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Persistent activation of Signal Transducer and Activator of Transcription

(STAT)3 occurs in a high percentage of tumors, including colorectal cancer

(CRC), thereby contributing to malignant cell proliferation and survival.

Although STAT3 is recognized as an attractive therapeutic target in CRC,

conventional approaches aimed at inhibiting its functions have met with

several limitations. Moreover, the factors that sustain hyper-activation of

STAT3 in CRC are not yet fully understood. The identification of tumor-

specific STAT3 cofactors may facilitate the development of compounds

that interfere exclusively with STAT3 activity in cancer cells. Here, we

show that progranulin, a STAT3 cofactor, is upregulated in human CRC

as compared to nontumor tissue/cells and its expression correlates with

STAT3 activation. Progranulin physically interacts with STAT3 in CRC

cells, and its knockdown with a specific antisense oligonucleotide (ASO)

inhibits STAT3 activation and restrains the expression of STAT3-related

oncogenic proteins, thus causing cell cycle arrest and apoptosis. Moreover,

progranulin knockdown reduces STAT3 phosphorylation and cell prolifer-

ation induced by tumor-infiltrating leukocyte (TIL)-derived supernatants in

CRC cell lines and human CRC explants. These findings indicate that

CRC exhibits overexpression of progranulin, and suggest a role for this

protein in amplifying the STAT3 pathway in CRC.

1. Introduction

Colorectal cancer (CRC) is the third most common

form of malignancy and the second leading cause of

cancer-related mortality in the Western world (Center

et al., 2009). CRC develops through a multistage

process characterized by accumulation of aberrant

protein expression/activation patterns, each granting

a specific growth advantage to tumor cells (Fearon

and Vogelstein, 1990). In recent years, increasing
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attention has been focused on transcription factors

that lie at the hub of multiple oncogenic signaling

pathways, such as Signal Transducer and Activator

of Transcription (STAT)3 (Wake and Watson, 2015).

Inappropriate/persistent STAT3 activation is

described in a number of neoplasias, including CRC,

and STAT3 blockade in cultured cancer cells inhibits

cell proliferation and induces apoptosis (Xiong et al.,

2014). Furthermore, STAT3 is considered as an

attractive therapeutic target in CRC (Yu et al.,

2014). However, conventional approaches aimed at

inhibiting STAT3 functions have been challenged by

some limitations (Beebe et al., 2018). For instance,

due to the high similarity of STAT3 with STAT1, a

STAT family member involved in cell death and

defense against pathogens (Avalle et al., 2012),

STAT3 inhibitors can enhance the risk of infections

(Nero et al., 2014). Moreover, as STAT3 is required

for the survival of normal intestinal epithelial cells

and maintenance of mucosal integrity, persistent

interference with STAT3 activation could potentially

promote gastrointestinal damage (Grivennikov et al.,

2009).

Because STAT3 mediates distinct biological effects

by interacting with specific cooperating proteins (Lau-

disi et al., 2018), the identification of tumor-specific

STAT3 cofactors could facilitate the development of

compounds that interfere exclusively with STAT3 in

cancer cells. Progranulin, also known as granulin/ep-

ithelin precursor, acrogranin, and proepithelin, is a

pleiotropic growth factor playing a role in the mainte-

nance and regulation of the homeostatic mechanisms

of proliferation, normal tissue development, regenera-

tion, and the host-defense response (Jian et al., 2013).

Progranulin overexpression occurs in different types of

cancer and associates with a poor prognosis (Arecha-

valeta-Velasco et al., 2017). Progranulin acts as a

STAT3-interacting protein and, in primary breast can-

cer specimens, progranulin mRNA transcripts posi-

tively correlate with STAT3 gene expression signatures

and a worse clinical outcome (Yeh et al., 2015).

This study was undertaken to ascertain whether pro-

granulin plays a role in sustaining STAT3 signaling in

CRC.

2. Materials and methods

2.1. Patients and samples

Paired tissue samples were taken from the tumor area

and the macroscopically unaffected, adjacent, colonic

mucosa of 26 patients who underwent colon resection

for sporadic CRC (all with TNM stages II–III) at the
Tor Vergata University Hospital (Rome, Italy). No

patients received radiotherapy or chemotherapy before

undergoing surgery. The human studies were approved

by the local ethics committee, and each patient gave

written informed consent. The study methodologies

conformed to the standards set by the Declaration of

Helsinki.

2.2. Isolation of tumor-infiltrating leukocytes

from human CRC samples

Tumor-infiltrating leukocytes were isolated from CRC

samples using dithiothreitol (DTT)–ethylenediaminete-

traacetic acid (EDTA) and collagenase method as pre-

viously described (De Simone et al., 2015). Briefly,

pieces of tumor tissue were dissected from surgical

specimens within 1 h of resection and washed in

Hank’s balanced salt solution (HBSS) containing

1 mM DTT and antibiotics for 15 min at room tem-

perature to remove mucus. Samples were then minced

and incubated in HBSS containing 1 mM EDTA and

antibiotics for 45 min at 37 °C to remove epithelial

cells. After two washes in HBSS, samples were incu-

bated in type D collagenase (0.75 mg�mL�1, Roche

Diagnostics, Monza, Italy) for 1 h at 37 °C. After

collagenase digestion, media containing the mononu-

clear cells were collected and washed twice in HBSS.

Subsequently, the pellets were resuspended in RPMI

1640 and then layered on a Percoll density gradient

as previously described (Monteleone et al., 1997) to

isolate tumor-infiltrating leukocytes (TILs). The iso-

lated cells were counted and checked for viability

using 0.1% trypan blue (viability ranged from 90%

to 98%).

2.3. RNA extraction, cDNA preparation, and real-

time PCR

Total RNA was extracted from human colon speci-

mens using PureLink Purification technology (Thermo

Fisher Scientific, Milan, Italy). A constant amount of

RNA (1 lg/sample) was reverse-transcribed into com-

plementary DNA (cDNA), and 1 lL of cDNA/sample

was then amplified by real-time PCR using iQ SYBR

Green Supermix (Bio-Rad Laboratories, Milan, Italy).

Primers were as follows: progranulin: FWD: 50-TC
TGTAGTCTGAGCGCTACCC-30; REV: 50-GTTAA

GGCCACCCAGCTCAC-30. b-actin: FWD: 50-AAGA

TGACCCAGATCATGTTTGAGACC-30, REV: 50-A
GCCAGTCCAGACGCAGGAT-30. RNA expression

was calculated relative to the housekeeping b-actin
gene on the base of the DDCt algorithm.
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2.4. Progranulin silencing by progranulin

antisense oligonucleotide

The custom 20mer antisense oligonucleotide (ASO)

(50-CCACATGGTCTGCCTGCGTC-30) targeting

both human and mouse progranulin and a scrambled

(Scr) ASO were designed following previously reported

guidelines (Chan et al., 2006; Kurreck, 2003) and syn-

thesized by Integrated DNA Technologies (Leuven,

Belgium). Progranulin ASO was used at concentrations

ranging from 50 to 400 nM. Scrambled (Scr) ASO was

used at concentrations equal to the highest dose of

progranulin ASO in the same experiment.

2.5. Cell culture

All reagents were from Sigma-Aldrich (Milan, Italy)

unless specified. The human CRC cell lines HCT-116

and HT-29 were obtained from the American Type Cul-

ture Collection (ATCC, Manassas, VA, USA) and

maintained in McCoy’s 5A medium supplemented with

10% fetal bovine serum (FBS) and 1% penicillin/strep-

tomycin (P/S) (both from Lonza) in a 37 °C, 5% CO2,

fully humidified incubator. The human normal colonic

epithelial cell line HCEC-1CT was obtained from

EVERCYTE GmbH (Vienna, Austria) and maintained

in ColoUp medium (EVERCYTE GmbH) in a 37 °C,
5% CO2, fully humidified incubator. Cell lines were

recently authenticated by STR DNA fingerprinting

using the PowerPlex 18D System kit according to the

manufacturer’s instructions (Promega, Milan, Italy).

The STR profiles of all the cell lines matched the known

DNA fingerprints. Freshly isolated TILs were resus-

pended and cultured in complete RPMI 1640 medium

and cell-free supernatants harvested after 48 h.

