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Abstract

Shortening of the 30 untranslated regions (30UTR) ofmRNA

is an importantmechanism for oncogene activation.However,

30UTRalteration events, their pathologic functions, andunder-

lying mechanisms in human urothelial carcinoma of the

bladder (UCB) are not clear. Here, we combine RNA sequenc-

ing, bioinformatics, and clinical studies in two independent

cohorts of patients with UCB to identify a novel RAC1 shorter

30UTR isoform that is frequently expressed in UCB and is

critical in the tumorigenesis and acquisition of a poor prog-

nostic phenotype in patients. Short 30UTR isoform of RAC1

substantially upregulated RAC1 expression by escaping from

miRNA-targeted repression and played an essential oncogenic

role in UCB pathogenesis. An important cleavage/polyadeny-

lation factor, cleavage stimulation factor 2 (CSTF2), induced

30UTR shortening of RAC1 in UCB by mediating slow tran-

scriptional elongation at RAC1. Cotranscriptional recruitment

of CSTF2 on the GUAAU motif at proximal polyadenylation

site of RAC1 attenuated the recruitment of two transcription

factors AFF1 and AFF4, causing the defects in elongation.

CSTF2 regulated the tumorigenic functions of the shorter

RAC1 isoform in UCB cells, enhancing cell proliferation,

migration, and invasion. The combination of high expression

of CSTF2 and high usage ofRAC1 short-30UTR isoformmay be

used as a powerful biomarker to predict poor prognosis in

UCB. Our findings also suggest a CSTF2-regulated RAC1-

30UTR shortening program as an exploitable therapeutic strat-

egy for patients with UCB.

Significance: These findings demonstrate that the short

isoform of RAC1 is critical in UCB tumorigenesis and may

have implications for developing new therapeutic strategies to

treat this disease. Cancer Res; 78(20); 5848–62. �2018 AACR.

Introduction

Bladder cancer is one of the common cancers in the world.

Urothelial carcinoma of the bladder (UCB) is the predominant

histopathologic form, accounting for 90% of all diagnosed cases

of bladder cancer (1). Despite advancements in surgical treat-

ments and the development of novel drugs, approximately 50%

of patients with UCB develop metastatic/recurrent disease within

2 years of diagnosis (2). Thus, understanding the molecular

mechanism(s) that govern tumorigenesis and disease progression

of UCB is essential to develop better treatment strategies.

It is well established that oncogene activation plays a critical

role in the pathogenesis of human cancers. Recently, shortening of

mRNAs' 30 untranslated regions (30UTR) has been reported as an

important mechanism for the upregulation and/or activation of

oncogene, essentially leading to thedevelopment andprogression

of certainmalignancies (3, 4). Inmultiple human cancer cell lines

and tissues, the 30UTR shortening of some proto-oncogenes, in

which DNA lesions are not found, is resulted from alternative

cleavage and polyadenylation (APA; ref. 5). It has been reported

that oncogenes favor the utilization of proximal polyadenylation

sites (pPAS) located within the terminal exon proximally down-

stream of the stop codon (6). Thus, although the protein-coding

sequence is unchanged, the regulatory elements in the 30UTR that

might impair gene's mRNA stability and/or translation efficiency

can be excluded, such as miRNA-binding sites (7). In human

breast, lung, colorectal, and kidney carcinomas, tumors expres-

sing mRNAs with shorter-30UTRs tend to be more aggressive and

cause poorer patient prognosis (5, 8, 9). To date, however, 30UTR

alteration events, as well as their pathologic functions and under-

ling mechanisms in UCB, have not been elucidated.
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Herein, by deep RNA sequencing (RNA-seq) analysis, com-

bined with two large cohorts of clinical UCB studies, we identify a

novel short-30UTR isoformofRAC1, generated fromAPA, plays an

essential oncogenic role in UCB pathogenesis. Functional and

mechanistic studies reveal, for the first time, that cleavage stim-

ulation factor 2 (CSTF2) interacts with GUKKU motif down-

stream of RAC1 pPAS to induce RAC1 30UTR shortening in UCB

cells, by slowing AFF1- and AFF4-mediated transcription elonga-

tion. Importantly, our results demonstrate that CSTF2 contributes

to the tumorigenic functions of the shorter RAC1 isoform. UCB

with high expressions of both CSTF2 and shorter RAC1 isoform

exhibits a more aggressive disease and worse outcome. Our data,

collectively, reveal a new cause of UCB malignancy–CSTF2-

induced short-30UTR RAC1 isoform, and imply potentially ther-

apeutic target for UCB.

