△△Ct method. The following primers were used: 
human Gli1 (gene accession no. NM_005269): 5′- TTC​CTA​
CCA​GAG​TCC​CAA​GT -3′ (forward) and 5′-CCC​TAT​GTG​
AAG​CCC​TAT​TT -3′ (reverse); human REDD1 (gene acces-
sion no. NM_019058): 5′- TGA​CTT​CAA​CAG​CGA​CAC​
CCA -3′ (forward) and 5′-CAC​CCT​GTT​GCT​GTA​GCC​
AAA -3′ (reverse); human GAPDH: 5′-TGA​CTT​CAA​CAG​
CGA​CAC​CCA-3′ (forward) and 5′-CAC​CCT​GTT​GCT​ GTA​
GCC​AAA-3′ (reverse).

Cell Migration Assay

For cell migration assay, the transwell chamber (3422; Corn-
ing, Shanghai, China) was inserted into a 24-well culture 
plate. 1 × 105 cells suspended in 100 μl Dulbecco’s modified 
Eagle’s medium (DMEM) with or without MLN4924 were 
seeded in the upper chamber, and 600 μL of DMEM medium 
containing 30% FBS was added to the lower chamber. The 
transwell chamber was incubated for 48 h. The cells on the 
bottom surface of the filter were fixed in 4% paraformalde-
hyde and stained with Giemsa. Stained cells were counted in 
9 randomly selected fields at ×200 magnification.

Capillary‑Like Tube Formation Assay

We coated 96-well culture plates with Matrigel (70 μL/well) 
at 4 °C and incubated them for 30 min at 37 °C. HMEC-1 
cells were seeded on the surface of the Matrigel and treated 
with MLN4924 and 3BDO for 24 h. After changing the 
medium, cells were dyed using 0.2 μM Calcein-AM (70 μL/
well) for 5–10 min at 37 °C. Capillary tube formation was 
scanned with a confocal quantitative image cytometer (CQ1, 
Yokogawa Electric Corporation, Kanazawa, Japan). Images 
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were acquired with CQ1 (4 × objective, 561 nm laser). Maxi-
mum intensity projection (MIP) images were constructed 
from 12 z slices (764 μm from bottom to top), then whole-
well images were reconstructed from four adjacent images. 
The images were analyzed in the CQ1 software, and the 
length of line objects (µm), the number of branching points 
and the number of branches were counted.

Statistical Analysis

SPSS 24.0 (Chicago, IL, USA) was used for statistical 
analysis. Data from individual experiments were averaged 
and presented as the mean ± SD. The Student’s t-test and 
ANOVA were used to compare quantitative variables. Sig-
nificance was determined at P < 0.05.

Results

MLN4924 Inhibited PSCs’ Growth and the Secretion 
of Collagen and CXCL‑1

Activated human PSCs were confirmed by the positive stain-
ing of α-SMA, vimentin and loss of lipid droplets (Fig. 1a, 
b). MTT assay revealed that MLN4924 inhibited the pro-
liferation of PSCs in a dose-dependent manner (Fig. 1c). 
Based on this result and previous reports that 300 nM of 
MLN4924 was sufficient to block neddylation and cause 
DNA damage [16, 23], we used 300  nM of MLN4924 
for further experiments. We found that when treated with 
MLN4924, the concentration of collagen and CXCL-1 were 
decreased (Fig. 1d–f). It is well known that Sonic Hedgehog 
(Shh) pathway promotes desmoplasia in pancreatic cancer 
[24], so we tested if MLN4924 influenced the Shh path-
way. When PSCs were treated with Shh inhibitor GANT61, 
we found that the concentrations of collagen and CXCL-1 
were decreased (Fig. 1d–f). When PSCs were treated with 
MLN4924 combined with GANT61, the changing trends of 

the concentrations of collagen, CXCL-1 and MCP-1 were 
similar to these as treated with MLN4924 alone (Fig. 1d–f).

