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Abstract

Pancreatic adenocarcinoma upregulated factor (PAUF), also known as ZG16B, was previously found in the secretome 
of metastatic colorectal cancer cells. Here, we demonstrated the presence of PAUF at the intracellular level and its 
multiple effects on cancer progression. An initial decline of PAUF expression was observed at early stages of colorectal 
cancer followed by an increase at the metastatic site. PAUF was located at different cellular compartments: membrane-
associated vesicles, endosomes, microtubule-associated vesicles, cell growth cones and the cell nucleus. PAUF loss in two 
colorectal cancer cell lines caused severe alterations in the cell phenotype and cell cycle, including tetraploidy, extensive 
genomic alterations, micronuclei and increased apoptosis. An exhaustive analysis of the PAUF interactome using different 
proteomic approaches revealed the presence of multiple components of the cell cycle, mitotic checkpoint, Wnt pathway 
and intracellular transport. Among the interacting proteins we found ZW10, a moonlighting protein with a dual function 
in membrane trafficking and mitosis. In addition, PAUF silencing was associated to APC loss and increased β-catenin 
nuclear expression. Altogether, our results suggest that PAUF depletion increases aneuploidy, promotes apoptosis and 
activates the Wnt/β-catenin pathway in colorectal cancer cells facilitating cancer progression. In summary, PAUF behaves 
as a multifunctional protein, with different roles in cancer progression according to the extra- or intracellular expression, 
suggesting a therapeutic value for colorectal cancer.

Introduction
Genomic instability is one of the enabling characteristics of 
cancer (1). Genomic instability in cancer cells induces random 
mutations and chromosomal rearrangements that favor neo-
plastic progression. This event is present in most of the human 
cancer cells, yet its multiple causes are not fully understood. 
Chromosome instability (CIN) commonly occurs in colorectal 
cancer, at very early stages of tumorigenesis (2). Tetraploidy is 

one of the major causes of CIN and can occur through defects in 
the mitotic spindle assembly checkpoint (SAC), in chromosome 
segregation, or at tetraploid checkpoints during the cell cycle (3). 
SAC works at the metaphase–anaphase transition to guarantee 
a correct duplication of the genetic material in the daughter 
cells (4). SAC proteins are critical in preventing chromosome 
missegregation and aneuploidy (5). It is critical to understand 
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the molecular mechanisms involved in the development of 
polyploidy in cancer cells and how it might be prevented in 
normal cells.

We recently observed an increased expression of PAUF 
(pancreatic adenocarcinoma upregulated factor; also known 
as ZG16B), a 208 amino acid protein, in the secretome of colo-
rectal cancer metastatic cells, suggesting an important role in 
progression and metastasis of colorectal cancer (6). PAUF con-
tains a jacalin lectin-like domain, which is present in plant lec-
tins for sugar binding. PAUF is upregulated in pancreatic ductal 
adenocarcinoma (7) and cervical cancer (8). In pancreatic cancer, 
PAUF promotes adhesiveness and enhanced resistance of pan-
creatic cancer cells to anoikis via modulation of Focal Adhesion 
Kinase (9). PAUF interacts with Toll-like receptors (TLR2/4) to 
regulate CXCR4 activation (10) and to increase vascularity and 
angiogenesis (11). In metastatic colon cancer cells, PAUF tran-
sient silencing was associated with a decrease in migration and 
invasion, reduced proliferation and increased apoptosis (6). On 
the other hand, PAUF induced G0/G1 cell cycle arrest in HCT116 
colon cancer cells (12). These findings suggest an important role 
for PAUF in cancer progression and metastasis. However, these 
effects were assigned to PAUF as extracellular protein; no pre-
vious studies have investigated the intracellular role of PAUF in 
cancer progression.

PAUF/ZG16B is a paralog of ZG16 (13). Both share a 65.5% of 
similarity and 36% identity at the protein level, according to the 
Waterman–Eggert score and a similar jacalin-related β-prism 
folding (13). Interestingly, ZG16 is downregulated in colorectal 
cancer and patients with lower ZG16 expression associate to 
shorter survival (14). Moreover, loss of ZG16 has been reported 
to contribute to stemness and progression of colorectal cancer 
(15). Furthermore, ZG16 was detected intracellularly and associ-
ated to membrane trafficking (16).

Here, we investigated the function of PAUF in colorectal 
cancer using stably silenced metastatic cell lines. We have 
used the human KM12 cell system (17). KM12SM and KM12L4 
cells, which possess high metastatic capacity to liver, were iso-
lated from liver metastases in nude mice after five cycles of 
intrasplenic injection of the poorly metastatic cell line KM12C 
(17,18). Multiple studies support a good correlation between the 
findings observed in the KM12 cell model and patient samples, 
indicating that KM12 isogenic cell lines recapitulates quite ef-
fectively some of the critical issues in colorectal cancer metas-
tasis (19–24). We could detect a clear intracellular presence of 
PAUF in the nucleus and the cytoplasm. Knocking down PAUF 
expression provoked a clear increase in cell and nuclear size. 
PAUF silencing induced tetraploidy and large chromosomal re-
arrangements identified by array-based comparative genomic 

hybridization (aCGH). These effects were likely related to PAUF 
interaction with different members of the SAC, vesicle traf-
ficking and the Wnt/β-catenin pathway. Furthermore, PAUF 
silencing associated to APC downregulation and increased nu-
clear expression of β-catenin in cancer cells.

