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ABSTRACT
◥

Aneuploid mucinous colorectal adenocarcinoma (MAC) is an
aggressive subtype of colorectal cancer with poor prognosis. The
tumorigenic mechanisms in aneuploid MAC are currently unknown.
Here we show that downregulation of Filamin A–interacting protein
1-like (FILIP1L) is a driver of MAC. Loss of FILIP1L increased
xenograft growth, and, in colon-specific knockout mice, induced
colonic epithelial hyperplasia and mucin secretion. The molecular
chaperone prefoldin 1 (PFDN1) was identified as a novel binding
partner of FILIP1L at the centrosomes throughout mitosis. FILIP1L
was required for proper centrosomal localization of PFDN1 and
regulatedproteasome-dependentdegradationofPFDN1. Importantly,

increased PFDN1, caused by downregulation of FILIP1L, drovemulti-
nucleation and cytokinesis defects in vitro and in vivo, which were
confirmed by time-lapse imaging and 3D cultures of normal epithelial
cells. Overall, these findings suggest that downregulation of FILIP1L
and subsequent upregulation of PFDN1 is a driver of the unique
neoplastic characteristics in aggressive aneuploid MAC.

Significance:This study identifies FILIP1L as a tumor suppressor
in mucinous colon cancer and demonstrates that FILIP1L loss
results in aberrant stabilization of a centrosome-associated chap-
erone protein to drive aneuploidy and disease progression.

Introduction
In the United States, colorectal cancer is the third leading cause of

cancer-relateddeaths inmenandwomen, and the secondmost common
cause of cancer deaths when men and women are combined (1).
Colorectal cancer is expected to cause 53,200 deaths during 2020 (1).
Mucinous colorectal adenocarcinoma (MAC) is a distinct form of
colorectal cancer, affecting10% to15%ofpatients.MAC is characterized
by abundant mucin secretion comprising at least 50% of the tumor
volume (2). Approximately half of MAC tumors are aneuploid (3–7),
whereas the remainder are diploid and associated with microsatellite
instability. Aneuploid MAC tumors were shown to be clinically more
aggressive than diploid tumors (8, 9). Compared with common colo-
rectal adenocarcinoma, MAC has an entirely different molecular "sig-
nature," as well as an aberrant and aggressive metastatic pattern that is
associatedwithpoor response to treatment andworse prognosis (2). The
mechanisms of MAC tumorigenesis are currently unknown.

Filamin A interacting protein 1-like (FILIP1L) is a tumor suppres-
sor, which we identified in several types of cancer, including colorectal
cancer (10–13). We showed that FILIP1L expression is downregulated

by promoter methylation (10, 12), a key mechanism of tumor
suppressor downregulation in cancer. Downregulation of FILIP1L
is associated with chemoresistance and worse prognosis in ovarian
and colon cancer (14, 15). Moreover, its expression is inversely
correlated with the invasive/aggressive potential of tumors and with
epithelial-to-mesenchymal (EMT) marker expression (11, 16). Its
structural homologies and centrosomal localization suggest that
FILIP1L may bind to elements of the cytoskeleton, and chaperone
proteins to proteasomes (11, 17, 18).

The prefoldin1 (PFDN1) chaperone is overexpressed in multiple
cancer types and is associated with poor prognosis in colon can-
cer (19, 20). PFDN1 participates in a multimeric prefoldin complex
that facilitates proper folding of key cytoskeletal components such as
actin and tubulins. Loss of PFDN1 decreases tubulin levels, thereby
reducing microtubule growth and causing defects in cell division and
embryonic lethality (21), although the mechanisms are unknown.
Moreover, loss of PFDN1 results in mitotic spindle misorientation
and mispositioning of cytokinetic furrows (21). The mechanisms
regulating PFDN1 localization and levels are unknown.

The spindle apparatus specifies the position of the cleavage furrow
during anaphase, and the cleavage plane is positioned bymicrotubule-
dependent mechanisms (22). Microtubules are primarily nucleated
from centrosomes, thus centrosomes are critical organelles that ensure
faithful mitosis and chromosome distribution to daughter cells. Cen-
trosome abnormalities lead to mitosis/cytokinesis defects that are
associated with aneuploidy (23). Centrosome abnormalities are found
in virtually all cancer types and have been linked to chromosomal
instability, aneuploidy, and tumorigenesis (24). Changes in the levels
of several centrosomal proteins, including prefoldins, have been linked
to dysregulation of centrosome function (21, 25–29). Dysregulated
expression of several centrosome-modulating proteins is implicated in
human cancer (28–32).

Although we have shown that FILIP1L is a versatile tumor sup-
pressor in many types of cancer, its function has not been fully
elucidated. Here we show that loss of FILIP1L increases xenograft
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growth in vivo, drives colonic epithelial hyperplasia in mice, and
increasesmucin secretion andmitotic defects inMAC.We determined
that FILIP1L binds to the centrosome-localized chaperone protein,
PFDN1, and regulates its level at the centrosomes through a protea-
some-dependent mechanism. FILIP1L is down-regulated and PFDN1
is up-regulated in human MAC samples. Reduction of FILIP1L and
subsequent increase in PFDN1 levels results in mucin secretion and
multinucleation, which recapitulates the central characteristics of
human aneuploid MAC. Our findings suggest that downregulation
of the tumor suppressor FILIP1L is a driver of the neoplastic changes in
an aggressive form of MAC.

Materials and Methods
Cell culture and transient transfection

The following authenticated cell lines were purchased from ATCC:
MDCK.2 (CRL-2936, RRID:CVCL_B034), HEK293 (CRL-1573,
RRID:CVCL_0045), and human colon cancer lines including HT29
(HTB-38, RRID:CVCL_0320), HCT116 (CCL-247, RRID:CVCL_
0291), HCT15 (CCL-225, RRID:CVCL_0292), SW480 (CCL-228,
RRID:CVCL_0546), Caco2 (HTB-37, RRID:CVCL_0025), SW620
(CCL-227, RRID:CVCL_0547), Ls174T (CL-188, RRID:CVCL_1384),
and T84 (CCL-248, RRID:CVCL_0555). Cells were cultured following
the manufacturer’s guidelines, and passaged up to five times after each
thawing. All cell lines were routinely tested for Mycoplasma contam-
ination using Universal Mycoplasma Detection Kit (ATCC, 30–
1012K). HEK293 cells were transfected with equimolar amounts of
control empty plasmid or plasmid encoding FILIP1L-HA and/or Flag-
PFDN1 using lipofectamine 3000 solution (Thermo Fisher Scientific)
following the manufacturer’s protocols. For MDCK.2 cells, using the
4D-Nucleofector system (Lonza; SE solution; program CM 113),
homogenous expression in over 90% of cells was routinely achieved.
At 24 to 48 hours following transfection, transfected cells were
subjected to downstream assays such as immunoprecipitation, immu-
noblot, and immunofluorescence staining.

Development of stable clones
FILIP1L-knockdown clones were generated from Caco2, SW620,

and Ls174T cells. PFDN1-overexpressing clones were generated from
Caco2 cells. FILIP1L-overexpressing clones were generated from
HT29 and HCT116 cells. Cells were transduced by lentiviruses pur-
chased from Applied Biological Materials. For knockdown, lenti-
viruses encoding either scrambled shRNA or FILIP1L-shRNA were
used. Pooled lentiviruses from four different sequences of FILIP1L-
shRNA were used (ACCAAGGAGAGAGATGATTTAATTCAAGA-
GATTAAATCATCTCTCTCCTTGGT, AAGAGCCTCATTCCTC-
TGGAACTTCAAGAGAGTTCCAGAGGAATGAGGCTCTT, TCC-
ATGTCCTGTTAACAGAAAGTTCAAGAGACTTTCTGTTAACA-
GGACATGGA, and ACCACAGAGAGTCCTCACTCTTTTCAA-
GAGAAAGAGTGAGGACTCTCTGTGGT). To generate FILIP1L/
PFDN1 double-knockdown clones from FILIP1L-knockdown Caco2
clones, pooled lentiviruses from four different sequences of PFDN1-
shRNA were used (TTCACAGAGCTTCAAGCCAAAGTTCAAGA-
GACTTTGGCTTGAAGCTCTGTGAA, AGCTCGCAGACATACA-
GATTGTTCAAGAGACAATCTGTATGTCTGCGAGCT, CTTCA-
GTCCAAGGAAGCAATTTTCAAGAGAAATTGCTTCCTTGGAC-
TGAAG, and CTACCTGGAGCGAAGCGTTAATTCAAGAGAT-
TAACGCTTCGCTCCAGGTAG). For overexpression, lentiviruses
encoding either empty construct, FILIP1L-HA or Flag-PFDN1 were
used. Following transduction, resistant cells were screened by puro-
mycin selection and mixed clones were selected by immunoblot.

