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PHF5A promotes colorectal cancer
progression by alternative splicing of TEAD2
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Dysregulated alternative splicing (AS) plays critical roles in
driving cancer progression, and the underlying mechanisms
remain largely unknown. Here, we demonstrated that
PHF5A, a component of U2 small nuclear ribonucleoproteins,
was frequently upregulated in colorectal cancer (CRC) samples
and associated with poor prognosis. PHF5A promoted prolifer-
ation and metastasis of CRC cells in vitro and in vivo. Tran-
scriptomic analysis identified PHF5A-regulated AS targets
and pathways. Particularly, PHF5A induced TEAD2 exon 2 in-
clusion to activate YAP signaling, and interference of TEAD2-L
partially reversed the PHF5A-mediated tumor progression.
Pharmacological inhibition of PHF5A using pladienolide B
had potent antitumor activity. Collectively, these data revealed
the oncogenic role of PHF5A in CRC through regulating AS
and established PHF5A as potential therapeutic target.

INTRODUCTION
Alternative splicing (AS) is one of the prevalent mechanisms of
post-transcriptional gene regulation. This process enables the gener-
ation of multiple RNA transcripts from a single gene and diversifies
the proteome. Aberrant splicing is closely associated with oncolog-
ical processes, such as proliferation, apoptosis, angiogenesis, and tu-
mor metastasis.1–7 RNA splicing is catalyzed by two machineries:
the major and minor spliceosomes. More than 99.5% of introns
in humans are recognized by the major spliceosome, a multi-mega-
dalton protein-RNA complex consisting of five small nuclear ribo-
nucleoproteins (snRNPs; U1, U2, U4, U5, and U6) and more than
200 related proteins. Accumulating evidence has revealed that the
main cause of splicing dysregulation is attributed to expression or
activity alterations of spliceosome components.8–10 A recent study
even showed that components of spliceosomes could be enriched
in apoptotic tumor cell-secreted vesicles to alter RNA splicing in
surviving tumor cells and promoted their aggressiveness.11 These
findings have raised growing interest in the elucidation of aberrant
splicing in cancer development and the manipulation of splicing in
cancer treatment.

U2 snRNP, composed of U2 snRNA, SF3a complex, and SF3b
complex, is essential for the recognition of branchpoint sequence
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during early stages of spliceosome assembly.12,13 Several com-
pounds derived from bacterial sources and their analogs have
been discovered to target SF3b complex, exerting cytotoxicity to
cancer cells.14–16 Thus, we focused on the splicing factors
comprising SF3b complex: SF3B1, SF3B2, SF3B3, SF3B4, SF3B5,
SF3B6, and PHD finger protein 5A (PHF5A). Among these genes,
PHF5A was most significantly upregulated in colorectal cancer
(CRC) specimens in dataset analysis. PHF5A encodes a protein
of 110 amino acids with a highly conserved PHD zinc-finger
domain.17 As an important component of SF3b complex, PHF5A
facilitates interactions between the U2 snRNP and RNA heli-
cases.18 PHF5A could also bind to chromatin through its PHD
domain.17,19 Studies have shown that PHF5A plays an important
role in regulation of the cell cycle and maintenance of stem cell
pluripotency and differentiation.20,21 In certain cancers, PHF5A
has been reported to promote tumor progression through regu-
lating the splicing of multiple essential genes.19,20,22,23 However,
the role of PHF5A and its regulated AS events in CRC need further
exploration.

In this study, we systematically assessed the role of PHF5A in CRC
progression and demonstrated the mechanisms by which PHF5A
contribute to CRC proliferation and metastasis, focusing on its
involvement in regulating the AS of TEAD2 as well as on its clinical
relevance.
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RESULTS
PHF5A is upregulated in human CRC tissues and correlates with

poor prognosis

We first mined Gene Expression Omnibus (GEO) datasets to compare
levels of each SF3b component between CRC tissues and normal tis-
sues. Only PHF5A and SF3B3 were upregulated in CRC specimens
in both datasets, whereas SF3B4 trended toward downregulation (Fig-
ures 1A and S1A and S1B). The upregulation of PHF5A was validated
in The Cancer GenomeAtlas (TCGA) database (Figure 1A) and paired
CRC and adjacent normal tissues at RNA and protein levels (Figures
1B and 1C). Immunohistochemical analysis showed that PHF5A was
upregulated in 66% (58/88) of CRC patients (Figure 1D and Table
S1). Furthermore, we immunostained 17 pairs of primary CRC and
their matched liver metastases, and found that PHF5A expression
was elevated in liver metastatic lesions (Figure 1E).

Next, we evaluated the prognostic value of PHF5A in a cohort of CRC
patients. Kaplan-Meier analysis showed that patients with high
PHF5A expression had shorter overall survival and disease-free sur-
vival compared with low PHF5A expression group (Figure 1F).
Elevated PHF5A expression was associated with lymph node metas-
tasis and advanced TNM stage (Table S2). Together, these data indi-
cated that PHF5A was upregulated in CRC and associated with poor
clinical outcomes in patients with CRC.