Materials and methods

Patient clinical information
Matched normal and tumor colon tissue samples, and normal and meta-
static liver tissue samples, were kindly provided by Dr Villanueva (Institut 
Catalá d´Oncología, Barcelona). For immunohistochemistry, a sample 
collection from paired patients with colorectal primary tumors and liver 
metastasis were obtained from the Hospital Fundación Jimenez Diaz and 
assembled in tissue microarray as described previously (25). Written in-
formed consent was obtained from all patients. Sample collection was ap-
proved by the ethical review boards of both hospitals. Oncomine was used 
for in silico analysis of PAUF expression in metastatic colorectal cancer 
based on The Cancer Genome Atlas Colorectal 2 dataset that contains 284 
samples.

Transfections, vectors and reagents
pGFP-C-shLenti vectors containing four different short hairpin RNA 
(shRNA) constructs for human PAUF were purchased from OriGene 
Technologies. pGFP-C-shLenti-scrambled was used as a control vector. 
Packaging vectors pCMV-rev, pMDLg-pRRE and pNGVL-VSVG were 
obtained from AddGene (Cambridge, MA). HEK293T cells were trans-
fected with pGFP-C-shLenti and the packaging vectors, using jetPRIME 
Transfection Reagent (Polyplus). Lentiviral particles were directly added to 
SW620 and KM12L4 cells. Infected cells were selected using 1 mg/ml puro-
mycin (Sigma–Aldrich) for 2–3 weeks and then maintained in media con-
taining 0.5 mg/ml puromycin. For transient transfection, PAUF silencing 
was achieved using specific small interfering RNAs (siRNAs; siGENOME 
siRNA; Dharmacon). As control we used scrambled siRNA (Dharmacon). 
Both siRNAs were transfected using jetPRIME Transfection Reagent.

Cell lines, culture cell conditions and antibodies
Colorectal cancer cell line KM12L4 was obtained directly from Isaiah Fidler 
(MD Anderson Cancer Center) in September 2006. KM12L4 cells were 
tested and authenticated by short tandem repeat analysis in Secugen SL 
(Madrid) in December 2014 for the last time. SW620 cells were originally 
purchased from the ATCC in May 2007. SW620 cells were tested and au-
thenticated by short tandem repeat analysis in Secugen SL (Madrid) in 
December 2018 for the last time. RKO and HCT116 cell lines were pur-
chased directly from ATCC and passaged fewer than 6 months after pur-
chase for all the experiments. All cell lines were mycoplasma free. Cells 
were cultured in Dulbecco’s modified Eagle’s medium (Biowest) con-
taining 10% fetal bovine serum and penicillin/streptomycin. FLP-IN 293 
T-REX cells (Life Technologies) were cultured with 100  μg/ml of Zeozin 
(Invitrogen) and 15 μg/ml of blasticidin (Invitrogen).

Antibodies used were lamin B (C-20), RhoGDI (Rho GDP-dissociation in-
hibitor; A-20), DVL1 (3F12), NAP1L1 (sc-81328), Zw10 (sc-81430) and α-tubulin 
(B-7) (from Santa Cruz Biotechnology), E-cadherin (Clone 36; BD Biosciences), 
β-catenin (9562; Cell Signaling Technology), PUM1 (26256-1-AP, Proteintech), 
APC (MAB3785 for immunofluorescence and MABC202 for immunoblotting, 
Millipore) and MTA2 (ab8106; Abcam). PAUF polyclonal antibody was a kind 
gift of Dr Kho (Korean Research Institute of Bioscience and Biotechnology).

Flow cytometry
For cell cycle analysis, 3  × 105 adherent cells were harvested and fixed 
with 70% ethanol for 30 min at 4ºC. Cells were washed once in phosphate-
buffered saline (PBS) with 2% bovine serum albumin and incubated in 
0.5 ml of PI/RNASE Solution (Immunostep) for 15 min at room temperature 
in the dark before analysis. For apoptosis studies, cells were detached and 
washed, and 3 × 105 cells were fixed with 70% ethanol for 30 min at 4ºC, 
washed once in PBS with 2% bovine serum albumin, and centrifuged for 
5 min at 300g. After removing the supernatant, cells were resuspended in 
0.5 ml of PI/RNASE solution to determine propidium iodide-positive cells. 

Abbreviations 

aCGH array-based comparative genomic 
hybridization

CIN chromosome instability
ER endoplasmic reticulum
KD knocked down
MS mass spectrometry
PAUF pancreatic adenocarcinoma 

upregulated factor
PB-MS proximal biotinylation coupled with 

mass spectrometry
PBS phosphate-buffered saline
SAC spindle assembly checkpoint
ShRNA short hairpin RNA
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Data from >104 cells per sample were acquired in a COULTER® EPICS® 
XL™ Flow Cytometer and analysed using the Flowlogic software.

Immunohistochemistry
Tissue microarray samples were deparaffined for antigen retrieval using 
citrate sodium buffer (pH 6.0) for 20 min and subsequent incubation with 
the primary antibody against PAUF (1:100; R&D Systems). Then, EnVision 
Dual Link system-HRP (Dako), a horseradish-peroxidase-labeled polymer 
conjugated with secondary antibodies was used. The reaction was devel-
oped using diaminobenzidine as chromogen and hematoxylin for coun-
terstaining. Images were acquired with a Leica DM2000 LED using a ×20 
microscope objective and processed with the LAS-V4.8 Leica software.