Materials and Methods

Patients and tissue specimens

For RNA-seq, 15 cases of UCB and matched adjacent normal

bladder tissues were obtained from individuals diagnosed

with UCB and received radial cystectomy at Sun Yat-Sen Univer-

sity Cancer Center (SYSU-CC, Guangzhou, China) in 2011. For

qRT-PCR and IHC analysis, UCBs with matched normal tissues

were derived from 80 and 94 patients with UCB who had

received radial cystectomy at SYSU-CC and the First Affiliated

Hospital of Sun Yat-Sen University (SYSU-FAH), from 2005 to

2012 and from 2004 to 2012, respectively. Each subject was

properly informed before recruitment for the study. Clinical

information of the patients with UCB is summarized in Table

1. In addition, a panel of colorectal carcinoma, hepatocellular

carcinoma, and non–small cell lung cancer with matched normal

tissues (30 patients, respectively) were obtained from SYSU-CC.

All specimens were snap frozen in liquid nitrogen upon collec-

tion. The tumor grade and stage were defined according to the

criteria of theWorld Health Organization and the sixth edition of

the tumor–node–metastasis classification of the International

Union Against Cancer (UICC, 2009; ref. 10). All patients were

followed up on regular basis, and disease-free survival (DFS) time

was determined from the date of surgery to the date of the first

clinical evidence of cancer recurrence andwas censored at the date

of death fromother causes or the date of the last follow-up visit for

survivors. The study was performed in accordance with the Dec-

laration ofHelsinki.Written informed consentwas obtained from

all thepatients before the studybegan. This studywas approvedby

the Institute Research Ethics Committee at Sun Yat-SenUniversity

Cancer Center.

Total RNA extraction and RNA-seq

RNAs from tumor/normal paired UCB tissues were used to

generate mRNA sequencing libraries using the TruSeq RNA sam-

ple preparation Kit (IIIumina). RNA-seq libraries were then

sequenced on the HiSeq 2000 platform according to the manu-

facturer's recommendations. Paired-end RNA-seq reads with 90

bp in each end were aligned to the human genome (hg19) using

TopHat 2.0.10 (11).

qRT-PCR and calculation of distal polyadenylation site usage

Total RNA was extracted using TRIzol reagent (Life Technolo-

gies). For qRT-PCR, the mRNA was reverse transcribed using

MMLV-RT (Invitrogen) using the manufacturer's protocol to gen-

erate cDNA. The qRT-PCR reactions were performed using SYBR-

GREEN (Biorad). Data were calculated using amodified version of

the 2�DDCt method to show changes in distal polyadenylation site

(dPAS) usage, where Ct is the threshold cycle (12). The following

was calculated using primer sets designed in the common part of

the isoforms of a transcript (called "common primer set") as well

as in the distal part of long isoform of the same transcripts (called

"distal primer set"): DCt (common and distal) was normalized to

the levels of 7SK, where DCt (common or distal)¼Ct common or

distal – Ct 7SK. DDCt ¼ DCt distal � DCt common. To show fold

changes normalized to the control siRNA-transfected samples, the

following equation was used: normalized DDDCt ¼ DDCt target

siRNA � DDCt control siRNA. Then the increase or decrease in

dPAS usage was calculated as �2�normalized DDDCt. Categories

of high and low usage of RAC1 with short-30UTR in UCB

Table 1. Correlation between the usage of RAC1 short-30UTR and clinicopathologic characteristics of patients with UCB

SYSU-CC cohort SYSU-FAH cohort

Characteristics Number Low usage High usage x2
P value Number Low usage High usage x2

P value

Age 0.094 0.759 1.37 0.242

>60 33 18 15 41 19 22

<60 47 24 23 53 31 22

Gender 3.394 0.065 1.247 0.264

Female 7 6 1 15 6 9

Male 73 36 37 79 44 35

T status 13.06 <0.001 6.635 0.01

T1þ2 52 35 17 27 20 7

T3þ4 28 7 21 67 30 37

N status 15.96 <0.001 7.471 0.006

N0 62 40 22 70 43 27

N1þ2 18 2 16 24 7 17

Tumor size 28.7 <0.001 4.39 0.036

>5 cm 42 34 8 49 21 28

<5 cm 38 8 30 45 29 16

Grade 2.265 0.132 0.219 0.64

G1þ2 49 29 20 43 24 19

G3 31 13 18 51 26 25

Tumor multiplicity 0.08 0.778 2.52 0.112

Unifocal 35 19 16 41 18 23

Multifocal 45 23 22 53 32 21
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samples were defined as groups with DPDUI value above or

below/equal to the median index.