H3K27 acetylation activates PHF5A in CRC

To explore the mechanism of high expression of PHF5A in CRC, we
first checked genetic alterations of PHF5A in CRC using TCGA, and
found no genomic amplification of PHF5A. Next, we investigated
whether epigenetic modification was involved. Histone H3-lysine-4
methylation (H3K4me) and histone H3-lysine-27 acetylation
(H3K27ac) are two common histone modifications that positively
regulate transcription. Thus, we analyzed the chromatin immunopre-
cipitation sequencing (ChIP-seq) data of H3K4me and H3K27ac in
CRC cells (GEO: GSE71510). Occupancy of H3K27ac but not
H3K4mewas detected at the promoter region of PHF5A (Figure S2A).
Consistently, high enrichment of H3K27ac at the promoter of PHF5A
was found by using the UCSC Genome Bioinformatics Site (http://
genome.ucsc.edu/) (Figure S2B). A ChIP-qPCR assay revealed the
gain of H3K27ac in CRC cells (RKO) compared with normal human
colon epithelial cells (FHC) at the PHF5A promoter region (Figures
1G and S2C). Furthermore, ChIP-seq data from CRC patient samples
(GEO: GSE136888) confirmed that the H3K27ac peak at the PHF5A
promoter region was higher in tumors than that in normal tissues
(Figure 1H). Treatment of C646, a histone acetyltransferase (HAT)
Figure 1. PHF5A is upregulated in human CRC tissues and activated by H3K27

(A) Relative expression of PHF5A mRNA in CRC and normal tissue samples from GE

colorectal cancer and adjacent tissue samples (n = 30). (C) Protein levels of PHF5A in

PHF5A IHC staining and statistical analysis of PHF5A score in paired CRC and adjace

statistical analysis of PHF5A expression in human primary CRC samples and correspond

free survival of 88 CRC patients with high or low levels of PHF5A protein. (G) ChIP-qPCR

G in normal colon epithelial cells (FHC) and CRC cells (RKO) (n = 3). (H) Genome brows

(GEO: GSE136888). Experiments were repeated at least three times. Data are express
inhibitor, led to the downregulation of PHF5A expression (Fig-
ure S2D). These data suggested that histone acetylation activation
of promoter may partly account for the upregulation of PHF5A in
CRC.

PHF5A promotes CRC cell proliferation and metastasis

To examine the functional role of PHF5A in CRC progression, we sta-
bly overexpressed PHF5A in two CRC cell lines with low basal levels
of PHF5A (Figures 2A and S3A). Overexpression of PHF5A pro-
moted the proliferation of CRC cell lines (Figure 2B). In addition,
PHF5A enhanced the migration capacity of CRC cells, as judged by
wound-healing and transwell migration assays (Figures 2C and
2D). A transwell invasion assay revealed that gain of PHF5A
increased the potential of invasiveness in CRC cells (Figure 2E).
Conversely, knockdown of PHF5A in two CRC cell lines with high
PHF5A basal levels could decrease the proliferation and migration
properties of CRC cells (Figures S3B–S3E).

We further assessed whether PHF5A promotes CRC growth and
metastasis in vivo. HCT8-LV-PHF5A cells and control cells were sub-
cutaneously injected into nude mice. As shown in Figure 2F, tumors
of the LV-PHF5A group exhibited increased size and weight
compared with control group. Ki-67 levels were also higher in tumors
from the PHF5A overexpressing group, suggesting increased cell pro-
liferation in these tissues (Figure 2G). We subsequently developed a
metastasis model by injecting luciferase-labeled HCT8-LV-PHF5A
cells and control cells into the lateral tail veins of nude mice. Biolumi-
nescent imaging (BLI) showed increased lung metastasis burden in
mice injected with LV-PHF5A cells at day 36 (Figure 2H). Histology
analysis validated that PHF5A overexpression resulted in larger and
more metastatic pulmonary nodules compared with the control
group (Figure 2I). Collectively, these findings indicate that PHF5A
promotes the growth and metastasis of CRC cells.

