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1 | INTRODUCTION
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Abstract

Colorectal cancer (CRC) remains a significant global health concern, demanding a
more profound comprehension of its molecular foundations for the development of
improved therapeutic strategies. This study aimed to elucidate the role of protein
phosphatase 6 (PPé), a member of the type 2A protein phosphatase family, in CRC.
Protein phosphatase 6 functions as a heterotrimer with a catalytic subunit (PPéc),
regulatory subunits (PP6Rs; PP6R1, PP6R2, and PP6R3), and scaffold subunits
(ANKRD28, ANKRD44, and ANKRD52). Elevated PP6c expression has been identi-
fied in CRC tissues compared to normal mucosa, aligning with its potential involve-
ment in CRC pathogenesis. PP6c knockdown resulted in decreased colony-forming
ability and in vivo proliferation of various CRC cell lines. Transcriptome analysis re-
vealed that PP6c knockdown resulted in altered expression of genes associated with
cancer stemness. Notably, the PP6c-PP6R3 complex is a key player in regulating can-
cer stem cell (CSC) markers. Additionally, increased PPéc expression was observed
in CSC-like cells induced by sphere formation, implicating the role of PPé6c in CSC
maintenance. This study highlights the role of PP6c in CRC and suggests that it is a
potential therapeutic target disrupting a pathway critical for CRC progression and

stem cell maintenance.
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916,000 deaths and 1,931,590 cases worldaide in 2020. It was

also the third most common cancer worldwide in 2020.' Despite
Colorectal cancer is one of the most prevalent malignancies the progress of treatment strategy, a significant ratio of CRC

worldwide, ranking as the second most lethal cancer with over patients do not respond well to chemotherapy,2 and CSCs have
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been suggested as potential contributors to this resistance. CSCs
represent a subset of cells within a tumor with stem cell char-
acteristics,® demonstrating resistance to radiation therapy and
chemotherapy while being associated with CRC recurrence and
metastasis.* Specific marker proteins, including ALDH1A1, CD24,
CD44, CD133, EpCAM, and LGR5 are used to identify CSCs in
CRC.> Considering these features of CSCs, targeting them with
agents could potentially reduce CRC recurrence and metastasis.’
Inflammatory signals such as IFN-a and IFN-y have been impli-
cated in the maintenance of CSCs and the conversion of non-
CSCs to CSCs.””? However, the detailed regulatory mechanisms
of CSCs remain unclear, and a reliable therapeutic target for CSCs
has not yet been identified.

Protein phosphatase 6 is a member of the type 2A Ser/Thr
protein phosphatase family.10 PP6 functions as a heterotrimer
with a catalytic subunit (PPéc), regulatory subunits (PP6R1,
PP6R2, and PP6R3), and scaffold subunits (ANKRD28, ANKRD44,
and ANKRD52).2% We and other groups reported that PP6 is in-
volved in the regulation of various intracellular signals, such as cell
cycle, autophagy, and DNA repair.'*™'% Recent investigations using
PP6c KO mice indicated that the PPéc deficiency exacerbates
the pathogenesis of skin, pancreatic, and tongue cancers.'*%’
Furthermore, mutational landscape analyses revealed that ap-
proximately 10% of melanoma patients harbor nonsynonymous
PP6c gene mutations that are presumed to be loss-of-function.'®
These findings suggest that PP6c functions as a cancer suppressor.
However, contradictory results have been obtained from studies
using human clinical samples.”’20 Increased PP6c expression in
malignant mesotheliomas and gliomas and a negative correlation
between PPé6c expression and prognosis for gliomas suggest that
PPé6c functions as a cancer-promoting factor. Increased PPé6c
expression was observed in patients with inflammatory bowel
disease.?? Inflammatory bowel disease often progresses to CRC;
however, there have been no reports on the expression or role of
PP6 in CRC.

This study aimed to elucidate the role of PP6é in CRC. Our re-
sults showed that PP6c expression was upregulated in CRC and
CSC-like cells. The suppression of PP6c expression decreased
the expression of CSC markers and reduced colony-forming

ability.