FILIP1L-knockdown clones from MDCK.2 cells were generated
using CRISPR-Cas9 at the Genome Editing Core at Rutgers Cancer
Institute of New Jersey. Cells were electroporated with pX458-C199
(gRNA sequences targeting exon 3 of FILIP1L, CCTTGCTGAAAC-
CAGAGTTC). pX458 [pSpCas9(BB)-2A-GFP] was obtained from
Addgene (#48138). After electroporation, individual cells were sorted
into 96-well plates and single-cell derived clones were genotyped by
PCR. PCR primers of TCACAGCTGATAAGTTGCTAAAGCACC
and CTGCCTCATTGGTGAGCTTTGC were used. T7 endonuclease
digestion was used to determine clones with indels. Fifty-six clones
were analyzed and Sanger sequencing of candidate clones confirmed
frameshift mutations in FILIP1L clones. Although we aimed to
generate knockout clones, clones demonstrating complete deletions
were not found.

Mouse xenograft model
All use of vertebrate animals described in this study was conducted

in accordance with NIH regulations and was approved by the Animal
Use Committee of Rutgers University. Indicated number of colon
cancer clones were suspended inMatrigel [Corning, #356231, 1:1 ratio
(v:v)] and subcutaneously injected in 8-week-old female nude mice
(Taconic, catalog no. TAC:nmrinu, RRID:IMSR_TAC:nmrinu).
Tumor growth was measured for indicated times, and tumor weights
were measured after sacrifice. Xenograft tumors were fixed in 10%
neutral buffered formalin and subject to IHC analysis.

Filip1l conditional knockout mice
Filip1l-floxed mice were generated using CRISPR-Cas9 at the

Genome Editing Core at Rutgers Cancer Institute of New Jersey.
C57BL6/J (IMSR Cat# JAX_000664, RRID:IMSR_JAX:000664)
embryos were microinjected with a mixture containing Cas9 protein
(IDT), a sgRNA (Millipore, Sigma), and a ssODN (IDT), which
contained homology arms and a loxP site. For the 50 loxP insertion-
sgRNA, CATTCTTGCCCTGTGTTAAG was used along with the
50loxP donor oligo, CATTTTACCGAATAACCAACGTGTTAA-
ACAGTAACTAGTAATATAGCACATGCGTAATGGCTCAAGCA-
AGCCACTATAACTTCGTATAGCATACATTATACGAAGTTAT-
AACACAGGGCAAGAATGAGTAATTCAAAAAGTGCCATGGC-
AACAGTTATCAAG (loxP sequence in bold). For the 30 loxP
insertion-sgRNA, ATGTAATATATGCTGTAGGG was used with
the 30loxP donor oligo, GAGTTTGGAACTTTAAGTTAGCTT-
GAATATCAAGGGCTGATAGGTTTCTCAAGCAGACTGAAAC-
CCCCCATAACTTCGTATAGCATACATTATACGAAGTTATA-
CAGCATATATTACATCTAAATCTGGAATCAGCCACTATGA-
CATAAACTTCTGGAC (loxP sequence in bold). Two founders
were determined to have both loxPs inserted correctly on the same
allele, as confirmed by Sanger sequencing for the loxP sites of the
cloned 4657 bps-floxed allele. The 50 loxP was screened using
primers, GCTCCTTGCCTTTGAACATGTTAG and GTGAAAGT-
GAGGCAATTCATCCATC. The 30 loxP was screened using primers,
GTGCTCAAAAGAGAACTATCAGAAGTC and ATTGTATGCTT-
CTGATTGTAGCCTTAC. Filip1lfl/flmice were subsequently generated
and were crossed with Cdx2-CreERT2 transgenic mice (Jackson labora-
tories #022390, RRID:IMSR_JAX:022390) to generate colon-specific
Filip1lfl/fl; Cdx2-CreERT2 knockout mice.

Clinical specimens
Formalin-fixed paraffin-embedded (FFPE) tissue blocks of de-

identified human colon samples including normal colon, serrated
polyps, mucinous adenocarcinoma, and nonmucinous adenocarcino-
ma were obtained from Biorepository Services at the Rutgers Cancer
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Institute of New Jersey, under our IRB exemption. Immunohisto-
chemical staining was carried out and a second pathologist scored the
staining under blinded conditions. FILIP1L cytoplasmic staining was
scored according to the staining intensity [categorized as 0 (absent), 1
(weak), 2 (moderate), or 3 (strong)] as well as the percentage of
staining (0%–100%). The final expression score was calculated by
multiplying the intensity and the percentage of staining, resulting in a
score of 0 to 300.

DNA ploidy
Experimental details were followed as described previously (33).

Briefly, four 60-mm-thick sections were cut from each FFPE tissue
block of 16MAC tumors.MACareawas identified by a pathologist and
manually dissected to maximize the chance of finding an aneuploid
tumor population (to increase its percentage in a background of
normal diploid cells). Tissue samples were subjected to deparaffiniza-
tion, rehydration, and pepsin digestion. Dissociated pellets were
resuspended in 4,6-diamidino-2-phenylindole (DAPI) solution con-
taining 0.1%NP40 and 10%DMSO. Prior to flow cytometry, potential
nuclei aggregates were further dissociated by passaging 15 times
through a 26-gauge needle. Flow cytometry analysis of DAPI-
labeled nuclei was performed on a Cytek Aurora 5-laser cytometer
using the SpectroFlow software package version 2.2 (Cytek Bio-
sciences). Single nuclei population was selected using forward and
side scatter. For a thorough doublet exclusion, it was further gated
using forward scatter-area and forward scatter-height. 1 � 105 gated
events were collected for each sample. The percentage of nuclei
representing over 4 � 104 DAPI-area signal was calculated. On the
basis of the average percentage of diploid controls, we defined
“aneuploid tumor” as those with greater than 20% aneuploid cells.

Three-dimensional cell culture
MDCK.2 cells and transduced colon cancer clones were cultured on

growth Factor-Reduced Matrigel (Corning, #356231). Cysts were
routinely formed from MDCK.2 cell cultures, and they were fixed at
days 3 and 6 for immunofluorescence analysis. Colon cancer clones
mostly resulted in compact cell clusters that were fixed at days 3 to 5.

Time-lapse imaging
HEK293 cells were transfected with plasmids encoding FILIP1L-eGFP

and mCherry-PFDN1, and incubated for 24 h. Cells were then placed in
the EVOS Onstage Incubator at 5% CO2, 20% O2 and 80% humidity.
Fluorescent images were acquired at 20-minute intervals. Caco2 clones
were incubated with SPY-595 DNA and SPY-650-tubulin fluorescent
dyes (Cytoskeleton) for 1 h and placed in the EVOS Onstage Incubator.
Forty random fields were selected, and fluorescent and phase contrast
images were acquired at 5-minute intervals. Images acquired over the
initial 4 h were used to quantify data. Durations longer than 4 h
demonstrated substantial fluorescent signal bleaching. Images were
acquired by an EVOS FL Auto 2 microscope (Thermo) at 20X objective
magnification (z-stack of 1.7 mmol/L thickness). Mitotic length was
quantified as nuclear envelope breakdown (NEBD) to Anaphase. Time
to cytokinesis completion was quantified as NEBD to membrane fission
by phase contrast. Acquired images were analyzed and quantified using
Celleste software (Thermo, Version 4.1.1). Detailed quantification pro-
cedures were written in Supplementary Information.