Knockdownof PHF5A induces genome-wide alternative splicing

events

To gain insights into the mechanism underlying the oncogenic role of
PHF5A, we subjected PHF5A-knockdown and control cells to tran-
scriptomic sequencing. The heatmap showed a clear distinction be-
tween the two groups (Figure 3A). Gene ontology analysis showed
that genes with significant expression changes (>2-fold with adjusted
p < 0.05) were associated with cell proliferation, cell migration, and
chemotaxis (Figure 3B), supporting that PHF5A is involved in tumor
progression. Gene set enrichment analysis indicated that the gene
signature reported to be correlated with poor survival was negatively
ac

O datasets and TCGA dataset. (B) Relative expression of PHF5A mRNA in paired

the paired tumor and adjacent normal tissues (n = 9). (D) Representative images of

nt tissue samples (n = 88). (E) Representative images of PHF5A IHC staining and

ing liver metastases (n = 17). (F) Kaplan-Meier analyses for overall survival or disease-

assay of the enrichment of H3K27ac on PHF5A promoter relative to immunoglobulin
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ed as mean ± SD.
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Figure 2. PHF5A promotes CRC cell proliferation and metastasis

(A) Protein levels of PHF5A in a panel of CRC cell lines and normal colon epithelial cells (FHC). (B) Cell proliferations were measured using CCK-8 assays in HCT-8 or Caco-2

cells stably overexpressing PHF5A. (C) Wound-healing assay and (D) transwell migration assay of CRC cells overexpressing PHF5A or vector control. Scale bar, 20 mm. (E)

Transwell invasion assay of CRC cells overexpressing PHF5A or vector control. Scale bar, 20 mm. (F) Xenograft model of nudemice with subcutaneous injection of control and

(legend continued on next page)
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enriched in PHF5A-knockdown cells (Figure 3C).24 These data indi-
cated that depletion of PHF5A implied good survival, consistent with
the tumor-promoting role of PHF5A.

Next, we analyzed the PHF5A-regulated AS events, and identified
855 AS events with significant change of percentage-spliced-in
(PSI) values (PSI R 0.2, Bayes factor R 5). Various types of AS
could be regulated by PHF5A, including skipped exon (SE), alterna-
tive 30 splice site (ss) exon (A3SS), alternative 50 ss exon (A5SS), re-
tained intron (RI), and mutually exclusive exons (MEX) (Figures 3D
and 3E). Consistent with the RNA sequencing (RNA-seq) results, a
semi-quantitative RT-PCR assay showed that splicing changes of
arbitrarily selected target genes were modulated by PHF5A (Fig-
ure S4A). SE was the most common AS event regulated by
PHF5A (442/855, 51.7%) (Figure 3D), and PHF5A knockdown
regulated 153 (153/442, 34.6%) exon skipping and 289 (289/442,
65.4%) exon inclusion changes (Figure 3F), suggesting a dual role
for PHF5A as a splicing activator and repressor. Gene ontology
analysis of PHF5A-regulated AS events revealed that PHF5A
affected genes involved in RNA processing and RNA splicing, which
is consistent with the role of PHF5A in RNA splicing (Figure 3G).
PHF5A targets were also enriched with cancer-related functions,
including cell cycle, cell death, and adherens junction (Figure 3G),
again suggesting that PHF5A was involved in cancer cell prolifera-
tion and migration.

PHF5A induces TEAD2 exon 2 inclusion to activate YAP

signaling

Among the most significant AS events, we noted TEAD2, the tran-
scription factor that mediates Hippo signaling, which was enriched
in gene ontology analysis of PHF5A-regulated AS events (Figure 3G).
TEAD2 contains an N-terminal domain specifically recognizing the
promoter/enhancer of targeted genes through direct binding of
DNA and a C-terminal motif that interacts with transcription co-acti-
vator YAP to promote transcription of target genes.25 Through the
RNA-seq data, we discovered that the exon 2 of full-length TEAD2
(TEAD2-L) could be skipped to generate a short isoform (TEAD2-
S) with an alternative coding start site at exon 5 (Figures 4A and
S5A). As a result, TEAD2-S protein lacks the N-terminal DNA-bind-
ing domain but still contains the C-terminal YAP-binding motif.
Since primers flanking exons 1 and 3 generated several non-target
bands, we designed specific primers for TEAD2-L and TEAD2-S,
respectively (Figure S5A). Consistent with RNA-seq results, overex-
pression of PHF5A stimulated exon 2 inclusion while knockdown
of PHF5A repressed exon 2 inclusion (Figure 4B). Using an antibody
against the common amino acid sequence of both TEAD2 isoforms
(amino acids 238–249, epitope: EPPDAVDSYQRH), we found that
overexpression of PHF5A increased the protein level of TEAD2-L
PHF5A overexpressing HCT-8 cells (n = 5 per group). Tumors were removed after 5 we

and Ki-67 staining in control and PHF5A stably overexpressing xenograft tumors. Sca

monarymetastatic foci by tail-vein injection of control and PHF5A overexpressing HCT-8

arrows. The number (right) of metastatic foci in each group (n = 6) were calculated. Scale

mean ± SD.
while knockdown of PHF5A suppressed TEAD2-L protein levels in
cancer cells (Figure 4C).