IHC

IHC studies were performed following a standard streptavidin–

biotin–peroxidase complex method (13). Slides were incubated

respectively with primary antibodies against RAC1 (Proteintech),

CSTF2, FIP1, CPSF6 (Abcam; 1:200 dilution), PABPN1, CFIM25

(Abcam), and CFIM68 (Santa Cruz Biotechnology; 1:500 dilu-

tion). Immunostaining was performed using the Envision System

with diaminobenzidine (Dako). A negative control was obtained

by replacing the primary antibody with a normal IgG. Known

immunostaining-positive cases were used as positive controls.

Positive expression of RAC1 in UCB was in the cytoplasm,

whereas positive expression of CSTF2, PABPN1, FIP1, CPSF6,

CFIM25, and CFIM68 was in the nucleus. For evaluation of IHC

staining, a previously validated semiquantitative scoring criterion

was used, in which both staining intensity and positive areas were

recorded (14). A staining index (values 0–9), obtained as the

intensity of RAC1 or CSTF2, PABPN1, FIP1, CPSF6, CFIM25, and

CFIM68-positive staining (negative¼ 0, weak¼ 1, moderate¼ 2,

or strong¼ 3 scores) and the proportion of immunopositive cells

of interest (<10% ¼ 1, 10%–50% ¼ 2, or >50% ¼ 3 scores), was

calculated. Categories of high and low expression were defined as

groups with staining index above or below/equal to the median

staining index. Two independent pathologists (Dr. M.-Y. Cai

and D. Xie) who were blinded to the clinicopathologic informa-

tion carried out the scorings. The interobserver disagreements

(approximately 6% of the total informative cases) were reviewed

as second time, followed by a conclusive judgment by both

pathologists.

Cell lines and cell cultures

The bladder cancer cell lines, J82, T24, and 5637, and a non-

tumorous bladder cell line, SV-HUC-1, were purchased from

the ATCC in 2013. The BIU cell line was obtained from the

Institute of Urology at the First Affiliated Hospital of Peking

University as a gift in 2012. J82 was cultured in DMEM (Invitro-

gen) supplementedwith 10%FBS (HyClone). Theother four lines

were cultured in RPMI-1640 (Invitrogen) supplemented with

10% FBS (HyClone). All cell lines used in this study were authen-

ticated 3 months before the beginning of the study (2014) based

on viability, recovery, growth, and morphology by the supplier,

and all the cell lines have not been in culture for greater than 2

months (15).

Oncogenic assays

For cell growth assay, cells were seeded in 96-well plates at a

density of 1� 103 cells per well, and cell growth rate was assessed

with the CCK8 Kit (Dojindo Laboratories). For foci formation

assay, 2� 102 cells were seeded in 6-well plates, and after 2 weeks

of culture, cell colonieswere countedby crystal violet staining. The

results are expressed as the mean � SD of three independent

experiments.

Wound-healing and invasion assays

For the wound-healing assay, UCB cells were cultured on a 6-

well plate until confluence and then wounded with a 200 mL

pipette tip.Migrationphotoswere captured at 0 and24hours after

scratching. Transwell assays using Boyden chambers containing

24-well Transwell plates (BD Inc.) with 8mmpore size were used

to evaluate the migration and invasiveness of cells. All experi-

ments were performed in duplicate and repeated 3 times. For the

invasion assay, the cell culture inserts were seeded with 5 � 104

cells in 500 mL of serum-free medium without an extracellular

matrix coating. 1640 medium containing 20% FBS was added to

the bottom chamber. After approximately 24 hours of incubation,

the cells on the lower surface of the filter were fixed, stained, and

examined using a microscope.