2 | MATERIALS AND METHODS

2.1 | Colorectal cancer tissues used for western
blotting, ethics, consent, and permissions

Colorectal cancer tissues from 13 patients were surgically ob-
tained. Tissues were snap-frozen in liquid nitrogen and stored
at -80°C. All patients underwent cancer therapy at Yamaguchi

University Hospital. Written informed consent was obtained

from all the patients. This study was approved by the Institutional
Review Board of Yamaguchi University Hospital (approval no.
H20-102, H23-135, and H28-074) and was conducted following
the Declaration of Helsinki.

2.2 | Animals and xenograft CRC cell lines
NOD-Rag1™" IL2ry"" double mutant mice (NRG mice) were pur-
chased from Jackson Laboratory and maintained in a HEPA-filtered
environment with autoclave-sterilized cages, food, and bed-
ding. All animal experiments were carried out in compliance with
the Institutional Animal Care and Use Committee of Yamaguchi
University (approval no. 33-001).

For the xenograft CRC cell line, a total of 3x 10° Col0205 cells or
WiDr cells were xenografted into the hind legs of NRG mice. Tumors
were measured using a caliper, and the tumor volume was calculated
as ([width+length]/4)3x 3x4/3.

2.3 | Cell culture, sphere induction, and CD133*
cell isolation

Lenti-X 293T (Takara Bio), HCT116 (ATCC), SW480 (ATCC), and
WiDr (RIKEN BioResource Center) cells were grown in DMEM
supplemented with 10% FBS and 1x antibiotic/antimycotic solu-
tion (Thermo Fisher Scientific). Colo205 cells (RIKEN BioResource
Center) were grown in RPMI supplemented with 10% FBS and 1x
antibiotic/antimycotic solution. The sphere was induced by sus-
pension in a SIM. The SIM composition has been described in a
previous study.???* CD133* cells were isolated from HCT116
and WiDr cells by magnetic cell sorting, using the MACS system
(Miltenyi Biotec).

2.4 | Plasmids, transfection, virus production,
and siRNAs

The shRNA-expressing plasmids were generated as previously
described.’* To produce lentiviruses, 3pg pLVSIN, 2.3pg of a
packaging plasmid (psPAX2), and 1.3 g of a coat protein plasmid
expressing vesicular stomatitis virus G protein (pMD2.G) were
transfected into Lenti-X 293T cells cultured in 60mm dishes.
Viral supernatants were collected after 48h, filtered (0.22um),
and added to Colo205, HCT116, SW480, and WiDr cells for 16 h.
Nontargeting siRNA and PP6R1, PP6R2, and PP6R3 targeting
siRNA were obtained from Dharmacon (siGENOME Non-Targeting
siRNA Pool #1 SIGENOMNE Human PPP6R1 siRNA-SMARTpool,
SIGENOMNE PPP6R2  siRNA-SMARTpool, and
SIGENOMNE Human PPP6R3 siRNA-SMARTpool). siRNA at a

final concentration of 10nM was transfected into cells using

Human
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Lipofectamine RNAi Max (Thermo Fisher Scientific) according to

the manufacturer's instructions.

