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ABSTRACT
The main reason for the failure of chemotherapy therapies based on 5-Fluorouracil (5-Fu) is the development of resistance to 5-Fu 
in cancer patients, particularly those with colorectal cancer. Tissue inhibitor of metalloproteinases 2 (TIMP-2) has been shown to 
be associated with colorectal cancer (CRC), but its correlation with 5-Fu resistance in colorectal cancer has not been thoroughly 
studied. We screen the expression of different cytokines through Cytokine array. CCK-8 assay was conducted to evaluate the IC50 
of 5-Fu and cell proliferation. ELISA and RT-qPCR were performed to detect TIMP-2 expression levels in cells and patient serum. 
Western blotting was utilised to analyse the differences in the expression of proteins related to signalling pathways in cells. 
Through cytokine array screening, we found that the expression of TIMP-2 was significantly increased in CRC drug-resistant 
cell lines. In addition, the expression of TIMP-2 in the serum of patients with CRC resistance to 5-Fu was significantly increased. 
Subsequent mechanistic experiments showed that TIMP-2 regulated the resistance of CRC cells to 5-Futhrough the JAK–STAT 
signalling pathway. Moreover, anti-TIMP-2 antibody or small molecule drug LY2784544 targeting the JAK–STAT signalling 
pathway can effectively reverse the resistance of CRC cells to 5-Fu. It is exactly TIMP-2 that mediates the resistance of CRC to 
5-Fu through the JAK–STAT signalling pathway. Targeting drugs for TIMP-2 or the JAK–STAT signalling pathway are expected 
to be opportunities to reverse 5-Fu resistance in CRC.

1   |   Introduction

Colorectal cancer (CRC) is the third most common cause of can-
cer mortality worldwide [1], of which 20% has metastasised at 
presentation [2]. Although synthetic treatments have demon-
strated substantially increased cancer survival during the past 
40 years, the 5-year survival rate of CRC only increased from 
51% to 65% [3]. The status of 5-fluorouracil (5-Fu) as a signifi-
cant treatment for CRC is unshakable in neoadjuvant, adjuvant, 

or palliative therapies [4]. 5-Fu, an antimetabolite drug, affects 
biosynthesis by inhibiting thymidylate synthase (TS) or intro-
gressing its metabolites into RNA [5]. However, drug resistance 
emerges after several cycles of 5-Fu-based chemotherapy, which 
causes tumour progression and recurrence [6].

Different mechanisms reported can explain 5-Fu resistance, 
such as cell cycle perturbation, tumour microenvironment 
(TME) regulation, miRNA dysregulation, DNA methylation, 
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and demethylation [7–10]. In previous studies, Lu et  al. found 
that chemokine ligand 21 (CCL21) could trigger the PI3K/AKT 
signalling pathway in CRC cells to promote 5-FU chemoresis-
tance [11]. Dabkeviciene et al. reported that 5-Fu could upregu-
late Interleukin-1α (IL-1α) and stimulate the CXCL8–CXCR1/2 
pathway in 5-Fu-chemoresistant HCT116 cells, which contrib-
uted to tumour growth and invasion [12]. In conclusion, cyto-
kines play a huge role in tumorigenesis, metastasis, as well as 
TME-associated resistance [7, 13–15].

The matrix metalloproteinases (MMPs) are a family of endopepti-
dases present intracellularly, at membrane junctions that degrade 
the extracellular matrix [16]. Matrix metalloproteinase 2 (MMP-2) 
is one of the MMPs family associated with tumour growth, in-
vasion, metastasis, and neoangiogenesis [17, 18]. The function of 
MMP-2 is inhibited reversibly by tissue inhibitor of metallopro-
teinase 2 (TIMP-2), a natural inhibitor expressed constitutively at 
the surface of the cells and as soluble forms in most tissues [19, 20].

TIMP-2 exerts a dual effect on tumour cells. Both over- and under-
expression of TIMP-2 have been reported in different forms of can-
cer, including lung, breast, gastric, colorectal, and cervical cancers 
[21–25], which indicated quite the opposite prognosis [25, 26]. In 
CRC, Wang et al. found that low expression of TIMP-2 was associ-
ated with poor prognosis, and lentivirus-mediated overexpression 
or knockdown of TIMP-2 could alter the invasion and migration 
of HCT 116 cells [27]. Furthermore, many studies have reported 
the relationship between TIMP-2 and chemotherapy resistance of 
breast, ovarian cancers, and melanoma [28–30]. However, the ev-
idence on TIMP-2 in CRC cell resistance to 5-FU was limited. It is 
noteworthy to figure out the molecular mechanism inherently and 
attempt to reverse chemoresistance.