Animal experiments

All procedures involving mouse were approved by the Institu-

tional Animal Care and Use of SYSU-CC. All mice were obtained

from Charles River Laboratories. Xenograft tumor growth assay

was established by subcutaneous injection of 1 � 106 UCB cells

into the right dorsal flank of 4-week-old Balb/c nudemice. Tumor

formation in themicewas checked after 4weeks. In vivometastasis

model was established by i.v. injection of 2 � 105 UCB cells

through tail vein into each 4-week-old Balb/c nude mice. Six

weeks after injection, the mice were sacrificed. The lungs were

removed and fixed with phosphate-buffered formalin. Subse-

quently, consecutive tissue sections were made for each block of

the lung. The numbers of pulmonary metastatic nodules in the

lungwere carefully examined. For imaging tumors in live animals,

VivoGloluciferin (Promega)was dissolved in sterilized PBS (final-

ly 40mg/mL). Mice were anaesthetized with isoflurane and

injected intraperitoneally with 100 mL of the luciferin solution.

After 5 minutes, images were acquired with the Xenogen IVIS

Lumina series II and analyzedusing the LivingImage2.11 software

package (Xenogen Corp.).

Figure 1.

30UTR shortening of RAC1 identified by DaPars analysis on RNA-seq. A, Fifty-eight significant and reproducible 30UTR alteration events were identified by

DaPars from RNA-seq on 15 UCB and paired adjacent normal bladder tissues. Volcano plot compares DPDUI values for UCB tissues versus adjacent normal bladder

tissues. Positive values on the x-axis indicate 30UTR lengthening in tumor tissue, whereas negative values indicate 30UTR shortening events. The statistical

significance (-log10P) is shown on the y-axis. Red dots and blue dots represent genes with significant 30UTR lengthening or shortening in UCB tissues, respectively.

The green dot represents the DPDUI value of RAC1, whereas the orange dot represents the DPDUI value of RALA. B, Heat map showing the PDUI value of 58

significant and reproducible 30UTR alterations in genes from 15 UCB tissues (pink group) and matched adjacent normal tissues (blue group). C, Representative

RNA-seq density plots along with DPDUI values for RAC1 in a UCB tissue (orange plot) and matched normal tissue (blue plot). Numbers on the y-axis

indicate RNA-seq read coverage. Schematic representation of the pPAS in RAC1 is shown in the bottom plot. Black, UTR region; green, the protein-coding

region (CDS) ofRAC1; pink, novel PAS ofRAC1.D, Primer sequences used in 30RACE are indicated on the schematic above the graphs. Gray box, CDS; black box, UTR.

The pink box and CAUAAA represent the pPAS identified by 30RACE; the blue box and AAUAAA represent the dPAS. E, Agarose gel electrophoresis demonstrates

30RACE amplification ofRAC1 usingRNAs extracted fromsevenUCB tissues as templates. Lane 1,marker; lanes 2–8, 30RACERAC1 fragment amplified fromsevenUCB

tissues with G2 and inner primers. F, DNA sequence alignment of the pPAS region of RAC1 from seven different mammalian species using MEGA6 software. The

pPAS of RAC1 is indicated by the red frame. G, A scatter plot illustrating qRT-PCR analysis of PDUI value for RAC1 in UCB tissues compared with matched

adjacent normal bladder tissues from the SYSU-CC (left) and SYSU-FAH (right) cohorts. P < 0.001, paired Student t test. H, Kaplan–Meier curves with

univariate analyses of DFS (P < 0.01, log-rank analysis) in patients with UCB with low versus high usage of the RAC1 short 30UTR from SYSU-CC (left) and

SYSU-FAH (right) cohorts.
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5,6-Dichlorobenzimidazole 1-b-D-ribofuranoside

transcription elongation assay

The labeling of nascent RNA with bromouridine (BrU) was

carried out as previously described (16, 17). The drug 5,6-

dichlorobenzimidazole 1-b-D-ribofuranoside (DRB; Sigma) is

added to the media to a final concentration of 100 mmol/L, and

cells are incubated for 3 hours at 37�C. After the incubation

with DRB, the cells were washed with PBS twice, and nascent

RNA was labeled in conditioned media containing 2 mmol/L

BrU (Sigma) for indicated time points at 37�C. The cells were

then directly lysed in TRIzol reagent (Invitrogen). Total RNA

was isolated, and the Bru-labeled RNA was isolated from the

total RNA by incubation with anti-BrdUrd antibodies conju-

gated to agarose Dynabeads (Santa Cruz Biotechnology) under

gentle rotation for 1 hour at 4�C. Finally, purified RNA was

reverse transcribed. Oligonucleotides (50-30) used for qRT-PCR

are listed below:

RAC1Exon1–Intron1 (Forward):ATGCAGGCCATCAAGTGTGT

RAC1Exon1–Intron1 (Reverse): GGAGTTCACTTTTCCCTCTAGC

RAC1 Intron6–Exon7 (Forward): CTGTGGGTCTTAACGTCAGC

RAC1 Intron6–Exon7 (Reverse): TCGCTTCGTCAAACACTGTC

Statistical analyses

Statistical analysis in SYSU-CC and SYSU-FAH cohorts was

carried out with SPSS software (SPSS Standard version 13.0; SPSS

Inc. Chicago). The x
2 test was used to assess the statistical

significance of the association of the expression of RAC1 and

RALA with short-30UTR or CSTF2 with the patient's clinicopath-

ologic parameters and its correlation. Comparisons between

groups for statistical significance were performed with the inde-

pendent sample t test. DFS was assessed with the Kaplan–Meier

method and compared by the log-rank test. Correlations were

analyzed by the Pearson correlation test. P values of < 0.05 were

considered significant.

For survival analysis in The Cancer Genome Atlas (TCGA)

cohorts, we used the X-tile software version 3.6.1 (18) built-in

validated feature that automatically defined the optimal cut-

off point. Data were downloaded from Firehose (http://gdac.

broadinstitute.org). R software version 3.3.1 (R Foundation for

Statistical Computing) and OriginPro 9 (OriginLab) were used

for performing statistical tests and plotting.

Data and software availability

RNA-seq data are accessible using Biosample ID:

AMN06112418-SAMN06112447.

Supplementary information

Supplementary Information includes SupplementaryMaterials

and Methods, four Supplementary Figures, and four Supplemen-

tary Tables.

Results

Short-30UTR isoform of RAC1 is predominantly expressed in

human UCBs and is associated with patients' advanced clinical

stage and poor outcome

In this study, we first performed deep RNA-seq in 15 pairs of

UCB and adjacent normal bladder tissues with a bioinformatics

algorithm,Dynamic Analysis of Alternative Polyadenylation from

RNA-Seq (DaPars; ref. 12), to characterize significant 30UTR

alteration events. When applied to the 25,293 Refseq transcripts,

58 statistically significant and reproducible 30UTR alteration

eventswere identified, including40 geneswith 30UTR lengthening

and 18 genes with 30UTR shortening in UCB tissues compared

with matched normal tissues (Fig. 1A; Supplementary Table S1).

We next applied KEGG analysis to identify APA genes that play

critical roles in cancer-related pathway. The results showed that

the RAC1 and the RALA, two critical genes in Ras-related cancer

signaling (19, 20), were predominantly expressed with shortened

30UTR in UCB tissues, respectively (Fig. 1B and C; Supplementary

Fig. S1A; Supplementary Table S2).

To investigate if the observed 30UTR shortening of RAC1 and

RALA is due to utilization of novel pPAS signals within these two

genes, 30 rapid amplification of cDNA ends (30RACE) was per-

formed in 7 UCB tissues using primers described in Fig. 1D and

Supplementary Fig. S1B. The authenticity of novel pPAS in RAC1

and RALA was discovered within our tested tissues, respectively.

For the shorter mRNA isoforms of RAC1, a weak pPAS CAUAAA

was used (Fig. 1E), and a canonical PAS AAUAAA was confirmed

for the shorter mRNA isoforms of RALA (Supplementary

Fig. S1C). The two pPAS signals in RAC1 and RALA are conserved

at the orthologous position in six mammal species (Fig. 1F;

Supplementary Fig. S1D).

To study the clinical significance of RAC1 and RALA short-

30UTR isoforms expression in patients with UCB, two indepen-

dent UCB cohorts were recruited from the SYSU-CC and SYSU-

FAH, in which 80 and 94 pairs of UCB and matched normal

bladder tissue samples were collected, respectively. The degree of

difference of 30UTRusage ofRAC1 andRALAbetween the samples

was quantified as a change in percentage dPAS usage index

(DPDUI), which can identify lengthening (positive index) or

shortening (negative index) within the 30UTR. The PDUI value

was significantly decreased in UCB tissues compared with

Figure 2.