We next elucidated the mechanisms underlying TEAD2 AS. An RNA
immunoprecipitation assay showed that PHF5A could directly bind
to the endogenous TEAD2 pre-mRNA (Figure 4D). Previous studies
reported that PHF5A facilitates recognition of exons with C-rich pol-
ypyrimidine splice sites.20 Intriguingly, by scanning the exon 2 and
flanking intronic sequences of TEAD2, we found that the 30 sequence
of intron 1 contained C-rich polypyrimidine (Figure S5B). It is also
well established that PHF5A recognizes pre-mRNA branchpoint se-
quences (BPS). By searching BPS (YNYURAY) using the MEME
suite, we found three consensus motifs of BPS close to the C-rich pol-
ypyrimidine splice sites in the intron 1 of TEAD2 (Figures S5B and
S5C).26 Thus, we constructed a TEAD2 minigene plasmid containing
genomic DNA fragment of TEAD2 exons 1–3, and a mutant mini-
gene with the putative PHF5A-binding site deletion (Figures 4E
and S5B).27 Overexpression of PHF5A promoted exon 2 inclusion
in wild-type TEAD2 minigene, but depletion of the predicated
PHF5A-binding sites in intron 1 abolished the responsiveness of
the TEAD2 minigene to PHF5A (Figures 4E and S5D).

Since TEAD2-S lacks the DNA-binding domain, it may lack tran-
scriptional ability.28 As shown in Figure 4F, expression of YAP alone
or co-expression of YAP/TEAD2-L promoted the expression of
downstream targets of YAP/TEAD2 (BIRC5, ANKRD1, CYR61),
whereas co-expression of YAP/TEAD2-S failed (Figure 4F).29,30 As
expected, knockdown of PHF5A inhibited the expression of YAP-
activated downstream genes, indicating that PHF5A-induced
TEAD2 AS affects YAP signaling (Figure 4F). We further performed
a co-immunoprecipitation assay and found that both TEAD2-L and
TEAD2-S could bind YAP protein, but TEAD2-L had much stronger
binding ability than TEAD2-S (Figure 4G). These data demonstrated
that PHF5A promoted TEAD2 exon 2 inclusion to activate YAP
signaling. The YAP pathway is known to regulate tumor growth
and metastasis.31 The activation of this pathway by TEAD2-L may
promote CRC progression. As shown in Figures 4H and 4I, co-
expression of YAP with TEAD2-L promoted CRC cell proliferation
and migration compared with YAP alone.

Aberrant splicing of TEAD2 is responsible for PHF5A-promoted

CRC proliferation and migration

To test whether PHF5A promoted CRC progression through regu-
lating AS, we first examined the effect of the splicing modulator, pla-
dienolide B (PB), which has been reported to target the PHF5A-SF3b
complex.32 As shown in Figures 5A–5C, PB reversed the enhanced
cell proliferation and migration abilities triggered by PHF5A overex-
pression. More intriguingly, PB inhibited the PHF5A-induced
eks, and tumor volume was quantified. (G) Representative images for H&E, PHF5A,

le bar, 20 mm. (H) Representative images of bioluminescent imaging signals in pul-

-luc cells in nudemice. (I) H&E staining (left) in pulmonarymetastatic foci, indicated by

bar, 20 mm. Experiments were repeated at least three times. Data are expressed as
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Figure 3. Knockdown of PHF5A induces genome-wide alternative splicing events

(A) Heatmap displaying the deregulated genes by RNA-seq of CRC cells upon PHF5A knockdown. (B) Gene ontology of PHF5A-regulated gene expression events. Fisher’s

exact p values were plotted for each category. (C) GSEA of gene signature reported to be associated with poor survival in PHF5A knockdown cells versus control cells. NES,

normalized enrichment score. (D) Quantification of the different AS events affected by PHF5A. (E) The relative fraction of each AS event affected positively or negatively by

PHF5A. (F) Skipped (green) and included (red) PHF5A-regulated cassette exons plotted by PSI. (G) Gene ontology of PHF5A-regulated AS targets. Fisher’s exact p values

were plotted for each enriched functional category.
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inclusion of TEAD2 exon 2 (Figure 5D) and the protein levels of
TEAD2-L (Figure 5E). In addition, we also examined the effect of
another splicing modulator, isoginkgetin, which can prevent the step-
wise assembly of spliceosome on pre-mRNAs.33 Similar results were
observed upon isoginkgetin exposure (Figures S6A–S6D). These data
indicated that PHF5A played its oncogenic role through regulating
AS.

As PHF5A promoted TEAD2 exon 2 inclusion, we next investigated
the role of TEAD2-L in PHF5A-promoted tumor progression. To
specifically knock down TEAD2-L, we designed two small interfering
RNAs (siRNAs) targeting exon 2 of TEAD2 (Figure 5F). As shown in
Figures 5G–5I, TEAD2-L depletion abrogated the PHF5A-enhanced
1220 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
proliferation and migration activities of CRC cells. Together, these
data demonstrated that aberrant splicing of TEAD2 at least partially
contributed to PHF5A-promoted CRC cell proliferation and migra-
tion activities.