Secreted proteins, especially cytokines, mainly rely on sig-
nalling pathways to regulate gene phenotypes [31]. The JAK–
STAT signalling pathway is closely associated with immune 
fitness, inflammation, cell proliferation, differentiation, and 
apoptosis. It consists of three parts: tyrosine kinase-related 
receptor to receive signals, tyrosine kinase JAK to transmit 
signals, and transcription factor STAT to produce effects, re-
spectively [32–34]. Numerous cytokines and growth factors 
have showed to transmit signals through the JAK–STAT sig-
nalling pathway, including interleukin 2 (IL-2), epidermal 
growth factor (EGF), platelet-derived growth factor (PDGF), 
and interferon (IFN) [32, 35]. They unite with the binding site 
of tyrosine kinase JAK through the intracellular segment of 
the receptor on the cell membrane. After autophosphoryla-
tion, JAK transmits the signal forward and activates the STAT 
protein to modulate the transcriptional activity of the down-
stream targets [32, 33, 35].

STAT3 has been reported to be related to tumour cell growth, 
immunosuppression, and chronic inflammation [34]. Aberrant 
STAT3 expression via IL-6 proliferation [36] and lncRNA Casc2 
lost [37] have been shown to have carcinogenic effects on various 
tumours, including CRC [38, 39]. Meanwhile, the upregulation 
of STAT1 has been demonstrated to be associated with chemo-
resistance of doxorubicin, cisplatin and docetaxel in ovarian and 
prostate cancers [40, 41]. Some researchers have found the rela-
tionship between JAK2/STAT3 signalling and gemcitabine re-
sistance in pancreatic and biliary tract cancer [42, 43]. However, 

the roles of this pathway in 5-FU–emoresistant CRC and how to 
combat 5-Fu resistance in clinical patients have been unknown.

In this study, we constructed 5-Fu-resistant CRC cell lines and 
found that TIMP-2 was significantly increased in the resistant 
cell lines via cytokine microarray and transcriptome sequenc-
ing. Recombinant TIMP-2 could induce sensitive CRC cell lines 
resistant to 5-Fu, which could be reversed by TIMP-2 antibody. 
Higher levels of p-JAK2 and p-STAT5 proteins were detected 
in 5-Fu-resistant cell lines. Further analysis showed that the 
JAK–STAT signalling pathway was involved in the 5-Fu che-
moresistance of CRC via TIMP-2, which could be inhibited by 
the targeted small molecule drug LY2784544. Our findings sug-
gested that TIMP-2 might regulate the resistance of CRC to 5-Fu 
through the JAK–STAT signalling pathway.

2   |   Materials and Methods

2.1   |   Antibodies and Reagents

The antibodies were obtained from the following companies: R&D 
systems (TIMP-2 antibody), Cell Signalling Technology (GAPDH 
[Cat No. 97166]), Aladdin Technology (LY2784544 [Cat No. 
1229236–86-5]) and Hangzhou Fude Biological Technology (HRP-
conjugated antibodies). The recombinant TIMP-2 was purchased 
from PeproTech. 5-Fu was supplied by MedChemExpress.

2.2   |   Cell Culture

American Type Culture Collection (ATCC, Manassas) provided 
us with HCT116 cells and DLD-1 cell lines for a fee. Dulbecco's 
Modified Eagle Medium (DMEM) with higher glucose levels 
(Genom) was the medium we used to cultivate the HCT116 cell 
line. RPMI-1640 (Genom) was the medium we used to cultivate 
the DLD-1 cell line. Both of the above media were supplemented 
with 10% fetal bovine serum (GIBCO). The incubator is kept at 
37°C and 5% CO2 to fit the growth of cells.

Cultivation of 5-Fu-resistant CRC cell lines: Two CRC cell lines 
were alternately cultured in a medium with increasing concen-
trations of 5-Fu and a medium without 5-Fu, and their IC50 val-
ues were checked regularly. When the two cell lines can grow 
smoothly in a constant concentration of 5-Fu medium, it proves 
that the drug-resistant cell line has been successfully constructed.

2.3   |   Cell Viability Assay

The Cell-Counting Kit-8 (CCK8 kit) provided by Dojindo Molecular 
Technologies was used to detect cell viability and calculate IC50. 
Each experiment was repeated more than three times and was car-
ried out in strict accordance with the instructions.

2.4   |   Cytokine Array

The Array Map for Human Cytokine antibody Array 
(ab193656) from Abcam was used to detect cytokines in cell 
culture medium. 24 h before the screening, DLD-1 5-FuS 
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and DLD-1 5-FuR cells were cultured in RPMI-1640 medium 
without fetal bovine serum. The cytokine detection process 
was standardised in accordance with the manufacturer's pro-
tocol, including internal control settings and intragroup con-
trols, etc.

