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Many long noncoding RNAs (lncRNAs) are reported to be dysregu-
lated in human cancers and play critical roles in tumor develop-
ment and progression. Furthermore, it has been reported that
many lncRNAs regulate gene expression by recruiting chromatin
remodeling complexes to specific genomic loci or by controlling
transcriptional or posttranscriptional processes. Here we show
that an lncRNA termed UPAT [ubiquitin-like plant homeodomain
(PHD) and really interesting new gene (RING) finger domain-
containing protein 1 (UHRF1) Protein Associated Transcript] is required
for the survival and tumorigenicity of colorectal cancer cells. UPAT
interacts with and stabilizes the epigenetic factor UHRF1 by interfer-
ing with its β-transducin repeat-containing protein (TrCP)–mediated
ubiquitination. Furthermore, we demonstrate that UHRF1 up-regulates
Stearoyl-CoA desaturase 1 and Sprouty 4, which are required for
the survival of colon tumor cells. Our study provides evidence for
an lncRNA that regulates protein ubiquitination and degradation
and thereby plays a critical role in the survival and tumorigenicity
of tumor cells. Our results suggest that UPAT and UHRF1 may be
promising molecular targets for the therapy of colon cancer.
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Among the RNA products transcribed from the mammalian
genome are numerous long noncoding RNAs (lncRNAs)—that

is, RNAs longer than 200 nucleotides with little or no protein-coding
potential (1, 2). Many lncRNAs are expressed in a developmentally
regulated and cell type-dependent manner (3, 4). Increasing evidence
suggests that lncRNAs play critical roles in a diverse set of biologi-
cal processes, including proliferation, differentiation, embryogenesis,
neurogenesis, and stem cell pluripotency (5, 6).
It has been reported that many lncRNAs regulate gene expression

by recruiting chromatin remodeling complexes to specific genomic
regions (2). It has also been shown that many lncRNAs regulate
transcription by modulating the activity of transcriptional regulators
(1, 6–8). lncRNAs also regulate various posttranscriptional processes,
including splicing, transport, translation, and degradation of
mRNA. Furthermore, recent studies have shown that a number of
lncRNAs play critical roles in tumor development and progression.
UHRF1 [ubiquitin-like plant homeodomain (PHD) and really

interesting new gene (RING) finger domain-containing protein 1] is
an epigenetic factor that consists of multiple domains (9). UHRF1
regulates transcription by regulating DNA methylation and histone
modification. UHRF1 also possesses E3 ubiquitin ligase activity and
ubiquitinates histones and DNA methyltransferase 1 (DNMT1),
thereby regulating the chromatin structure and stability of DNMT1
(10, 11). UHRF1 plays key roles in multiple biological processes,
including proliferation and development. Furthermore, UHRF1 is
overexpressed in various tumors, including colon, breast, bladder,
prostate, and lung cancers, and plays a critical role in the proliferation
and survival of tumor cells (9).
In the present study, we attempted to identify lncRNAs critical

for the tumorigenicity of colon tumor cells by performing

RNA-sequencing (RNA-seq) analysis of the colon cancer cell
line CCSC#P and a subclone that exhibits drastically decreased
tumorigenicity, CCSC#11. We have found that an lncRNA
termed UPAT (UHRF1 Protein Associated Transcript) is down-
regulated in CCSC#11 and is required for the tumorigenicity of
CCSC#P. We further show that UPAT interacts with UHRF1.
Moreover, we show thatUPAT interferes with the ubiquitination and
degradation of UHRF1 and thereby plays a critical role in de-
termining the survival and tumorigenicity of colorectal tumor cells.
We also demonstrate that UHRF1 is required for the up-regulation
of Stearoyl-CoA desaturase 1 (SCD1) and Sprouty 4 (SPRY4), which
play critical roles in the survival of colon tumor cells.