Correlation between PHF5A expression and TEAD2 splicing in

clinical tissues

We further detected the expression of two TEAD2 splicing variants in
clinical CRC tissues. Compared with the paired normal tissues,
TEAD2-L expression was elevated in the primary CRC specimens
alongside increased PHF5A levels. The PSI index of TEAD2 exon 2
was higher in these CRC samples than in matched normal tissues
(Figure 6A). Consistently, the protein levels of TEAD2-L were
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increased in CRC specimens (Figure 6B), implying that TEAD2 AS
could play a major role in tumorigenesis. These data supported the
role for PHF5A as splicing modulator of TEAD2 in human CRC
tissues.

DISCUSSION
Aberrant RNA splicing has been recognized as one of the molecular
hallmarks of cancer.34,35 It can contribute to tumorigenesis and pro-
gression and can serve as a molecular marker of cancer. Therefore,
uncovering the cancer-related splicing factors and AS events would
provide new insights into the regulation of cancer. In this study,
our data revealed that PHF5A bound to TEAD2 pre-mRNA and pro-
moted the inclusion of TEAD2 exon 2 to produce the TEAD2-L
variant. The increased ratio of TEAD2-L/TEAD2-S enhanced the
YAP/TEAD2 transcriptional activity, promoting CRC cell prolifera-
tion and metastasis (Figure 6C).

Components of the spliceosome machinery have been shown to be
dysregulated in cancer.10 Interestingly, we show that the components
of SF3b complex were not coordinately altered in CRC, with PHF5A
significantly upregulated and SF3B4 downregulated, suggesting that
these proteins may have specific functions in the SF3b complex.
PHF5A plays critical roles in embryo formation, tissue morphogen-
esis, and cell pluripotency and differentiation, as well as cancer pro-
gression.19,22,36–38 However, the role of PHF5A in CRC has remained
unclear. In this study, we found that PHF5A was upregulated in clin-
ical CRC samples and associated with poor prognosis of patients with
CRC. Our biological assays in vitro and in vivo confirmed that PHF5A
promoted CRC proliferation and metastasis. We also showed that
H3K27ac may partly contribute to the upregulation of PHF5A in
CRC. A recent study reported that PHF5A was the target gene of
miR-149, which was downregulated in CRC.39 This may be a reason
why PHF5A expression remains high upon inhibiting HATs. These
findings emphasize the important roles of PHF5A in CRC
progression.

AS is regulated by interactions between cis-regulatory pre-mRNA se-
quences and trans-regulatory splicing factors.40,41 Here we demon-
strated that PHF5A promoted the inclusion of TEAD2 exon 2 via
binding to its pre-mRNA and recognizing C-rich 30 ss in intron 1. In-
clusion of TEAD2 exon 2 produced a full-length isoform (TEAD2-L),
promoting tumor progression and Hippo signaling when co-ex-
pressed with YAP. Skipping of exon 2 produced a truncated protein
(TEAD2-S), which lacked the N-terminal DNA-binding domain
Figure 4. PHF5A induces TEAD2 exon 2 inclusion to activate YAP signaling

(A) The alternative splicing mode of the TEAD2 pre-mRNA. TEAD2-L was producedwith

TEAD2 exon 2 was examined by RT-PCR in HCT8 cells stably overexpressing PHF5A (n

and TEAD2-S in CRC cells with PHF5A overexpression or knockdown. (D) Binding of T

RKO cells (n = 3). (E) Schematic (left) showing TEAD2 minigene containing exon 1, intr

shown in red and deleted in mutant construct (TEAD2-mut). Inclusion of TEAD2 exon 2 w

target genes (BIRC5, ANKRD1, and CYR61) in indicated cells (n = 3). (G) Co-immunopre

overexpressing HA-TEAD2-L/HA-TEAD2-S and FLAG-YAP. (H) CCK8 assays and (I) tra

or control (n = 3). Scale bar, 20 mm. Experiments were repeated at least three times. D
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(DBD) but still contained the C-terminal YAP-binding domain.
Lack of DBD led to failure of TEAD2-S to promote transcription
when co-expressed with YAP. Although TEAD2-S could bind YAP
protein, we found that the binding ability was less than that of
TEAD2-L, probably due to conformational changes without DBD.
We also noticed that the protein levels of two TEAD2 isoforms
were different in different cell lines. In CRC cells with a low basal level
of PHF5A, TEAD2-S was the main isoform and the protein level of
TEAD2-L was quite low (Figures 4C [left] and 5E). Nevertheless, in
CRC cells with a high basal level of PHF5A the TEAD2-L level was
high, together with the TEAD2-S isoform (Figure 4C, right). These
observations supported the role of PHF5A in promoting TEAD2
exon 2 inclusion. Although the splicing of TEAD2 has not been re-
ported previously, Qi et al. showed a similar splicing regulation of
TEAD4, suggesting that AS may be a common phenomenon in the
TEAD family and the regulation of the Hippo signaling pathway.42