2.5 | Immunoprecipitation and immunoblotting

For immunoprecipitation, cells stably expressing 3x FLAG-tagged
PP6c were lysed in Triton X lysis buffer (50mmol/L Tris-HCI
[pH8.0], 150 mmol/L NaCl, 5mmol/L EDTA, 5mmol/L EGTA, 1%
Triton X-100, 1mmol/L NazVO,, 20mmol/L sodium pyrophos-
phate, and Roche complete protease inhibitor mixture). The super-
natants were incubated with FLAG-M2 affinity gel (Sigma-Aldrich).
For immunoblotting, CRC and paired nontumor tissues were
lysed in T-PER Tissue Protein Extraction Reagent (Thermo Fisher
Scientific) supplemented with Halt Protease Inhibitor Cocktail
(Thermo Fisher Scientific) using a Qiagen TissuelLyser. The cells
were lysed in a buffer containing 50mM Tris-HCI (pH 8.0), 5mM
EDTA, 5mM EGTA, 1% Triton X-100, 1mM NazVO,, 20mM so-
dium pyrophosphate, and a complete protease inhibitor mixture
(Roche Diagnostics). Ten micrograms was subjected to SDS-PAGE.
Proteins were separated by SDS-PAGE and transferred onto a
PVDF membrane (Bio-Rad). Membranes were blocked with 3%
skim milk and treated with primary Abs, and immunoreactive bands
were visualized using an ECL Pro (PerkinElmer) and Amersham im-
ager 680 (GE Healthcare). Band densities were quantified using
the Imagel) densitometry analysis software (NIH). The following
Abs were used: anti-ALDH1A1 (15910-1-AP; Proteintech), anti-
CD133 (66666-1-1g; Proteintech), anti-PP2A (07-324; Millipore),
anti-FLAG (F7425; Sigma-Aldrich), anti-p62 (PM-045; MBL), anti-
PP6c (NBP-13804; Novus), anti-VCP (GTX113030; Gene Tex), anti-
PP6R2 (970; Betyl), and anti-PP6R3 (972; Bethyl). Anti-PP6R1 Ab
was kindly provided by Dr. Brautigan (University of Virginia). All
Abs were diluted 1/1000. Valosin-containing protein was used as
the loading control because its levels are more stable compared to

those of other loading controls, such as GAPDH and p-actin.}1%

2.6 | Colony formation and soft agar colony
formation assays

For the colony formation assay, 3.0x 10%-1.0x 10° cells were seeded
in 6-well dishes. After 1week, the cells were fixed with 99.5% etha-
nol, colonies were stained with Giemsa Stain Solution, and the num-
ber of colonies was counted. For the soft agar colony formation
assay, a 6-well plate was covered with 2.5mL bottom agar (DMEM
containing 10% FBS, 2.8% NaHCO,, 1x antibiotic/antimycotic, and
0.75% agarose) and solidified by cooling at 4°C. Cells (3x 10°) with
1.5mL top agar (DMEM containing 10% FBS, 2.8% NaHCO,, 1x an-
tibiotic/antimycotic, and 0.36% agarose) was added. After 3weeks
of culture, the cells were stained with crystal violet, and the number

of colonies was counted.

2.7 | Quantitative real-time PCR

The mRNA expression was examined by reverse transcribed
quantitative real-time PCR as described previously.26 Total RNA
was extracted from the cells using the RNeasy Mini Kit (Qiagen).
RNA (0.5pg) was reverse-transcribed in a final incubation vol-
ume of 10uL using the PrimeScript RT reagent Kit (Takara Bio).
The resulting cDNA was subjected to quantitative PCR using a
LightCycler 480 SYBR Green | Master (Roche Diagnostics) and
LightCycler System (Roche Diagnostics). The primer sequences
were as follows: PPéc forward 5-AGCAAAGGTCACAAATGAGT-3,
reverse  5-CATACTGTCACCAGCTTCTC-3; CD44 forward
5-GCAGTCAACAGTCGAAGAAGG-3, 5-TGTCCTCCA
CAGCTCCATT-3; and GAPDH forward 5-AGCCACATCGCTC
AGACAC-3, reverse 5-GCCCAATACGACCAAATCC-3. The PPé6c
and CD44 expression levels were normalized to the GAPDH

reverse

expression levels. The relative quantitative values for PPéc
and CD44 compared to GAPDH were expressed using the A/A
threshold cycle method.