Fluorescence and bright-field microscopy
Cells directly attached onto Matrigel-coated coverslips (BD Biosciences), 
were fixed with 1% paraformaldehyde (Sigma–Aldrich) in PBS containing 
0.1% Triton X-100. Cells were washed three times with PBS and incubated 
with the corresponding antibodies and 4′,6-diamidino-2-phenylindole 
(DAPI; Sigma–Aldrich). After incubation, samples were mounted with 
Mounting Fluorescence Medium (Dako), and images were captured using 
a TCS-SP2-AOBS-UV confocal microscope (Leica) with a ×63 oil-immersion 
objective. Displayed images were captured at the same sections in the dif-
ferent samples. Bright-field images were obtained using an IX50 inverted 
system microscope (Olympus), with LCPLFL ×20 and ×40 objectives. Cell 
and nucleus diameter and area were measured using ImageJ software.

DNA cell extraction and CGH array
Oligo aCGH analysis was performed using an SurePrint G3 Human CGH 
60K microarray (AMADID 021924, Agilent Technologies) spanning the entire 
human genome at a median resolution of 41 kb. In total, 500 ng of genomic 
DNA were differentially labeled by random priming with Cy5-dCTP and Cy3-
dCTP. Arrays were scanned using a G2565CA scanner (Agilent Technologies). 
Data were extracted and visualized using Feature Extraction software, v10.7 
and Genomic Workbench software, v7.0 (Agilent Technologies). Copy number 
altered regions were detected using the Aberration Detection Method 2 algo-
rithm set as 6, with a minimum number of three consecutive probes.

Primer design, genomic PCR, and Gateway® 
recombination cloning for proximity biotinylation
PAUF constructs were generated via Gateway cloning into pDEST 5′ 
Triple-FLAG-pcDNA5-FRT-TO or pDEST 5′ BirA*-FLAG-pcDNA5-FRT-TO, 
kind gifts of Anne-Claude Gingras (Samuel Lunenfeld Institute. Toronto. 
Canada). attB1-PAUF-attB2 PCR product was generated using the attB for-
ward (5′-GGGGACAAGTTTGTAC-AAAAAAGCAGGCTTCATGGGGGCCCAGG
GGGCC-3′) and reverse (5′-GGGGACCACTTTGTACAAGAAAGCTGGGTCCT
AGCGACCCACGGGTGAGTT-3′) primers, using 100 ng of pCMV6-AC-PAUF-
GFP vector (#PS100010; OriGene Technologies) as a template with the 
Advantage® 2 PCR Enzyme System (Clontech). Entry clones for PAUF were 
generated using the BP recombination reaction (#11789-020; Invitrogen) 
between the attB-PCR product and the pDONR™221 (Invitrogen). An LR re-
combination reaction between the entry vector (attL1-PAUF-attL2) and the 
pDEST 5′ Triple-FLAG-pcDNA5-FRT-TO or pDEST 5′ BirA*-FLAG-pcDNA5-
FRT-TO destination vector was performed to create the pcDNA5-FRT-FLAG-
PAUF or the pcDNA5-FRT-BirA*-FLAG-PAUF expression clones, respectively.

Generation and induction of the stable tetracycline-
inducible PAUF constructs FLP-IN 293 T-REX cell 
lines and proximity biotinylation mass spectrometry
pcDNA5-FRT-FLAG-PAUF and pcDNA5-FRT-BirA*-FLAG-PAUF expression 
clones were stably transfected into the FLP-IN 293 T-Rex cell line as de-
scribed (26). In brief, pcDNA5-FRT-FLAG-PAUF or pcDNA5-FRT-BirA*-FLAG-
PAUF were co-transfected with the Flp recombinase vector pOG44 in T-Rex 
Flp-In HEK293 cells, using jetPRIME. After 24 h, co-transfected cells were 
selected using 200 μg/ml hygromycin (Invitrogen). FLP-IN 293T-REX FLAG-
PAUF and FLP-IN 293 T-REX BirA*-FLAG-PAUF stable cell lines were cul-
tured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine 
serum, penicillin/streptomycin, 200  μg/ml hygromycin and 15  μg/ml of 
blasticidin.

FLAG and biotin tagged PAUF proteins were purified as described (27). For 
mass spectrometry (MS) analysis, samples were loaded into a pre-column 
Acclaim PepMap 100 (Thermo Fisher Scientific) and eluted in a RSLC PepMap 
C18 (15  cm long; Thermo Fisher Scientific). The flow rate was 300 nl/min 
using 0.1% formic acid in water (solvent A) and 0.1% formic acid and 100% 
acetonitrile (solvent B). The gradient profile was 0–35% solvent B for 90 min, 
35–100% solvent B for 4 min and 100% solvent B for 8 min. MS analysis was 
performed using a Q Exactive mass spectrometer (Thermo Fisher Scientific). 
The full scan method employed a m/z 400–1500 mass selection, an Orbitrap 
resolution of 70 000 (at m/z 200), a target automatic gain control value of 3 × 
106 and maximum injection times of 100 ms. After the survey scan, the 10 
most intense precursor ions were selected for MS/MS fragmentation, with 
a normalized collision energy of 27%. MS/MS scans were acquired with a 
starting mass of m/z 100, an automatic gain control target of 2 × 105, reso-
lution of 17 500 (at m/z 200), intensity threshold of 8 × 103, isolation window 
of 2 m/z units and a maximum injection time of 100 ms. A dynamic exclu-
sion time of 20 s was used. MS data were analysed with Proteome Discoverer 
(version 1.4.0.288; Thermo Fisher Scientific) using standardized workflows. 
Mass spectra *.raw files were searched against the human SwissProt 57.15 
database (20 266 protein sequence entries) using MASCOT search engine 
(version 2.3; Matrix Science). Precursor and fragment mass tolerance were 
set to 10  p.p.m. and 0.02  Da, respectively, allowing 2 missed cleavages, 
carbamidomethylation of cysteines as a fixed modification, methionine oxi-
dation and acetylation N-terminal as variable modifications. Known and 
predicted protein–protein interactions and cluster and gene ontology ana-
lyses were investigated using STRING (EMBL).