It is possible that PHF5A contributes to cancer progression through
other mechanisms as well, as we found that interference of TEAD2
only partially reversed the malignant phenotype triggered by
PHF5A overexpression. Through transcriptomic analyses, we found
that PHF5A affected many other AS events in cell growth and cell
migration. For instance, PHF5A affects splicing of POLDIP3 (Fig-
ure S4A), which has been reported to have AS variants with oncogenic
roles in cancer.43 Moreover, PHF5A has been reported to regulate
gene expression in other ways, such as involving the transcriptional
elongation of genes or epigenetic regulation through directly binding
histones.19,20 Thus, the other PHF5A-regulated candidates in cancer
progression remain to be defined.

For the majority of AS affected genes, the resulting isoforms usually
contain in-frame stop codons, causing either degradation by
nonsense-mediated mRNA decay or translation of aberrant truncated
proteins. Therefore, targeting splicing regulators leads to at least par-
tial loss of function for many essential genes. Some splicing-modu-
lating small molecules or oligonucleotides have already been tested
in clinical trials for cancer.44,45 In this study, we revealed that PB, a
splicing modulator targeting PHF5A, could inhibit CRC cell prolifer-
ation andmigration in vitro as well as TEAD2 splicing. These findings
indicate PB as a candidate therapeutic agent for inhibiting CRC pro-
gression. To date, multiple bacterially derived products (herboxidiene
and PB) and their analogs (E7107, spliceostatin A, and sudemycins)
have been shown to bind the SF3b components to disrupt the early
stages of spliceosome assembly.15,16,46–48 Further investigation of
exon 2 retention, while TEAD2-S was produced with exon 2 skipping. (B) Inclusion of

= 3) and RKO cells with interference of PHF5A (n = 3). (C) Protein levels of TEAD2-L

EAD2 pre-mRNAs with PHF5A was detected by RNA immunoprecipitation assay in

on 1, exon 2, intron 2, and exon 3 (TEAD2-wt). The potential PHF5A-binding site is

as examined by RT-PCR in indicated cells. (F) Real-time PCR analysis of YAP/TEAD

cipitation of exogenous TEAD2-L/TEAD2-S and YAP in lysates from HEK293T cells

nswell assays of HCT-8 cells with expression of YAP, YAP/TEAD2-L, YAP/TEAD2-S,

ata are expressed as mean ± SD.
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this family of compounds may be beneficial for CRC as well as other
cancers with altered expression of SF3b components.

In conclusion, our study demonstrated the importance of PHF5A in
promoting CRC progression through regulating TEAD2 exon2
splicing. We also provided evidence for PB as an antitumor agent
through targeting PHF5A. These findings highlight the possibility
that manipulation of splicing might provide therapeutic benefit in
cancer.

MATERIALS AND METHODS
Cell culture, cell transfection, and treatment

Normal human colonic epithelial cell lines FHC and human colon
cancer cell lines HCT8 and HCT116 were maintained in RPMI
1640 medium, and Caco-2, RKO, HT-29, SW480, and SW620 were
maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin
solution (HyClone). Transfection of plasmids was performed using
PolyJet Reagent (SignaGen, USA). Transfection of siRNAs was per-
formed using Lipofectamine 3000 (Invitrogen, USA) at a final con-
centration of 100 nM. Sequences of siRNA (GenePharma, China)
against specific targets are listed in Table S3.

The HAT inhibitor C646 was purchased from Medchem Express
(USA). The splicing modulator pladienolide B and Isoginkgetin
were purchased from R&D Systems (USA).

Animal models

Animal maintenance and experimental procedures were approved by
the Institutional Animal Care and Use Committee of Jinling Hospital.
Five-week-old female athymic BALB/c nude mice (Cavens, China)
were housed and fed in standard pathogen-free conditions. For xeno-
graft assay, 4 � 106 of HCT-8 LV-Control or LV-PHF5A cells were
injected subcutaneously into the flanks of nude mice. Three weeks af-
ter injectionmice were sacrificed, and tumors were dissected and pho-
tographed followed by histopathologic examination.

For the metastasis model, 4 � 106 luciferase-labeled HCT-8 LV-
Control or LV-PHF5A cells were injected into the tail vein of
nude mice. Lung metastasis was monitored via bioluminescence im-
aging, during which the mice were administered 150 mg of D-lucif-
erin (MCE) intraperitoneally per gram of body weight and anesthe-
tized with isoflurane. Mice were sacrificed 6 weeks after inoculation
and consecutive sections of the whole lung were subjected to hema-
toxylin-eosin staining. The number of metastatic foci on each sec-
tion was quantified sequentially under microscopy, with repeated
Figure 5. Aberrant splicing of TEAD2 is responsible for PHF5A-promoted CRC

(A) CCK8 assays of HCT-8 cells stably overexpressing PHF5A or control treated with pla

cells stably overexpressing PHF5A or control treated with PB (1 nM) (n = 3). Scale bar, 2

overexpressing PHF5A upon PB treatment (n = 3). (E) Protein levels of TEAD2-L and TE

analysis of TEAD2 protein level in cells transfected with specific siRNAs targeting TEAD2

transfected with siTEAD2-L or siNC, and subjected to (G) CCK8, (H) wound-healing, a

times. Data are expressed as mean ± SD.
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metastatic foci not being counted in. After detecting all sections
of the whole lung, the number of pulmonary metastatic foci was
obtained.