To investigate whether IL-6, IL-22, TNF-a, and IL-

17A modulate progranulin expression as well as

STAT3, NF-kB/p65, p38, and ERK activation,

HCEC-1CT cells were stimulated with recombinant

human IL-6 (Peprotech, London, UK), IL-22 (R&D

Systems, Minneapolis, MN, USA), TNF-a (R&D Sys-

tems), or IL-17A (Peprotech) (all used at 25 ng�mL�1)

for 0.25–24 h. Progranulin expression and STAT3,

NF-kB/p65, p38, and ERK activation were assessed

by western blotting. To determine the contribution of

NF-kB/p65, p38, and ERK signaling pathways on

TNF-a-induced progranulin expression, HCEC-1CT

cells were pre-incubated with either DMSO (vehicle)

or specific inhibitors of NF-kB/p65 (BAY 11-7082,

Santa Cruz Biotechnology, Inc., Dallas, TX, USA),

p38 (SB202190, EMD Millipore, Milan, Italy), and

ERK (PD98059, Calbiochem, Burlington, MA, USA)

for 1 h and then stimulated with TNF-a for further

8 h. In parallel, HT-29 cells were treated with either

DMSO or the above-indicated inhibitors for 8 h. Pro-

granulin expression and NF-kB/p65, p38, and ERK

activation were assessed by western blotting.

To investigate the role of progranulin in CRC cell

growth, HCT-116 and HT-29 cells were transfected with

either Scr or progranulin ASO for 24 h using Opti-MEM

medium and Lipofectamine 3000 reagent (both from Life

Technologies, Milan, Italy) following the manufacturer’s

instructions. Cells were then washed with PBS and re-cul-

tured with fresh McCoy’s 5A medium supplemented with

1% FBS and P/S for further 24 h. In parallel experi-

ments, HCT-116 and HT-29 cells were transfected or not

with either Scr or progranulin ASO and then cultured in

the presence of TIL-derived supernatants (used at 1:20

final dilution) for further 24 h.

To examine the levels of secreted progranulin in the

supernatants of cell cultures, HCEC-1CT, HCT-116,

and HT-29 single-cell suspensions were plated at

2 9 105 cells/mL/well in 12-well culture dishes and

allowed to adhere overnight. Afterward, cells were

washed with PBS and re-cultured with fresh media.

After 24 h, cell-free supernatants were harvested and

used for western blotting analysis. To address whether

defects in progranulin knockdown cells were rescued

by addition of progranulin, HCT-116 cells were trans-

fected with either Scr or progranulin ASO for 24 h

and then cultured with or without 200 lg�mL�1

recombinant human progranulin (2420-PG, R&D Sys-

tems, Minneapolis, MN) for further 24 h. Cell prolifer-

ation and protein expression were assessed by BrdU

assay and western blotting, respectively.

To investigate the role of progranulin in CRC cell

survival, HCT-116 and HT-29 cells were transfected

with either Scr or progranulin ASO and then cultured

in the presence or absence of different doses of the

chemotherapeutic drugs 5-fluorouracil (5-FU, 6.25–
100 lM), oxaliplatin (3.125–50 lM), camptothecin-11

(CPT-11, 0.625–10 lM), or DMSO (vehicle) for further

48–60 h. At the end, cell viability was evaluated by

flow cytometry. In some experiments, HCT-116 and

HT-29 cells were pretreated with the pan-caspase inhi-

bitor Q-VD-OPH (R&D Systems, used at 10 lM) or

DMSO (vehicle) for 1 h and then transfected with Scr

or progranulin ASO. Cell death was assessed by flow

cytometry after 24–60 h.

2.6. Western blotting and Immunoprecipitation

Protein extracts were prepared and run as described

elsewhere (Stolfi et al., 2008). Blots were incubated

with antibodies against p-STAT3 Tyr705 (sc-8059),

STAT3 (sc-8019), CDC25A (sc-7389), cyclin D1 (sc-
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20044), cyclin D3 (sc-182), p-CDK2 (Thr-14/Tyr-15)

(sc-28435-R), CDK2 (sc-6248), Bcl-2 (sc-509), BCL-xL
(sc-8392), XIAP (sc-55550), survivin (sc-17779), SHP-1

(sc-7289), SHP-2 (sc-7384), c-FLIP (sc-5276) (1 : 500

final dilution, all from Santa Cruz Biotechnology,

Inc.), progranulin (1 : 1000 final dilution, PA5-27275,

Thermo Fisher Scientific), and caspase-3 (1:1000 final

dilution, #9662, Cell signaling Technology, Danvers,

MA, USA) followed by a secondary antibody conju-

gated to horseradish peroxidase (1 : 20 000, Dako,

Santa Clara, CA, USA). After analysis, each blot was

stripped and incubated with a mouse anti-human mon-

oclonal b-actin antibody (1:5000 final dilution, A544)

to ascertain equivalent loading of the lanes. For

immunoprecipitation, 2 mg of whole-cell lysates was

incubated for 2 h at 4 °C with 2 lg of a rabbit anti-

STAT3 antibody (sc-482) or a mouse anti-JAK2 anti-

body (sc-390539, both from Santa Cruz Biotechnology,

Inc). To investigate whether progranulin affected the

interaction of STAT3 with SHP-1 and/or SHP-2, 2 mg

of whole-cell lysates obtained from HCT-116 cells

transfected with either Scr or progranulin ASO was

incubated for 2 h at 4 °C with 2 lg of a rabbit anti-

STAT3 antibody (sc-482). The immunocomplexes were

then absorbed for 2 h at 4 °C on prewashed bovine

serum albumin-blocked protein A agarose beads

(EMD Millipore) and finally washed three times in

wash buffer (25 mM Tris/HCl [pH 7.5], 125 mM NaCl,

1% glycerol, 1 mM MgCl2, 0.5% Igepal CA-630) sup-

plemented with complete protease inhibitor cocktail

(Roche Diagnostics). Immunocomplexes were resus-

pended in Laemmli buffer, boiled at 75 °C for 5 min,

separated by SDS-polyacrylamide gel electrophoresis,

and immunoblotted with antibodies against progran-

ulin (PA5-27275, Thermo Fisher Scientific), SHP-1 (sc-

7289) or SHP-2 (sc-7384). The same membranes were

stripped and re-probed to detect STAT3 (sc-8019 or

sc-482, both from Santa Cruz Biotechnology, Inc.) and

b-actin. In parallel, equal volumes of boiled immuno-

complexes derived from either Scr or progranulin ASO

lysates were dot-blotted onto a nitrocellulose mem-

brane and probed with either RPTPa (sc-19116, Santa

Cruz Biotechnology, Inc), SHP-1 (sc-7289), SHP-2 (sc-

7384), or STAT3 (sc-8019) antibodies. Computer-as-

sisted scanning densitometry (Image-Lab 5.2.1, Bio-

Rad Laboratories, Milan, Italy) was used to analyze

the intensity of the immunoreactive bands.

2.7. Assessment of cell proliferation, cycle

distribution, and death

Cell growth was evaluated by using a commercially

available 5-bromodeoxyuridine (BrdU) assay kit

(Roche Diagnostics). Briefly, 5000 cells were cultured

in 96-well microplates and allowed to adhere over-

night. Five-bromodeoxyuridine was added to the cell

cultures 6 h before the end of the treatments and cell

growth was evaluated by ELISA.

For analysis of cell cycle distribution, cells were

transfected with either Scr or progranulin ASO (both

used at 200 nM). After 24 h, cells were washed with

PBS and re-cultured with fresh medium containing 1%

FBS and P/S for further 24 h. At the end, cells were

pulsed with 10 mol�L�1 BrdU for 60 min, fixed in

70% cold ethanol, and stored at 20 °C for at least 3 h.

DNA was denatured in 2 mol�L�1 HCl, and cells

stained with anti-BrdU monoclonal antibody (Roche

Diagnostics) followed by a FITC-conjugated sec-

ondary anti-mouse antibody (Molecular Probes,

Milan, Italy). After incubation with 100 g�mL�1 PI,

cells were analyzed by flow cytometry.

To assess cell death, cells were either left untreated

or transfected with either Scr or progranulin ASO as

indicated in the cell culture section. Cells were then

collected, washed twice in PBS, stained with FITC-

Annexin V (AV, 1:100 final dilution, Immunotools,

Friesoythe, Germany) according to the manufacturer’s

instructions, and incubated with 5 lg�mL�1 propidium

iodide (PI) for 30 min at 4 °C. Fluorescence was then

measured using the FL-1 and FL-3 channels of Gallios

(Beckman Coulter, Milan, Italy) flow cytometer.

Viable cells were considered as AV�/PI� cells, apop-

totic cells as AV+/PI� cells, while secondary necrotic

cells were characterized by AV+/PI+ positive staining.

2.8. Organ culture

Organ culture experiments were carried out as previ-

ously described (Stolfi et al., 2014). Briefly, CRC

explants were placed on Millicell inserts (EMD Milli-

pore) in a 6-well plate containing RPMI-1640 medium

supplemented with 10% FBS, 1% P/S, and

50 lg�mL�1 gentamycin in the presence of either Scr

or progranulin ASO (both used at 200 nM) for 24 h.

The culture was performed in an organ culture cham-

ber at 37 °C in a 5% CO2/95% O2 atmosphere.