Western blot
Tissue samples were homogenized in a potter with the corresponding 
lysis buffer (50 mM Tris-HCl pH 7.5, 1% NP-40, 0.25% sodium deoxycholate, 
150  mM NaCl, 2  mM MgCl2, 1  mM EDTA and 10% glycerol) including 
Complete Mini, EDTA-free, protease inhibitors (Roche) and phosphatase 
inhibitor cocktails 2 and 3 (Sigma–Aldrich). Nuclear and cytoplasm cellular 
fractions were obtained with the Subcellular Protein Fractionation Kit for 
Cultured Cells (Thermo Fisher Scientific).

Cultured cells were detached, washed and lysed with protease and 
phosphatase inhibitors in lysis buffer, as described earlier. Protein ex-
tract (20–50 μg) was separated by 12.5% sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis and transferred to nitrocellulose membranes 
(Hybond-C extra). After blocking, membranes were incubated with specific 
antibodies at 1 μg/ml and then incubated with either HRP-anti-mouse IgG 
or HRP-anti-rabbit IgG (Sigma–Aldrich). Reactive proteins were visualized 
with SuperSignal West Pico or Femto Substrate (Pierce). Protein abundance 
was determined by densitometry using Multi Gauge Software, v3.0.

Quantitative PCR
Total RNA was isolated using TRIZOL reagent (Ambion). Primer sequences 
and probes used in this study are shown in Supplementary Table 1, avail-
able at Carcinogenesis Online. Complementary DNA was obtained using 
SuperScript II First-Strand Synthesis System with random hexamers 
(Invitrogen). Real-time quantitative PCR assays were performed using the 
FastStart Master Mix (Roche) and probes from the Universal Probe Library 
Set (Roche). Samples were amplified in a LightCycler® 480 Real-Time PCR 
System (Roche). Each value was adjusted using glyceraldehyde 3-phos-
phate dehydrogenase and 18S RNA levels as references.

Statistical analyses
For evaluation of the statistical significance between groups, we per-
formed a Student's t-test or analysis of variance tests. For discrete vari-
able data, such as mitotic or not mitotic cells, we used the χ2 test. In all 
analyses, P values <0.05 were considered statistically significant.

Results

Expression of PAUF in colorectal cancer cell lines 
and patient tissues

First, we investigated the expression of PAUF in different colo-
rectal cancer cell lines and cancer tissues. A double band for 
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PAUF, corresponding to its glycosylated and non-glycosylated 
forms, was more visible in the conditioned media samples 
than in the total cell extract samples (Figure 1A). Overall, PAUF 
expression was more abundant in the metastatic cell lines 
than in the non-metastatic cell lines. As a positive control, 
we confirmed that PAUF was expressed in three pancreatic 
cancer cell lines (Figure 1A). Within the patient samples, PAUF 
expression was higher in normal colon mucosa than in pri-
mary tumors and in the metastatic liver samples than the pri-
mary tumor samples (Figure 1B and C) (Supplementary Table 
2, available at Carcinogenesis Online). The non-glycosylated 
form was preferentially observed in tissues. In addition, we 
performed immunohistochemistry analysis of primary tu-
mors and metastasis to study PAUF expression and location. 
Despite being considered a secreted protein, we found a high 
expression of PAUF in the nucleus and, at lower extent, in the 
cytoplasm of the cancer cells (Supplementary Figure 1, avail-
able at Carcinogenesis Online). On average there was a higher 
expression of PAUF in metastasis than in the primary tumors. 
To confirm these results we carried out in silico analysis with 
publicly available array data sources such as those contained 

in Oncomine. The Cancer Genome Atlas Colorectal 2 dataset 
compares expression between metastatic stages and showed 
a gradual increase of PAUF expression in colorectal cancer me-
tastases (Figure 1D).

PAUF silencing provokes changes in cell complexity 
and nuclear sizes

To investigate the effects of PAUF silencing in colorectal cancer 
cell lines, we stably silenced PAUF in two metastatic cell lines—
SW620 and KM12L4—using four different shRNAs plus the 
scrambled vector. PAUF knocked down (KD) cells infected with 
shRNA C and D lentivirus showed inhibition of PAUF expression, 
with shRNA C exhibiting the highest inhibition (Figure 2A). We 
noticed that KD cells showed a significant increase in cell area 
and diameter (Figure 2B), which was confirmed using forward 
scatter analysis (Figure 2C). Cell enlargement was accompanied 
by an increase in complexity (nuclear size) in both types of 
metastatic cells, as determined by the comparison of side and 
forward scattering analysis (Supplementary Figure 2, available 
at Carcinogenesis Online).

Figure 1. PAUF expression in primary tumors and liver metastasis of colon cancer. (A) To study PAUF expression, 20 µg protein from total cell extract and conditioned 

media from cell lines were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and subjected to western blot. RhoGDI was used as loading control. 