Yeast two-hybrid screening
Procedures were carried out using Matchmaker Gold Yeast Two-

Hybrid System (Clontech, #630489), as recommended by the manu-
facturer. Wild-type FILIP1L cDNA was used to generate a bait clone.

Quantitative real-time RT-PCR
Total RNA preparation and qRT-PCR were performed as described

previously (10). The gene-specific primers used with SYBR Green
reagent are written in Supplementary Information.

Coimmunoprecipitation and immunoblot
Following transient transfection, HEK293 cell lysates were subject

to immunoprecipitation. Immune complexes were eluted with Flag
Peptide (Sigma, K4799) and HA Peptide (Sigma, I2149) for Flag tag-
and HA tag-immunoprecipitation, respectively. Experimental details
for immunoblotting were followed as described previously (11). Den-
sitometric analysis was performed using ImageJ (RRID:SCR_003070)
on scanned images of immunoblots. Plots were created for region of
interest, and gel analysis feature was used to create numeric values for
these plot areas. Antibody list used in assays such as immunoprecip-
itation, immunoblot, immunofluorescence, and IHC is shown in
Supplementary Information.

Immunofluorescence staining and quantification
Experimental details were followed as described previously (11). For

MUC2 staining on three-dimensional cell clusters, a much lower
concentration of MUC2 antibodies was used in Ls174T clones than
Caco2 clones because basal level ofMUC2 expression was significantly
higher in Ls174T cells (Supplementary Fig. S7B). Imageswere acquired
by an AxioCam HRM camera (Yokogawa) at 63� objective magni-
fication (z stack of 0.4 mmol/L thickness) on a Spinning disc confocal
microscope (Zeiss; Observer Z1). Acquired images were then analyzed
by software such as Cell Profiler (RRID:SCR_007358; ref. 34), ZEN
(Zeiss, RRID:SCR_013672) and ImageJ. Ki67 area (Fig. 3J), mucin 2
intensity in 3D cell clusters (Fig. 7E), multinuclei (Fig. 8B), and
PFDN1 occupancy in centrosomes (Fig. 8J; Supplementary Fig. S8B)
were quantified. Detailed quantification procedures were written in
Supplementary Information.

IHC
Experimental details were followed as described previously (14).

Images were acquired by AxioImager microscope (Zeiss). For stitched
images, they were acquired by EVOS FL Auto microscope (Thermo
Fisher Scientific).

WST1 cell proliferation assay
Various colon cancer cell lines were seeded in 96-well plates (2.5�

103 cells per well) and incubated with WST1 (Millipore Sigma,
#5015944001) for 1 hour. Cell proliferation by WST1 incorporation
was measured using a Synergy Mxmicroplate reader (Biotek) daily up
to 4 days after cell plating.

Statistical analysis
Data are presented as the mean � SEM. Statistical analyses were

performed using a two-tailed Student t test (GraphPad Prism 6.0
[RRID:SCR_002798]), and differences were considered statistically
significant at P < 0.05.

Results
FILIP1L negatively regulates xenograft growth, and its
knockdown induces mucin secretion and multinucleation in
colon cancer in vivo

We and others have shown that FILIP1L is downregulated, and
its low expression is associated with a poor prognosis in colon
cancer (12, 15). Thus, we examined the consequences of FILIP1L

Downregulation of FILIP1L in Mucinous Colon Adenocarcinoma
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modulationonmouse xenograft tumorgrowth.Westablyoverexpressed
FILIP1L in low-expressing colon cancer lines (HT29 and HCT116).
Immunoblotting confirmed increased FILIP1L levels (Supplementary
Fig. S1A). Innudemousexenografts, overexpressionofFILIP1Lcauseda
statistically significant>6-fold and>2-fold inhibition of tumorgrowth in
HT29 and HCT116 cells, respectively (Fig. 1A–C; Supplementary Figs.
S1B–S1D), confirming the tumor suppressor function of FILIP1L. IHC
staining of FILIP1L confirmed increased FILIP1L levels in the tumors
from FILIP1L-overexpressing clones (Fig. 1D).

Knockdown of FILIP1L significantly enhanced tumor growth near-
ly 3-fold compared with controls (Fig. 1E and F). IHC staining and
immunoblotting confirmed decreased FILIP1L expression (Fig. 1G;
Supplementary Fig. S2A). Although tumors from both groups dem-
onstrated poor differentiation and high Ki67 index (�90%) as deter-
mined by two clinical pathologists (PJ and ZZ), considerably more
compact cells were observed in FILIP1L-knockdown groups (shown
by hematoxylin and eosin (H&E) staining in Fig. 1G; Supplementary
Fig. S2B). FILIP1L-knockdown tumors also demonstrated increased

Figure 1.

FILIP1L levels affect colon xenograft tumor growth, and its knockdown induces mucin secretion as well as multinucleation in colon xenograft tumors. A, HT29
(1.5� 106) clonesof either control or FILIP1Lþderivativeswere subcutaneously injected into thenudemice (8mice per cell line). Tumorgrowthwasmeasured, every 2
to 3 days for a total of 37 days. The y-axis represents tumor volume thatwas calculated by the formula: (length�width� height�0.52).B andC,Pictures ofmice and
HT29 xenograft tumors at the time of sacrifice (B) aswell as tumorweights (C) are shown.D,HT29 xenograft tumors from either control or FILIP1Lþ derivativeswere
fixed and IHC stained for FILIP1L. E–H, Caco2 (5� 106) clones of either control or FILIP1L-knockdown derivativeswere subcutaneously injected into the nudemice (8
mice per cell line). E and F, Tumor growth (E) was measured every 2 to 3 days for a total of 29 days, as described in A, and tumor weights at the time of sacrifice (F)
were measured. G, Caco2 xenograft tumors from either control or FILIP1L-knockdown derivatives were fixed and stained with H&E and PAS. They were also IHC
stained for FILIP1L. Scale bar, 50 mm. H, Enlarged images of Ki67-stained Caco2 xenograft tumors from either control or FILIP1L-knockdown derivatives are shown.
Arrows, clumpy multinucleated cells. Scale bar, 10 mm. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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mucin expression [stained by Periodic Acid Schiff (PAS); Fig. 1G].
PAS-stained stitched images of whole tumors also clearly demonstrat-
ed considerably increased mucin expression in FILIP1L-knockdown
tumors (Supplementary Fig. S2B). Light pink regions in PAS-stained
cells indicated acellular/cyst areas that were depleted of mucin, and
comprised more than 50% of the total tumor volume in control
tumors, but very few to absent cysts in tumors from FILIP1L knock-
down cells. In addition, considerably increased tight clusters were
detected in the tumors from FILIP1L-knockdown clones (Fig. 1H),
suggesting increased multinucleation in these tumors.

Mucinous colon tumors have decreased expression of FILIP1L
MAC is a distinct form of colorectal cancer, characterized by

abundant mucin secretion (2). Having demonstrated increased mucin
expression following FILIP1L knockdown in vivo, we examined the
expression of FILIP1L in atypical serrated polyps closely associated
with mucinous differentiation (35). IHC staining demonstrated that
FILIP1L localizes in the apical surfaces of the normal colon (Fig. 2B),
and its expression is reduced in serrated polyps (Fig. 2D). We
subsequently examined human MAC samples as well as nontumor
adjacent colon tissues (NAT). Human MAC samples (4 well/moder-
ately and 12 poorly differentiated) demonstrated a significantly
decreased FILIP1L expression (Fig. 2F and H; representative) com-
pared with their matched NATs (Fig. 2I). Supporting our observation,
FILIP1L mRNA expression was also significantly downregulated in
MAC, in an Oncomine public dataset (Fig. 2J). In line with previous
reports (12, 15), samples from nonmucinous colorectal adenocarci-
noma (9 well/moderately and 7 poorly differentiated) also demon-
strated a significantly decreased FILIP1L expression compared with
their matched NATs (Fig. 2K).