2.5   |   Enzyme-Linked Immunosorbent Assay 
(ELISA)

ELISA kit (Elabscience) for TIMP-2 was specially used to detect 
the content of TIMP-2 in cell culture medium. The operation 
process was carried out in accordance with the instructions. 
Triplicate wells were carried out in 3 independent experiments.

2.6   |   RNA Isolation and RTq-PCR

We used the Trizol reagent (Invitrogen) to extract the total RNA. 
The cDNA reverse transcriptase kit (Takara) synthesised cDNA. 
The LightCycler 480 real-time PCR system (Roche, Mannheim) 
undertook the SYBR Green-based (Takara) quantitative real-
time PCR (RTq-PCR) process. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was the choice of internal control. The 
2−ΔΔCq relative quantification method was used to calculate the 
expression level of target mRNA.

2.7   |   Patients

We collected serum samples of CRC patients from Sir Run 
Run Shaw Hospital, School of Medicine, Zhejiang University, 
and Shaoxing People's Hospital (Shaoxing Hospital, Zhejiang 
University School of Medicine) from 2010 to 2018. A total of 40 
patients were included in the study and divided into two groups 
based on whether they were resistant to 5-Fu during chemother-
apy. This classification was determined by evaluating tumour 
regression within a 6-month period after the administration of 
5-Fu. In the course of chemotherapy involving 5-Fu-based che-
motherapeutic agents, if a patient's tumour does not show signs 
of progression during this time, we categorise these patients as 
being sensitive to 5-Fu(5-Fu sen). Conversely, if there is evidence 
of tumour progression, the patient is deemed to be resistant to 
5-Fu(5-Fu res). To mitigate the impact of cytokine degrada-
tion due to long-term storage, patient serum was aliquoted and 
stored at −80°C immediately after collection. This approach 
minimises freeze–thaw cycles and maintains cytokine stability. 
Additionally, serum processing was conducted promptly post-
collection to prevent cytokine release from blood cells. The tu-
mour types of CRC patients are checked by two or more senior 
pathologists.

2.8   |   WB Analysis

Cells were lysed by RIPA lysis buffer (Solarbio Life Sciences). 
Bicinchoninic acid assay (BCA, Beyotime Institute of 
Biotechnology) was used to determine protein concentrations. 
We used 10% SDS-PAGE (Beyotime Institute of Biotechnology) 
to separate the protein and then used polyvinylidene fluoride 
membranes (Immobilon-P) for protein transfer. Membranes 

were soaked in 5% dried skimmed milk at room temperature for 
1 h and then incubated overnight in the presence of primary an-
tibodies at 4°C. IgG conjugated goat anti-rabbit was used as sec-
ondary antibodies for incubation, and the incubation conditions 
were 1–2 h at room temperature. The strips were exposed after 
treatment with enhanced chemiluminescence detection reagent 
(Hangzhou Fude Biological Technology).

2.9   |   Statistical Analysis

SPSS (version 22.0), Graph Pad Prism (version8.0) and ImageJ 
(version 2.0) were used to analyse data from three independent 
experiments. We presented the data in the form of means ± SD. 
The one-sample Kolmogorov–Smirnov test was used to test 
whether the experimental data conforms to the normal distribu-
tion. When analysing the two groups' experimental results, we 
used independent sample t-test or non-parametric test. For the 
analysis between different groups, we adopted one-way ANOVA 
multiple comparison analysis with Tukey's posttest or two-way 
ANOVA with Fisher's LSD test. p ≤ 0.05 was considered signifi-
cant and p values were two-sided in all cases.

2.10   |   Ethical Considerations

The clinical patient part of this experiment was approved by the 
ethical approval agency at Shaoxing People's Hospital (Shaoxing 
Hospital, Zhejiang University School of Medicine), and the ap-
proved number was 2021-K-Y-158-01. All experimental proce-
dures were subject to the supervision and review of the ethics 
committee.

3   |   Results

3.1   |   Identification of TIMP-2 as a Key Factor That 
Regulates CRC Resistance to 5-Fu

First, we established 5-Fu resistant CRC cells using procedures 
as described in previous methods. Those cell lines that can tol-
erate 5-Fu stimulation were named HCT116 5-FuR cells and 
DLD-1 5-FuR cells, while those original cell lines were named 
HCT116 5-FuS cells and DLD-1 5-FuS cells. After 8 months of 
the 5-Fu resistance culture process, the IC50 (the 50% inhibitory 
concentration) of the drug-resistant cell lines showed a huge dif-
ference compared with that of the non-drug-resistant cell lines. 
Specifically, the IC50 of HCT116 5-FuR cells was 4.368 times that 
of the original cell line (Figure 1A), and the IC50 of DLD-1 5-FuR 
cells was 8.431 times that of the original cell line (Figure 1B). 
This confirmed that we had successfully constructed two 
5-Fu-resistant CRC cell lines.