2.8 | RNA sequencing

Total RNA was isolated using the miRNeasy Mini Kit (Qiagen).
Sequencing libraries were constructed using TruSeq Stranded Total
RNA with a Ribo-Zero Gold LT Sample Prep Kit (lllumina) accord-
ing to the manufacturer's instructions. The paired-end fragments
were sequenced using the NextSeq 500 sequencing platform
(Illumina). After quality control, filtered short reads were mapped
to the reference genome (hg38) using STAR (version 2.5.1b).?’
Strand-specific fragment counts were obtained using RSEM (ver-
sion 1.3.3)% followed by removal of genes with low counts and
normalized with the trimmed mean of M-values method?’ using
the TCC package.3°’31 The edgeR package (version 3.28.1)%2%% was
used to identify DEGs. Differentially expressed genes were recog-
nized based on a false discovery rate g value threshold of <0.05, a
change of more than two-fold, means of read counts in the higher
group >50, and coefficient of variation of each group <1. Gene
set enrichment analysis was undertaken with a Java command
line program, GSEA2 (version 2.2.1), and Molecular Signatures
Database version 7.4.3

2.9 | Statistical analysis

The results are expressed as mean=+SD. Student's t-test was used
to compare two groups. Groups of more than three were compared
using one-way ANOVA, after which Fisher's least significant differ-
ence test was used. For all analyses, a probability value of p<0.05
was considered statistically significant. Each experiment was re-

peated at least three times.
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3 | RESULTS

3.1 | PPé6c protein expression is increased in CRC
Although Castellanos-Rubio et al. reported that PPéc expression is in-
creased in inflammatory bowel disease, there are no reports on the role
of PP6cin CRC, which often develops due to inflammation.?! Therefore,
proteins were extracted from CRC tissues and paired nontumor tissues,
and the expression level of PP6c was examined by western blotting.
The results showed that PPé6c expression was significantly upregulated
in CRC tissues compared to nontumor tissues (Figure 1A,B).

3.2 | PPé6c knockdown suppressed colony
formation ability and in vivo tumor growth

To elucidate the role of PPéc in CRC, PPéc levels were knocked down
in CRC cells by expressing shRNA targeting PP6c (shPPéc #1, shPP6c
#2) in CRC cell lines (Colo205, HCT116, SW480, and WiDr) (Figure 2A).
These cell lines were used to carry out soft agar colony formation as-
says (HCT116 and SW480) or colony formation assays (Colo205 and
WiDr) (Figure 2B,C). PP6c knockdown decreased the colony number in
all cell lines. Furthermore, PP6c knockdown inhibited the in vivo tumor
growth of Colo205 and WiDr cells in a xenograft model (Figure 2D,E).

3.3 | PPéc regulates CSC markers

To elucidate the mechanism by which PPé6c causes malignant trans-

formation of CRC, RNA-seq analysis was carried out for WiDr cells

PP6 expression (%)

800
600
400
200

FIGURE 1 Protein phosphatase
6 catalytic subunit (PP6c) protein is
increased in colorectal cancer (CRC). (A)

¥ CRC tissues (T) and paired normal tissues
(N) were subjected to immunoblotting
analysis of PPé6c protein level. (B) For
quantitative data, the band densities of
0 the tumor tissues were normalized to
Non  Tumor

those of paired normal tissues as 100%.
*p<0.05. VCP, valosin-containing protein.

tumor

expressing shNT and shPPéc #2. Ninety-five DEGs (31 upregulated
and 64 downregulated genes, including PPéc) were identified in
the read counts between WiDr cells expressing shNT and shPPéc
#2 (Figure 3A). A heatmap analysis using the top 50 genes with the
lowest q values well-classified shNT and shPPéc #2 (Figure 3B). We
focused on ALDH1A1, which is known as a CSC marker and has the
highest A value based on read counts (Figure 3A). The transcripts
per million of ALDH1A1 showed the highest among the DEGs (data
not shown). Among the other CSC markers (CD24, CD44, CD133,
EpCAM, and LGR5),° the expression of CD133 was significantly
decreased (Figure 3C). GSEA with the mRNA expression profiles of
WiDr cells expressing shNT and shPPéc #2 revealed the negatively
enriched signatures of IFN-a and IFN-y response gene sets by PPé6c
knockdown (Figure 3D,E). Because IFN-a and IFN-y response genes
are pivotal for CSC maintenance,””’ these data suggest that suppres-
sion of PPéc expression reduces cancer stemness.