Patients and tissue specimens

All clinical samples were collected with written informed consent
from patients, and ethical approval was granted from the Review
Board of the Hospital Ethics Committee (Jingling Hospital, Nanjing
University). A total of 88 cases of CRC tissues and 17 pairs of CRC
tissues and corresponding liver metastasis were collected from the
Department of Pathology and Department of Surgery of Jinling Hos-
pital. For the 88 cases of CRC tissues, none of the patients received
any preoperative treatment, including chemotherapy and radio-
therapy. Tumor stage was defined according to the criteria proposed
by the International Union Against Cancer. A tissue microarray block
containing 17 pairs of CRC tissues and corresponding liver metastasis
was constructed using a tissue microarrayer (Outdo Biotech,
Shanghai).

Plasmid construction

Human PHF5A cDNA was PCR amplified using primers PHF5A-50

and PHF5A-30, digested by BamHI and XbaI, and ligated into lenti-
III vector. The construction work was performed by Genomeditech
(Shanghai). Human TEAD2-L (NM_003,598) and TEAD2-S
(NM_001,256,662) were synthesized and inserted into pcDNA3.1
vector with HA tagging. Human YAP plasmid was synthesized and
inserted into pcDNA3.1 vector with FLAG tagging.

The RG6-TEAD2 minigene was constructed by amplifying genomic
sequences spanning exons 1–3 of TEAD2 gene, which were then
cloned into the BamHI and AgeI sites of RG6 minigene. Deletion
mutant derivatives were made on the basis of the minigene plasmids.
The RG6-TEAD2 minigene with mutations was constructed by delet-
ing the predicated PHF5A-binding sites in intron 1. The construction
work was performed by Sangon Biotech (Shanghai).

Cell proliferation, cell migration, and invasion assays

For the cell proliferation assay, 2–5 � 103 cells per well were plated
into 96-well plates, and cell viabilities were tested every 24 h using
Cell Counting Kit 8 (CCK8; KeyGEN BioTECH). For the wound-
healing assays, an equal number of cells was plated into 12-well plates
with a pipette tip to draw a gap on the plates. Cells that migrated into
the cleared section were photographed under amicroscope (Nikon) at
specific time points. Transwell migration and invasion assays were
performed using uncoated and Matrigel-coated Transwell inserts ac-
cording to the manufacturer’s instructions.
proliferation and migration

dienolide B (PB) (2 nM) (n = 3). (B) Wound-healing and (C) transwell assays of HCT-8

0 mm. (D) Inclusion of TEAD2 exon 2 was examined by RT-PCR in HCT8 cells stably

AD2-S in PHF5A overexpressing CRC cells upon PB treatment. (F) Immunoblotting

exon 2 inclusion isoform (TEAD2-L). HCT-8 cells stably overexpressing PHF5A were

nd (I) transwell assays. Scale bar, 20 mm. Experiments were repeated at least three



Figure 6. Correlation between PHF5A expression and TEAD2 splicing in clinical tissues

(A) RT-PCR analysis of TEAD2 isoforms and PHF5A in clinical CRC and paired normal samples (n = 7). PSI of TEAD2 exon 2 in clinical CRC and paired normal tissues are

plotted below. (B) TEAD2 protein levels in eight paired CRC tumors and adjacent normal tissues (n = 8). (C) Diagram of PHF5A-regulated TEAD2 splicing and YAP signal

activation.
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RNA sequencing

Total RNA was extracted from cells using TRIzol reagent (Invitro-
gen). RNA integrity was verified with the Agilent 2100 Bioanalyzer
automated electrophoresis system. Paired-end sequencing was per-
formed on the cDNA library using a HiSeq 2500 instrument (Illu-
mina). The qualified reads were mapped to human reference genome
hg38 (GRCh38) using the Hisat2 (version: 2.0.4) split mapping algo-
rithm. The change of splicing isoforms was analyzed using the MISO
package, and the results were filtered based on the PSI values. The
RNA-seq was assisted by Shanghai Biotechnology.
Quantitative real-time PCR

Total RNA was extracted from cells using TRIzol reagent (Invitrogen,
USA). cDNA was synthesized by using the PrimeScript RT reagent
Kit (TaKaRa, China) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed using the StepOne Plus
Real-Time PCR System (Applied Biosystems, USA) using TB Green
(TaKaRa, China). The expression of b-actin was used as an endoge-
nous control. The sequences of primers are listed in Table S4.
Splicing assays with semi-quantitative RT-PCR