Results
UPAT Is Required for the Tumorigenicity of Colon Tumor Cells. We
established single cell-derived subclones from the colon cancer cell
line CCSC#P by limiting dilution and examined their tumorige-
nicity. Out of 34 clones examined, two of these, termed CCSC#11
and #22, exhibited drastically decreased tumorigenicity compared
with CCSC#P when implanted s.c. into immunocompromised
mice (Fig. 1A). To investigate the mechanisms underlying this de-
creased tumorigenicity, we performed RNA-seq analysis of CCSC#P
and #11 cells (Dataset S1). We selected two lncRNAs, NR_015379
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and NR_002773, down-regulated in CCSC#11 cells (Fig. S1A) and
examined the effects of knocking down these genes on the survival
of HCT116 and CCSC#P cells. The most significant reduction in
the viability of HCT116 and CCSC#P cells was achieved by
knockdown of an lncRNA, NR_002773, termed UPAT (Fig. S1 B
and C), which is encoded by the pseudogene of the amine oxidase
copper containing 3 (AOC3) gene (nucleotides 239–1732; 94%
homology) (12–14) (Fig. S1 D–F). UPAT is also homologous to
AOC2 (239–1261; homology 76%) but not to AOC1. Quanti-
tative (q)RT-PCR analysis revealed that UPAT expression was
up-regulated in highly tumorigenic colon cancer cell lines com-
pared with weakly tumorigenic colon cancer cell lines and normal
cell lines (Fig. S1G). Subcellular fractionation and qRT-PCR
analysis revealed that UPAT was present in the nucleus
(Fig. S1H).
To clarify the significance of UPAT in colorectal tumorigen-

esis, we infected HCT116 and CCSC#P cells with a lentivirus
expressing an shRNA targeting UPAT (shUPAT) and examined
their tumorigenicity. When transplanted into nude mice, the
growth of these cells was significantly retarded compared with
cells infected with a control lentivirus (Fig. 1B and Fig. S2 A and
B). Moreover, we found that CCSC#11 cells infected with a
lentivirus expressing UPAT exhibited increased tumorigenicity
and colony formation in soft agar compared with CCSC#11 cells
infected with control virus (Fig. 1C and Fig. S2 C and D). In
addition, Cell Titer-Glo assays revealed that knockdown of
UPAT by siRNA (siUPAT) caused a significant reduction in the
growth of HCT116, CCSC#P, and DLD-1 cells but not of nor-
mal keratinocyte HaCaT cells in vitro (Fig. S2 E and F).
Knockdown of UPAT by antisense oligonucleotide also resulted
in the decreased growth of HCT116 cells (Fig. S2 G and H).
Furthermore, Annexin V assays showed that knockdown of
UPAT induced apoptosis of HCT116 but not HaCaT cells (Fig.
S2 E and I). In contrast, knockdown of the AOC family of genes,
AOC1∼3, did not cause a reduction in the growth of HCT116
and CCSC#P cells (Fig. S2 J–L). Moreover, knockdown of
UPAT did not affect the expression of AOC3 in either HCT116
or CCSC#P cells (Fig. S2M). These results suggest that UPAT,

but not the AOC family of genes, may be required for the sur-
vival and tumorigenicity of colorectal cancer cells.
To study the role of UPAT in colorectal cancer cells, we in-

vestigated the gene expression profiles of HCT116 cells in which
UPAT expression had been suppressed by siRNA. RNA-seq anal-
yses revealed that rat sarcoma viral oncogene homolog (RAS)-,
cadherin 1 (CDH1)-, and hypoxia-related genes are regulated in
UPAT knockdown cells (Dataset S2). From these genes, we se-
lected 25 genes that were down-regulated > twofold and examined
whether knockdown of any of them could cause apoptotic death in
HCT116 cells. We found that siRNA knockdown of SCD1, SPRY4,
phosphoglucomutase 1 (PGM1), or G protein-coupled receptor,
class C, group 5, member A (GPRC5A) resulted in a marked in-
crease in apoptotic cell death (Fig. S2 N–U). We also performed
qRT-PCR analyses and confirmed that knockdown of UPAT by
siRNA or antisense oligonucleotides resulted in decreased expres-
sion of these four genes (Fig. 1D and Fig. S2 V–X). Furthermore, we
found that overexpression of either SCD1 or SPRY4 partially re-
stored the growth of HCT116 cells in which UPAT had been
knocked down (Fig. 1E). Moreover, we found that UPAT, SPRY4,
and SCD1mRNA expression was higher in colorectal tumors than in
adjacent normal tissues (Fig. S2Y). These results suggest that UPAT-
mediated up-regulation of these genes is involved in the survival of
colon cancer cells. In addition, treatment of HaCaT cells with EGF
did not significantly affect the expression levels of UPAT (Fig. S2Z).