2.9. Immunohistochemistry

Cryosections of human CRC explants were stained

with primary antibodies directed against p-STAT3

Tyr705 (#9661, Cell Signaling Technology), Ki-67 (sc-

101861, Santa Cruz Biotechnology, Inc.), and progran-

ulin (PA5-27275, Thermo Fisher Scientific). Isotype

control-stained sections were prepared under identical

immunohistochemical conditions replacing the primary

2145Molecular Oncology 13 (2019) 2142–2159 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

F. Laudisi et al. Progranulin sustains STAT3 activity in CRC cells



antibody with a rabbit normal IgG control antibody

(R&D Systems, Minneapolis, MN). Positive cells were

visualized using MACH4 Universal HRP-Polymer kit

with DAB (Biocare Medical, Pacheco, CA) and subse-

quently counted in 5 high power fields from each slide.

Sections were analyzed by LEICA DMI4000 B micro-

scope using LEICA application suite software

(V4.6.2).

2.10. Immunofluorescence

HCT-116 cells were grown on glass coverslips in multi-

well plates, fixed with 4% paraformaldehyde for 10 min

at 4 °C, and permeabilized with 0.1% Triton X-100 for

10 min at room temperature. Cells were then washed

with PBS; blocked in 1% bovine serum albumin, 0.1%

Tween, and 2% glycine for 1 h at room temperature; and

incubated with anti-progranulin (1 : 100 final dilution,

PA5-27275) and anti-p-STAT3 Tyr705 (1 : 50 final dilu-

tion, sc-8059) antibodies overnight at 4 °C. Subsequently,
cells were rinsed with PBS and incubated with Alexa

Fluor 546 (goat anti-mouse) and Alexa Fluor 488 (don-

key anti-rabbit) (both from Life Technologies) for p-

STAT3 Tyr705 and progranulin detection, respectively,

for 1 h at room temperature in the dark. After rinsing in

PBS, cells were mounted using Prolong gold antifade

reagent with 40,6-diamidino-2-phenylindole (Life Tech-

nologies) and visualized with a Zeiss LSM 800 Confocal

Laser Scanning Microscope equipped with a 63 9 objec-

tive (Carl Zeiss, Milan, Italy). Fluorescence images were

processed using ZEN 2.6 (Blue Edition, Carl Zeiss).

2.11. Statistical analysis

Parametric data were analyzed using the two-tailed

Student’s t-test for comparison between two groups or

one-way analysis of variance (ANOVA) followed by

Tukey’s post hoc test for multiple comparisons. Non-

parametric data were analyzed using the Mann–Whit-

ney U-test for comparison between two groups.

Significance of correlation was determined using the

Pearson’s test. Significance was defined as P-val-

ues < 0.05.

3. Results

3.1. Progranulin is upregulated in human CRC

and correlates with STAT3 activation

Progranulin expression and STAT3 phosphorylation

on the tyrosine 705 residue were evaluated by

immunoblotting in proteins extracted from matched

pairs of human CRC and nontumor adjacent tissues.

Progranulin protein content was significantly increased

in CRC samples as compared with the nontumor

mucosa, as confirmed by densitometry analysis of the

blots (Fig. 1A), and positively correlated with p-

STAT3 Tyr705 expression (r = 0.8313, P < 0.001)

(Fig. 1B). Analysis of progranulin mRNA in paired

tissue samples taken from the tumor area and the

macroscopically unaffected, adjacent, colonic mucosa

of the same patients whose specimens were considered

for protein analysis, showed more progranulin tran-

scripts in the tumors compared to nontumor areas

(Fig. S1). Consistent with the above data, elevated

levels of progranulin, along with a strong expression

of p-STAT3 Tyr705, were observed in the human

CRC cell lines HCT-116 and HT-29, whereas both

proteins were barely detectable in the human normal

colonic epithelial cell line HCEC-1CT (Fig. 1C). As

progranulin is a growth factor-like protein and can be

secreted (Arechavaleta-Velasco et al., 2017), we also

evaluated progranulin expression in the culture super-

natants of HCEC-1CT, HCT-116, and HT-29 cells.

Levels of the secreted protein reflected those detected

in the cell lysates (Fig. S2).

3.2. Progranulin interacts with and positively

regulates STAT3 activation in CRC cells

The observation that progranulin and p-STAT3

Tyr705 expression strongly correlate in human CRC

prompted us to investigate whether progranulin might

affect STAT3 oncogenic activity. Initially, we per-

formed immunoprecipitation of whole-cell extracts

from HCT-116 and HT-29 cells using an anti-STAT3

antibody followed by immunoblotting analysis with an

anti-progranulin antibody and showed that progran-

ulin physically interacted with STAT3 in CRC cells

(Fig. 2A). Next, we tested whether progranulin silenc-

ing could reduce STAT3 phosphorylation. Treatment

of HCT-116 and HT-29 cells with progranulin ASO

significantly reduced progranulin expression and

STAT3 Tyr705 phosphorylation in a dose-dependent

manner (Fig. 2B). Immunofluorescence experiments

revealed that progranulin co-localized with p-STAT3

Tyr705 mainly in the cytoplasm (Fig. S3). To figure

out how progranulin positively affected STAT3

Tyr705 phosphorylation, we first investigated whether

progranulin associated with JAK2, a key STAT3

Tyr705 targeting kinase (Rawlings et al., 2004), some-

way promoting its activity. However, we were not able

to see any interaction between progranulin and JAK2

in HCT-116 cells (Fig. S4). Further work indicated

that progranulin knockdown-mediated inhibitory effect
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on STAT3 Tyr705 phosphorylation was reverted by

the addition of the protein tyrosine phosphatase inhi-

bitor Na3VO4 (Fig. 3A), thus suggesting a role for

progranulin in modulating STAT3 dephosphorylation.

More in-depth experimentation revealed that intracel-

lular progranulin restrained the ability of key STAT3

tyrosine phosphatases (i.e., SHP-1 and SHP-2) (Kim

et al., 2018) to interact with the transcription factor

(Fig. 3B–D), likely contributing to STAT3 hyper-acti-

vation.

3.3. NF-kB/p65 signaling affects progranulin

expression in human normal and cancerous

colonic cell lines

In order to elucidate the factors/mechanisms

involved in the modulation of progranulin expression,

HCEC-1CT cells were cultured in the presence of

cytokines (i.e., IL-6, IL-22, TNF-a, and IL-17A),

which are over-produced within the neoplastic areas of

CRC patients (De Simone et al., 2015). TNF-a, but

not the other cytokines, significantly enhanced pro-

granulin expression at 8 and 24 h (Fig. 4A and

Fig. S5). Analysis of the signaling pathways activated

by such cytokines revealed that 15-min treatment of

HCEC-1CT cells with TNF-a resulted in a strong acti-

vation of NF-kB/p65, p38, and ERK, whereas IL-17A

slightly increased NF-kB/p65 activation (Fig. 4B).

Further evaluation at 0.5, 1, and 8 h of cytokine stim-

ulation showed that cells stimulated with TNF-a, but
not with IL-17A, maintained NF-kB/p65 activation

(Fig. 4B and not shown). One-hour treatment of

HCEC-1CT cells with IL-17A slightly increased p38

phosphorylation (not shown). In contrast, we were not

Fig. 1. Progranulin expression is upregulated in human CRC and correlates with STAT3 activation. (A) Total proteins extracted from both

tumoral (T) and nontumoral (NT) areas of two patients with sporadic CRC were evaluated for progranulin, p-STAT3 Tyr705, and STAT3

expression by immunoblotting. b-actin was used as loading control. The figure is representative of twenty-six separate pairs in which similar

results were obtained. Right inset. Quantitative analysis of progranulin/b-actin protein ratio in total extracts of T and NT tissues taken from

twenty-six patients with sporadic CRC, as measured. Each point represents the value, assessed by densitometry scanning of western blots,

in a single patient (n = 26). Horizontal bars indicate median value. Differences among groups were compared using the Mann–Whitney U-

test. (B) Analyses of correlation between the expression levels of progranulin and p-STAT3 Tyr705 in the tumor areas of patients who

underwent surgery for sporadic CRC (P < 0.001, Pearson’s test coefficient r = 0.8313). (C) Total proteins extracted from two CRC cell lines

(i.e., HCT-116 and HT-29) and from the normal colon epithelial cell line HCEC-1CT were evaluated for progranulin, p-STAT3 Tyr705, and

STAT3 expression by immunoblotting. b-actin was used as loading control. One of two representative experiments in which similar results

were obtained is shown.
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able to detect any p-ERK upregulation in cells stimu-

lated with IL-17A at all the time points considered

(Fig. 4B and not shown).