The RAC1 short-30UTR isoform has oncogenic functions and increases aggressiveness in UCB cells. A, qRT-PCR results shown as fold change in dPAS usage (DPDUI)

in UCB cell lines transfected with the RAC1 short- or long-30UTR isoform compared with cells transfected with control vector. All graphs represent the

mean � SD of at least three independent experiments. B–D, Ectopic overexpression of the RAC1 short-30UTR isoform in UCB cell lines significantly increases cell

growth (B), colony formation (C), and S phase (D), as compared with overexpression of the RAC1 isoform with long 30UTR or transfection of control vector, as

measured by CCK-8, colony formation, and flow cytometry, respectively. All graphs represent the mean � SD obtained from three independent experiments.
� ,P <0.05; �� ,P<0.01, Student t test.E,Transwell assayanalyses of themigration ability of the indicatedUCBcells. F, Ectopic overexpression of theRAC1 short-30UTR

isoform in the UCB BIU-87 line substantially promoted tumor formation compared with overexpression of RAC1 with long 30UTR or transfection with control

vector. Left, images of the xenograft tumors formed in Balb/c nudemice injected with BIU-87 cells expressing RAC1 short- or long-30UTR isoforms, or control vector.

Weights of xenograft tumors are summarized in the right panel. G, BIU-87 cells infected with the indicated lentiviruses for the indicated RAC1 isoforms were

injected into the vein of Balb/c nude mice, followed by noninvasive bioluminescence imaging for 6 weeks. Representative bioluminescent imaging (left),

representative images of lungs (top right), and metastatic nodules (arrows) are shown. Middle, mean bioluminescent signals (n¼ 5). Bottom left, hematoxylin and

eosin staining of lung metastatic lesions (original magnification, �100; scale bar, 100 mm). The number of metastatic nodules formed in the

lungs of nude mice is summarized for each group tested (n ¼ 5) in the right bottom panel.
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matched normal tissues (P < 0.001, Fig. 1G; Supplementary

Fig. S1E), suggesting a high incidence of RAC1 and RALA short-

30UTRs in UCBs. Further statistical analysis revealed that UCBs

had higher expression of the RAC1 short-30UTR isoform,

were positively associated with an advanced T and N status and

larger tumor size, and displayed poorer disease-free survival (DFS,

P < 0.05, Fig. 1H; Table 1). In contrast, no significant association

between short-30UTR RALA expression and patients' DFS was

evaluated in these two UCB cohorts (Supplementary Fig. S1F).

These results, taken together, suggested that the shortening of

RAC1 30UTR by APA is a frequent molecular event presented in

UCB pathogenesis.

To determine if the shortening of RAC1 30UTR was present in

other types of human cancers, we further examined the usage of

RAC1 short-30UTR in a series of other cancer types, including

colorectal carcinoma, hepatocellular carcinoma, and non–small

cell lung cancer (30 patients, respectively). The usage of short

isoform of RAC1 30UTR was significantly increased in these

cancers compared with that of matched normal tissues (P <

0.001, Supplementary Fig. S1G). Further, 30RACE identified the

usage of pPAS in the tested tissues (Supplementary Fig. S1H).

These results, taken together, suggested the shortening of RAC1

30UTR by APA is a bona fide molecular event presented in many

types of human cancer, including UCB.

RAC1 short-30UTR isoform enhances UCB cells' oncogenic and

metastatic capacities both in vitro and in vivo

To study the biological functions of distinct RAC1 isoforms in

UCB cells, we stably transfected short- or long-30UTR isoforms of

RAC1 into two UCB cell lines (BIU-87 and J82), which had lower

expression of the short RAC1 isoform (Supplementary Fig. S2A).

The transfection efficiency is shown in Fig. 2A. We found that

enforced expression of the shorter-30UTR isoformofRAC1 inUCB

cells dramatically increased cell growth (Fig. 2B), colony forma-

tion (Fig. 2C), and fraction of S phase cells (Fig. 2D), and

enhanced cell-invasive ability (Fig. 2E), when compared with

that of ectopic expression of full-length RAC1 and vector control

cells. Moreover, enforced expression of the shorter-30UTR isoform

of RAC1 in a nontumorous cell line, SV-HUC-1, dramatically

increased cell growth, colony formation, and cell-invasive ability

(Supplementary Fig. S2B), when compared with that of ectopic

expression of full-length RAC1 and vector control cells.

Next, in two nude mouse models (i.e., a subcutaneous xeno-

graft tumor mouse model and an in vivo tumor metastasis

mouse model), we further observed that enforced expression of

the shorter-30UTR isoform of RAC1 in UCB cells substantially

enhanced the abilities of subcutaneous tumor formation (Fig. 2F)

and cancer cells' metastatic capacities to the lungs (Fig. 2G) of

mice, as compared with that of either ectopic expression of full-

length RAC1 or control cells.