To identify the cytokines responsible for CRC resistance to 
5-Fu, we screened the culture medium of DLD-1 5-FuS and 
DLD-1 5-FuR cells using a cytokine array (The Array Map for 
Human Cytokine antibody Array [ab193656]). The specific 
spot difference was presented in Figure 1C,D. The red frame 
enclosed the spots of TIMP-2. Through semi-quantitative 
analysis of spots, we found cytokines with large differences 
in expression, including OPG, DSM, TIMP-2, etc. Among 
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them, TIMP-2 expressed the biggest difference in the culture 
medium of the two cell lines, with a difference of 4.02 times 
(Figure 1E).

Furthermore, we used ELISA and real-time quantitative PCR 
to carefully detect the expression of TIMP-2. Regardless of the 
transcriptome or protein expression level, HCT116 5-FuR cells 
and DLD-1 5-FuR cells showed higher levels of TIMP-2 than 
non-resistant cell lines (Figure 2A,B). In addition, we also car-
ried out relevant verifications on clinical patients. We clinically 
screened 20 patients with CRC who were resistant to 5-Fu and 
20 patients who were not resistant to 5-Fu. The patients' specific 
information and clinical characteristics were shown in Tables 1 

and 2. It was obvious that the expression level of TIMP-2 in the 
serum of 5-Fu-resistant CRC patients was significantly higher 
than that of non-resistant (Figure 2C).

3.2   |   Alteration of TIMP-2 Expression Correlated 
With 5-Fu Resistance in CRC Cells

We had found the differences in the expression of TIMP-2 in 
drug-resistant and non-drug-resistant cell lines, as well as 
clinical patients. We next considered whether TIMP-2 was the 
most important cytokine that caused this change. In order 
to verify our conjecture, we added different concentrations of 

FIGURE 1    |    Identification of TIMP-2 that promotes 5-Fu-resistant colorectal cancer cells resistant to 5-Fu.(A, B) Viability of HCT116 5-FuS and 
HCT116 5-FuR cells, DLD-1 5-FuS and DLD-1 5-FuR cells treated with different concentrations of 5-Fu for 3 days. The IC50 was indicated.(C, D) Dot 
plot of relative cytokine expression levels using a cytokine array (Abcam-ab193656) in the cell culture medium of DLD-1 5-FuS and DLD-1 5-FuR 
cells. The red frame enclosed the spots of TIMP-2. (E) Semi-quantitative analysis of cytokines with large differences in the cell culture medium of 
DLD-1 5-FuS and DLD-1 5-FuR cells.
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recombinant TIMP-2 to the culture medium of HCT116 5-FuS 
and DLD-1 5-FuS cells. Consistent with our hypothesis, non-
resistant cell lines showed resistance to 5-Fu after adding re-
combinant TIMP-2. In addition, as the concentration of the 
added recombinant TIMP-2 was increased from 5 ng/mL to 
20 ng/mL, the 5-Fu resistance of TIMP-2 to CRC non-resistant 
cell lines became more obvious (Figure 3A,B). From the point of 
view of IC50, the IC50 of CRC cell lines with increasing concen-
trations of recombinant TIMP-2 added was significantly higher 
than that of cell lines without addition (Figure 3C,D).

Correspondingly, we added neutralising TIMP-2 antibodies to 
the culture medium of HCT116 5-FuR and DLD-1 5-FuR cells 
to observe whether TIMP-2 was the most important cause of 
5-Fu resistance in CRC drug-resistant cell lines. It was obvious 
that when a higher concentration of neutralising TIMP-2 anti-
body was added to the culture medium of the drug-resistant cell 
lines, the drug-resistant cell lines became more resistant to 5-Fu 
(Figure 4A,B). The IC50 of both HCT116 5-FuR and DLD-1 5-
FuR cells were significantly decreased, indicative of increased 
sensitivity of cells to 5-Fu (Figure  4C,D). These experimental 
results showed that it was TIMP-2, rather than other cytokines, 
that mainly caused the resistance of CRC cell lines to 5-Fu.

3.3   |   TIMP-2 Promotes 5-Fu Resistance via 
Regulating JAK–STAT Activation in CRC

Now that it is known that TIMP-2 is a key cytokine that causes 
CRC to be resistant to 5-Fu, it becomes an important question 
which signalling pathway through which TIMP-2 exerts the 
physiological function of cells. Previous articles reported that 
TIMP-2 could co-immunoprecipitate with JAK–STAT [44]. 
Therefore, we detected the key proteins of the JAK–STAT sig-
nalling pathway in two CRC cell lines, respectively.