Collagen and CXCL‑1 Secretion Inhibition 
of MLN4924 was Related with Transcription 
Factor Gli1

The secreted Shh binds to the Patched1 receptor and relieves 
repression of the 12-transmembrane protein Smoothened 
(Smo), resulting in activation of the Gli family of tran-
scription factors. Since Gli1 could be degraded via CRLs-
mediated UPS [25], we guessed that MLN4924 might act 
through upregulating Gli1 and thus activating Shh pathway. 
But contrary to our hypothesis, both the transcription and 
expression of Gli1 were decreased in PSCs when treated 
with MLN4924 (Fig. 2a). When Gli1 was effectively overex-
pressed (Fig. 2b), we observed that the proliferation of PSCs 
was increased slightly (Fig. 2c), and the secretions of col-
lagen, CXCL-1 and MCP-1 were all promoted (Fig. 2d–f). 
Then we treated Gli1 overexpressed cells with MLN4924 
and found that the proliferation of PSCs was partially inhib-
ited (Fig. 2c). The secretions of collagen and CXCL-1 of 
Gli1 overexpressed cells treated with MLN4924 were 
decreased to the same level as that of control cells treated 
with MLN4924 or untreated Gli1 overexpression cells 
(Fig. 2d), suggesting that MLN4924 acts through Gli1 to 
inhibit collagen and CXCL-1 secretion of PSCs.

MLN4924 Inhibited Multiple Angiogenic 
Phenotypes of HMEC‑1 Cells

Next, we used HMEC-1 cells, the first immortalized human 
microvascular endothelial cell line that retains the morpho-
logic, phenotypic, and functional characteristics of nor-
mal human microvascular endothelial cells, to investigate 
how MLN4924 affects angiogenesis. The angiogenesis is 
assessed by measuring the area, skeleton length, junction 
count, and branch count of the vascular network-like struc-
ture formed by HMEC-1 cells (Fig. 3a). We can see that 
MLN4924 inhibited the angiogenesis in a dose-dependent 
manner (Fig. 3a–e). At the concentration of 300 nm of 
MLN4924, the area, skeleton length, junction count, and 
branch count of the vascular network-like structure were all 
significantly decreased (Fig. 3b–e). At the concentration of 
300 nm, MLN4924 inhibited the viability and proliferation 
of HMEC-1 cells significantly, as manifested in the MTT 
assay and BrdU assay (Fig. 4a–b). MLN4924 also induced 
apoptosis in HMEC-1 cells (Fig. 4c) and inhibited the migra-
tion of HMEC-1 cells (Fig. 4d).

Fig. 1   MLN4924 inhibited PSCs’ growth and the secretion of col-
lagen and CXCL-1 a Representative microphotographs of activated 
human PSCs. PSCs were stellate-like or spindle-shaped in light 
microscopy, and lack of lipid droplets in the Oil Red O staining 
(original magnification: ×200). b Representative microphotographs of 
immunofluorescence staining of α-SMA and vimentin in PSCs. Acti-
vated human PSCs were confirmed by the positive staining of α-SMA 
and vimentin (original magnification: ×200). c MTT assay showed 
that MLN4924 inhibited the growth of PSCs in a dose-dependent 
manner. d–e The effects of MLN4924 and/or GANT61 on the secre-
tion of collagen, CXCL-1 and MCP-1 of PSCs. PSCs were treated 
with MLN4924 (300  nM) and/or GANT61 (10  μM) for 48  h, then 
the concentration of soluble collagen in the supernatant of PSCs was 
measured using the Sircol Collagen Assay, and the concentrations of 
CXCL-1 and MCP-1 were measured using ELISA

◂
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Fig. 2   The transcription factor Gli1 was decreased and was related 
with the collagen and CXCL-1 secretion inhibition of MLN4924 a 
RT-qPCR (left) and western blot (right) showed that the transcription 
and expression levels of Gli1 in PSCs were both inhibited after 48 h 
treatment of MLN4924. b RT-qPCR (left) and western blot (right) 
confirmed the effective overexpression of Gli1 in PSCs. c MTT assay 
showed that there were significant difference between the growth of 

Gli1 overexpressed cells and cells treated with MLN4924 (P < 0.05). 
d–e The effects of MLN4924 on the secretion of collagen, CXCL-1 
and MCP-1 of control PSCs and Gli1 overexpressed PSCs. PSCs 
were treated with MLN4924 (300 nM) for 48 h, then the concentra-
tion of soluble collagen in the supernatant of PSCs was measured 
using the Sircol Collagen Assay, and the concentrations of CXCL-1 
and MCP-1 were measured using ELISA
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REDD1 Knockdown Reversed the Inhibition 
of MLN4924 on HEMC‑1 Cells

As PDAC is characterized by a desmoplastic reaction that 
creates a hypoxia microenvironment [26, 27], which leads 

to mTOR inhibition, so we tested the effects of mTOR 
agonist 3BDO combined with MLN4924 on HMEC-1 
cells. 3BDO did not affect cell viability (Fig.  4a), but 
partly relieved the capillary tube formation inhibition of 
HMEC-1 cells (Fig. 5a–e). And because REDD1 (regulated 