As described earlier, approximately half of MAC tumors are
aneuploid (3–7). To identify if FILIP1L downregulation is related
with aneuploidy status of the MACs, we examined DNA ploidy from
theMAC tumors that were used in Fig. 2I. Pathologist scored FILIP1L
staining under blinded conditions ahead of ploidy experiments. We
first tested control tissues from normal colon as well as poorly
differentiated non-mucinous colon tumors. As shown in flow cyto-
metric DNA histograms, DAPI-stained nuclei from normal colon
tissues (Diploid CTL) displayed a single peak around 104 DAPI-area,
whereas those from nonmucinous colon tumors (Aneuploid CTL)
displayed a right-shifted peak around 105 DAPI-area (Supplementary
Fig. S3). DAPI-area of right-shifted peak was gated and calculated for
three normal colon tissues (Diploid CTL), three nonmucinous colon
tumors (Aneuploid CTL) and 16MAC tumors. Average percentage of
three diploid and aneuploid controls was 14.3� 0.94 and 84.3� 12.4,
respectively. On the basis of the average percentage of diploid controls,
we defined “aneuploid tumor” as those with larger than 20%. We then
plotted diploid/aneuploid status against previously analyzed FILIP1L
expression score. Although most MAC tumors demonstrated a sig-
nificantly decreased FILIP1L expression compared with their matched
NATs (Fig. 2I), aneuploid MAC tumors demonstrated a significantly
decreased FILIP1L expression compared with diploid MAC tumors
(Fig. 2L). In total, these results suggest that FILIP1L downregulation is
associated with neoplastic changes in aneuploid MAC.

Tissue restricted FILIP1L loss in mouse colon induces mucin
secretion as well as hyperplasia

To address the in vivo consequence of FILIP1L gene inactivation in
the colon, we generated colon-specific Filip1l conditional knockout
mice. Using the Cre-loxP system, we successfully obtained Filip1l
homozygous alleles (Fig. 3A). Filip1lfl/fl mice were then crossed with

Cdx2-CreERT2 transgenic mice that express a tamoxifen (TAM)-
regulated Cre protein (CreERT2) for deletion of loxP-containing alleles
in adult terminal ileum, cecum, colon, and rectal epithelia (36). We
observed a partial gene deletion efficiency from the Filip1l conditional
allele that FILIP1L mRNA expression was reduced by approximately
3-fold in Filip1lfl/fl; Cdx2-CreERT2 mice (CKO) compared with
Filip1lfl/fl mice (CTL; Fig. 3B). Four weeks after TAM induction in
Filip1l CKO mice, H&E staining demonstrated a significantly elon-
gated crypts as well as compromised crypt integrity, as evidenced by
aberrant cell arrangements and irregular nuclei (Fig. 3C and D).
FILIP1L expression was reduced in CKOmice (Fig. 3E). Importantly,
although FILIP1L reductionwas observed throughout the entire colon,
crypt elongation/integrity loss was mainly restricted to the proximal
location, where human MAC development usually occurs (Fig. 3C;
Supplementary Fig. S4; ref. 2).MUC2mucin is predominantly secreted
by colonic goblet cells (37). PAS staining (Fig. 3F) and qRT-PCR
(Fig. 3H) demonstrated a significant increase in MUC2 expression in
the colon crypts of Filip1lCKOmice. Notably, although the expression
of stem cell markers such as Lgr5 was not changed, other markers for
goblet cells and secretory progenitors were also significantly increased
(Fig. 3H; refs. 38, 39). Although cell proliferation was restricted to the
bottom third-to-half of colonic crypts in CTL mice, it was evident in
most cells of elongated crypts in Filip1l CKO mice (Fig. 3G). Quan-
tification of Ki67 staining confirmed cellular hyperplasia in the colons
of Filip1lCKOmice. (Fig. 3I and J). Collectively these results lead us to
conclude that FILIP1L downregulation is associated with mucin
secretion and the aneuploidy-phenotypes seen in MAC, and drives
hyperplasia in normal colon epithelial cells.

FILIP1L knockdown induces cytokinesis defects
The epithelium acts as a selectively permeable barrier, comprised of

tightly associated polarized cells forming lumens. Defects in epithelial
architecture are the source of nearly 90%of human cancers (40–42). To
identify the effects of FILIP1L down-regulation on epithelial archi-
tecture and to have clear insights intowhether FILIP1L loss contributes
to the generation of aneuploidy, we knocked down its expression in
normal diploidMDCK.2 cells, a well-studied epithelial model (43–49).
Immunoblotting confirmed decreased FILIP1L levels (Fig. 4A).
Clones were then cultured in an extracellular matrix to form 3D cysts.
Single lumen-containing cysts were formed by control cells as
expected. Also, consistent with our observations that downregulation
of FILIP1L in tumor xenografts was characterized by the presence of
tightly packed multinuclear cells, the majority of cysts formed by
FILIP1L-knockdown clones contained multiple lumens, further
suggesting loss of FILIP1L causes impaired cytokinesis (Fig. 4B;
ref. 50). Staining for the tight junction marker, ZO-1 showed well-
segregated single-cell junctions in control cells with single nuclei,
whereas multiple nuclei were often present in tight junction bound-
aries of FILIP1L-knockdown clones (Fig. 4C). F-actin staining
outlining the cell periphery confirmed this phenotype (Fig. 4D).
A significant increase in multinuclei in FILIP1L-knockdown cells
compared with controls (Fig. 4E; indicated by arrows) confirmed
defects in cytokinesis (Fig. 4F; ref. 51). In addition, the level of
FILIP1L knockdown demonstrated dosage effects on multinuclei
formation, as clone 1 generated a significantly more multinuclei
than clone 2 (Fig. 4F).

To further identify the defects in cytokinesis following FILIP1L-
knockdown in colon cancer cells, we examined Caco2 clones (shown
in Supplementary Fig. S2A) by live imaging. Caco2 clones were
marked for DNA and tubulin, and cells entering mitosis were
monitored every 5 minutes. Interestingly, we observed that FILIP1L-
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knockdown caused cells to grow on top of each other as shown in
Video A. We first examined whether mitotic length was affected by
FILIP1L-knockdown. Mitotic length was shown to be determined by
the time between nuclear envelope breakdown (NEBD) to ana-

phase (52–54). Control clones were in mitosis for an average of 35
minutes, which was similar to what was observed for various cancer
cells (52–54). No significant changes in mitotic length were observed in
FILIP1L-knockdown clones compared with control [representative

Figure 2.

FILIP1L is downregulated in mucinous colon cancer. H&E staining (A, C, E, and G) and FILIP1L expression (B, D, F, and H) was analyzed in specimens from NATs
(n¼ 16), serrated polyps (n¼ 9), well/moderately differentiated mucinous adenocarcinoma (n¼ 4), and poorly differentiated mucinous adenocarcinoma (n¼ 12).
Note thatmultinucleated cellswere not present in serrated polyps samples. Scalebar, 50mm. I,FILIP1L expression in IHC stained slides (as shown in panelsB, F, andH)
was compared between matched normal (n ¼ 16) and mucinous colon adenocarcinoma (n ¼ 16). Expression score was carried out as described in Materials and
Methods. J, FILIP1L mRNA expressionwas compared between normal (n¼ 5) andmucinous colon adenocarcinoma (n¼ 13). Data are derived fromOncomine public
databases [Kaiser Colon (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE5206)]. K, NATs (n ¼ 16), well/moderately differentiated nonmucinous
colorectal adenocarcinoma (n ¼ 9), and poorly differentiated nonmucinous colorectal adenocarcinoma (n ¼ 7) were stained for FILIP1L, and expression score
was carried out as described in I. L,DNAploidy in 16MAC tumors used in Iwas analyzed. FILIP1L expression score of each tumor is shown in table, and either diploid or
aneuploid tumors were plotted against FILIP1L expression score. � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001.
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Figure 3.