UPAT Is Associated with UHRF1 in Colon Cancer Cells.Many lncRNAs
have been shown to exert their biological function by forming
complexes with proteins (1, 6–8). We therefore performed RNA
pull-down assays to identify proteins that potentially could as-
sociate with UPAT. Nuclear extracts from HCT116 cells were
incubated with biotinylated sense or antisense UPAT RNA gen-
erated in vitro, and proteins precipitated with streptavidin beads
were resolved by SDS/PAGE. A band that specifically coprecipi-
tated with sense UPAT was excised and subjected to liquid
chromatography–mass spectrometry (Fig. S3A and Dataset S3).
Among the proteins identified, we selected nuclear proteins
whose molecular weight were 88–92 kDa, which narrowed down
our screen to five candidate proteins (Fig. S3B). We then ex-
amined whether these proteins precipitate with UPAT (RIP
analysis) and from this obtained UHRF1. The association of
UHRF1 with UPAT sense RNA, but not UPAT antisense or
ASBEL [antisense ncRNA in the ANA/BTG3 (three) locus]
RNA (15), was also confirmed by immunoblotting analysis with
anti-UHRF1 antibody (Fig. 2A). To further verify this result, we
performed RNA immunoprecipitation (RIP) analysis with anti-
UHRF1 antibody using lysates from HCT116 cells. qRT-PCR
analysis of the immunoprecipitates revealed that UHRF1 was as-
sociated with endogenous UPAT, but not withGAPDHmRNA, U1
small nuclear RNA, ASBEL, or urothelial cancer associated 1
(UCA1) (16, 17) (Fig. 2B). In addition, RIP analysis with anti-HA
antibody using lysates from HCT116 cells transfected with HA-
tagged UHRF1 revealed that exogenously expressed UHRF1 was
also associated with UPAT but not with antisense UPAT,
GAPDHmRNA,U1 small nuclear RNA, ASBEL,UCA1, or AOC3
mRNA (Fig. 2C and Fig. S3 C and D). These results suggest that
UPAT is associated with UHRF1 in colon cancer cells.
RIP assays using a series of UHRF1 deletion mutants revealed

that a small region (amino acids 636–670) was required for the
association of UHRF1 with UPAT (Fig. 2 D–G and Fig. S3E).
Furthermore, we showed that a fragment consisting of amino
acids 636–736 [termed the UBR (UPAT-binding region)] is suf-
ficient to bind UPAT. We also attempted to delineate the region
in UPAT that binds UHRF1 and found that both the 5′ and 3′
regions were required (Fig. 2 D and H).
It has been shown that UHRF1 plays a key role in the pro-

liferation and survival of tumor cells (9). Indeed, Cell Titer-Glo
assays revealed that knockdown of UHRF1 by siRNA caused a
significant reduction in the growth of HCT116 and CCSC#P
cells (Fig. 2 I and J and Fig. S3 F and G). Annexin V assays
showed that knockdown of UHRF1 resulted in a marked

Fig. 1. UPAT is required for the tumorigenicity of colon cancer cells. (A) CCSC#P,
CCSC#11, or CCSC#22 cells were injected s.c. into nude mice and assessed for
tumor growth. Results are expressed as the mean ± SEM (n = 6). *P < 0.05.
(B) CCSC#P cells infected with a lentivirus expressing an shUPAT were in-
jected into nude mice. Results are expressed as the mean ± SEM (n = 6). *P < 0.05.
(C) CCSC#11 cells infected with a lentivirus expressing UPAT were injected
into nude mice. Results are expressed as the mean ± SEM (n = 6). *P < 0.05.
(D) qRT-PCR analysis of SCD1 and SPRY4 expression in HCT116 cells trans-
fected with siRNA targeting UPAT. Results are expressed as the mean ± SEM
(n = 3). (E) Viability of HCT116 cells transfected with SCD1 (Left) or SPRY4
(Right) and/or siRNA targeting UPAT was assessed by Cell Titer-Glo assays.
Results are expressed as the mean ± SEM (n = 3). *P < 0.05.
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increase in the apoptotic death of HCT116 cells (Fig. S3H).
Moreover, we found that UHRF1 mRNA expression was higher
in colorectal tumors than in adjacent normal tissues (Fig. S3I).
These results raise the possibility that UHRF1 associated with
UPAT is involved in the growth and survival of colon tumor cells.