(B) Immunoblot of PAUF expression in normal colon (N), tumor colon (T), normal liver (L) and liver metastasis (M) from 13 patients. (C) Fold change of PAUF expression 

between normal and tumor colon tissue (above) and between primary tumor colon and liver metastatic tissue (below). P values were calculated using the analysis 

of variance test (*P < 0.05, **P < 0.01). (D) Expression levels of PAUF messenger RNA in metastatic and non-metastatic colon cancer patient samples using The Cancer 

Genome Atlas (TCGA) Colorectal 2 database (Oncomine).
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Figure 2. PAUF depletion leads to changes in cell morphology, nuclear size and location. (A) SW620 and KM12L4 cells stably transfected with pGFP-C-shLenti vectors 

containing four different shRNAs plus the scrambled vector were subjected to immunoblot to evaluate PAUF expression. PAUF expression was significantly decreased 

in PAUF KD SW620 cells using shRNAs C and D, and in PAUF KD KM12L4 cells using shRNAs B, C and D (**P < 0.01, ***P < 0.001). PAUF expression was measured by densi-

tometry using Multi Gauge Software, v3.0 (below). Changes in cell size and morphology were proportional to the decline of PAUF. (B) Images of SW620 transfectants 

using bright-field microscopy. Cell diameter (in μm) and area (in μm2) were quantified with ImageJ. (C) Cell size was measured by the Forward Scatter intensity. (D) 

Changes induced in nuclear size were proportional to the decrease of PAUF expression. PAUF KD SW620 and KM12L4 cells were stained with phalloidin-fluorescein 

isothiocyanate and 4′,6-diamidino-2-phenylindole. Nuclear area quantification was measured with ImageJ. (E) Confocal microscopy of scrambled and PAUF KD SW620 

cells showed PAUF presence in the nucleus after co-staining with lamin B. (F) Nuclear localization of PAUF was confirmed by western blot using nuclear and cytoplasmic 

extracts of KD and scrambled SW620 and KM12L4 cells. RhoGDI and MTA2 were used as cytoplasmic and nuclear protein controls, respectively. (G) Confocal microscopy 

of PAUF KD or scrambled SW620 cells showed that PAUF associated with microtubules. (H) PAUF (red) was present in vesicular traffic mediated by microtubules and 

was present in growth cone tips. (I) PAUF (red) was also detected in mitotic spindles.
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Using confocal microscopy to visualize this increase in cell com-
plexity, we observed a clear increase in the nuclear area in both cell 
lines that was bigger in shRNA C SW620 cells (Figure 2D). We then 
investigated the nuclear presence of PAUF in KD and scrambled 
SW620 cells using lamin B immunostaining as nuclear envelope 
marker (Figure 2E). PAUF staining displayed cytoplasmic staining to-
gether with a strong, non-homogeneous nuclear immunolabeling 
probably associated with euchromatin domains, without nucleolar 
staining. Cellular fractionation confirmed the presence of PAUF in 
the nuclear and cytoplasm compartments by western blot (Figure 
2F). PAUF showed also a clear cytoplasmic staining associated to 
membrane trafficking. Indeed, co-staining with tubulin showed 
the association of PAUF-positive spots with microtubules, probably 
reflecting a vesicular traffic pattern of either exocytic or endocytic 
pathways (Figure 2G). In addition, there was a clear presence of PAUF 
in endosomes and membrane-associated vesicles (Figure 2H). In si-
lenced cells, PAUF was mostly concentrated in the growth cone tips 
(Figure 2H), which are associated to microtubule dynamics and are 
crucial for filament extension, cell motility and interaction with the 
microenvironment (28). Finally, in silenced cells, we noticed a clear 
and distinct PAUF staining at the mitotic spindle (Figure 2I), which 
was associated to the centrosomes and kinetochore microtubules. 
Altogether, PAUF, showed a ubiquitous distribution inside the cell.

PAUF depletion increases polyploidy and apoptosis 
in colorectal cancer cells

We next studied whether the nuclear presence of PAUF might 
affect the cell cycle. DNA content analysis revealed significant 

cell cycle alterations in PAUF-silenced cells, which had a clear 
increase in overall DNA content, particularly for SW620 cells 
(Figure 3A). The enlargement and displacement of the G1 phase 
suggested a mitotic slippage during the cell cycle, which led to an 
accumulation of tetraploid cells in the G1 phase and octaploidy 
in the G2/M phase (Figure 3A). Cell cycle alterations were also 
evident at a minor extent in KM12L4 KD cells. Using confocal 
microscopy, we searched for cells in mitotic arrest or with aber-
rant mitosis. A large increase in the number of cells at mitotic 
arrest (Figure 3B), together with the presence of micronuclei 
(Figure 3C), was observed in PAUF-silenced cells with respect to 
the scrambled-shRNA cells. The presence of micronuclei is asso-
ciated to alterations in the mitotic spindle, as a consequence of 
CIN. In addition, we observed a decrease in the proliferation of 
SW620 and KM12L4 KD cells (Figure 3D), together with a clear in-
crease in the number of apoptotic cells (Figure 3E). Collectively, 
these data confirm that PAUF-silenced cells exhibit tetraploidy, 
micronuclei, mitotic arrest and decreased proliferation together 
with an increase in apoptosis in colorectal cancer cells.

PAUF silencing induces massive genomic alterations 
in transfected cells

Tetraploid cells are considered transient intermediates to a more 
extensive aneuploidy and CIN (29). To investigate the effects 
of PAUF at the genomic level, we carried out a high-resolution 
aCGH analysis of the cell karyotype in both KD cell lines re-
spect to the corresponding scrambled cells, as this technique 
enables genome-wide screening of copy number alterations. 

Figure 3. PAUF depletion induces cell cycle changes, mitotic arrest and increased apoptosis. (A) DNA histograms were used to visualize the cell cycle profile of KD or 

scrambled SW620 cells or KM12L4 cells. Increased DNA content was measured using the mean fluorescence intensity (MFI) and calculated from three experiments with 

Flowlogic software. P values were calculated using an analysis of variance test (**P < 0.01, *P < 0.05). (B) Confocal microscopy analysis of KD and scrambled SW620 cells. 