Pretreatment of HCEC-1CT cells with BAY 11-

7082, a chemical inhibitor of NF-kB/p65, almost com-

pletely abolished the TNF-a-induced upregulation of

progranulin (Fig. 4C). In contrast, no effect on pro-

granulin expression was seen in cells cultured with

either p38 (i.e., SB202190) or ERK (i.e., PD98059)

inhibitors (Fig. 3C). In line with such observation,

inhibition of NF-kB/p65 activation, but neither p38

nor ERK, reduced progranulin levels in unstimulated

HT-29 cells (Fig. 4D). Collectively, the above results

indicate that NF-kB/p65 activation sustains progran-

ulin expression in human CRC cells.

3.4. Progranulin knockdown hampers STAT3

oncogenic functions in CRC cells

As STAT3 is a positive regulator of CRC cell prolifer-

ation and survival, we investigated whether progran-

ulin silencing inhibited HCT-116 and HT-29 cell

growth. Cells transfected with progranulin ASO

showed a significant reduction of 5-bromodeoxyuridine

(BrdU) incorporation as compared with cells trans-

fected with a control ASO (Fig. 5A). Analysis of cell

cycle distribution indicated that progranulin ASO-in-

duced CRC cell growth inhibition associated with

accumulation of cells in S phase and decreased fre-

quency of cells in G0/G1 phase of the cell cycle

(Fig. 5B).

Fig. 2. Progranulin interacts with and positively regulates STAT3 activation in CRC cells. (A) Total proteins extracted from HCT-116 and HT-

29 cells were immunoprecipitated by an anti-human STAT3 antibody and then subjected to immunoblotting analysis using progranulin,

STAT3, and b-actin antibodies. One of three representative experiments in which similar results were obtained is shown. (B) Progranulin

ASO downregulates progranulin and p-STAT3 Tyr705 protein expression in CRC cells. HCT-116 and HT-29 cells were transfected with either

scrambled (Scr) antisense oligonucleotide (ASO) (used at 400 nM) or increasing doses of progranulin ASO as indicated. Progranulin, p-STAT3

Tyr705, and b-actin were analyzed by immunoblotting. One of three representative experiments is shown together with the densitometry

analysis in the lower insets. Values are expressed in arbitrary units and are the mean � SEM. Differences were compared using the two-

tailed Student’s t-test (Scr ASO-transfected cells vs progranulin ASO-transfected cells, *P < 0.05, **P < 0.01, ***P < 0.001).
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In tumors, the dual-specificity phosphatase CDC25A

and cyclin D1 (Carpenter and Lo, 2014) regulate G1/S

transition and progression through the S phase (Otto

and Sicinski, 2017). Transfection of HCT-116 and HT-

29 cells with progranulin ASO markedly reduced

CDC25A and cyclin D1 expression (Fig. 5C). Of note,

the expression of cyclin D3, a cell cycle regulator not

subjected to STAT3 control, was not affected by pro-

granulin silencing in both cell lines (Fig. 5C). CDC25A

exerts its pro-mitogenic functions mainly by

maintaining cyclin-dependent kinases (CDK)–cyclin
complexes in a persistently activated state through the

removal of inhibitory phosphate groups from tyrosine

and threonine residues (Busino et al., 2004). Consistent

with this, the progranulin ASO-driven CDC25A down-

regulation resulted in a marked phosphorylation of the

S phase-associated protein CDK2 on Thr-14 and Tyr-

15 residues (Fig. 5D). At the time point used to evalu-

ate cell growth and cell cycle distribution (i.e., 36 h

from transfection), there was no change in the viability

Fig. 3. Effects of progranulin on protein tyrosine phosphatase (PTP)-mediated STAT3 dephosphorylation. (A) The addition of the general PTP

inhibitor Na3VO4 to HCT-116 cells cultures reduces the progranulin silencing-mediated STAT3 Tyr705 dephosphorylation. HCT-116 cells were

transfected with either scrambled (Scr) or progranulin antisense oligonucleotide (ASO) (both used at 200 nM). After 24 h, cells were washed

with PBS and cultured with or without Na3VO4 for 2 h. At the end, total extracts were prepared and the expression of p-STAT3 Tyr705 and

STAT3 assessed by western blotting. b-actin was used as loading control. One of three representative experiments where similar results

were obtained is shown. (B) Progranulin knockdown does not affect the expression of the STAT3 targeting PTPs SHP-1 and SHP-2. Total

proteins extracted from either Scr ASO- or progranulin ASO-transfected HCT-116 cells were evaluated for progranulin, SHP-1, and SHP-2

expression by western blotting. b-actin was used as loading control. One of three representative experiments where similar results were

obtained is shown. (C,D) Progranulin impairs the interaction of SHP-1 and SHP-2 with STAT3. Total proteins extracted from either Scr ASO-

or progranulin ASO-transfected HCT-116 cells were immunoprecipitated by an anti-human STAT3 antibody. An aliquot of proteins was dot-

blotted on nitrocellulose and incubated with either the indicated PTP or STAT3 antibodies (C). The remaining immunoprecipitates were

separated by SDS/PAGE and then subjected to immunoblotting analysis using either SHP-1 or SHP-2 antibodies. At the end, blots were

stripped and incubated with either a second anti-human STAT3 or b-actin antibodies. One of three representative experiments in which

similar results were obtained is shown (D).
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Fig. 4. NF-kB/p65-mediated regulation of progranulin expression in human normal and cancerous colonic cell lines. (A) Representative

western blotting showing progranulin expression in HCEC-1CT cells stimulated or not with IL-6, IL-22, TNF-a, and IL-17A (all used at

25 ng�mL�1) for 8 h. b-actin was used as a loading control. One of four representative experiments in which similar results were obtained is

shown. Right inset. Quantitative analysis of progranulin/b-actin protein ratio in total extracts of HCEC-1CT cells stimulated or not with IL-6,

IL-22, TNF-a, and IL-17A for 8 h, as measured by densitometry scanning of western blots. Values are expressed in arbitrary units and are

the mean � SEM of four experiments. Differences among groups were compared using one-way analysis of variance (ANOVA) followed by

Tukey’s post hoc test. TNF-a-stimulated cells vs untreated cells, ***P < 0.001. (B) Representative western blotting showing p-STAT3

Tyr705, p-NF-kB/p65 Ser536, p-p38, and p-ERK expression in HCEC-1CT cells stimulated or not with IL-6, IL-22, TNF-a, and IL-17A (all used

at 25 ng�mL�1) for 15 min (left panels), 30 min (middle panels), and 8 h (right panels). b-actin was used as a loading control. One of three

representative experiments in which similar results were obtained is shown. (C) Representative western blotting showing progranulin, p-NF-

kB/p65 Ser536, p-p38, and p-ERK expression in HCEC-1CT cells either left untreated or stimulated with TNF-a (used at 25 ng�mL�1) for 8 h

in the presence of NF-kB/p65 inhibitor (BAY 11-7082), p38 inhibitor (SB202190), ERK inhibitor (PD98059), or DMSO (vehicle) as indicated. b-

actin was used as a loading control. One of three representative experiments in which similar results were obtained is shown. (D).

Representative western blotting showing progranulin, p-NF-kB/p65 Ser536, p-p38, and p-ERK expression in HT-29 cells cultured for 8 h in

the presence of NF-kB/p65 inhibitor (BAY 11-7082), p38 inhibitor (SB202190), ERK inhibitor (PD98059), or DMSO (vehicle) as indicated. b-

actin was used as a loading control. One of three representative experiments in which similar results were obtained is shown.
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Fig. 5. Progranulin knockdown negatively affects STAT3 oncogenic activity and CRC cell growth (A) Progranulin silencing impaired CRC cell

proliferation. HCT-116 and HT-29 cells were transfected with either scrambled (Scr) or progranulin antisense oligonucleotide (ASO) (both

used at 200 nM). After 24 h, cells were washed with PBS and cultured for further 24 h. Cell proliferation was assessed by 5-

bromodeoxyuridine (BrdU) proliferation assay kit. Data indicate mean � SEM of four experiments. Differences were compared using the

two-tailed Student’s t-test. ***P < 0.001. (B) Progranulin ASO induces CRC cells to arrest in S phase of the cell cycle. HCT-116 and HT-29

cells were transfected with either scrambled (Scr) or progranulin antisense oligonucleotide (ASO) (both used at 200 nM). After 24 h, cells

were washed with PBS and cultured for further 24 h. Cell cycle distribution was assessed by flow cytometry. Values are the percentages of

cells in the different phases of cell cycle and indicate mean � SD of four experiments. A significant increase in the number of cells that

accumulate in S phase and a significant decrease in the number of cells in G0/G1 was seen in progranulin ASO-transfected cells as

compared with Scr ASO-transfected cells (*P < 0.01, **P < 0.001). Differences were compared using the two-tailed Student’s t-test. Right

insets show representative dot-plots of the cell cycle distribution. (C) Total proteins from HCT-116 and HT-29 cells treated as indicated in A

were extracted and evaluated for progranulin, p-STAT3 Tyr705, STAT3, CDC25A, cyclin D1, and cyclin D3 expression by western blotting. b-

actin was used as loading control. One of three representative experiments where similar results were obtained is shown. (D) Progranulin

ASO enhances the expression of p-CDK2. HCT-116 and HT-29 cells were treated as indicated in A. Phospho-CDK2, CDK2, and b-actin

expression was analyzed by immunoblotting. One of three representative experiments in which similar results were obtained is shown.
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of progranulin ASO-treated cells (not shown), indicat-

ing that the progranulin ASO-mediated cell growth

arrest was not secondary to cell death.