UPAT and UHRF1 Epigenetically Up-Regulate SPRY4. We next exam-
ined whether UHRF1 is involved in the up-regulation of SCD1,
SPRY4, PGM1, and/or GPRC5A in HCT116 cells. We found
that knockdown of UHRF1 resulted in decreased expression of
the SCD1 and SPRY4 mRNAs (Fig. 2I and Fig. S3G). By con-
trast, knockdown of UHRF1 did not affect the expression of
PGM1 or GPRC5A (Fig. S3J). Chromatin immunoprecipitation
(ChIP) assays using anti-UHRF1 antibody revealed that UHRF1
was associated with the SPRY4 but not the SCD1 promoter re-
gion (Fig. S3K). Furthermore, knockdown of UPAT significantly
reduced the association of UHRF1 with the SPRY4 promoter
region (Fig. S3K). These results suggest that UHRF1 directly
transactivates SPRY4 and that UPAT is required for this trans-
activation. By contrast, SCD1 may not be a direct target of UHRF1
but rather is up-regulated indirectly downstream of UHRF1 and
UPAT. In addition, we found that knockdown of UPAT did not
affect the stability of SCD1 mRNA (Fig. S3L).
Covalent modifications of DNA and histones can influence

transcriptional activity and thereby regulate cell proliferation,
survival, and tumorigenesis (18, 19). To elucidate the mechanisms
underlying UHRF1-mediated transactivation of SPRY4, we per-
formed (hydroxymethylated) methylated DNA immunoprecipi-
tation [(h)MeDIP] analyses using anti–5-hydroxymethylcytosine

(5hmC) or anti–5-methylcytosine (mC) antibody. We detected
5hmC and 5mC in the intragenic regions of the SPRY4 locus (Fig.
S3 M–O). Knockdown of either UHRF1 or UPAT resulted in
decreases in 5hmC levels but not in 5mC levels in the SPRY4
locus. Furthermore, knockdown of tet methylcytosine dioxygenase 1
(TET1), an enzyme that catalyzes the oxidation of 5mC to 5hmC,
led to a decrease in the expression of SPRY4 (Fig. S3P). These
results suggest that TET1-mediated methyl hydroxylation of the
SPRY4 gene is required for the expression of SPRY4.
It has recently been reported that knockdown of UHRF1 leads

to a dramatic decrease in DNMT1 (20). Indeed, qRT-PCR and
immunoblotting analyses revealed that knockdown of UPAT
resulted in a drastic decrease in the levels of DNMT1 protein, but
not mRNA, in HCT116 cells (Fig. S3Q). Consistent with this re-
sult, dot blot analysis showed that UPAT knockdown caused a
decrease in the levels of 5mC (Fig. S3R).
We also investigated whether UPAT regulates histone modifica-

tion but found that knockdown of UPAT did not affect the levels of
H3K4Me3, H3K9Me3, H3K27Me3, or H3K36Me3 (Fig. S3S). On
the other hand, we found that knockdown of UPAT led to increases
in the phosphorylation of Histone H2AX-Ser-216 and H3-Ser10,
which are markers of the DNA damage response (Fig. S3T). This is
consistent with a previous report showing that UHRF1 depletion
caused the activation of the DNA damage response pathway (21).

UPAT Interferes with β-TrCP1– and β-TrCP2–Mediated Ubiquitination
and Degradation of UHRF1. It has been reported that the stability
of UHRF1 is regulated by proteasome-mediated degradation (11,