PAUF depletion increased the number of cells in mitosis (white arrows). The percentage of mitotic cells was calculated using ImageJ, P values were calculated using 

a χ2 test (*P < 0.05). (C) PAUF KD SW620 and KM12L4 cells showed the presence of micronuclei and chromosome segregation defects (white arrows). (D) Cell viability 

was determined at 72 h of culture by MTT assays (*P < 0.05, **P < 0.01). (E) Apoptotic cells were detected using flow cytometry. Average results from three independent 

experiments are represented (**P < 0.01).
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We found large chromosome alterations in both KD cell lines 
when compared with the scrambled cells, and particularly in 
SW620, in which we observed trisomy of chromosome 2 and 
total loss of chromosomes 11 and 13, with further changes scat-
tered throughout other chromosomes (Figure 4, Supplementary 
Table 3, available at Carcinogenesis Online). Chromosome alter-
ations were also present in KM12L4 KD cells but to lesser extent 
than, and differing from, those in SW620 cells, indicating that 
chromosome breakpoints were randomly distributed. Still, some 
chromosomes, 4, 8 and 13, were more prone to instability (Figure 
4). Collectively, these data confirm that tetraploidy was followed 
by CIN in PAUF-silenced cells, suggesting that PAUF expression 
was important for maintaining genomic stability.

PAUF protein network includes multiple components 
of the mitotic spindle assembly checkpoint, 
membrane trafficking and the Wnt/β-catenin 
pathway

To define the molecular mechanisms underlying the PAUF ef-
fects on CIN, we carried out a double proteomic analysis of the 
PAUF interactome using proximal biotinylation coupled with 
mass spectrometry (PB-MS) (27) and 3xFLAG affinity purification 
MS. In PB-MS, a mutated biotin ligase (BirA*) was fused to PAUF, 
enabling the successful biotinylation of proteins in PAUF vicinity 
(Supplementary Figure 3, available at Carcinogenesis Online). We 
performed PB-MS on Flp-In T-Rex HEK293 cells stably expressing 
BirA*-FLAG–tagged PAUF. A negative control without BirA* for re-
moving unspecific streptavidin binding was used. In total, 581 
proteins were identified with at least 2 peptides only present 
in the BirA*-FLAG-PAUF protein extract (Supplementary Table 4, 
available at Carcinogenesis Online) and after removal of common 
contaminants (30). Functional analysis of the identified proteins 
using the STRING algorithm with gene ontology revealed ‘mitotic 
cell cycle process’ as the top biological function. Other functions 

were ‘mitosis checkpoint’, ‘chromosome organization and seg-
regation’, ‘intracellular transport’, ‘regulation of Wnt signaling 
pathway’ and ‘microtubule cytoskeleton organization’ (Figure 
5, Supplementary Table 5, available at Carcinogenesis Online). We 
found cell cycle-associated proteins, such as APC, the anaphase-
promoting complex proteins ANAPC1 and ANAPC5, the spindle 
and kinetochore-associated proteins 2 and 3 (SKA2/3), serine/
threonine protein kinase NEK9, PUM1 (a PUMILIO protein), pro-
teins of the augmin complex, which regulate centrosome and 
spindle integrity, proteins involved in centrosome duplication 
and G2/M transition (CENPJ, CETN2, CEP192 and PCNT) and pro-
teins related to chromosome segregation and organization, such 
as ZW10, CDC23, NCAPG and NAP1L1. Other PAUF-associated 
proteins were related to the Wnt pathway (APC, p120 catenin, 
MACF1 or DVL1/2), cell death (PI3K subunit 85), cell polarity 
(SCRIB) and microtubule cytoskeleton organization. Altogether, 
these data support a link between PAUF loss, alterations in the 
spindle checkpoint, chromosome missegregation and the Wnt 
pathway.

Flag-based affinity purification confirms PAUF 
association with ZW10

PB-MS and tag-based affinity purification MS are complemen-
tary approaches for a full recovery of the protein interactome 
(27). Although PB-MS labels and recovers any protein present in 
a radius of 10 nm of the bait at any moment, affinity purifica-
tion using the 3×FLAG-tagged PAUF cells enables the recovery 
of direct interaction partners (Supplementary Figure 4A, avail-
able at Carcinogenesis Online). As a control, we used Flp-In 293 
T-Rex 3xFLAG PAUF cell extracts without doxycycline induction. 
Using FLAG AP-MS, we identified 112 interacting proteins with 
at least 2 unique peptides (Supplementary Table 6, available 
at Carcinogenesis Online). Among these 112 proteins, 19 were 

Figure 4. Chromosome instability in PAUF KD SW620 and KM12L4 cells. Ideograms show the results from a genome-wide aCGH analysis. PAUF-silenced cells showed a 

high level of chromosomal instability respect to scrambled cells. Bars to the left of the chromosome represent chromosome losses; bars to the right represent chromo-

some gains.
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coincident with those identified using PB-MS (Supplementary 
Figure 4B, available at Carcinogenesis Online). Among the 
overlapping proteins was ZW10, which plays two different 
functions: (i) membrane transport from the endoplasmic re-
ticulum (ER), Golgi endosomes and other compartments and 
(ii) capturing microtubules by the kinetochore during mi-
tosis (31). These functions imply the interaction with different 
groups of proteins. Both groups were represented in the PAUF 
interactome. The interaction between PAUF and ZW10 was con-
firmed by immunoprecipitation (IP) of ZW10. PAUF was present 
in the ZW10 IP, but not in the control IP (Supplementary Figure 
4C, available at Carcinogenesis Online). We identified other pro-
teins related with the formation and traffic of vesicles, such as 
SEC31A and TMED7, SNARE proteins (STX4, YKT6), traffic pro-
teins (TRAPPC3), AP1G1, VPS51 and others. Among those related 
with mitosis checkpoint we found ZW10, CLASP2, nucleoporins 
NUP85 and NUP160 and TUBGCP2 from the gamma tubulin 
complex.