First, we examined the basic expression of the JAK–STAT sig-
nalling pathway in drug-resistant and non-resistant cell lines. 
HCT116 5-FuR and DLD-1 5-FuR cells exhibited higher lev-
els of phosphorylation of STAT5 and phosphorylation JAK2 
than HCT116 5-FuS and DLD-1 5-FuS cells (Figure  5A,B). 
When we added high concentrations of recombinant TIMP-2 
to the supernatant of non-resistant cell lines to mimic TIMP-2 
overexpression, the expression of phosphorylation of STAT5 
and phosphorylation of JAK2 was significantly increased 
(Figure  5C,D). Likewise, treatment with the TIMP-2 neutrali-
sation antibody resulted in a dramatically decreased level of 
phosphorylation of STAT5 and phosphorylation of JAK2 in both 

FIGURE 2    |    TIMP-2 is elevated in 5-Fu resistant colorectal cancer cells and patients. (A) Difference in TIMP-2 protein expression level in the 
paired HCT116 5-FuS and HCT116 5-FuR cells, DLD-1 5-FuS and DLD-1 5-FuR cells. (B) Difference in TIMP-2 mRNA expression level in the paired 
HCT116 5-FuS and HCT116 5-FuR cells, DLD-1 5-FuS and DLD-1 5-FuR cells. (C) Comparison of the levels of TIMP-2 protein measured by ELISA 
in 5-Fu sensitive (n = 20) and resistant (n = 20) colorectal cancer patients, patients' information is shown in Table 1. Sen, sensitive cases. Res, resistant 
cases. **p < 0.01, ***p < 0.001 by unpaired Student's t-test. Data from triplicate wells in 3 independent experiments.
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TABLE 1    |    Detailed clinical characteristics of patients.

Patient Age (years) Sex Stage Histology Chemotherapy

5-Fu sen P0136 48 F IVA Adenocarcinoma 5-Fu+Oxaliplatin

P0941 66 M IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P1237 68 F IIIC Mucus adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin

P1274 56 M IVA Adenocarcinoma 5-Fu+Oxaliplatin

P1375 67 M IVA Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P1452 63 F IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin

P1692 61 F IVA Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P1699 78 F IVA Mucus adenocarcinoma 5-Fu+Oxaliplatin+Bevacizumab

P1804 21 F IIIC Mucus adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin

P1822 76 M IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P1893 55 M IVA Adenocarcinoma 5-Fu+Oxaliplatin

P2143 57 M IVB Adenocarcinoma 5-Fu+Oxaliplatin+Bevacizumab

P2167 66 M IVA Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P2338 66 M IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Cetuximab

P2357 70 M IIIB Adenocarcinoma 5-Fu+Irinotecan+Bevacizumab

P2358 77 M IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin

P2434 76 M IIIC Mucus adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin +Bevacizumab

P2465 61 F IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P2653 65 M IIIC Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Cetuximab

P4362 72 F IVA Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Cetuximab

5-Fu res P0716 78 M IVA Adenocarcinoma 5-Fu+Irinotecan+Bevacizumab

P0843 52 F IVB Adenocarcinoma 5-Fu+Irinotecan+Bevacizumab

P1185 80 M IVB Adenocarcinoma 5-Fu+Irinotecan+Bevacizumab

P1631 66 M IVA Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin +Bevacizumab

P1683 35 F IVB Adenocarcinoma 5-Fu+Oxaliplatin

P1863 47 F IVB Mucus adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin +Bevacizumab

P1957 55 M IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Cetuximab

P1977 51 F IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P2132 55 M IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P2180 53 F IVB Adenocarcinoma 5-Fu+Oxaliplatin

P2186 65 M IIIC Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin

P2263 63 F IIIC Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin +Cetuximab

P2286 59 M IVA Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+
Cetuximab+Bevacizumab

P2295 48 M IIIC Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P2298 41 F IVA Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Bevacizumab

P2346 68 M IIIC Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin

P2391 69 F IVA Mucusadenocarcinoma 5-Fu+Oxaliplatin

(Continues)
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HCT116 5-FuR and DLD-1 5-FuR cells (Figure  5E,F). In this 
way, our experiments basically proved that TIMP-2 mediates 
the resistance of CRC to 5-Fu through the JAK–STAT signalling 
pathway.

3.4   |   LY2784544 Targets JAK–STAT Signalling 
Regulating 5-Fu Resistance in CRC

Previous experiments confirmed to us that JAK–STAT signal-
ling played a huge role in TIMP-2-mediated CRC resistance to 
5-Fu. From the perspective of clinical treatment, we try to verify 
whether LY2784544 can inhibit the resistance of CRC to 5-Fu. We 
added different concentrations of 5-Fu separately or LY2784544 
at the same time to the culture medium of HCT116 5-FuR cells to 
observe the efficacy of LY2784544 in reversing 5-Fu resistance. 
What is more, we separately added LY2784544 to the culture me-
dium of HCT116 5-FuR cells to exclude its effect on cell viabil-
ity. Consistent with our assumptions, LY2784544 and 5-Fu had a 
strong synergistic effect on inhibiting the cell viability of HCT116 
5-FuR cells. In other words, LY2784544 showed a strong rever-
sal effect against 5-Fu resistance in CRC cell lines (Figure 6A). 
The difference in IC50 between the two groups was shown in 
Figure 6B. We conducted the same experiment in DLD-1 5-FuR 
cells and reached a consistent conclusion (Figure 6C,D).