Fig. 2. UPAT is associatedwith UHRF1 in colon cancer cells. (A) Nuclear extracts from HCT116 cells were incubatedwith biotinylated sense, antisense UPAT (Left), or
ASBEL (Right) generated in vitro, and proteins were precipitated with streptavidin beads and subjected to immunoblotting analysis with anti-UHRF1 or anti-Actin
antibody. AS-UPAT, in vitro-transcribed antisense UPAT. Actin was used as a negative control. (B) Lysates from HCT116 cells were subjected to immunoprecipitation
with anti-UHRF1 antibody or anti-mouse IgG antibody followed by qRT-PCR analysis to detectUPATmRNA. GAPDHmRNA, U1 small nuclear RNA, ASBEL, and UCA1
were used as negative controls. Results are expressed as the mean ± SEM (n = 3). (C) Lysates from HCT116 cells transfected with sense (UPAT) or antisense (AS-UPAT)
UPAT and HA-UHRF1 were subjected to immunoprecipitation with anti-HA antibody followed by RT-PCR analysis to detect UPATmRNA. AS-UPAT and GAPDHwere
used as negative controls. Results are expressed as the mean ± SEM (n = 3). (D) Schematic representation of the UHRF1 protein (Upper) and UPAT (Lower). Mutants
used in RIP (Fig. 2 E–H), immunoprecipitation (Fig. 3E and Fig. S4H), and ubiquitination (Fig. 4A and Fig. S5B) assays are also shown. (E–G) Lysates from HCT116 cells
transfected with UPAT along with wild-type, mutant HA-UHRF1 (E), or mutant Flag-UHRF1 (F and G) were subjected to immunoprecipitation with anti-HA (E) or
anti-Flag (F and G) antibody followed by RT-PCR analysis to detect UPAT and U1 small nuclear RNA. Results are expressed as the mean ± SEM (n = 3). See also Fig.
S3E. (H) Lysates from HCT116 cells transfected with wild-type or mutant UPAT and HA-UHRF1 were subjected to immunoprecipitation with anti-HA antibody
followed by RT-PCR analysis to detect UPAT mRNA. Results are expressed as the mean ± SEM (n = 3). (I) qRT-PCR analysis of UHRF1, SCD1, and SPRY4 expression in
HCT116 cells transfected with siRNA targeting UHRF1. Results are expressed as the mean ± SEM (n = 3). (J) Viability of HCT116 and CCSC#P cells transfected with
siRNA targeting UHRF1 was assessed by Cell Titer-Glo assays. Results are expressed as the mean ± SEM (n = 3). *P < 0.05.
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22–24). We therefore investigated whether UPAT is involved in the
regulation of UHRF1 expression levels in HCT116 cells. qRT-PCR
and immunoblotting analyses revealed that knockdown of UPAT by
siUPAT or antisense oligonucleotides resulted in a drastic decrease
in the levels of UHRF1 protein but not mRNA (Fig. 3A). We found
that knockdown of UPAT reduced the stability of UHRF1 protein in
HCT116 cells treated with cycloheximide (CHX) (Fig. 3B and Fig.
S4A). We also found that treatment of cells with the proteasome
inhibitor MG132 inhibited the decrease in the UHRF1 protein
levels caused by knockdown of UPAT (Fig. 3C and Fig. S4B).
Furthermore, we found that knockdown of UPAT resulted in in-
creased ubiquitination of UHRF1 (Fig. 3D and Fig. S4C). In ad-
dition, RNA-seq analyses of HCT116 cells in which UPAT or
UHRF1 expression was suppressed revealed that the expression
profile of UHRF1 knockdown cells closely resembled that of
UPAT knockdown cells (P values = 2.24E-22 for up-regulated
genes and 3.71E-21 for down-regulated genes) (Fig. S4D and
Dataset S4). Taken together, these results suggest that UPAT sta-
bilizes UHRF1 protein by interfering with its proteasome-mediated
ubiquitination and degradation.
To identify the ubiquitin ligase targeting UHRF1 in colorectal

cancer cells, we immunoprecipitated UHRF1 from HCT116
cell lysates and analyzed the coprecipitated proteins by liquid
chromatography–mass spectrometry (Fig. S4E and Dataset S3).
In agreement with a recent report (24), we identified peptides
corresponding to two paralogues of the F-box protein β-TrCPs,
β-TrCP1/β-transducin repeat containing E3 ubiquitin protein
ligase (BTRC) and β-TrCP2/F-box and WD repeat domain

containing 11 (FBXW11), in addition to peptides derived from
known UHRF1 binding proteins, including tripartite motif con-
taining 28 (TRIM28) (25) and histone deacetylase 1 (HDAC1)
(26) (Dataset S3). Pull-down assays using lysates from 293FT
cells transfected with UHRF1 along with β-TrCP1 or β-TrCP2
confirmed that UHRF1 coprecipitated with β-TrCP1 or β-TrCP2
(Fig. S4F). Furthermore, we found that UHRF1 coprecipitated
with exogenously expressed β-TrCP1 or β-TrCP2, but not with the
other F-box proteins tested, FBXW2, 4, 5, 7A, or 8 (Fig. S4G).
Pull-down assays using a series of UHRF1 deletion fragments
revealed that a fragment (amino acids 1–282) containing the
ubiquitin-like (UBL) and tandem tudor (TTD) domains (Fig.
2D), which have been reported to be histone-binding domains,
was required for interaction with β-TrCP1 and β-TrCP2 (Fig. 3E
and Fig. S4H).
The above results suggest that β-TrCP1 and β-TrCP2 are ubiquitin