PAUF depletion downregulates APC but increases 
β-catenin nuclear expression

Finally, to determine whether PAUF participates in the regula-
tion of gene expression, we selected some targets involved in 
the regulation of the cell cycle and mitotic control. By quan-
titative PCR analysis, messenger RNAs for APC, NAP1L1 and 
PUM1 were downregulated after PAUF silencing in SW620 and 

KM12L4 cells, whereas DVL1 (Disheveled 1)  was upregulated 
and ZW10 did not exhibit alterations (Figure 6A). Consistent 
with the quantitative PCR analysis, western blot results con-
firmed the downregulation of APC, NAPIL1 and PUM1 together 
with the upregulation of DVL1 in PAUF-silenced cells (Figure 6B). 
Given the relationship between APC loss and the activation of 
the canonical Wnt/β-catenin pathway for promoting the epi-
thelial–mesenchymal transition and cancer progression (32), we 
investigated the expression of β-catenin in PAUF-silenced cells. 
The upregulation of DVL1, a component of the axin complex, 
was already pointing to the disassembly of β-catenin from its 
destruction complex (33). We observed an increase of β-catenin 
expression after PAUF silencing, which was accompanied by a 
decrease of E-cadherin (Figure 6B). RKO cells expressed very low 
levels of β-catenin, as reported previously (34). The increase in 
nuclear expression of β-catenin was confirmed and quantified 
in PAUF-silenced SW620 cells by confocal microscopy (Figure 6C) 
as well as the downregulation of APC in KD PAUF SW620 cells 
(Figure 6D). SW620 cells contain a large homozygous APC muta-
tion that results in an APC truncated form that is not visible at 
~300 kDa (Figure 6B). Therefore, the decline of APC expression 
was independent of the APC genetic status and was observed for 
full-length and truncated forms of APC in different cell lines that 
contained or not APC mutations. Taken together, these results 
indicate that PAUF silencing promotes colorectal cancer pro-
gression through APC loss and the increase of β-catenin nuclear 

Figure 5. PAUF interactome identified by PB-MS Analysis. Flp- In™ 293 T-REx™ expressing PAUF-BirA* lysates were purified using streptavidin-sepharose beads, re-

solved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and digested with trypsin. Proteins were identified by MS/MS. Selected proteins were clustered 

according to their biological functions using GO terms and STRING. GO terms were sorted by their P value using a hypergeometric test and corrected for multiple testing 

using Benjamini and Hochberg analysis.
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expression likely followed by activation of the Wnt signaling 
pathway. These results would explain the initial decline of PAUF 
expression observed in early stages of colorectal cancer.

Discussion
Secreted PAUF is upregulated to promote some pancreatic 
cancers (7), but its role in other cancers was unclear. Here, we 
observed an initial decline of PAUF expression in the primary 
colorectal cancer tumors followed by an increase in the meta-
static lesion. Interestingly, we detected a significant intracellular 
presence of PAUF in two cell lines. The nuclear presence of PAUF 
was confirmed by immunohistochemistry staining of tumor tis-
sues and confocal microscopy of cancer cells, which revealed a 
ubiquitous distribution of PAUF in multiple locations, including 
endosomes, membrane vesicles, microtubule-associated 
vesicles and cellular growth cones. Knocking down PAUF pro-
voked several effects on colorectal cancer cells, among others, 
a large increase in nuclear size, tetraploidy, micronuclei forma-
tion, widespread chromosomal alterations and increased apop-
tosis in colorectal cancer cells. These effects were more evident 

in SW620 KD cells (APC deficient, p53 mutant) than in KM12L4 
colorectal cancer cells. Chromosomal alterations were different 
in SW620 and KM12L4 KD cell lines, suggesting some random-
ness of the chromosomal imbalance similar to the random im-
balances in sporadic colorectal adenomas. These alterations 
might contribute to the molecular heterogeneity observed in 
colorectal cancer (2).

Although relatively unusual, there are some previous ex-
amples of proteins with a dual role in intracellular and extracel-
lular environments (i.e. syntaxin 2, high mobility group protein 
B1 or transglutaminase 2)  (see ref. (35) for a review). Probably, 
the best characterized proteins with different intracellular and 
extracellular roles are the heat shock proteins (36). Interestingly, 
the intracellular function of some proteins like syntaxin 2 or 
Annexin A2 was also related with vesicle trafficking and the 
extracellular function with cell surface receptors (35). We might 
hypothesize that PAUF intracellular functions occur after the 
biosynthesis in the ER when travelling to the Golgi compartment 
using vesicle trafficking. A fraction of the protein might be di-
verted for intracellular use and another fraction will be released 
following conventional mechanisms. The abundant presence of 