FILIP1L loss inducesmucin secretion aswell as hyperplasia inmouse colon.A, Tails fromwild-type (WT), Filip1lfl/þ (HET), and Filip1lfl/fl (HOMO)micewere subjected to
genotyping for Filip1l floxed allele. Bottom and top bands indicate PCR products from wild-type and floxed allele, respectively. B–J, Littermate Filip1lfl/fl (CTL) and
Filip1lfl/fl; Cdx2-CreERT2 (CKO) mice were treated with daily doses of tamoxifen (160 mg/kg) for 5 days and sacrificed on day 28 (day 7 for H). B, Filip1lmRNA levels
were measured by qRT-PCR. C, Crypt length (shown in mm) was measured from Swiss-rolled whole colons. Analysis included only open longitudinal crypts and
detailed quantification procedures were written in Supplementary Information. Three mice from each group were analyzed. The junction between proximal andmid
colon are shown in Supplementary Fig. S4. Note that although crypt lengthwas significantly increased throughout the entire colon, a larger difference between CTL
andCKOwasobserved inproximal location.D–G,Colonswerefixedand stainedwithH&E (D) andPAS (F). Theywere also IHC stained for FILIP1L (E) andKi67 (G). The
exact same regions of proximal colon were imaged in CTL and CKO mice. Scale bar, 200 mm. Higher magnification images are shown in insets (scale bar, 50 mm).
H,mRNA levels ofmarkers for goblet cells, secretory progenitors, and stemcellsweremeasuredbyqRT-PCR.Mucin 2 (Muc2), anterior gradient 2 (Agr2), Atonal bHLH
transcription factor 1 (Atoh1), SAM pointed domain-containing ets transcription factor (Spdef), and neurogenin 3 (Neurog3), and leucine-rich repeat containing G
protein coupled receptor 5 (Lgr5) were analyzed. ForB andH, epithelial cells from colons of CTL andCKOmicewere prepared. The y-axis represents fold change over
CTL mice, where each value was standardized with the housekeeping gene b-actin (6 mice each). I and J, Colons were stained for Ki67 (I), and Ki67-positive areas
were quantified (J). Ten random fields permouse were quantified (threemice each). Scale bar, 50 mm. �� , P < 0.01; ��� , P < 0.001; ����, P < 0.0001; NS, nonsignificant.
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time-lapse images (Fig. 4G), videos (Video B), and quantified data
(Fig. 4H) are shown], suggesting the cytokinesis defects were
independent of mitosis. To directly test if the defect was in cyto-
kinesis, we measured the time for membrane fission, the final step in
cytokinesis (55, 56). As shown in Fig. 4I, FILIP1L-knockdown
clones demonstrated a significant delay to complete cytokinesis
compared with controls. We could not detect clear membrane fission
for up to 4 hours (maximum experiment duration) in 25% of cells
from FILIP1L-knockdown clones. We therefore set the time to
fission as 240 minutes for these cells, although the actual time was
longer. Thus, these findings suggest that FILIP1L-knockdown leads
to cytokinesis defects.

FILIP1L colocalizes with its binding partner PFDN1 at
centrosomes in each phase of mitosis

To explore the mechanisms responsible for FILIP1L’s tumor sup-
pressor activity, we set out to find binding partners for FILIP1L. We
identified prefoldin 1 (PFDN1) from yeast two-hybrid screening (a top
hit out of 30 positive colonies using a stringent screening system). We
subsequently confirmed this interaction by coimmunoprecipitation.
HEK293 cells were cotransfected with Flag-PFDN1 and FILIP1L-HA
plasmids, and cell lysates were immunoprecipitated with an anti-Flag
antibody followed by immunoblotting for FILIP1L and Flag tag
(Fig. 5A). Cell lysates were also immunoprecipitated with an anti-
HA antibody followed by immunoblotting for HA tag and PFDN1

Figure 4.

FILIP1L knockdown results in defective cytoki-
nesis. A, FILIP1L knockdown was achieved by
CRISPR-Cas9 system in MDCK.2 cells. FILIP1L
and GAPDH control were detected by immuno-
blotting. Two independent clones were tested.
B,MDCK.2 clones were grown in the presence of
Matrigel, and three-dimensional cysts were
imaged following staining for F-actin and nuclei
at days 3 and 6.C–F,MDCK.2 cloneswere grown
in monolayer and stained for Z0–1 (C), F-actin
(D), andDNA(E).F,Cloneswere stained for Z0–1
and DNA, and the number of cells with multi-
nuclei were quantified. Over 400 cells were
counted. G–I, Time-lapse imaging of Caco2
clones that were incubated with SPY-595 DNA
and SPY-650-tubulin fluorescent dyes. G, Rep-
resentative tiled images of mitotic progression
in control and FILIP1L knockdown clones. FILIP1L
knockdown clones exhibiting prolonged cytoki-
nesis are also shown (third panel). Within each
panel of tiled images, the top strip shows fluo-
rescent images only and the bottom strip shows
fluorescent images overlaid with phase contrast.
Scale bar, 20 mm. H and I,Mitotic length (H) and
cytokinesis completion (I) from control and
FILIP1L knockdown clones were quantified from
three independent experiments. �� , P < 0.01;
����, P < 0.0001; NS, nonsignificant.
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(Fig. 5B). PFDN1 is a molecular chaperone of a six subunit-prefoldin
complex that facilitates proper folding of key cytoskeletal components
such as actin and tubulins. Loss of PFDN1 leads to a decrease in tubulin
levels, resulting in reduced microtubule growth, defects in cell division
and embryonic lethality in C. elegans (21). We previously showed that
FILIP1L localizes in the cytoplasm and centrosomes of interphase
cells (11). Because centrosomes are a major microtubule-organizing
center in the cell, and PFDN1 is a tubulin chaperone, we hypothesized
that PFDN1 also localizes at centrosomes. As shown by a-tubulin and
DNA staining, endogenous FILIP1L and PFDN1 localize at the
centrosomes in all phases of division (Fig. 5C and D). To further test
if they colocalize, we transfected cells with Flag-tagged FILIP1L, then
labeled exogenous FILIP1L and endogenous PFDN1 due to unavail-
ability of different species-antibodies for the proteins. As shown
in Fig. 5E, FILIP1L and PFDN1 colocalize at the centrosomes in
every cell phase. In addition, unlike centriolin that localizes only at the
mother centriole, FILIP1L and PFDN1 colocalize at both the mother
and daughter centrioles (Fig. 5D and F). To further confirm their
colocalization, we cotransfected HEK293 cells with plasmids expres-
sing FILIP1L-eGFP and mCherry-PFDN1, and monitored the cells by
time-lapse imaging. As shown in Supplementary Fig. S5 and Video C,
exogenous FILIP1L and PFDN1 demonstrated colocalization in the
perinuclear area where centrosomes are located.

FILIP1L regulates PFDN1 levels at the centrosomes in a
proteasome-dependent manner

Centrosomes have been identified as a proteolytic center of the
cell (57–60). In addition, we previously showed that FILIP1L colocalizes
with proteasomes in centrosomes (11), and that it plays a role in
proteasome-dependent protein degradation (18). Many molecules reg-
ulating cell division are located at the centrosomes and their level of
expression has to be tightly regulated, as proliferating cells continually
change their cell phase. Thus, just like molecules involved in cell-cycle
regulation, the levels of many centrosomal proteins regulating cell
division are controlled by proteasome-mediated degradation in a
time-dependent manner (61). To determine if the binding of FILIP1L
to PFDN1 results in proteasome-dependent degradation of PFDN1, we
cotransfected HEK293 cells with a constant amount of Flag-PFDN1 and
an increasing amount of FILIP1L-HA, in the presence or absence of the
proteasome inhibitor MG132. As shown by immunoblotting, FILIP1L
expression increased with plasmid dose, and this correlated with a
decrease in PFDN1 levels (Fig. 6A). Proteasomal inhibition rescued the
levels of PFDN1, indicating that degradation might be mediated by the
proteasome.Manycentrosomalproteinsharborcoiled-coildomains (31).
FILIP1L (893 amino acids) also has a coiled-coil domain at amino acids
1–542 and two leucine zippers (83–104 and 218–239; ref. 17). Leucine
zippers have been shown tomediate protein–protein interactions (62). A
FILIP1L truncationmutant that lacks its two leucine zippers (D1–368)no
longer colocalizes with pericentrin, a centrosome marker (Fig. 6B) and
fails to modulate PFDN1 protein levels (Fig. 6C). We then determined
that FILIP1L enhances polyubiquitination of PFDN1, a major signal for
proteasome-mediated degradation (Fig. 6D). Together, these results
suggest that binding of FILIP1L to PFDN1 occurs at the centrosomes,
their interaction requires the leucine zipper domainof FILIP1L, and their
stoichiometry appears important formaintaining PFDN1 levels through
a proteasome-dependent mechanism.