ligases targeting UHRF1 for degradation. Indeed, overexpression of
β-TrCP1 or β-TrCP2 resulted in the ubiquitination of UHRF1 in
293FT cells (Fig. S5A). In the absence of exogenous β-TrCP1 or
β-TrCP2, ubiquitination of UHRF1 was not observed, suggesting
that UHRF is not self-ubiquitinated. Furthermore, β-TrCP1– or
β-TrCP2–induced ubiquitination of UHRF1 was barely detected
when UPAT was overexpressed (Fig. S5A). In contrast, ubiquiti-
nation of UHRF1 was not affected by overexpression of UPAT-
Del2 or -Del3 (Fig. 2D), which is unable to associate with UHRF1
(Fig. 4A and Fig. S5B). We also found that knockdown of UPAT
barely induced the degradation of UHRF1 in cells transfected
with an siRNA targeting β-TrCP1 or β-TrCP2 (Fig. 4B and Fig.
S5C). Consistent with this, overexpression of β-TrCP1 or β-TrCP2
resulted in decreased expression of UHRF1 protein in HCT116
cells (Fig. S5D). Furthermore, overexpression of UPAT restored
β-TrCP2–induced degradation of UHRF1 (Fig. 4C and Fig. S5E).
On the other hand, overexpression of UPAT moderately inhibited
the interaction between UHRF1 and β-TrCP1 or β-TrCP2 (Fig.
S5F). Taken together, these results suggest that β-TrCP1and
β-TrCP2 mediate the ubiquitination and degradation of UHRF1 and
that UPAT interferes with β-TrCP1– and β-TrCP2–mediated ubiq-
uitination of UHRF1.
Consistent with the finding that UPAT inhibits β-TrCP1– and

β-TrCP2–mediated degradation of UHRF1, we found that growth
suppression of HCT116 cells by siUPAT could be partially rescued
by overexpression of UHRF1 (Fig. 4D).

UHRF1 Is Ubiquitinated at Lys-663. Because amino acids 636–670 of
UHRF1 were required for its interaction with UPAT (Fig. 2 D–G),
we hypothesized that UPATmay inhibit ubiquitination of this region
of UHRF1. We generated mutant derivatives of UHRF1s in which
Lys-639, -657, -659, -661, or -663 were replaced with Arg (UHRF1-
K639R, -K657R, -K659R, -K661R, or -K663R; Fig. S5G) and ex-
amined their ubiquitination of each by transfecting these together
with β-TrCP1 and β-TrCP2 and ubiquitin into 293T cells. We found
that ubiquitination was normal for all fragments except UHRF1-
K663R, whose ubiquitination was attenuated (Fig. 4E and Fig. S5H).
Moreover, overexpression of β-TrCP2 did not induce the degrada-
tion of UHRF1-K663R (Fig. 4F). These results suggest that UHRF1
may be ubiquitinated at Lys-663 by β-TrCP1 and β-TrCP2.

Discussion
A screen for genes required for the tumorigenicity of colon tumor
cells identified the lncRNA UPAT, which is encoded by a pseu-
dogene of the AOC3 gene. We found that UPAT, but not AOC3, is
required for the survival and tumorigenicity of colon tumor cells.
Moreover, we found that UPAT interacts with UHRF1 and inter-
feres with its β-TrCP1– and β-TrCP2–mediated ubiquitination and
degradation. Consistent with previous reports (27–31), we con-
firmed that UHRF1 plays a critical role in the growth and survival of
colon tumor cells. Thus, our findings suggest that UPAT-mediated
stabilization of UHRF1 is critical for the proliferation and tu-
morigenicity of colon tumor cells.
In line with the above notion, RNA-seq analyses of HCT116