In order to further clarify whether LY2784544 can reverse 
the 5-Fu resistance of CRC cell lines caused by the cytokine 
TIMP-2, we added recombinant TIMP-2 and LY2784544 alone 
or in combination to the culture medium of the non-5-Fu-
resistant CRC cell lines. Recombinant TIMP-2 can signifi-
cantly increase the resistance of HCT116 5-FuS and DLD-1 
5-FuS cell lines to 5-Fu, but its effect is significantly offset 
in the presence of LY2784544 (Figure 6E,F). When the JAK–
STAT signalling pathway was suppressed, TIMP-2-induced 
5-Fu resistance was significantly inhibited. This provided 
strong evidence that TIMP-2 regulated CRC resistance to 5-Fu 
through JAK–STAT signalling and LY2784544 can reverse 
this process.

4   |   Discussion

5-Fu is a drug widely used in tumour chemotherapy. It affects 
apoptosis, cell cycle changes, glucose metabolism, autophagy, 
and oxidative stress by affecting DNA synthesis. As 5-Fu plays 
a fundamental role in the chemotherapy of digestive tract tu-
mours, breast cancer, cervical cancer, and bladder cancer, it is 
still the key treatment drug for these tumours so far. However, 
it is precisely because of the wide application of 5-Fu that 
various tumours gradually appear resistance to it in clinical 
treatment.

The issue of drug resistance in cancer patients is a global chal-
lenge. Although previous studies on the tumour microenviron-
ment, LncRNA and Epithelial-Mesenchymal Transition (EMT) 
have confirmed their relationship with tumour drug resis-
tance, the specific pathophysiological mechanism behind it has 
not been fully elucidated [45, 46]. Specifically, in the study of 
5-Fu drug resistance in CRC, tumour microenvironment func-
tion, miRNA dysregulation, LncRNA changes, and epigenetic 
changes are potential research directions [7]. These intracellu-
lar and extracellular factors are inseparable from the important 
transition of cytokines.

Thus, after culturing and screening 5-Fu-resistant CRC cell 
lines, we screened a series of differentiated cytokines using 
cytokine array (The Array Map for Human Cytokine antibody 
Array (ab193656)). Double validation by semi-quantitative anal-
ysis and ELISA confirmed that the expression of TIMP-2 was 
significantly different between drug-resistant cell lines and 
non-drug-resistant cell lines. TIMP-2, known as tissue inhibi-
tor of metalloproteinase 2, is differentially expressed in many 
tumours, including lung, breast, gastric, colorectal and cervi-
cal cancers [21–25], which also indicates that it may also have 
different expression levels in tumour patients. For a long time, 
we collected serum from CRC patients during chemotherapy 
and found that the expression level of TIMP-2 in the serum 
of 5-Fu-resistant patients was much higher than that of non-
resistant patients (Figure  2C). It should be noted that the ex-
perimental results on patient serum have also been presented 
in papers published by our laboratory [47]. TIMP-2 could also 
be used as an indicator to monitor the drug resistance status of 
CRC patients treated with 5-Fu-based chemotherapy. This indi-
cates that TIMP-2 indeed plays a pivotal role in the process of 
CRC resistance to 5-Fu.

Due to experimental needs, this research project collected 
serum samples from CRC patients over many years. The un-
timely centrifugation and repeated freezing and thawing of 
serum can easily lead to a rapid decrease in the level of cytokines 
in serum, thus affecting the experimental results related to var-
ious cytokines. Therefore, we collected the patients' blood sam-
ples and sent them to the central laboratory for centrifugation 
within 30 min, and the serum obtained after centrifugation was 
divided into multiple EP tubes in small quantities for subsequent 
experiments. The aliquoted serum was stored in a −80°C freezer 
according to the label. After each experiment, a small amount 
of EP tube was taken out for the experiment, and the remaining 
serum was not put back in the refrigerator but was directly dis-
carded. As far as possible, a small amount of cytokine levels will 
decrease during the freezing and thawing process. We adopt the 
method of centralised detection in the same batch at the same 
time to ensure that the cytokine levels are close to the real situa-
tion in the patient as much as possible.