We next investigated whether defects in progranulin

knockdown cells could be reverted by exogenous pro-

granulin. Addition of progranulin did not rescue the

negative effects of progranulin silencing on cell prolif-

eration (Fig. S6A) as well as on p-STAT3 Tyr705 and

cyclin D1 expression (Fig. S6B).

As a persistent cell cycle arrest in S phase is usually

followed by the induction of programmed cell death,

we next analyzed the fraction of AV/PI-positive cells

at later time points. The cell cycle perturbation of

progranulin-deficient HCT-116 and HT-29 cells was

accompanied by increased cell death at 60 and 72 h,

respectively (Fig. 6A). At the same time points, pro-

granulin knockdown resulted in a pronounced

decrease in pivotal STAT3-related anti-apoptotic pro-

teins (i.e., Bcl-2, BCL-XL, survivin, and XIAP)

(Fig. 6B). In contrast, no relevant change in the

expression of c-Flip, a master anti-apoptotic regulator

not subjected to STAT3 control, was seen upon treat-

ment of cells with progranulin ASO (Fig. 6B). In line

with the above results, a marked increase in cleaved

caspase 3, one of the key effector molecules in the

apoptotic pathway (Elmore, 2007), was detected in

both CRC cell lines following progranulin inhibition

(Fig. 6B). Pre-incubation of CRC cells with the pan-

caspase inhibitor Q-VD-OPH almost completely

reverted the progranulin ASO-mediated cell death

(Fig. 6C).

Altogether, the above findings indicate that progran-

ulin is a positive regulator of CRC cell growth and

survival.

3.5. Progranulin knockdown sensitizes CRC cells

to chemotherapeutic drugs

Bcl-2, Bcl-XL, survivin, and XIAP have been involved

in the resistance of cancer cells to chemotherapy (Ji

et al., 2013; Maji et al., 2018; Miyamoto et al., 2014;

Real et al., 2002). As data in Fig. 5B indicate that

progranulin positively regulates such proteins, we

hypothesized that knockdown of progranulin could

enhance the susceptibility of CRC cells to chemothera-

peutic drugs. Preliminary dose–response experiments

with agents commonly used in chemotherapy for CRC

[i.e., 5-fluorouracil (5-FU), oxaliplatin, and CPT-11]

were carried out in CRC cells to establish the appro-

priate concentrations of the drugs (Fig. S7). Treatment

of HCT-116 cells with each of the 3 chemotherapeutic

drugs did not alter the rate of cell death (Fig. 7). As

expected, progranulin ASO significantly enhanced the

fraction of cell death as compared to control cells, and

this effect was further increased by treatment of cells

with 5-FU and CPT-11 (Fig. 7).

3.6. Progranulin silencing abrogates TIL-derived

culture supernatant-mediated cell proliferation in

CRC cells

Colorectal tumors often show a diffuse infiltrate of

cytokine-producing immune/inflammatory cells that

contribute to disease progression in part via the activa-

tion of STAT3 signaling in transformed epithelial cells

(De Simone et al., 2015). To link our in vitro observa-

tions to primary human cells, we isolated tumor-infil-

trating leukocytes (TILs) from the tumor area of

patients who underwent surgery for CRC and assessed

whether TIL-derived culture supernatants could modu-

late STAT3 activation and cell proliferation in HCT-

116 and HT-29 cells transfected with either progran-

ulin or control ASO. TIL-derived supernatants

robustly increased p-STAT3 Tyr705 expression and

cell proliferation in both HCT-116 and HT-29 cells as

compared with untreated conditions (Fig. 8A,B).

Notably, such effects were totally abrogated in cells

transfected with progranulin ASO, but not with Scr

ASO (Fig. 8A,B).

3.7. Inhibition of progranulin reduces the

proliferation of neoplastic cells in human CRC

explants

To translate our findings in vivo, progranulin ASO was

added to organ cultures of human CRC explants, and

cell growth and STAT3 activation were analyzed after

24 h by immunohistochemistry. Consistently with

results obtained in CRC cells, progranulin inhibition

reduced the fraction of transformed cells expressing

Ki67, a cellular marker of proliferation, as well as the

number of p-STAT3 Tyr705-expressing cells (Fig. 9A,

B).

4. Discussion

This study was undertaken to investigate whether pro-

granulin sustains STAT3 hyper-activation in CRC and

whether its inhibition may represent a feasible

approach to restrain STAT3 oncogenic function in

such neoplasia.

Signal Transducer and Activator of Transcription 3

is the hub of multiple oncogenic pathways, and both

experimental and preclinical evidence pinpoints the

inhibition of STAT3 signaling as an appealing anti-

cancer strategy (Johnson et al., 2018). To date, the
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direct targeting of STAT3 through small molecules

remains the best option to achieve this goal. Unfortu-

nately, issues related to the suboptimal efficacy and

unfavorable pharmacokinetic properties of such com-

pounds have limited their use in the clinic (Beebe

et al., 2018). Antisense technology has recently

Fig. 6. Progranulin silencing negatively affects the expression of STAT3-related anti-apoptotic proteins and induces CRC cell death through a

caspase-dependent mechanism. (A) Inhibition of progranulin induces CRC cell death. HCT-116 and HT-29 cells were transfected with either

scrambled (Scr) or progranulin antisense oligonucleotide (ASO) (both used at 200 nM). After 24 h, cells were washed with PBS and cultured

for further 48 and 60 h, respectively. Data indicate the percentage of cell death as assessed by flow cytometry analysis of Annexin V (AV)

and/or propidium iodide (PI)-positive cells and are expressed as mean � SD of three experiments. Differences were compared using the

two-tailed Student’s t-test. **P < 0.01. Right panels. Representative dot-plots showing the percentages of AV- and/or PI-positive cells. (B)

Progranulin knockdown reduced the expression of STAT3-related anti-apoptotic proteins. Representative western blotting of whole-cell

extracts from HCT-116 and HT-29 cells treated as indicated in A and evaluated for c-FLIP, Bcl-2, BCL-XL, survivin, XIAP, pro-caspase-3, and

cleaved caspase-3 expression by western blotting. One of three representative experiments in which similar results were obtained is

shown. (C) Pre-incubation of HCT-116 and HT-29 cells with Q-VD-OPH abolishes progranulin ASO-induced cell death. HCT-116 and HT-29

cells were pretreated with the pan-caspase inhibitor Q-VD-OPH, transfected with either scrambled (Scr) or progranulin antisense

oligonucleotide (ASO) (both used at 200 nM), and cultured for further 48 h (HCT-116) and 60 h (HT-29). Data indicate the percentage of cell

death as assessed by flow cytometry analysis of Annexin V (AV) and/or propidium iodide (PI)-positive cells and are expressed as mean � SD

of three experiments. Differences among groups were compared using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc

test (progranulin ASO-transfected cells + DMSO vs progranulin ASO-transfected cells + Q-VD-OPH, ***P < 0.001).
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emerged as a compelling therapeutic strategy to target

difficult to hit proteins by downregulating their

mRNA in several disease settings (Le et al., 2018;

Marafini and Monteleone, 2018; Rinaldi and Wood,

2018). In particular, antitumor activity of an ASO

inhibitor of STAT3 (i.e., AZD9150) was observed in

two phase 1 studies in patients with highly treatment-

refractory lymphomas and non-small cell lung cancer

(Hong et al., 2015; Reilley et al., 2018). However, both

approaches do not overcome the issue of potential side

effects related to the broad inhibition of STAT3 func-

tion.

Here we show that progranulin expression is

increased in human CRC samples relative to surround-

ing nontumor tissues and positively correlates with

STAT3 activation. Consistent with such data, higher

progranulin levels, as well as STAT3 hyper-activation,

is detectable in CRC cell lines compared with normal

colonic epithelial cells. We also show that progranulin

physically interacts with STAT3 in CRC cells and

knockdown of progranulin with a specific ASO

negatively affects the expression of p-STAT3 Tyr705,

leaving unchanged total STAT3 protein expression.