Total RNAwas isolated and first-strand cDNA generated as described
above. PCR was performed with Ex Taq (TaKaRa, China). PCR
primers were designed for exons flanking predicted splicing events.
The PCR products were separated by agarose gel electrophoresis, de-
tected with Safe-Green (Applied Biological Materials, Canada), and
scanned with a Typhoon scanner. The amount of each splicing iso-
form was quantified using Quantity One software. The primers
used for splicing assays are listed in Table S5.
Western blot

Cells were lysed by RIPA buffer containing protease inhibitor cocktail
(MedChem Express). Protein concentrations were determined by the
BCAProtein Assay Kit (KeyGENBioTECH). An equal amount of pro-
tein was loaded and separated by SDS-PAGE and transferred onto
PVDFmembranes (Bio-RadLaboratories).Membraneswere incubated
with primary antibodies against PHF5A (1:400; Sigma, HPA028885),
TEA domain family member 2 (1:500; Abcam, ab92279), HA-Tag
(1:1,000; Cell Signaling Technology, 3724s), FLAGTag (1:1,000; Sigma,
F1804), and b-tubulin (1:1,000; Proteintech, 10068-1-AP) overnight at
4�C, followed by incubation with horseradish peroxidase-conjugated
secondary antibodies at room temperature for 2 h.
Immunohistochemistry

Paraffin-embedded sections were deparaffinized and rehydrated, fol-
lowed by antigen retrieval. The sections were incubated with primary
antibodies against PHF5A (1:50; Sigma, HPA028885) and Ki67
(1:200; Abcam, ab16667), followed by horseradish peroxidase-conju-
gated secondary antibody. The slides were finally incubated with dia-
minobenzidine (Dako) and counterstained with hematoxylin. For the
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1225
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88 cases of CRC tissues, staining strength was scored as 0 (negative), 1
(weak), 2 (moderate), and 3 (strong), and distribution was scored as
0 (0%), 1 (1%–25%), 2 (26%–50%), 3 (51%–75%), and 4 (76%–100%)
by positive staining area. The final score of PHF5A in each sample was
obtained by multiplying the strength score by the distribution score.
For the tissue microarray, the assessment of PHF5A staining was
based on the percentage of positively stained cells and staining inten-
sity using Image-scope software (Aperio Technologies).

Immunoprecipitation

Cell pellets were resuspended in lysis buffer (1 L of lysis buffer con-
tains 6 g of Tris-base, 9 g of NaCl, 0.29 g of EDTA, 1% NP-40, and
10% glycerol) for 10 min on ice, followed by centrifugation at
12,000 rpm for 10 min. Anti-HA antibody (5 mg; Cell Signaling,
3724s) was incubated with 20 mL of Dynabeads Protein G (Invitro-
gen) on the rotating plate for 4 h at 4�C, and washed with wash buffer
(1 L of wash buffer contains 6 g of Tris-base, 9 g of NaCl, 0.29 g of
EDTA, 1% NP-40, and 10% glycerol) three times. Cell lysates
(2 mg) were immunoprecipitated with anti-HA beads on the rotating
plate overnight at 4�C, followed by washing four times with wash
buffer. Precipitates were purified and analyzed by western blot.

RNA immunoprecipitation

The RNA immunoprecipitation assay was performed using the Ma-
gna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore,
USA) according to the manufacturer’s instructions. CRC cells were
transfected with PHF5A-expressing plasmids and subjected to RIP
experiments using PHF5A antibody (Proteintech, 15554-1-AP).
The sequences of primers for RIP assay were CCC AGA CAT TGA
GCA GAG C (TEAD2_forward) and CAT ACA TCT TGC CTT
CAT CAG A (TEAD2_reverse).

Chromatin immunoprecipitation

The chromatin immunoprecipitation assay was performed using the
Magna ChIP HiSens Kit (Millipore) according to the manufacturer’s
instructions. Chromatin was immunoprecipitated with H3K27ac
antibody (Abcam, ab4729) and analyzed using quantitative real-
time PCR. The sequences of primers for the ChIP assay were GCG
TCA CGG TGA AGG C (PHF5A_forward) and GAT TTG GAT
GGC GGA GAT (PHF5A_reverse).

Statistical analysis

All statistical analyses in this study were performed with SPSS 16.0
software (SPSS, USA) or GraphPad Prism (GraphPad Software).
Data are presented as mean ± SD. The significance of mean values be-
tween two groups was analyzed by two-tailed Student’s t test. The dif-
ferences of quantitative variables among groups were analyzed by
ANOVA. Survival curves were plotted using the Kaplan-Meier
method and compared by the log-rank test. A p value of less than
0.05 was considered significant.
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