Patient Age (years) Sex Stage Histology Chemotherapy

P2461 71 M IVA Adenocarcinoma 5-Fu+Irinotecan+Bevacizumab

P2711 45 F IVA Mucus adenocarcinoma 5-Fu+Oxaliplatin

P3119 56 M IVB Adenocarcinoma 5-Fu+Irinotecan+Oxaliplatin+Cetuximab

TABLE 1    |    (Continued)
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In order to verify that it is TIMP-2 rather than other cytokines 
that mainly caused the resistance of CRC cells to 5-Fu, we added 
recombinant TIMP-2 to the culture medium of non-resistant cell 

lines and added neutralising TIMP-2 antibodies to the culture 
medium of drug-resistant cell lines respectively. The experi-
mental results show that TIMP-2 is the key factor for 5-Fu to 

TABLE 2    |    Description of clinical characteristics of patients.

Characteristics Total 5-Fu sen 5-Fu res OR p

All Cases 40 20 (50.0%) 20 (50.0%)

Age (years)

≥ 65 19 12 (63.2%) 7 (36.8%)

< 65 21 8 (38.1%) 13 (61.9%) 0.359 0.205

Gender

Male 23 12 (52.2%) 11 (47.8%)

Female 17 8 (47.1%) 9 (52.9%) 0.815 0.646

Stage

IIIB 1 1 (100.0%)

IIIC 8 4 (50.0%) 4 (50.0%)

IVA 15 8 (53.3%) 7 (46.7%)

IVB 16 7 (43.8%) 9 (56.2%) 0.240

Histological type

Adenocarcinoma 33 16 (48.5%) 17 (51.5%)

Mucus adenocarcinoma 7 4 (57.1%) 3 (42.9%) 0.706 1.000

Note: p-value calculated by chi-square test.

FIGURE 3    |    Up-regulation of TIMP-2 promotes 5-Fu resistance of colorectal cancer cells. (A, B) Viability of HCT116 5-FuS and DLD-1 5-FuS cells 
treated with 5-Fu of increasing concentration for 3 days after co-culturing with 5 ng/mL or 10 ng/mL or 20 ng/mL of recombinant TIMP-2 for 6 h. 
(C, D) The 5-Fu concentration of 50% inhibition of cell growth (IC50) of four groups of cells in A and B above. * **p < 0.01, ***p < 0.001 by unpaired 
Student's t-test. Data from triplicate wells in 3 independent experiments.
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induce drug resistance in CRC cells, and this connection is sig-
nificantly correlated with the concentration of TIMP-2 in the 
culture medium. Now that this is clear from the perspective 
of cell experiments, we found the differential expression of the 
JAK–STAT signalling pathway in the two cell lines by screening 
signalling pathways. Similarly, we observed the same changes 
in the JAK–STAT cell signalling pathways after adding recom-
binant TIMP-2 or neutralising TIMP-2 antibodies to the culture 
medium. Consistent with our guess, TIMP-2 indeed mediated 
the resistance of CRC cells to 5-Fu through the JAK–STAT sig-
nalling pathway.

Our laboratory results not only clarify the role of TIMP-2 in drug 
resistance, but also suggest that JAK–STAT is a downstream 
pathway of TIMP-2. However, this project has not further clar-
ified the TIMP-2-related gene status, RNA coding, and other 
related aspects. The clarification of these details will help us to 
further explore the cytological mechanism of CRC resistance to 
5-Fu. In addition, we paid less attention to the changes in cyto-
logical behaviour caused by TIMP-2, such as cell cycle changes, 
cell crawling and penetration ability, cell pyroptosis, ferropto-
sis, etc. The dramatic changes in cytological behaviour are also 
beneficial in our search for opportunities to treat 5-Fu-resistant 
CRC. In terms of animal experiments, if the state of CRC tu-
mour resistance to 5-Fu can be simulated in a mouse model, the 
changes in the expression level of TIMP-2, the expression inten-
sity of the JAK–STAT signalling pathway, and the effect of target 
treating the 5-Fu resistance could be further studied. This will 
serve as strong evidence for our experimental conclusions. The 
cell and animal experiments mentioned above are the next steps 
of our research group.

Here, we also used a small molecule inhibitor targeting the 
JAK–STAT signalling pathway to verify whether inhibiting the 
JAK–STAT signalling pathway could reverse the 5-Fu resis-
tance of CRC cells [48]. The experimental results showed that 
LY2784544 effectively overcomes the 5-Fu resistance of CRC. 
Although more recombinant TIMP-2 was added to the culture 
medium of cell lines, the small molecule inhibitor LY2784544 
could still act on the downstream JAK–STAT signalling path-
way to sensitise CRC cells to 5-Fu. How LY2784544 affects the 
biological behaviour of CRC cells and whether it can play an 
equally significant role in animal models requires our follow-up 
experimental studies to demonstrate.