The RAC1 short-30UTR isoform produces more RAC1 protein

due to escaping from miRNA-targeted repression

In our study, we further observed that enforced expression

of the short-30UTR RAC1 isoform substantially upregulated

the protein expression of RAC1, as compared with transfection

with the long-30UTR RAC1 isoform (Supplementary Fig. S2C).

This observation was consistent with the enhanced luciferase

activity examined from the luciferase reporter carrying RAC1

short-30UTR when compared with the RAC1 long 30UTR (Sup-

plementary Fig. S2D), suggesting that short isoform of RAC1

may be lacking repression motif presented in the full-length

30UTR.

To test this hypothesis, we then mutated three miRNA-com-

plementary sites in the wild-type full-length RAC1 30UTR and

inserted it downstream of a luciferase reporter gene, respectively.

We found that loss of thesemiRNA-targeting sites led to a roughly

1.5-fold increase in luciferase activity compared with the lucifer-

ase reporter with intact miRNA sites (Supplementary Fig. S2E and

S2F). These data, collectively, suggested that high levels of RAC1

protein produced by RAC1 with short-30UTR may, at least par-

tially, be due to the loss of targeted repression on RAC1mediated

by miRNAs.

In addition to enhanced RAC1 expression, ectopic overexpres-

sion of RAC1 short-30UTR isoform in UCB cells efficiently upre-

gulated the AKT pathway and the b-catenin-MMP9 pathway

(Supplementary Fig. S2C), which can potently stimulate cancer

cells' proliferation and/or aggressiveness.

Enrichment of CSTF2 on RAC1 GUKKU motif promotes 30UTR

shortening of RAC1

One of the most interesting questions that arose from our

findings was what are the potential mechanisms governing 30UTR

shorteningofRAC1 inUCB?Because APAwas initially found tobe

regulated in cis through genetic aberrations of DNA (4, 21), we

thus searched for RAC1 mutations in UCBs from the TCGA

database. Of the four RAC1 mutations we found in UCB tissues,

all were located in the CDS of RAC1 (Supplementary Table S3),

indicating that the 30UTR shortening of RAC1 is probably not due

to aberrations in cis-elements.

We then wondered if the global shortening of the RAC1 30UTR

in UCB is the result of aberrant expression of polyA trans-factors.

We first examined the correlations between use of theRAC1 short-

30UTR and expressions of six important cleavage/polyadenylation

(CPA) factors, including CSTF2 (22), CPSF6 (23), CFIm25 (12),

CFIm68 (24), PABPN1 (25), and FIP1 (26), in our twoUCB tissue

cohorts. The results evaluated that use of theRAC1 short-30UTR in

UCBs was positively correlated with the expression levels of

CSTF2 (P < 0.001, Fig. 3A), but not with the levels of the other

five APA factors (P > 0.05; Supplementary Fig. S3A–S3E).

Subsequently, we knocked down these six CPA factors in T24

UCB cells (Supplementary Fig. S3F) and examined their effects on

affecting the expression levels of different RAC1 isoforms. Our

results showed that the silence ofCSTF2, but not that of theother 5

factors, dramatically affected the ratio ofRAC1 dPAS usage in cells

(Fig. 3B). Two shRNAs were then used to efficiently suppress

CSTF2 expression in 2 UCB cell lines, T24 and 5637 (Fig. 3C,

left), which have higher usage of the RAC1 short-30UTR (Sup-

plementary Fig. S2A). Northern blot demonstrated that the

levels of RAC1 short-30UTR isoform were decreased in both

CSTF2-silenced UCB cell lines, whereas the levels of the long

isoform were increased in the same RNA extracts (Fig. 3C,

right). qRT-PCR results further confirmed the increased ratio

of RAC1 dPAS usage in CSTF2-silenced cells (Supplementary

Fig. S3G). These data revealed that, in the absence of CSTF2, the

PAS of RAC1 shifted from pPAS to dPAS, producing RAC1

mRNAs with longer 30UTRs in UCB cells, suggesting that CSTF2

is a key regulator of PAS choice in RAC1.

To test whether or not CSTF2 has a direct role on RAC1 30UTR

shortening, we performed RNA immunoprecipitation (RIP) assay

to determine the association of CSTF2 on RAC1 30UTR. CSTF2

was observed highly recruited to the region around RAC1 pPAS
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Figure 3.