Such observation suggests that progranulin might

someway take part in the modulation of STAT3 phos-

phorylation/activation. In the effort to figure out how

progranulin affects STAT3 Tyr705 phosphorylation,

we here show that intracellular progranulin restrains

the ability of pivotal STAT3 tyrosine phosphatases

(i.e., SHP-1 and SHP-2) to interact with the transcrip-

tion factor, thus sustaining STAT3 hyper-activation.

Of note, accumulating evidence indicates a tumor-sup-

pressive role for SHP-1 and SHP-2 and supports the

use pharmacological strategies aimed at enhancing the

activity of such tyrosine phosphatases in cancer cells

(Fan et al., 2015; Huang et al., 2017; Qi et al., 2017).

Thus, targeting progranulin might represent a different

approach to achieve this goal. However, we cannot

exclude the possibility that progranulin might affect

other STAT3-targeting tyrosine phosphatases (Kim

et al., 2018), and such an effect has some contribution

to progranulin-mediated STAT3 hyper-activation. Fur-

ther and more in-depth studies beyond those presented

here will be needed to answer this question.

To begin to uncover the mechanism/s underlying

progranulin upregulation in CRC cells, we stimulated

normal colonic epithelial cells with various cytokines,

which are upregulated in CRC (De Simone et al.,

2015). Our data indicate that TNF-a increases pro-

granulin levels in normal colon epithelial cells via NF-

kB/p65 activation and that pharmacological inhibition

of NF-kB in CRC cell lines reduces progranulin

expression. Surprisingly, we were not able to detect p-

STAT3 Tyr705 upregulation in HCEC-1CT cells upon

treatment with IL-22, a potent STAT3 activator in

colon epithelial cells (De Simone et al., 2015), at all

the time points considered. Similarly, in apparent con-

trast with the literature indicating IL-17A as a p-ERK

inducer (Fabre et al., 2016), no ERK activation was

seen in HCEC-1CT cells cultured with IL-17A. How-

ever, as IL-22 strongly activated STAT3 in HCT-116

cells (not shown) and IL-17A was biologically active

in our system, a possible reason for such discrepancies

may rely in HCEC-1CT cell signaling mutations/de-

fects.

Altogether, these findings suggest that NF-kB/p65-

activating factors secreted within the tumor microenvi-

ronment can enhance progranulin synthesis and conse-

quently promote STAT3 activation, thus adding

another piece of evidence supporting the dangerous

liaison between STAT3 and NF-kB in colon carcino-

genesis (Grivennikov and Karin, 2010).

Progranulin silencing mirrors the effect of STAT3

inhibition on CRC cell growth. Indeed, knockdown of

Fig. 7. Progranulin knockdown enhances the toxicity of

chemotherapeutic drugs. HCT-116 cells were transfected with

either scrambled (Scr) or progranulin antisense oligonucleotide

(ASO) (both used at 200 nM). After 24 h, cells were washed with

PBS and cultured with 5-fluorouracil (5-FU, 25 lM), oxaliplatin

(12.5 lM), camptothecin-11 (CPT-11, 2.5 lM), or DMSO (vehicle) for

further 48 h. Data indicate the percentage of cell death as

assessed by flow cytometry analysis of Annexin V (AV) and/or

propidium iodide (PI)-positive cells and are expressed as mean �
SD of three experiments. Differences among groups were

compared using one-way analysis of variance (ANOVA) followed by

Tukey’s post hoc test (progranulin ASO-transfected cells �
chemotherapeutics vs Scr ASO-transfected cells + DMSO,

**P < 0.01, ***P < 0.001; progranulin ASO-transfected cells +

chemotherapeutics vs chemotherapeutics alone, ††P < 0.001,

progranulin ASO-transfected cells + chemotherapeutics vs

progranulin ASO-transfected cells ‡P < 0.05, ‡‡P < 0.01).
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progranulin in CRC cell lines associates with reduced

proliferation and arrest of cells in the S phase of the

cell cycle, as well as with a marked and specific down-

regulation of cyclin D1 and CDC25A, two pivotal

mitogenic proteins overexpressed and positively regu-

lated by constitutively active STAT3 in CRC (Carpen-

ter and Lo, 2014). We also show that the addition of

exogenous progranulin fails to rescue the negative

effects of progranulin silencing on both cell prolifera-

tion and STAT3 function. Our data are in line with

the work of Yeh and colleagues demonstrating a role

for intracellular, but not extracellular progranulin, in

sustaining STAT3 tyrosine phosphorylation and onco-

genic activity in breast cancer cells (Yeh et al., 2015).

Time-course analysis shows that block of cell cycle

in progranulin-deficient cells is followed by activation

of caspase-3 and induction of programmed cell death

in association with the specific downregulation of

STAT3-related anti-apoptotic proteins. Our data con-

firm and expand on previous studies showing aberrant

levels of progranulin in different cancer types, such as

hematologic, digestive, and gynecologic cancers (Are-

chavaleta-Velasco et al., 2017), as well as the pro-mito-

genic and pro-survival roles of this protein in

malignant cells (Arechavaleta-Velasco et al., 2017).

The demonstration that progranulin knockdown sensi-

tizes CRC cells to cytotoxic agents is in line with pre-

vious reports associating increased levels of

progranulin with chemoresistance and a worse progno-

sis in hepatocellular carcinoma (Cheung et al., 2011;

Wong et al., 2014), breast cancer (Abrhale et al., 2011;

Kim and Serrero, 2006), multiple myeloma (Wang

et al., 2006), and ovarian cancer (Pizarro et al., 2007).

However, the mechanism by which progranulin pro-

motes drug resistance in the above-mentioned cancer is

unknown. According to the recent discovery that

STAT3 inhibitors may improve the outcome of

chemotherapy in cancer patients (Yang et al., 2015;

Zhao et al., 2016), it is tempting to speculate that the

supporting role of progranulin on STAT3 activity

Fig. 8. Effect of progranulin inhibition on tumor-infiltrating leukocyte-derived supernatant (TIL SN)-mediated STAT3 activation and increase of

CRC cell growth. (A) Progranulin silencing completely abrogates TIL SN-driven STAT3 activation. Representative western blotting showing

progranulin, p-STAT3 Tyr705 and STAT3 expression in HCT-116 and HT-29 cells either left untreated or transfected with either scrambled

(Scr) or progranulin antisense oligonucleotide (ASO) (both used at 200 nM) in the presence of TIL SN. b-actin was used as loading control.

One of three representative experiments in which similar results were obtained is shown. (B) Progranulin silencing completely suppresses

TIL SN-mediated increase of CRC cell proliferation. Representative histograms showing cell proliferation of HCT-116 and HT-29 cells treated

as indicated in A. Data indicate mean � SEM of four experiments. Differences among groups were compared using one-way analysis of

variance (ANOVA) followed by Tukey’s post hoc test. Scr ASO-transfected cells + TIL SN vs progranulin ASO-transfected cells + TIL SN,

***P < 0.001.
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might be the reason, or among the reasons, underlying

such an effect. While this study was ongoing, Pan

et al. documented upregulation of progranulin in CRC

tissues and showed that, in DLD-1 and HCT-116

CRC cells, progranulin silencing with small interfering

RNA decreases proliferation and increases apoptosis

Fig. 9. Inhibition of progranulin with the specific progranulin antisense oligonucleotide (ASO) reduces STAT3 activation and the proliferation

of neoplastic cells in human CRC explants. (A) Representative pictures of progranulin-, Ki67-, and p-STAT3 Tyr705-stained sections of freshly

obtained CRC explants treated with either scrambled (Scr) or progranulin antisense oligonucleotide (ASO) (both used at 400 nM) for 24 h.

Isotype control stainings are also indicated. The scale bars are 40 lm. The scale bars in the insets are 10 lm. One of four representative

experiments in which similar results were obtained is shown. (B) Quantification of progranulin-, Ki67-, and p-STAT3 Tyr705-positive cells in

sections of freshly obtained CRC explants treated as indicated in A. Data are presented as mean values of positive cells per high power

field (hpf) � SEM of four independent experiments. Differences were compared using the two-tailed Student’s t-test (Scr ASO- vs

progranulin ASO-treated CRC explants, **P < 0.01, ***P < 0.001).

2156 Molecular Oncology 13 (2019) 2142–2159 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Progranulin sustains STAT3 activity in CRC cells F. Laudisi et al.