As for why the inhibitor LY2784544 can synergistically enhance 
the cytotoxic effects of 5-FU, our experimental results partially 
demonstrate that JAK2 can prevent STAT activation and the 
transcription of genes that promote cell survival and prolifera-
tion. This action complements the disruption of DNA and RNA 
synthesis caused by 5-FU. Additionally, we speculate that the 
combination may modulate the tumour microenvironment, 
as the role of the JAK–STAT pathway in immune regulation 
suggests that its inhibition could activate immune responses 
against cancer cells or reduce immunosuppressive factors. 
Furthermore, LY2784544 may counteract resistance mecha-
nisms that can develop in response to 5-FU, such as changes in 
drug metabolism or transport. These mechanisms collectively 
contribute to the synergistic therapeutic effect of LY2784544 and 
5-FU on sensitive cancer cells. Targeted small-molecule inhibi-
tors can be studied in clinical trials after reliable laboratory eval-
uation, including animal experiments. Of course, the dose of 
LY2784544 needs to be carefully evaluated by researchers. After 

FIGURE 4    |    Neutralising TIMP-2 reverses 5-Fu resistance of colorectal cancer cells. (A, B) Viability of HCT116 5-FuR and DLD-1 5-FuR cells 
treated with 5-Fu of increasing concentration for 3 days after co-culturing with a control IgG or a TIMP-2 neutralising antibody (2 μg/mL or 5 μg/mL 
or 10 μg/mL) for 6 h. (C, D) The 5-Fu concentration of 50% inhibition of cell growth (IC50) of four groups of cells in A and B above. *p < 0.05, **p < 0.01, 
***p < 0.001 by unpaired Student's t-test. Data from triplicate wells in 3 independent experiments.
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FIGURE 5    |     Legend on next page.
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all, it will also have some bad clinical side effects. Nevertheless, 
5-Fu combined with LY2784544 is a very promising way to treat 
CRC patients, which may change the state of 5-Fu resistance 
during their prolonged treatment.

5   |   Conclusions

In conclusion, we found that elevated TIMP-2 expression lev-
els correlated with the 5-Fu resistance status of CRC cells, both 

FIGURE 5    |    TIMP-2 promotes 5-Fu resistance via regulating JAK–STAT activation in colorectal cancer. (A) Immunoblotting of phosphorylation 
STAT5 and phosphorylation JAK2 in HCT116 5-FuS cells and HCT116 5-FuR, DLD-1 5-FuS cells and DLD-1 5-FuR cells. (B) Immunoblotting of 
phosphorylation STAT5 and phosphorylation JAK2 in HCT116 5-FuS cells and DLD-1 5-FuS cells cultured with 10 ng/mL of recombinant TIMP-2 for 
6 h. (C) Immunoblotting of phosphorylation STAT5 and phosphorylation JAK2 in HCT116 5-FuR cells and DLD-1 5-FuR cells cultured with control 
IgG or 5 μg/mL of TIMP-2 neutralising antibody for 6 h. **p < 0.01, ***p < 0.001 by unpaired Student's t-test. Data from triplicate wells in 3 indepen-
dent experiments.

FIGURE 6    |    LY2784544 targets JAK–STAT signalling regulating 5-Fu resistance in colorectal cancer. (A) The synergistic effects of LY2784544 
and 5-Fu on HCT116 5-FuR cells. (B) The 5-Fu concentration of 50% inhibition of cell growth (IC50) of two groups of cells in A above. (C) The syner-
gistic effects of LY2784544 and 5-Fu on DLD-1 5-FuR cells. (D) The 5-Fu concentration of 50% inhibition of cell growth (IC50) of two groups of cells 
in C above. (E, F) Knockdown JAK–STAT by LY2784544 blocks TIMP-2 induced 5-Fu resistance in colorectal cancer cells. HCT116 5-FuS and DLD-1 
5-FuS cells were cultured with 0.1 μM of LY2784544 for 24 h and then cultured with recombinant TIMP-2 (10 ng/mL) for 6 h, followed by increasing 
concentrations of 5-Fu treatment for 3 days. (A–D) *p < 0.05, ***p < 0.001 by unpaired Student's t-test. (E, F) *p < 0.05, **p < 0.01, ***p < 0.001 by one-
way ANOVA or two-way ANOVA. Data from triplicate wells in 3 independent experiments.
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at the cellular and the patient serum level. Cytological experi-
ments confirmed that TIMP-2 is a key cytokine mediating CRC 
resistance to 5-Fu. Further, we showed that TIMP-2 causes re-
sistance to 5-Fu drugs by constitutively activating JAK–STAT. 
Since the small molecule inhibitor LY2784544 targeting the 
JAK–STAT signalling pathway can effectively reverse the resis-
tance of CRC to 5-Fu, it is a new research target for treating this 
intractable disease.
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