3.4 | PP6c-PP6R3 complex regulates ALDH1A1
and CD133 protein expression

Consistent with the decreased mRNA expression of ALDH1A1 and
CD133 in the RNA-seq analysis, PP6c knockdown decreased the
protein levels of ALDH1A1 and CD133 in WiDr and HCT116 cells
(Figures 4A,B and S1A). In Colo205 and SW480 cells, knockdown of
PPé6c decreased ALDH1A1 expression, and CD133 expression was
not detectable (Figure S1B,C). To exclude the possibility of off-target
effects of sShRNA, we generated shRNA-resistant PP6c and under-
took rescue experiments. Expression of FLAG-PP6c WT restored
ALDH1A1 and CD133 expression to the levels of shNT-expressing

FIGURE 2 Protein phosphatase 6 catalytic subunit (PPé6c) knockdown suppresses colony formation and in vivo tumor growth. (A) Effects
of nontargeting shRNA (shNT) and PPéc targeting shRNA (shPPéc #1, shPPé6c #2) were determined by immunoblotting. Valosin-containing
protein (VCP) was used as a loading control. (B) Soft agar colony formation assay was performed to examine anchorage-independent growth.
The colony numbers of shPPéc #1 and shPPé6c #2 expressing cells were normalized to the colony numbers of shNT expressing cells as 100%.
Representative images are shown below. *p <0.05 versus shNT. (C) Colony formation ability was examined. Colony numbers of shPPé6c #1 or
shPP6c #2 expressing cells were normalized to colony numbers of shNT expressing cells as 100%. Representative images and quantitative data
are shown. *p <0.05 versus shNT. (D, E) In vivo tumor growth of (D) Colo205 and (E) WiDr cells expressing shNT or shPPéc #2 was examined
in a xenograft model (n=6). Tumor growth was monitored by measuring the tumor volume. Tumors were harvested after 30days of growth,

and tumor weights were measured. *p <0.05.
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cells (Figure 4C,D). In contrast, the FLAG-PP6c H114A mutant,
which lacks phosphatase activity, did not restore ALDH1A1 or
CD133 expression.35 Moreover, PP6¢c WT, but not PP6c H114A, re-
stored the number of colonies (Figure 4E). In clinical samples, when
patients were divided into those whose PPéc expression in tumors
was increased more than three-fold compared to nontumor and
those whose PPéc expression was not, CD133 and ALDH1A1 ex-
pressions were elevated in patients with higher PP6c expression in
tumor (Figure 4F-H).

The PP6Rs (PP6R1, PP6R2, and PP6R3) recruit PP6c to its sub-
strates. To clarify the involvement of PP6Rs in the regulation of
CD133 and ALDH1A1 expression, the expression of PP6R1, PP6R2,
and PP6R3 was suppressed using siRNAs. The results showed that
ALDH1A1 expression was decreased by PP6R1 and PP6R3 knock-
down, and that CD133 expression was decreased by PP6R3 knock-
down (Figure 4l,J)). Furthermore, among the PP6Rs, only PP6R3
knockdown reduced colony-forming ability (Figure 4K). As colony-
forming ability is dependent on cancer stemness,® these data
suggest that the PP6c-PP6R3 complex plays a pivotal role in the
maintenance of CSCs.

3.5 | PPé6c protein expression is increased in
CSC-like cells

As our observations showed that PPéc is involved in the regula-
tion of CSC marker expression, we analyzed the expression level
of PP6c in CSCs. SIM has been shown to induce CSC-like cells in
cultured cell lines.?>"2* The four CRC cell lines were cultured in
SIM to induce CSC-like cells (Figure S2). ALDH1A1 and CD133
proteins and CD44 mRNA expression were upregulated by cultur-
ing in SIM, suggesting that SIM induces CSC-like cells in the CRC
cell lines. The protein expression level of PP6c was increased in
colorectal CSC-like cells (Figure 5A,B). We also found upregula-
tion in the protein expression of all PP6Rs (Figure S3). However,
the expression of PP2A, another type 2A protein phosphatase,
was not upregulated. Although the mRNA expression of PPéc
was upregulated in CSC-like cells (Figure 5C), the increase in PP6c
mRNA was less pronounced compared to protein expression, sug-
gesting the suppression of PP6c degradation. PPéc is degraded
by p62-mediated selective autophagy.®® The binding of PPéc to
p62 was decreased in CSC-like cells (Figure 5D,E), indicating that