Figure 6. Regulation of PAUF-associated proteins related with cell-cycle. (A) Heat-map corresponding to the messenger RNA expression of 21 selected proteins identi-

fied in the PAUF interactome using quantitative PCR. Histograms show a significant decrease in the mRNA expression of APC, DVL1, NAP1L1 and PUM1 between scram-

bled and KD SW620 or KM12L4 cells. P values were calculated using an analysis of variance test (***P < 0.001). (B) Western blot analysis showed a decreased expression 

of APC, E-cadherin, PUM1 and NAP1L1 together with an increased expression of β-catenin and DVL1, after PAUF silencing. ZW10 expression levels were not affected by 

PAUF silencing. Tubulin was used as loading control. (C) Increased nuclear location of β-catenin in PAUF KD SW620 cells respect to scrambled cells and (D) decreased 

expression of APC in PAUF KD SW620 cells were observed by confocal microscopy. Increased nuclear β-catenin content was measured through the mean fluorescence 

intensity (MFI) using ImageJ program (right) (P values were calculated using the analysis of variance test (***P < 0.01).
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ER and Golgi proteins in the PAUF interactome, together with 
other proteins involved in vesicle trafficking will support this 
hypothesis. Indeed, its paralog ZG16 has also been associated to 
vesicle trafficking (16). When secreted, PAUF might interact with 
different receptors (TLR2/4, CXCR4) that promote tumor growth, 
angiogenesis and escape from immune surveillance (10,11).

The wide intracellular distribution of PAUF was confirmed 
after analysis of the interactome, which revealed the associ-
ation of PAUF with multiple protein complexes. Using proximal 
biotinylation, we were able to detect transient interactions, 
which cannot be detected by classical IPs. We found the asso-
ciation of PAUF with PUM1, BUB1B and TTK at the kinetochores 
(37), which are critical for CIN initiation in colorectal cancer 
(38,39). PAUF depletion induced a decline in the expression of 
PUM1 and APC. PUM1 sequestering has been recently described 
as a driver of chromosomal instability in karyotypically stable 
cell lines (40). Loss of APC induces missegregation of chromo-
somes (see ref. (41) for a review). Therefore, the combined de-
cline of APC and PUM1 expression might enhance the observed 
CIN after PAUF silencing. By using FLAG-affinity purification, 
we confirmed ZW10 as one of the PAUF interacting partners. 
ZW10, initially considered as a key player in the SAC (42), is 
now considered a moonlighting protein. Removal of ZW10 pro-
vokes lagging chromosomes, non-disjunction and anaphase 
bridges, leading to aneuploidy (42). In addition to the mitotic 
functions, ZW10 is part of the ER-localized tethering complex 
in mammalian cells and participates in the membrane traf-
ficking between the ER and Golgi (43). The micronuclei observed 
after PAUF or ZW10 depletion may originate from chromosome 
missegregation, defects in the kinetochore and microtubule 
interaction dynamics, mitosis checkpoint defects, and abnormal 
centrosome amplification (44). PAUF-derived tetraploidy and 
the presence of micronuclei suggest that lagging chromosomes 
were formed at the anaphase, as PAUF-silenced cells exhibited 
a large increase in nuclear size, but not multinucleated cells. 
Defective mitosis or endoreduplication usually leads to a single 
large nucleus (45). In addition, defective mitotic checkpoints 
caused by spindle damage induce cellular arrest, as observed in 
PAUF KD cells.

The adaptation of membrane trafficking proteins to mitotic 
functions seems to be more habitual than initially estimated 
(46). Indeed, it is an expanding group of proteins including, 
among others, clathrin, epsins, dynamins, syntaxins and RAB 
proteins (46). Interestingly, these or similar proteins were also 
found in the PAUF interactome (i.e. clathrin light chain, dynamin, 
intersectin, EPS15, among others). Collectively, these data sup-
port the hypothesis that PAUF exhibits different intracellular 
functions during the interphase or the mitosis. A microtubule-
binding capacity might explain how PAUF moves into specific 
microtubule-associated vesicles from the Golgi to the cell sur-
face for secretion and its nuclear presence associated to the 
mitotic spindle. Moreover, the staining pattern of PAUF in the 
growth cones of cancer cells was surprisingly similar to APC lo-
cation (47).

Loss of APC leads to the accumulation of nuclear β-catenin, 
which is a hallmark of colorectal cancer progression and acti-
vation of the canonical Wnt pathway (48). Moreover, APC loss 
decreases the levels of E-cadherin at the membrane and its as-
sociation with β-catenin (49). Here, PAUF silencing resulted in 
a clear increase in the levels of β-catenin and a clear reduction 
in E-cadherin, concomitant to those induced by the APC loss. 
Some reports have indicated that expression of stable β-catenin 
and inappropriate activation of the Wnt pathway might also 
contribute to CIN (41,50). Indeed, the large nuclear size of PAUF 

KD cells was similar to that observed in APC− β-catenin+ cells 
respect to APC wild-type normal tissue (37). Collectively, these 
results suggest that PAUF loss promotes the activation of the 
Wnt/β-catenin pathway for cancer progression.

In summary, PAUF is a multifunctional protein, not only se-
creted by the cancer cells, but present in several intracellular 
compartments including the nucleus. Silencing of PAUF led to 
aneuploidy and CIN in colorectal cancer cells. These effects of 
PAUF on mitosis might be mediated through the association 
with ZW10 and other proteins with dual functions. The ob-
served decline of PAUF expression in primary colorectal cancer 
samples together with APC loss might explain the large effects 
on aneuploidy and nuclear increase of β-catenin, promoting 
a mesenchymal phenotype and the progression of colorectal 
cancer. These activities support the role of PAUF as a potential 
‘moonlighting’ protein and make PAUF/ZG16B an interesting 
therapeutic target for colorectal cancer and other tumors.
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