FILIP1L knockdown induces mucin secretion in colon cancer,
mediated by PFDN1

Next, we examined the relationship between FILIP1L and PFDN1 in
the context of colon cancer. Expression of FILIP1L and PFDN1 was

inversely correlated in a panel of colon cancer cell lines (Fig. 7A).
Although FILIP1L proteins were previously undetectable by immu-
noblot using mouse monoclonal FILIP1L antibody (12), differential
FILIP1L expressionwas observed in this panel of colon cancer cell lines
using a rabbit polyclonal FILIP1L antibody. We also determined that
FILIP1L-low expressing colon cancer cell lineswere proliferating faster
than FILIP1L-high expressing colon cancer cell lines (Fig. 7B). Using
lentiviral transduction, we knocked down FILIP1L in Caco2, SW620,
and Ls174T colon cancer lines. Immunoblotting confirmed that
knockdown of FILIP1L resulted in increased PFDN1 expression
(Fig. 7C). In addition, overexpression of FILIP1L in HT29 and
HCT116 cells resulted in decreased PFDN1 expression (Supplemen-
tary Fig. S6A). Furthermore, expression of FILIP1L did not change
PFDN1 transcription levels, as confirmed by qRT-PCR (Supplemen-
tary Fig. S6B), further indicating that modulation of PFDN1 by
FILIP1L likely occurs at the protein level.

Xenograft tumors from FILIP1L-overexpressing clones also dem-
onstrated decreased PFDN1 expression (Supplementary Fig. S6C). In
human MAC samples, FILIP1L and PFDN1 were decreased and
increased, respectively (Supplementary Figs. S6L, S6O, S6M, and
S6P). PFDN1 was previously reported to be overexpressed in colon
cancer, and its high expression was associated with poor survival in
patients with colon cancer (20). Notably, the pattern of PFDN1
distribution was also markedly different between MAC tumors and
matched NATs. In normal colon crypts, it localized to the perinuclear/
cytoplasmic area, whereas inMAC tumor tissues it mainly localized in
the nucleus (Supplementary Figs. S6G and S6P). Interestingly, nuclear
localization of PFDN1 was not identified in nonmucinous colorectal
tumor tissues (Supplementary Fig. S6S). It has been previously shown
that PFDN1 not only functions as a molecular chaperone in the
cytoplasm but also regulates gene expression in the nucleus (19, 63).
PFDN1 was increased in the areas of the colon where FILIP1L
expression was reduced from Filip1l conditional knockout mice
(Supplementary Fig. S6T). Thus, these results collectively suggest that
FILIP1L modulates PFDN1 protein levels both in vitro and in vivo in
colon cancer. We next postulated that increased PFDN1 levels may be
responsible for the phenotypes seen when FILIP1L is downregulated.

Expression/secretion of mucin proteins is often altered in colon
cancer (64, 65). MAC is characterized by abundant mucin secretion
comprising at least 50% of the tumor volume (2). Mucin 2 (MUC2) is
the predominantly secreted mucin synthesized by colonic goblet
cells (37), and its overexpression is frequently found in MAC (35).
We have shown that FILIP1L is downregulated in human MAC
samples (Fig. 2I) and that mucin secretion was increased following
FILIP1L knockdown in both Caco2-xenograft tumors (Fig. 1G) and
colons from Filip1l conditional knockout mice (Fig. 3F). On the other
hand, mucin secretion was decreased following FILIP1L overexpres-
sion in HT29-xenograft tumors (Supplementary Fig. S6C).

We then aimed to determine whether MUC2 mRNA expression is
altered following modulation of FILIP1L/PFDN1 levels. FILIP1L
knockdown or PFDN1 overexpression did not increase MUC2 tran-
scription levels, as confirmed by qRT-PCR (Supplementary Fig. S7A).
Thus, we asked whether the cellular localization of MUC2 is changed.
FILIP1L-knockdown clones cultured in three-dimensional extracel-
lularmatrix demonstrated a significantly increased secretion ofMUC2
(first and second panels in Fig. 7D and E). For these experiments, we
could not use SW620 clones because MUC2 levels were too low to be
detected (Supplementary Fig. S7B). It is noteworthy that MUC2
secretion was increased following FILIP1L-knockdown in both enter-
ocyte-like Caco2 cells and goblet cell-like Ls174T cells (66). Moreover,
PFDN1 overexpression in Caco2 cells also resulted in the same
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phenotype as FILIP1L knockdown (third panels in Fig. 7D and E;
Supplementary Fig. S7C). To further prove cause-and-effect, we tested
if PFDN1 knockdown can reverse the mucin secretion-phenotype
resulting from FILIP1L knockdown. Using lentiviral transduction, we

knocked down PFDN1 in FILIP1L-knockdown Caco2 clones. Immu-
noblotting confirmed that knockdown of PFDN1 in double-
knockdown clones (Fig. 7F). Mucin secretion was significantly
decreased in FILIP1L/PFDN1 double-knockdown clones compared

Figure 5.

FILIP1L binds to and colocalizes with its binding partner PFDN1 at centrosomes in each phase of mitosis. HEK293T cells were transfected with either FILIP1L-HA and
control-Flag vector (a), FILIP1L-HA and Flag-PFDN1 (b, d), or control-HA vector and Flag-PFDN1 (c). Twenty-four hours later, cell lysates were immunoprecipitated
using Flag antibody-agarose, followed by immunoblotting for FILIP1L and Flag tag (A) or using HA antibody-agarose followed by immunoblotting for HA tag and
PFDN1 (B). Input control (4 mg lysates) was also immunoblotted. C–F, MDCK.2 cells were immunofluorescently stained for FILIP1L (C) or PFDN1 (green; D) and
a-tubulin (red). Nuclei were counterstainedwith DAPI (blue). Cell phasewas determinedbya-tubulin andDNA stain. Amerged image is shown.E,MDCK.2 cellswere
transfected with a FILIP1L-Flag construct and stained for Flag tag (green) and PFDN1 (red) at 24 hours after transfection. F, MDCK.2 cells were stained for FILIP1L
(green) and g-tubulin or centriolin (red). Scale bar, 5 mm.
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with FILIP1L knockdown clones (Fig. 7G), suggesting that PFDN1
mediates the mucin secretion-phenotype following FILIP1L
knockdown.

FILIP1L knockdown leads to multinucleation in colon cancer,
mediated by PFDN1

Approximately 50% of MAC tumors are aneuploid (3–7), and
aneuploid tumors are clinically more aggressive than diploid MAC
tumors (8, 9).We have demonstrated that FILIP1L knockdown results
in multinuclei phenotype in the xenograft tumors from Caco2 clones
(Fig. 1H) as well as in normal MDCK.2 cells (Fig. 4F). We have also
demonstrated that FILIP1L expression was significantly decreased in
aneuploid MAC tumors compared with diploid MAC tumors
(Fig. 2L). Thus, we tested whether FILIP1L-knockdown modulates
aneuploidy-related phenotypes. FILIP1L-knockdown clones from
colon cancer cell lines demonstrated significantly increased numbers
of multilobed or multinucleated cells compared with their respective
control cell lines (first and second panels in Fig. 8A and B). For these
experiments, we could not use Ls174T clones because they tend to
grow on top of each other, preventing accurate quantification. In
Caco2 cells, smaller fragments of nuclei that are stained by both
markers of nuclei (DAPI) and nuclear envelope (Lamin A/C) were
also significantly increased. We have named these “budding nuclei”
(blue bar graph in Fig. 8B). In addition, cells with larger nuclei are
often observed in Caco2 cells with FILIP1L-knockdown (first panel
in Fig. 8A), suggesting the prevalence of polyploid cells derived from
incomplete mitosis. Representative images of multinuclei quantifica-
tion are shown in Supplementary Fig. S8A. PFDN1overexpression also

resulted in similar multilobular/polyploid phenotypes as FILIP1L
knockdown (third panel inFig. 8A andB). In addition, themultinuclei
phenotype was also demonstrated in MDCK.2 cells when PFDN1 was
overexpressed (Fig. 8D).