PPé6c degradation may be suppressed in CSC-like cells. It was also

observed that p62 expression was elevated in tumors compared
with that in nontumors (Figure 5F,G). This suggests that p62-
mediated selective autophagy is suppressed as part of the mecha-
nism by which PPéc expression is elevated in tumors. Moreover,
CD133" cells were isolated from HCT116 and WiDr cells to ex-
amine the protein level of PPéc. Consistent with the previous
data, PP6c protein levels were higher in CD133" cells compared
to CD133" cells (Figure 5H,1). Finally, sphere formation assay re-
vealed that the PPéc knockdown reduced the number of spheres
formed (Figure 5J)) and reduced the viability of cells in SIM (data
not shown). These data indicate that PP6c plays a pivotal role in
colorectal CSCs.

4 | DISCUSSION

This study aimed to examine the function of PPé6c in CRC, specifi-
cally focusing on its expression and impact on CSCs. Our findings
revealed substantial upregulation of PPé6c expression in CRC tis-
sues compared to normal colonic mucosa, implying a potential link
between PP6c and CRC pathogenesis. Notably, the elevated ex-
pression of PP6c in CRC aligns with previous observations in in-
flammatory bowel disease, a recognized precursor to CRC.?! The
increase in PP6c expression was reported in other cancers, such
as glioma and malignant mesotheliomas.*?° However, studies
using KO mice have reported that the loss of PPéc exacerbates
the pathogenesis of skin, tongue, and pancreatic cancers.141617
Therefore, the role of PP6c in cancer may differ during the cancer
progression process: PPéc functions as a cancer suppressor at the
developmental stage, and as it progresses, it functions as a cancer
promotor.

In the present study, PPé6c knockdown reduced colony-forming
ability in all CRC cell lines with different genetic mutations.®” The
PP6c H114 mutant, which lacks phosphatase activity, failed to re-
store colony-forming ability and expression of CSC markers, indi-
cating that the enzymatic activity of PPéc is indispensable. Because
colony-forming ability has been reported to correlate with in vivo

proIiferation,38'39

it is expected that PP6c WT rescue will restore
in vivo proliferation suppressed by PP6c knockdown. Knockdown of
PP6R3 resulted in diminished colony-forming ability and CSC marker
expression, suggesting that the PP6c-PP6R3 complex plays a cru-
cial role in maintaining stemness regardless of the genetic mutation

present in CRC cells. The role of the PP6c-PP6R3 complex in cancer

FIGURE 3 Protein phosphatase 6 catalytic subunit (PPéc) regulates cancer stem cell (CSC) markers. (A) MA plot of RNA sequencing
(RNA-seq) read count data for WiDr cells expressing nontargeting shRNA (shNT) versus shPPéc #2. For each gene, the log, (average
expression) in the two samples (A, x-axis) against the log, (fold change) between the samples was plotted (M, y-axis). Magenta

circles represent significant differentially expressed genes (DEGs). Black circles indicate genes that were not significantly different
between cells expressing shNT and shPPéc #2. (B) Heatmap of RNA-seq for WiDr cells expressing shNT vs. shPP6c #2. (C) Graphical
representation of transcripts per million (TPM) of CSC markers. *p <0.05. (D, E) Gene set enrichment analysis of (D) HALLMARK_
INTERFERON_ARUFA_RESPONSE and (E) HALLMARK_INTERFERON_GAMMA_RESPONSE gene signatures in the RNA-seq data
from WiDr cells expressing shNT or shPP6c #2 (g <0.01). FDR-q, false discovery rate-adjusted g value; NES, normalized enrichment