(Pan et al., 2018). In contrast with our results, the

authors linked such effects with a G0/G1 phase cell

cycle arrest and a modulation of the phospho-MAPK/

ERK pathway. The reasons for such a discrepancy

remain unknown but could rely on differences in the

experimental procedures and/or approaches used to

downregulate progranulin expression (i.e., siRNA ver-

sus ASO) (Watts and Corey, 2012). To extend our

observations to primary human cells, we next tested

whether progranulin ASO could affect p-STAT3

Tyr705 expression, as well as cell proliferation, both in

CRC cells incubated with TIL-derived supernatants

and in human CRC explants. Notably, progranulin

inhibition hampers STAT3 activation and cancer cell

growth in both experimental systems. As STAT3 sig-

naling plays a pivotal role in the regulation of the can-

cer stromal and immune cells of the tumor

microenvironment (Yu et al., 2007), the possible use of

progranulin ASO in the clinic should take into account

issues related to the modulation of STAT3 in such cell

compartments. However, in support of progranulin

knockdown-based strategies are findings indicating a

role of ASO-mediated STAT3 silencing in promoting

immunosurveillance by both increasing the immuno-

genicity of cancer cells via cell-autonomous pathways

and favoring the reprogramming of the tumor

microenvironment toward an immunostimulatory state

(Hong et al., 2015). Moreover, as recent reports indi-

cate a role for progranulin in boosting epithelial–mes-

enchymal transition, migration, and invasion of CRC

cells (Ding et al., 2018; Zhao et al., 2018), approaches

aimed at targeting progranulin could further benefit

patients with advanced stages of the disease.

Further experimentation to address potential

STAT3-independent effects and/or drawbacks of pro-

granulin ASO in preclinical models of both early and

advanced CRC is however needed and currently ongo-

ing.

5. Conclusions

In conclusion, this study demonstrates the contribution

of progranulin in sustaining STAT3 oncogenic activity

in CRC and suggests that progranulin inhibitors,

either alone or in combination with conventional cyto-

toxic agents, can be promising approaches for thera-

peutic interventions in selected CRC subgroups

marked by high levels of active STAT3.

Conflict of interest

GM has received consultant honoraria from AbbVie.

The other authors declare no conflict of interest.

Author contributions

FL and FC performed most of the experiments, ana-

lyzed data, and contributed to write the manuscript;

ADG, VD, DDF, AO, IS, and SS performed the

experiments; IM contributed to collect human samples

and critically revise the manuscript; NS and GM criti-

cally revised the manuscript; CS was responsible for

the study concept and design, performed the experi-

ments, analyzed data, and wrote the manuscript.

References

Abrhale T, Brodie A, Sabnis G, Macedo L, Tian C, Yue B

and Serrero G (2011) GP88 (PC-Cell Derived Growth

Factor, progranulin) stimulates proliferation and

confers letrozole resistance to aromatase overexpressing

breast cancer cells. BMC Cancer 11, 231.

Arechavaleta-Velasco F, Perez-Juarez CE, Gerton GL and

Diaz-Cueto L (2017) Progranulin and its biological

effects in cancer. Med Oncol 34, 194.

Avalle L, Pensa S, Regis G, Novelli F and Poli V (2012)

STAT1 and STAT3 in tumorigenesis: a matter of

balance. JAKSTAT 1, 65–72.
Beebe JD, Liu JY and Zhang JT (2018) Two decades of

research in discovery of anticancer drugs targeting

STAT3, how close are we? Pharmacol Ther 191, 74–91.
Busino L, Chiesa M, Draetta GF and Donzelli M (2004)

Cdc25A phosphatase: combinatorial phosphorylation,

ubiquitylation and proteolysis. Oncogene 23, 2050–
2056.

Carpenter RL and Lo HW (2014) STAT3 target genes

relevant to human cancers. Cancers (Basel) 6, 897–
925.

Center MM, Jemal A, Smith RA and Ward E (2009)

Worldwide variations in colorectal cancer. CA Cancer

J Clin 59, 366–378.
Chan JH, Lim S and Wong WS (2006) Antisense

oligonucleotides: from design to therapeutic

application. Clin Exp Pharmacol Physiol 33, 533–540.
Cheung ST, Cheung PF, Cheng CK, Wong NC and Fan

ST (2011) Granulin-epithelin precursor and ATP-

dependent binding cassette (ABC)B5 regulate liver

cancer cell chemoresistance. Gastroenterology 140, 344–
355.

De Simone V, Franze E, Ronchetti G, Colantoni A,

Fantini MC, Di Fusco D, Sica GS, Sileri P,

MacDonald TT, Pallone F et al. (2015) Th17-type

cytokines, IL-6 and TNF-alpha synergistically activate

STAT3 and NF-kB to promote colorectal cancer cell

growth. Oncogene 34, 3493–3503.
Ding D, Li C, Zhao T, Li D, Yang L and Zhang B (2018)

LncRNA H19/miR-29b-3p/PGRN axis promoted

epithelial-mesenchymal transition of colorectal cancer

2157Molecular Oncology 13 (2019) 2142–2159 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

F. Laudisi et al. Progranulin sustains STAT3 activity in CRC cells



cells by acting on Wnt signaling. Mol Cells 41, 423–
435.

Elmore S (2007) Apoptosis: a review of programmed cell

death. Toxicol Pathol 35, 495–516.
Fabre J, Giustiniani J, Garbar C, Antonicelli F, Merrouche

Y, Bensussan A, Bagot M and Al-Dacak R (2016)

Targeting the tumor microenvironment: the protumor

effects of IL-17 related to cancer type. Int J Mol Sci

17, 1433

Fan LC, Teng HW, Shiau CW, Tai WT, Hung MH, Yang

SH, Jiang JK and Chen KF (2015) Pharmacological

targeting SHP-1-STAT3 signaling is a promising

therapeutic approach for the treatment of colorectal

cancer. Neoplasia 17, 687–696.
Fearon ER and Vogelstein B (1990) A genetic model for

colorectal tumorigenesis. Cell 61, 759–767.
Grivennikov SI and Karin M (2010) Dangerous liaisons:

STAT3 and NF-kappaB collaboration and crosstalk in

cancer. Cytokine Growth Factor Rev 21, 11–19.
Grivennikov S, Karin E, Terzic J, Mucida D, Yu GY,

Vallabhapurapu S, Scheller J, Rose-John S, Cheroutre

H, Eckmann L et al. (2009) IL-6 and Stat3 are

required for survival of intestinal epithelial cells and

development of colitis-associated cancer. Cancer Cell

15, 103–113.
Hong D, Kurzrock R, Kim Y, Woessner R, Younes A,

Nemunaitis J, Fowler N, Zhou T, Schmidt J, Jo M

et al. (2015) AZD9150, a next-generation antisense

oligonucleotide inhibitor of STAT3 with early evidence

of clinical activity in lymphoma and lung cancer. Sci

Transl Med 7, 314ra185.

Huang TT, Su JC, Liu CY, Shiau CW and Chen KF

(2017) Alteration of SHP-1/p-STAT3 Signaling: a

potential target for anticancer therapy. Int J Mol Sci

18.

Ji T, Gong D, Han Z, Wei X, Yan Y, Ye F, Ding W,

Wang J, Xia X, Li F et al. (2013) Abrogation of

constitutive Stat3 activity circumvents cisplatin

resistant ovarian cancer. Cancer Lett 341, 231–239.
Jian J, Konopka J and Liu C (2013) Insights into the role

of progranulin in immunity, infection, and

inflammation. J Leukoc Biol 93, 199–208.
Johnson DE, O’Keefe RA and Grandis JR (2018)

Targeting the IL-6/JAK/STAT3 signalling axis in

cancer. Nat Rev Clin Oncol 15, 234–248.
Kim M, Morales LD, Jang IS, Cho YY, Kim DJ (2018)

Protein tyrosine phosphatases as potential regulators of

STAT3 signaling. Int J Mol Sci 19, pii: E2708.

Kim WE and Serrero G (2006) PC cell-derived growth

factor stimulates proliferation and confers

Trastuzumab resistance to Her-2-overexpressing breast

cancer cells. Clin Cancer Res 12, 4192–4199.
Kurreck J (2003) Antisense technologies. Improvement

through novel chemical modifications. Eur J Biochem

270, 1628–1644.

Laudisi F, Cherubini F, Monteleone G, Stolfi C (2018)

STAT3 Interactors as potential therapeutic targets for

cancer treatment. Int J Mol Sci 19, pii: E1787.

Le BT, Raguraman P, Kosbar TR, Fletcher S, Wilton SD

and Veedu RN (2018) Antisense oligonucleotides

targeting angiogenic factors as potential cancer

therapeutics. Mol Ther Nucleic Acids 14, 142–157.
Maji S, Panda S, Samal SK, Shriwas O, Rath R, Pellecchia

M, Emdad L, Das SK, Fisher PB and Dash R (2018)

Bcl-2 antiapoptotic family proteins and

chemoresistance in cancer. Adv Cancer Res 137, 37–75.
Marafini I and Monteleone G (2018) Inflammatory bowel

disease: new therapies from antisense oligonucleotides.

Ann Med 50, 361–370.
Miyamoto M, Takano M, Iwaya K, Shinomiya N, Kato

M, Aoyama T, Sasaki N, Goto T, Suzuki A, Hitrata J

et al. (2014) X-chromosome-linked inhibitor of

apoptosis as a key factor for chemoresistance in clear

cell carcinoma of the ovary. Br J Cancer 110, 2881–
2886.