Defects in cytokinesis leads to increased multinuclei cells (51), and
we demonstrated that FILIP1L knockdown resulted in cytokinesis
defects (Fig. 4I). As shown in FILIP1L knockdown, PFDN1 over-
expression in Caco2 colon cancer cells also resulted in cytokinesis
defects. Althoughmitotic length was not affected (Fig. 8E), the time to
cytokinesis completion was significantly increased (Fig. 8F). Further-
more, while mitotic length was not affected (Fig. 8G), the time to
cytokinesis completionwas significantly decreased in FILIP1L/PFDN1
double-knockdown clones compared with FILIP1L knockdown clones
(Fig. 8H), further suggesting that PFDN1 mediates the cytokinesis
defects-phenotype following FILIP1L knockdown.

Dysregulated expression of several centrosome-modulating pro-
teins is implicated in human cancer (28–32). Changes in the levels of
several centrosomal proteins, including prefoldins, have been linked to
dysregulation of centrosome function (21, 25–29). Centrosome abnor-
malities lead to mitosis/cytokinesis defects that are associated with
aneuploidy (23). We demonstrated that binding of FILIP1L to PFDN1
occurs at centrosomes (Fig. 5C–E) and centrosomal localization of
FILIP1L is critical for its modulation of PFDN1 levels (Fig. 6B andC).
Thus, we examined whether FILIP1L levels affect centrosomal local-
ization of PFDN1. Although overall PFDN1 levels were increased
following FILIP1L knockdown, there was substantially reduced
localization of PFDN1 in centrosomes, suggesting that FILIP1L is
required for centrosomal localization of PFDN1 (first and second

Figure 6.

FILIP1L regulation of PFDN1 levels is proteasome-dependent in centrosomes.A,HEK293Tcellswere transfectedwithFILIP1L-HA (1.2mg) andFlag-PFDN1 (lane 1, none;
lane 2, 0.6 mg; lane 3, 1.2 mg; lane 4, 2.4 mg; lane 5, 3.6 mg) constructs. Twenty-four hours later, cell lysates were immunoblotted for HA tag, Flag tag, and GAPDH
(control). The experiment was also performed in the presence of 10 mmol/L MG132 (proteasome inhibitor). B, HEK293T cells were transfected with FILIP1L-Flag
constructs expressing wild-type or (D1–368) and stained for Flag tag (green) and pericentrin (red). Nuclei were counterstained with DAPI (blue). Scale bar, 10 mm.
C, The same set of experiments asAwas performed using FILIP1L (D1–368) construct instead of wild-type in the presence of 10 mmol/LMG132.D,HEK293T cells were
transfected with Flag-PFDN1 and either control vector or FILIP1L-HA. Twenty-four hours later, cell lysates were immunoprecipitated using ubiquitin antibody,
followed by immunoblotting for PFDN1. Input control (2 mg lysates) was also immunoblotted for PFDN1 that indicates unmodified Flag-PFDN1 protein.
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Figure 7.

FILIP1L knockdown induces mucin secretion in colon cancer cells.A, Protein levels of FILIP1L and PFDN1 were determined by immunoblotting in various colon cancer
cell lines. B, Cell proliferation of various colon cancer cell lines was measured by WST1 incorporation daily for 4 days. The y-axis represents absorbance that was
subtracted OD650 nm from OD440 nm. C, FILIP1L knockdown was achieved by stable expression of lentiviral shRNA in FILIP1L-high Caco2, SW620, and Ls174T colon
cancer cells. Control clones were made with scrambled shRNA. FILIP1L, PFDN1, and GAPDH control were detected by immunoblotting. By densitometric
quantification, FILIP1L proteinwas decreased by 11-, 3.6-, and 3.5-fold in Caco2, SW620, and Ls174T clones comparedwith their corresponding controls, respectively.
D and E, Clones from either control or FILIP1L knockdown (Caco2 and Ls174T clones) as well as those from either control or PFDN1 overexpression (Caco2 clones)
were grown in the presence of Matrigel, and three-dimensional clusters were stained for F-actin (green), MUC2 (red), and DAPI (blue; D), and the total fluorescence
intensity per area of cell cluster was quantified (E). Ten to 15 cell clusters were counted. Scale bar, 20 mm. F, PFDN1 knockdownwas achieved by stable expression of
lentiviral shRNA in FILIP1L-knockdown Caco2 clones. FILIP1L, PFDN1, and GAPDH control were detected by immunoblotting. By densitometric quantification, PFDN1
protein was decreased by 2.1-fold in FILIP1L/PFDN1 double knockdown clones compared with FILIP1L knockdown clones. G, Caco2 clones from either FILIP1L
knockdown or FILIP1L/PFDN1 double knockdown were analyzed for MUC2 total fluorescence intensity as described in E. � , P < 0.05; �� , P < 0.01.

Kwon et al.

Cancer Res; 81(21) November 1, 2021 CANCER RESEARCH5534

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/21/5523/3318524/5523.pdf by guest on 19 M

ay 2023



panels in Fig. 8I). Consistent with the other phenotypes shown
in Figs. 7D and E and 8A and B, PFDN1 overexpression also resulted
in similarly reduced localization of PFDN1 in centrosomes as had
FILIP1L knockdown (third panel in Fig. 8I). Display curves for
centrosomal occupancy were left-shifted (Fig. 8J) and a significantly
lower percentage of PFDN1 protein was detected in either FILIP1L
knockdown or PFDN1 overexpressed cells (Supplementary Fig. S8B).
Thus, these findings suggest that the phenotypes such as mucin
secretion and aneuploidy in human aneuploid MAC samples are
recapitulated by FILIP1L knockdown or PFDN1 overexpression in
colon cancer cells.

Discussion
Colon adenocarcinoma arises through the adenoma-carcinoma

sequence characterized by chromosomal instability with an associated
accumulation of genetic alterations in tumor suppressor genes such as
APC and TP53 (67). MAC is a histologic subtype of colon adenocar-
cinoma with distinct clinical and histopathologic characteristics, as
well as molecular signatures (2). Colon cancers arisen from atypical
serrated polyps closely associate with a CpG Island Methylator
Phenotype (CIMP: tumor suppressor genes are inactivated by wide-
spread epigenetic silencing; ref. 68), microsatellite instability, BRAF p.
V600E mutation (69–71), mismatch repair deficiency and mucinous

Figure 8.

FILIP1L knockdown leads to multinu-
cleation in colon cancer cells, mediated
byPFDN1.A, Clones fromeither control
or FILIP1L knockdown (Caco2 and
SW620 clones) as well as those from
either control or PFDN1 overexpression
(Caco2 clones) were stained for lamin
A/C (green), F-actin (red), and DAPI
(blue). B, The number of cells with
multinuclei were quantified. Over
600 cells were counted. Scale bar,
20 mm. C, FILIP1L knockdown was
achieved by CRISPR-Cas9 system in
MDCK.2 cells. PFDN1 and GAPDH con-
trol were detected by immunoblotting.
Two independent clones were tested.
Note that FILIP1L-knockdown clones
demonstrated increased PFDN1 exp-
ression. D, MDCK.2 cells were trans-
fected with control GFP or PFDN1 con-
struct, and stained for DNA. Scale bar,
10 mm. E–H, Time-lapse imaging of
Caco2 clones. Caco2 clones fromeither
control or PFDN1 overexpression (E–F)
as well as those from either FILIP1L
knockdown or FILIP1L/PFDN1 double
knockdown (G–H) were analyzed as
described in Fig. 4H and I. Mitotic
length (E and G) and cytokinesis com-
pletion (F and H) were quantified
from three independent experi-
ments. � , P < 0.05; ��� , P < 0.001;
���� , P < 0.0001; NS, nonsignificant.
I and J, Clones from either control
or FILIP1L knockdown (Caco2 and
SW620 clones) as well as those from
either control or PFDN1 overexpression
(Caco2 clones) were stained for peri-
centrin (green), PFDN1 (red), and
DAPI (blue; I), and the area of centro-
some occupied by PFDN1 in meta-
phase-cells was quantified (J). The
y-axis (frequency) represents the
total number of metaphase cells that
fall into each bin. Scale bar, 5 mm.
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differentiation (35). We previously showed that FILIP1L expression is
downregulated by promoter methylation in ovarian cancer as well as
cancer cell lines from various histology (10, 12). FILIP1L downregula-
tion in MAC might recapitulate CIMP phenotype. Thus, it will be
interesting to identify whether FILIP1L is downregulated by promoter
methylation in MAC tumors, and DNA demethylating agents can
restore the phenotypes observed from FILIP1L knockdown.