score.
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FIGURE 4 Protein phosphatase 6 catalytic subunit (PP6c)-PPé regulatory subunit 3 (PP6R3) complex regulates aldehyde dehydrogenase
1 family member A1 (ALDH1A1) and CD133 protein expression. (A, B) WiDr cells stably expressing nontargeting shRNA (shNT), shPPéc
#1, or shPPé6c #2. ALDH1A1 and CD133 protein levels were detected using immunoblotting. Representative images (A) and quantitative
data (B) are shown. *p <0.05 versus shNT. (C, D) WiDr cells stably expressing shPPéc #2 and shPPéc #2-resistant FLAG-PP6c WT

or FLAG-PP6c H114A. Empty vector was used as the mock control. Protein levels of PP6c, ALDH1A1, and CD133 were detected by
immunoblotting. Representative images (C) and quantitative data (D) are shown. *p <0.05. (E) Colony formation ability was examined

in WiDr cells expressing shNT, shPPéc #2, shPP6c #2-resistant FLAG-PP6c WT, or FLAG-PP6c H114A. Representative images are
shown at the right. *p <0.05. (F) Colorectal cancer tissues (T) and paired normal tissues (N) were subjected to immunoblotting analysis
of ALDH1A1 and CD133 protein level. (G, H) Expression levels of ALDH1A1 and CD133 were quantified by dividing patients with a
three-fold or greater increase in PP6c expression in tumors compared to nontumors into PP6c high (n=9) and PPé6c low (n=4) groups.
*p < 0.05. (I, J) WiDr cells transiently expressing siNT, siPP6R1, siPP6R2, or siPP6R3. ALDH1A1 and CD133 protein level was detected
by immunoblotting. Representative images (I) and quantitative data (J) are shown. *p <0.05 versus shNT. (K) Colony formation ability

of WiDr cells expressing siNT, siPP6R1, siPP6R2, or siPP6R3. Colony numbers of siPP6R1, siPP6R2, or siPP6R3 expressing cells were
normalized to the colony numbers of siNT expressing cells as 100%. Representative images and quantitative data are shown. *p <0.05

versus shNT. N.S, not significant; VCP, valosin-containing protein.

has not yet been reported, and this study provides the first evidence
of its involvement in cancer.

RNA sequencing analysis revealed that suppression of PP6c ex-
pression reduces IFN signaling, which plays an important role in the
maintenance of CSCs.””? Although the mechanism has not been clar-
ified in this study, Hou et al. recently reported that PP6c expression
in cervical cancer cells is regulated by IRF5, which modulates IFN
signaling.*° It has also been shown that colony-forming ability and
cell migration ability, which are reduced by IRF suppression, are re-
stored by PPéc rescue.

Knockdown of PPéc decreased the expression of ALDH1A1
and CD133 mRNAs, indicating that PPéc is involved in the regu-
lation of ALDH1A1 and CD133 at the transcript levels. We also
generated PP6c overexpressing cells. However, we could not
achieve PP6c overexpression because endogenous PP6c was
degraded along with exogenous PPéc (Figure S4). Supporting
this, in the rescue experiment, exogenous PPéc expression was
only achieved at the same or lower level as shNT transfectants,
and the slight remaining endogenous PPé6c was diminished
(Figure 4C). The difficulties of PP6c overexpression may be due
to the regulation of PPéc protein degradation.®® In this study,
the detailed molecular mechanisms by which PP6c promotes the
expression of CSC markers remain to be elucidated. One pos-
sibility is that PPé6c represses Wnt/B-catenin and NFE2-related
factor 2 (NRF2) signaling that induces CD133 and ALDH1A1
expression.""** Moreover, the PP6-PP6R3 complex is involved
in telomere repair by dephosphorylating Ser365 of TRF2,* and
in metabolic regulation by dephosphorylating and inactivat-
ing AMPK.*¢ Therefore, it is considered that multiple factors
are involved in the PPé6c-mediated induction of CSC marker
expression.