Fig. 3   MLN4924 inhibited the angiogenesis of HMEC-1 cells in a 
dose-dependent manner. After cells were treated with MLN4924 at 
indicated concentrations for 48 h, Capillary-like tube formation assay 
was performed.  a Representative microphotographs of the vascular 

network-like structure formed by HMEC-1 cells (original magnifica-
tion: × 10). b–e The area, skeleton length, number of branching points 
and number of branches of the vascular network-like structure formed 
by HMEC-1 cells after MLN4924 treatment



1358	 Digestive Diseases and Sciences (2023) 68:1351–1363

1 3

in development and DNA damage responses 1) is a CRLs 
substrate and is known to have a crucial role in inhibiting 
mTOR signaling during hypoxic stress [28, 29], we suspect 

that REDD1 would be regulated by MLN4924. We evaluated 
the impact of MLN4924 on REDD1 expression, and found 
that MLN4924 promoted the transcription and expression of 

Fig. 4   MLN4924 inhibited the growth and migration of HMEC-1 
cells and induced apoptosis in HMEC-1 cells a MTT assay showed 
that MLN4924 inhibited the growth of HMEC-1 cells significantly. 
b BrdU assay showed that MLN4924 inhibited the proliferation of 

HMEC-1 cells significantly. c FACS analysis showed that the per-
centage of apoptotic cells (Annexin V + and PI ±) was increased in 
HMEC-1 cells treated with MLN4924. d Migration assay showed that 
MLN4924 inhibited the migration of HMEC-1 cells significantly
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REDD1 (Fig. 5a). When REDD1 was effectively knocked 
down using RNAi (Fig. 5b), the capillary tube formation of 
HMEC-1 cells was significantly promoted and could reverse 
the effect of MLN4924 (Fig. 5c–g).

Discussion

Ever since the discovery of MLN4924 in 2009, much 
research has been conducted regarding its anti-tumor activi-
ties and underlying mechanisms against various kinds of 
neoplasms, including pancreatic cancer. As abundant des-
moplastic stroma is a hallmark of PDAC and is consid-
ered an important participant of disease progression, what 
effect MLN4924 would have on pancreatic cancer stroma 
is a question worth investigating. There have been reports 
that MLN4924 inhibits tumor vasculature [20, 30], but no 
studies regarding its specific mechanisms and the effect of 
MLN4924 on other components of tumor stroma have been 
published. Here we evaluated the impact of MLN4924 on 
PSCs established from fresh surgical specimens of pancre-
atic cancer and HMEC-1 cells in vitro and explored possible 
underlying mechanisms.

We found that although MLN4924 inhibited the growth 
and the secretion of collagen and CXCL-1 of PSCs. The 
rationale of stroma-targeting therapy has been that the dense 
stroma hinders the delivery of chemotherapy drugs [31], 
enhance cancer cell proliferation and invasion [32, 33], and 
also contributes to immune suppression [34]. However, as 
clinical trials assessing stroma-targeting therapies yielded 
disappointing results, the anti-tumor potential of the PDAC 
stroma has also been gradually revealed. Part of the reasons 
for these disappointing results are that most of pancreatic 
cancer live in hypoxic tumor microenvironment, therefore 
anti-angiogenic agents directed against the ligand may have 
limited effects. And In preclinical models, reducing the 
PDAC stroma leads to more invasive and undifferentiated 
tumors, with diminished animal survival [11, 35]. Further-
more, different subtypes of cancer-associated fibroblasts 
(CAF) have different effects on anti-tumor drugs. The tar-
geted inhibition of IL6, presumably produced by the inflam-
matory CAF population, was shown to enhance the efficacy 
of anti–PD-L1 in PDAC. However, the aSMA-positive CAF 
population is regulated by Hedgehog signaling but has a 
tumor-suppressive function [36, 37]. Since increased levels 
of Shh (Sonic hedgehog) expression are observed throughout 
PDAC tumorigenesis and thought to play an important role 
in PDAC desmoplasia [38], we explored whether MLN4924 
acted via the Shh pathway. Indeed, we found that the effects 
of Gli1 inhibitor GANT61 were similar to MLN4924. And 
Gli1, the robust activator that mediate the transcriptional 
effects of the Shh pathway, was decreased in PSCs when 
treated with MLN4924. Although Gli1 is regulated by 

CRLs-mediated degradation [39], the experimental results 
are contrary to our original hypothesis that Gli1 is elevated 
after MLN4924 treatment, and it is speculated that other 
regulation mechanisms might be involved in the reduction of 
Gli1, and some further researches are need. It is reported that 
Shh overexpression or Gli1 protein accumulation promotes 
tumor growth and contributes to the invasiveness of pancre-
atic cancer [25, 40], but Simon et al. [41] also reported that 
Gli1 inhibition promotes epithelial-to-mesenchymal transi-
tion in pancreatic cancer cells, so the overall effects of Gli1 
inhibition in PDAC by MLN4924 should be evaluated more 
comprehensively.