cells in which UPAT or UHRF1 expression was suppressed

Fig. 3. UPAT stabilizes UHRF1 protein by interfering with its ubiquitination
and degradation. (A, Upper) qRT-PCR analysis of UHRF1 expression in HCT116
cells transfected with siRNA targeting UPAT. Results are expressed as the
mean ± SEM (n = 3). (A, Lower) Cell lysates were subjected to immunoblotting
analysis with anti-UHRF1 or anti-Actin antibody. Actin was used as a loading
control. (B) HCT116 cells transfected with siRNA targeting UPAT were treated
with CHX for the indicated times and then subjected to immunoblotting
analysis with anti-UHRF1 or anti–α-tubulin antibody. α-tubulin was used as a
loading control. (C) HCT116 cells transfected with siRNA targeting UPATwere
cultured in the presence or absence of MG132 and then subjected to im-
munoblotting analysis with anti-UHRF1 or anti–α-tubulin antibody. α-tubulin
was used as a loading control. (D) Lysates from HCT116 cells that had been
transfected with siRNA targeting UPAT and treated with MG132 were sub-
jected to immunoprecipitation with anti-UHRF1 antibody followed by immu-
noblotting analysis with anti-ubiquitin or anti-UHRF1 antibody. (E) Lysates from
293FT cells transfected with HA-tagged β-TrCP2 alongwith empty vector (Mock)
or mutants of UHRF1 were immunoprecipitated (IP) with anti-Flag antibody
followed by immunoblotting analysis with anti-HA or anti-Flag antibody.
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revealed that the expression profile of UHRF1 knockdown cells
closely resembled that of UPAT knockdown cells (P values =
2.24E-22 for up-regulated genes and 3.71E-21 for down-regu-
lated genes). However, we found many genes that are regulated
by UPAT in an UHRF1-independent manner. Thus, UPAT may
also have important target molecules other than UHRF1.
Our RNA-seq analyses revealed that RAS-, CDH1-, and hypoxia-

related genes are down-regulated in UPAT knockdown cells. In-
deed, our qRT-PCR analysis showed that siRNA knockdown
of UPAT resulted in a marked decrease in SCD1, SPRY4, PGM1,
and GPRC5A expression. Furthermore, we found that UPAT-
mediated up-regulation of these genes is required for the sur-
vival of colon cancer cells. Consistent with our results, SCD1, the
main enzyme involved in the synthesis of monounsaturated fatty
acids, has been shown to be required for cancer cell prolifera-
tion, survival, transformation to cancer (32), and cancer spheroids
propagation (33). The Sprouty family of proteins, key regulators
of ERK signaling, has been shown to be able to function as neg-
ative or positive regulators of tumor development and/or pro-
gression in a cell type-dependent manner (34). PGM1 is known to be
induced under hypoxic conditions and promotes cancer cell survival
(35). In addition, it has been shown that GPRC5A is a modifier of
breast cancer risk in breast cancer (BRCA)-mutation carriers and
GPRC5A inactivation negatively affects BRCA1-mediated DNA
repair (36). We found that UHRF1 is involved in the up-regulation
of SCD1 and SPRY4 but not of PGM1 and GPRC5A. Thus, UPAT
may also inhibit apoptotic cell death by mechanisms other than
UHRF1 protein stabilization. We further showed that UHRF1 is
associated with the SPRY4 but not the SCD1 promoter region.

Thus, UHRF1 may directly transactivate SPRY4. We also found
that UHRF1 increases 5hmC levels in the SPRY4 gene and thereby
enhances its expression. It remains to be clarified how UHRF1
increases the level of 5hmC but not 5mC. It also remains to be
investigated whether the epigenetic function of UHRF1 requires
the formation of a UHRF1–UPAT complex.
The β-TrCP E3 ubiquitin ligases, β-TrCP1 and β-TrCP2, are

known to play critical roles in the regulation of diverse biological
processes, including cell cycle progression, differentiation, and
various signal transduction pathways (37). β-TrCPs have been
shown to ubiquitinate a number of important proteins, including
β-catenin, cell division cycle 25 (Cdc25), RE1-silencing tran-
scription factor (REST), mouse double minute 2 (Mdm2), and
IκBβ (37). Furthermore, it has recently been reported that
UHRF1 is ubiquitinated by the β-TrCP E3 ubiquitin ligases and
degraded by the proteasome and that this process is accelerated in
response to DNA damage (24). Consistent with these results, we
found that β-TrCP1 and β-TrCP2 mediate the ubiquitination and
degradation of UHRF1. Moreover, we found that UPAT interferes
with the β-TrCP1– and β-TrCP2–mediated ubiquitination and
degradation of UHRF1. In line with the results of Chen et al., our
pull-down assays showed that β-TrCP1 and β-TrCP2 bind to amino
acids 1–282 of UHRF1, which contain the UBL and TTD domains.
Furthermore, we found that β-TrCP1 and β-TrCP2 ubiquitinates
Lys-663 of UHRF1. Intriguingly, our RIP assays revealed that
UPAT interacts with the UBR domain of UHRF1 (amino acids
636–736), which contains Lys-663. These results raise the pos-
sibility that UPAT may inhibit ubiquitination of UHRF1 by