Expression of PP6c was markedly enhanced in CSC-like cells
induced by sphere formation. Furthermore, suppression of auto-
phagy by treatment with bafilomycin Al increased the expression
of p62 and PPéc, but not that of ALDH1A1 or CD133 (Figure S5).
It has been reported that autophagy is activated in CSCs.*” We

have previously reported that the protein level of PPéc is regu-
lated by p62-mediated selective autophagy.® In this study, the
decreased binding of PPéc to p62 and the increased PP6c mRNA
expression were observed in CSC-like cells. These data suggest
that both p62-mediated selective autophagy and transcriptional
regulation are involved. The regulatory mechanisms of p62-PPéc
binding and the transcriptional regulation of PP6c remains un-
clear, and further analysis is required to elucidate these points.
Recently, Wang et al. reported that the hairy transcription fac-
tor and enhancer of split 1 (HES1) promotes the expression of
immunoglobulin-binding protein 1 (IGBP1), which binds to PPéc
and accumulates PPé6c protein by suppressing ubiquitination.48
Therefore, evasion from the ubiquitin-proteasome system might
also be involved in the PP6c protein accumulation. The PP6R pro-
teins were upregulated in CSC-like cells. Knockout/knockdown
of PP6c decreases PP6R protein levels, suggesting that PPéc en-
hances the stability of PP6Rs by forming a holoenzyme.3>4%0
Therefore, increased PPéc expression might contribute to the
PP6Rs accumulation in cancer stem-like cells.

The relationship between the expression levels of PPéc,
PP6R1, PP6R2, and PP6R3 and prognosis was analyzed using
The Cancer Genome Atlas (TCGA) database (Figure S6). Although
the significantly poor prognosis of patients with high PP6R1 was
shown, the PP6c expression level was not related to prognosis,
and high expression of PP6R3 was associated with better prog-
nosis. We have previously reported that PP6c expression is reg-
ulated at the protein level.®® Therefore, it is necessary to analyze
PPé6c protein levels in clinical specimens to determine its prog-
nostic relevance.

In conclusion, the study provides valuable insights into the role
of PPé6c in CRC, shedding light on its expression patterns, func-
tional impact on CSCs, and potential as a therapeutic target. These
findings expand our understanding of the intricate molecular
landscape of CRC and could facilitate the development of tailored
treatments that disrupt the PP6c-PP6R3 complex-mediated path-
ways in CRC.
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FIGURE 5 Protein phosphatase 6 catalytic subunit (PPéc) protein expression is increased in cancer stem cell-like cells. (A, B) Colo205,
HCT116, SW480, and WiDr cells were suspended in normal medium (RPMI or DMEM) for 2days or in sphere induction medium (SIM) for
7 days. Protein expression levels of PP6c and PP2A were analyzed by immunoblotting. Representative images (A) and quantitative data (B)
are shown. *p <0.05. (C) Colo205, HCT116, SW480, and WiDr cells were suspended in normal (RPMI or DMEM) or SIM for 2days. PPéc
mRNA expression levels were quantified using quantitative real-time PCR. *p <0.05. (D, E) WiDr cells stably expressing FLAG-PPéc were
suspended in DMEM for 2days or in SIM for 7 days. FLAG-PP6c was immunoprecipitated (IP) using FLAG M2 beads and its association
with p62 was analyzed by immunoblotting. Representative images (D) and quantitative data (E) are shown. *p <0.05. WCL: Whole cell
lysate. (F) Colorectal cancer tissues (T) and paired normal tissues (N) were subjected to immunoblotting analysis of p62 protein level. (G)
For quantitative data, the band densities of the tumor tissues were normalized to those of paired normal tissues as 100%. *p <0.05. (H, 1)
HCT116 and WiDr cells were separated into CD133" and CD133" cells. Protein expression levels of PP6c and CD133 were analyzed by
immunoblotting. Representative images (H) and quantitative data (l) are shown. *p <0.05. (J) WiDr cells expressing nontargeting sShRNA
(shNT) or shPPéc #2 were cultured in SIM for 7 days. Sphere numbers of shPP6c #2 expressing cells were normalized to the sphere numbers
of shNT expressing cells as 100%. Scale bar, 100uM. *p <0.05.
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