Chemokines have a broad range of effects on the recruit-
ment and function of inflammatory cells. Chemokines in 
malignancy are generally considered as having tumor-pro-
moting roles, although there are cases in which chemokines 
are implicated as having tumor-inhibiting activities [42]. 
CXCL-1 is involved in carcinogenesis of melanoma and 
promotes the invasion and metastasis of gastric cancer, 
breast cancer and colorectal cancer [43–46]. MCP-1, a CC 
chemokine able to attract macrophages, was reported to 
be a relevant negative regulator of pancreatic cancer pro-
gression [47]. The recruited monocytes manifested a direct 
antiproliferative and proapoptotic activity toward pancre-
atic cancer cell in vitro. However, there are reports that 
MCP-1 promotes the invasion of prostate cancer, ovarian 
cancer, and breast cancer [48–50]. Generally, the functions 
of chemokines may be different depending on the tumor 
type and chemokine type. The biological significance of 
CXCL-1 secretion inhibition by MLN4924 awaits further 
elucidation. There are few studies regarding the regulation 
of CXCL-1 and MCP-1 secretion, our study suggests that 
CRLs-mediated UPS may be involved, and related with the 
transcription factor Gli1.

REDD1, a known CRLs substrate, was increased when 
treated with MLN4924. Our results are similar to the study 
of Gu et  al. [51], which shows that MLN4924 induces 
REDD1 expression in human myeloma cells. Previous stud-
ies have found that MLN4924 simultaneously improves the 
transcription level and protein stability of REDD1 [51]. It is 
reasonable to assume that other regulating mechanisms other 
than CRLs-mediated degradation is involved in the reduction 
of REDD1. Presently REDD1 is mainly considered a stress-
response gene that is regulated by hypoxia via hypoxia-
inducible factor 1 (HIF-1) and by DNA damage via p53/p63 
[52], it might also be regulated by STAT3 on mRNA level 
[53]. Our following knockdown experiments further support 
an important role for REDD1 in the maintaining of angio-
genic phenotypes of HMEC-1 cells, but further research 
is needed to fully elucidate the functions and regulatory 
mechanisms of REDD1. Previous studies reported that ned-
dylation inhibition leads to tumor angiogenesis suppression 
and hypoxia partly reverses the angiogenesis suppression  
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[20, 30], but the exact mechanism has not been revealed. As 
mTOR is activated in response to hypoxia [54], meanwhile 
MLN4924 inhibits mTOR signaling transduction [55], we 
hypothesized that mTOR signaling might be involved in this 
process. Indeed, we found that mTOR agonist 3BDO partly 
relieved the inhibition effects of MLN4924.

There are several limitations of our study. Firstly, we did 
not take into account the heterogeneity of PSCs. Recently 
there have been many studies on the functional heterogeneity 
of PSC subpopulations with different biomarkers [32, 56–59], 
it is possible that different subsets of PSCs may react differ-
ently to MLN4924. Secondly, although our results revealed 
the possible molecular mechanisms of the stroma-remodeling 
effect of MLN4924, but it still needs further investigation and 
validation. Thirdly, we didn’t perform in vivo experiments due 
to our limited resources. Further animal experiments using 
models that mimic the tumor stroma of human PDAC, such 
as KPC mouse model [60], will help to clarify the stroma-
remodeling effects of MLN4924.

In summary, our data are significant in that they dem-
onstrate the comprehensive stroma-remodeling effects of 
MLN4924 and reveal possible underlying mechanisms. We 
find MLN4924 inhibits the PSCs and their secretion of colla-
gen, which could be partially mediated by Gli1, but the ther-
apeutic effect of stroma-depleting therapy is still debating. 
MLN4924 also exhibits anti-angiogenesis effects that are 
related with an increased expression of REDD1. Our study 
increases the understanding of the multi-facets of the effect 
of MLN4924 and supports further translational studies.
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