Monteleone G, Biancone L, Marasco R, Morrone G,

Marasco O, Luzza F and Pallone F (1997) Interleukin

12 is expressed and actively released by Crohn’s disease

intestinal lamina propria mononuclear cells.

Gastroenterology 112, 1169–1178.
Nero TL, Morton CJ, Holien JK, Wielens J and Parker

MW (2014) Oncogenic protein interfaces: small

molecules, big challenges. Nat Rev Cancer 14, 248–262.
Otto T and Sicinski P (2017) Cell cycle proteins as

promising targets in cancer therapy. Nat Rev Cancer

17, 93–115.
Pan Y, Cheung ST, Tong JHM, Tin KY, Kang W, Lung

RWM, Wu F, Li H, Ng SSM, Mak TWC et al. (2018)

Granulin epithelin precursor promotes colorectal

carcinogenesis by activating MARK/ERK pathway. J

Transl Med 16, 150.

Pizarro GO, Zhou XC, Koch A, Gharib M, Raval S, Bible

K and Jones MB (2007) Prosurvival function of the

granulin-epithelin precursor is important in tumor

progression and chemoresponse. Int J Cancer 120,

2339–2343.
Qi C, Han T, Tang H, Huang K, Min J, Li J, Ding X and

Xu Z (2017) Shp2 inhibits proliferation of esophageal

squamous cell cancer via dephosphorylation of Stat3.

Int J Mol Sci 18.

Rawlings JS, Rosler KM and Harrison DA (2004) The

JAK/STAT signaling pathway. J Cell Sci 117, 1281–
1283.

Real PJ, Sierra A, De Juan A, Segovia JC, Lopez-Vega JM

and Fernandez-Luna JL (2002) Resistance to

chemotherapy via Stat3-dependent overexpression of

Bcl-2 in metastatic breast cancer cells. Oncogene 21,

7611–7618.
Reilley MJ, McCoon P, Cook C, Lyne P, Kurzrock R,

Kim Y, Woessner R, Younes A, Nemunaitis J, Fowler

2158 Molecular Oncology 13 (2019) 2142–2159 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Progranulin sustains STAT3 activity in CRC cells F. Laudisi et al.



N et al. (2018) STAT3 antisense oligonucleotide

AZD9150 in a subset of patients with heavily

pretreated lymphoma: results of a phase 1b trial. J

Immunother Cancer 6, 119.

Rinaldi C and Wood MJA (2018) Antisense

oligonucleotides: the next frontier for treatment of

neurological disorders. Nat Rev Neurol 14, 9–21.
Stolfi C, De Simone V, Colantoni A, Franze E, Ribichini

E, Fantini MC, Caruso R, Monteleone I, Sica GS,

Sileri P et al. (2014) A functional role for Smad7 in

sustaining colon cancer cell growth and survival. Cell

Death Dis 5, e1073.

Stolfi C, Fina D, Caruso R, Caprioli F, Sarra M, Fantini

MC, Rizzo A, Pallone F and Monteleone G (2008)

Cyclooxygenase-2-dependent and -independent

inhibition of proliferation of colon cancer cells by 5-

aminosalicylic acid. Biochem Pharmacol 75, 668–676.
Wake MS and Watson CJ (2015) STAT3 the oncogene –

still eluding therapy? FEBS J 282, 2600–2611.
Wang W, Hayashi J and Serrero G (2006) PC cell-derived

growth factor confers resistance to dexamethasone and

promotes tumorigenesis in human multiple myeloma.

Clin Cancer Res 12, 49–56.
Watts JK and Corey DR (2012) Silencing disease genes in

the laboratory and the clinic. J Pathol 226, 365–379.
Wong NC, Cheung PF, Yip CW, Chan KF, Ng IO, Fan

ST and Cheung ST (2014) Antibody against granulin-

epithelin precursor sensitizes hepatocellular carcinoma

to chemotherapeutic agents. Mol Cancer Ther 13,

3001–3012.
Xiong A, Yang Z, Shen Y, Zhou J and Shen Q (2014)

Transcription factor STAT3 as a novel molecular

target for cancer prevention. Cancers (Basel) 6, 926–
957.

Yang H, Yamazaki T, Pietrocola F, Zhou H, Zitvogel L,

Ma Y and Kroemer G (2015) STAT3 Inhibition

enhances the therapeutic efficacy of immunogenic

chemotherapy by stimulating type 1 interferon

production by cancer cells. Cancer Res 75, 3812–3822.
Yeh JE, Kreimer S, Walker SR, Emori MM, Krystal H,

Richardson A, Ivanov AR and Frank DA (2015)

Granulin, a novel STAT3-interacting protein, enhances

STAT3 transcriptional function and correlates with

poorer prognosis in breast cancer. Genes Cancer 6,

153–168.

Yu H, Kortylewski M and Pardoll D (2007) Crosstalk

between cancer and immune cells: role of STAT3 in

the tumour microenvironment. Nat Rev Immunol 7, 41–
51.

Yu H, Lee H, Herrmann A, Buettner R and Jove R (2014)

Revisiting STAT3 signalling in cancer: new and

unexpected biological functions. Nat Rev Cancer 14,

736–746.
Zhao C, Li H, Lin HJ, Yang S, Lin J and Liang G (2016)

Feedback activation of STAT3 as a cancer drug-

resistance mechanism. Trends Pharmacol Sci 37,

47–61.
Zhao J, Li X, Liu J, Jiang W, Wen D and Xue H (2018)

Effect of progranulin on migration and invasion of

human colon cancer cells. J College Phys Surg–
Pakistan 28, 607–611.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.

Fig. S1. Progranulin RNA transcripts are increased

in human CRC.

Fig. S2. Representative western blots showing pro-

granulin expression in culture supernatants of HCEC-

1CT, HCT-116 and HT-29 cells.

Fig. S3. Immunofluorescence analysis by confocal

microscopy of progranulin and p-STAT3 Tyr705 in

untreated HCT-116 cells.

Fig. S4. Progranulin does not associate with JAK2

in HCT-116 cells.

Fig. S5. Tumor necrosis factor (TNF)-a, but not IL-
6, IL-22 or IL-17A, significantly enhances progranulin

expression in HCEC-1CT cells.

Fig. S6. Addition of exogenous progranulin does

not rescue cell growth arrest and defects in STAT3

activity in progranulin antisense oligonucleotide

(ASO)-transfected HCT-116 cells.

Fig. S7. Effect of chemotherapeutics on CRC cell

survival.

2159Molecular Oncology 13 (2019) 2142–2159 ª 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

F. Laudisi et al. Progranulin sustains STAT3 activity in CRC cells


	Outline placeholder
	mol212552-aff-0001
	mol212552-aff-0002
	mol212552-aff-0003
	mol212552-aff-0004
	mol212552-aff-0005
	mol212552-fig-0001
	mol212552-fig-0002
	mol212552-fig-0003
	mol212552-fig-0004
	mol212552-fig-0005
	mol212552-fig-0006
	mol212552-fig-0007
	mol212552-fig-0008
	mol212552-fig-0009
	mol212552-bib-0001
	mol212552-bib-0002
	mol212552-bib-0003
	mol212552-bib-0004
	mol212552-bib-0005
	mol212552-bib-0006
	mol212552-bib-0007
	mol212552-bib-0008
	mol212552-bib-0009
	mol212552-bib-0010
	mol212552-bib-0011
	mol212552-bib-0012
	mol212552-bib-0013
	mol212552-bib-0014
	mol212552-bib-0015
	mol212552-bib-0016
	mol212552-bib-0017
	mol212552-bib-0018
	mol212552-bib-0019
	mol212552-bib-0020
	mol212552-bib-0021
	mol212552-bib-0022
	mol212552-bib-0023
	mol212552-bib-0024
	mol212552-bib-0025
	mol212552-bib-0026
	mol212552-bib-0027
	mol212552-bib-0028
	mol212552-bib-0029
	mol212552-bib-0030
	mol212552-bib-0031
	mol212552-bib-0032
	mol212552-bib-0033
	mol212552-bib-0034
	mol212552-bib-0035
	mol212552-bib-0036
	mol212552-bib-0037
	mol212552-bib-0038
	mol212552-bib-0039
	mol212552-bib-0040
	mol212552-bib-0041
	mol212552-bib-0042
	mol212552-bib-0043
	mol212552-bib-0044
	mol212552-bib-0045
	mol212552-bib-0046
	mol212552-bib-0047
	mol212552-bib-0048
	mol212552-bib-0049
	mol212552-bib-0050
	mol212552-bib-0051
	mol212552-bib-0052
	mol212552-bib-0053