Fig. 4. UPAT inhibits β-TrCP1– and β-TrCP2–mediated polyubiquitination of UHRF1. (A) Lysates from 293FT cells that had been transfected with the indicated
expression constructs and treated with MG132 were subjected to immunoprecipitation with anti-Flag antibody followed by immunoblotting analysis with
anti-HA, anti-Flag, or anti-Myc antibody. See also Fig. S5B. (B) Lysates from HCT116 cells transfected with siRNA targeting β-TrCP1 or β-TrCP2 and/or siUPAT
were subjected to immunoblotting analysis with anti-UHRF1 or anti–α-tubulin antibody. α-tubulin was used as a loading control. (C) Lysates from HCT116 cells
that had been transfected with Myc-tagged β-TrCP2 and/or UPAT were subjected to immunobotting analysis with anti-UHRF1, anti–α-tubulin, or anti-Myc
antibody. α-tubulin was used as a loading control. (D) Viability of HCT116 cells transfected with UHRF1 and/or siRNA targeting UPATwas assessed by Cell Titer-
Glo assays. Results are expressed as the mean ± SEM (n = 3). *P < 0.05. (E) Lysates from 293FT cells transfected with the indicated expression constructs and
treated with MG132 were immunoprecipitated (IP) with anti-Flag antibody followed by immunoblotting analysis with anti-HA, anti-Flag, or anti-Myc anti-
body. (F) Lysates from 293FT cells that had been transfected with the indicated expression constructs were subjected to immunoblotting analysis with anti-
Flag, anti–α-tubulin, or anti-Myc antibody. α-tubulin was used as a loading control. (G) UPAT binds to UHRF1 and interferes with its β-TrCP1– and β-TrCP2–
mediated polyubiqutination. UHRF1 stabilized by UPAT up-regulates SCD1 and SPRY4, which are required for the survival of colon cancer cells.
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masking its ubiquitination site, Lys-663, but not by competing
with β-TrCP1 and β-TrCP2 for binding to UHRF1.
It has recently been reported that the lncRNA HOX transcript

antisense RNA (HOTAIR) functions as a scaffold that enhances
E3-mediated ubiquitination and degradation of substrate pro-
teins (38). It has also been shown that lincRNA-p21, originally
identified as a p53-inducible lncRNA that mediates p53-induced
apoptosis in mouse cells (39), is a hypoxia-responsive lncRNA
that plays a critical role in the regulation of hypoxia-enhanced
glycolysis by inhibiting von Hippel–Lindau (VHL)-mediated
hypoxia inducible factor 1 alpha (HIF1α) ubiquitination (40).
Thus, although lncRNAs are best known to regulate transcrip-
tion by recruiting chromatin remodeling complexes to specific
genomic regions (2), our findings, together with these earlier
findings, indicate that there is a class of lncRNAs that regulate
protein ubiquitination and degradation.
In summary, we have shown that the lncRNA UPAT alleviates

apoptotic cell death by interfering with β-TrCP1– and β-TrCP2–
mediated ubiquitination and degradation of UHRF1 (Fig. 4G).
Our findings suggest that the UHRF1–UPAT axis may be a
promising molecular target for colon cancer therapies.

Materials and Methods
Details are provided in SI Materials and Methods.

qRT-PCR Analysis. Total RNA was isolated using the Total RNA Isolation kit
(MACHEREY-NAGEL) and treated with DNase I (TAKARA). One microgram RNA
was reverse transcribed using PrimeScript RT Master Mix (TAKARA, RR036A).
qRT-PCR analysis of cDNA was performed on a LightCycler 480 (Roche Applied
Science) using Syber Green PCR mastermix (Applied Biosystems). Prior to fold-
change calculation, the values were normalized to the signal generated from
β-actin mRNA. Primer sequences are listed in Dataset S5.

Clinical Samples. Following written consent, resected colon cancer specimens
were obtained from patients who underwent surgical treatment at the De-
partmentof Surgical Oncology, TheUniversity of TokyoHospital as approvedby
the Institutional Review Board.
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