CRAD knockout mice were shown to induce epithelial cell integrity
loss and Wnt signaling activation, resulting in the development of
intestinal mucinous adenoma (72). However, the exact aberrations
that are responsible for MAC development are currently unknown.
Approximately 50% of MAC tumors are aneuploid (3–7), which are
clinically more aggressive than diploid MAC tumors (8, 9). We
demonstrate here that FILIP1L is significantly downregulated
throughout the spectrum of well to poorly differentiated MAC
(Fig. 2I), and that FILIP1L is significantlymore decreased in aneuploid
MAC tumors than in diploid MAC tumors (Fig. 2L). FILIP1L knock-
down leads to a significant increase in multinucleation (that leads to
aneuploidy; Fig. 8A and B) and cytokinesis defects in colon cancer
cells. Colon cancer cell lines such as Caco2 and SW620 that we
demonstrated aneuploidy phenotype are already highly aneuploid
cancer cell lines (73), yet we observed a significant increase in multi-
nucleation following both FILIP1L knockdown and PFDN1 over-
expression (Fig. 8A and B). Simultaneous knockdown of PFDN1 in
FILIP1L-knockdown cells rescued the cytokinesis defects-phenotype
in these cancer cells (Fig. 8H). To have clear insights into whether
FILIP1L loss contributes to the generation of aneuploidy, we also
knockdown FILIP1L in normal diploid MDCK.2 cells and demon-
strated the same aneuploidy phenotypes (increase in multinucleation
and cytokinesis defects; Fig. 4B–F). PFDN1 overexpression in
MDCK.2 cells also led to increase in multinucleation (Fig. 8D). Thus,
these results strongly suggest that loss of FILIP1L plays a role in the
generation of aneuploidy in vivo.

Activation of mutant Kras in mouse colon tissues promotes hyper-
plasia and increased goblet cell numbers, but the change in goblet cell
numbers may simply reflect the increase in the transit amplifying
population and/or cell differentiation promotedbyKrasmutation (74).
In this study, we showed that increased mucin secretion was detected
as early as day 7 following Filip1l loss in the mouse colon (Fig. 3H).
However, cellular hyperplasia was not identified until 4 weeks follow-
ing Filip1l loss (Fig. 3G, I, and J). Expression of stem cell markers such
as Lgr5 was not changed (Fig. 3H). In addition, both FILIP1L
knockdown and PFDN1 overexpression led to a significant increase
in mucin protein secretion in colon cancer cells (Fig. 7D and E), and
simultaneous knockdown of PFDN1 in FILIP1L-knockdown cells
rescued the mucin secretion-phenotype (Fig. 7G). These findings
suggest that increased mucin secretion is not simply resulted from
increased cell proliferation. It is currently unknown how mucin
secretion-phenotype is mechanistically related with aneuploidy phe-
notype. Further studies are warranted.

Many factors that regulate cell mitosis are located at centrosomes,
and changes in their levels deregulate the cell cycle. Altered expression
of centrosomal proteins is implicated in human cancer (24, 75). The
levels of centrosome components are tightly regulated by timely,
proteasome-mediated degradation (76). Here, we show that the tumor
suppressor FILIP1L is downregulated in MAC with a concomitant
increase in PFDN1, a chaperone that binds to FILIP1L. Both of these
proteins normally localize to centrosomes, and changes in their levels
are associated with mitosis/cytokinesis failure. Furthermore, we show
that FILIP1L stimulates proteasomal degradation of PFDN1. A minor
weakness that needs to be followed up is that we have yet to show the

interactions between endogenous FILIP1L and PFDN1 proteins due to
the lack of working antibodies.

Centrosomes not only serve as a primary source of microtubules
that build mitotic spindles but also determine the orientation of the
mitotic spindle and the cytokinetic furrow. Mitotic spindle misorien-
tation has been shown to be one of the key mechanisms generating
multiple lumen-containing cysts (50), which we observe in our
FILIP1L-knockdown epithelial cells (Fig. 4B). Loss of PFDN1 leads
to mitotic spindle misorientation and mispositioning of cytokinetic
furrows (21, 30). Either downregulation or up-regulation of prefoldin
proteins has been linked to dysregulation of centrosome-associated
function (21, 25–27). UXT, a prefoldin-like protein expressed in
centrosomes is also overexpressed in human cancers, and its over-
expression reduces microtubule growth and subsequently promotes
centrosome disassembly (27). Noncanonical prefoldin mutants
showed cytokinesis defects characterized by multipolar spindles and
polyploid cells (51). Cytokinetic defects result in multinucleated cells
that contain extra centrosomes, which in turn disrupt mitotic spindle
formation (24). AuroraAkinase is a centrosomal protein that regulates
cytokinesis. At cytokinesis, it localizes at the spindle midzone where it
performs a regulatory function. Its overexpression in breast cancers
leads to centrosome accumulation secondary to cytokinesis fail-
ure (77, 78). FILIP1L and PFDN1 also strongly localize at the spindle
midzone in telophase and cytokinesis, which supports their potential
function in regulating cytokinesis (Fig. 5C–E).

Tumor suppressor genes, including APC, PTEN, and VHL have
been linked to spindlemisorientation (79–85). In fact, loss of the tumor
suppressor APC results in spindle misorientation followed by cell fate
changes, leading to colon adenocarcinoma development (36, 86).
However, none of these tumor suppressors have been shown to be
associated with MAC pathogenesis. One possibility is that the path-
ologic changes following FILIP1L loss are the result of the unopposed
function of its binding partner, PFDN1. Although PFDN1 is a
molecular chaperone that facilitates folding of tubulins and actin, the
cytoskeletal function of PFDN1 is not essential for the housekeeping
assembly ofmicrotubules or actin filaments. However, it becomes rate-
limiting, and the most upstream regulator under strong cytoskeleton
biogenesis conditions such as mitosis and B-lymphocyte activation as
Pfdn1 KO mice are severely affected in these processes (63). Colon
epithelium is one of the fastest regenerating organs in the body, so it
can be highly susceptible to the effects of PFDN1 upregulation.

It has been shown that prefoldin not only functions as a molecular
chaperone in the cytoplasm but also regulates gene expression in the
nucleus (63). Overexpressed PFDN1 bound to the cyclin A2 promoter
and the subsequent repression of cyclin A2 was associated with EMT
promotion in lung cancer cells (19).Wedemonstrate here that not only
is the PFDN1 level upregulated but it also is located in the nucleus in
human MAC samples (Supplementary Fig. S6P). However, we could
not identify nuclear PFDN1 in nonmucinous colorectal adenocarci-
noma samples (Supplementary Fig. S6S). Thus, it is noteworthy to
identify whether nuclear PFDN1 plays a role in MAC development.

In summary, we have shown that a tumor suppressor FILIP1L
stimulates proteasomal degradation of its binding partner PFDN1, a
molecular chaperone that regulates spindle orientation and cleavage-
furrow positioning (21, 30). We showed that human mucinous colon
tumors have decreased and increased expression of FILIP1L and
PFDN1, respectively. FILIP1L knockdown and the resultant PFDN1
increase leads to increased mucin secretion and mitosis/cytokinesis
defects in mouse colon as well as colon cancer cells, recapitulating the
same phenotypes as seen in aggressive aneuploid MAC. These results
strongly implicate FILIP1L as the essential regulator of MAC
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tumorigenesis. Since FILIP1L is downregulated in various other cancer
types (10–12), these studies will also have a broad impact on our
understanding of the pathogenesis of other cancers and the role played
by this novel tumor suppressor gene.
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