CSTF2 controls PAS selection of RAC1 in UCB. A, Spearman correlation analysis demonstrates that the dPAS usage of RAC1 is negatively correlated with

CSTF2 protein expression in UCB tissues from the SYSU-CC (left) and SYSU-FAH (right) cohorts.B, qRT-PCR result ofRAC1 is shown as fold change in dPAS usage in

UCB cells after knockdown of each APA factor as indicated (top). Agarose gel electrophoresis demonstrates 30RACE amplification of RAC1 using RNAs

extracted fromUCB cells' knockdown of each indicated APA factors. Lane 1, marker; lanes 2–8, 30RACE RAC1 fragments amplified fromUCB cells after knockdown of

each indicated APA factors (bottom). C,Western blot analysis of CSTF2-knockdown efficiencies by two shRNAs in 5637 and T24 UCB cells. GAPDH expression was

used as a loading control (left). Northern blot analysis of total polyAþ RNA prepared from 5637 and T24 cells transfected with either control shRNA or two shRNAs

targeting CSTF2. Blots were probed for RAC1 and GAPDH mRNAs (right). D, RIP assays show association of CSTF2 with RAC1 30UTR. Top, immunoprecipitation

efficiency of CSTF2 antibody is shown in Western blot. Bottom, relative enrichment (mean � SD) represents RNA levels associated with CSTF2 relative to an

input control from three independent experiments. IgG antibody served as a control. E,Deletionmapping of theRAC1 pPAS-binding domain in CSTF2. Left, diagrams

of full-length CSTF2 and the deletion fragments. Middle, immunoprecipitation efficiency of Flag-tagged CSTF2-domain truncatedmutants as shown inWestern blot.

Right, RIP assays show association of truncated CSTF2 with RAC1 30UTR. Relative enrichment (mean � SD) represents RNA levels associated with truncated

CSTF2 relative to an input control from three independent experiments. IgG antibody served as a control. F, Biotin-labeled oligonucleotides containing two GUKKU

motif or mutant motif from RAC1 mRNA (left) were incubated with 50 mmol/L GST-CSTF2 protein and analyzed by EMSA assay (right).
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(Fig. 3D). We next mapped the domains that mediate the asso-

ciation of CSTF2 to RAC1 pPAS (27). With overexpression of

truncated Flag-CSTF2, we purified recombinant CSTF2–RNA

complex with Flag antibody. Our RIP results showed that RNA-

recognition motif domain (1–110 aa) of CSTF2 specifically inter-

acted with RAC1 pPAS (Fig. 3E).

We next investigated if individual motif in RAC1 mRNA

contributes to noncanonical PAS recognition by CSTF2. We

examined two GUKKU motif that has been suggested to be

enriched in CSTF2-sensitive noncanonical PAS (28), locating in

the 30–50 nt region downstream to the noncanonical pPAS of

RAC1. RNA electrophoretic mobility shift assay (RNA EMSA)

further revealed that CSTF2 binds to RAC1 pPAS region sur-

rounding GUKKU motifs in vitro (Fig. 3F, lanes 3–5), whereas

after mutation of these two motifs, the interaction of CSTF2 on

RAC1 was diminished (Fig. 3F, lane 2), indicating that GUKKU

motifs downstream of RAC1 pPAS region are critical for CSTF2

interaction.

High CSTF2 occupancy governs pPAS selection through

modulation of slow RNA polymerase II transcription

elongation rate at the RAC1 locus

How does CSTF2 promote the selection of pPAS on RAC1?

Considering that CSTF2 cotranscriptionally assembles on the

carboxyl-terminal domain (CTD) of RNA polymerase II (RNAPII;

ref. 29), it is very likely that CSTF2 may control PAS selection of

RAC1 by affecting RNAPII transcription kinetics. To test this

hypothesis, we used DRB treatment in combination with

qRT-PCR analysis to compare RNAPII elongation rates at RAC1

in CSTF2-silenced and control UCB cells. This procedure is

illustrated in Fig. 4A, in which the positions of PCR products in

DRB-elongation rate analyses are shown in Fig. 4B. As anticipated,

transcription in the first, promoter-proximal exon–intron junc-

tion was indistinguishable between control- and CSTF2-silenced

UCB cells (Fig. 4C, left). With time progressed, we found that

transcripts were observed further into the gene. RAC1 pre-mRNA

levels at the Intron 6–Exon 7 junction, which is 27 kBdownstream

from the transcription start site, rose markedly earlier in CSTF2-

silenced cells at 10 to 15 minutes (Fig. 4C, left). This was

corresponded to an overall increase in mean elongation rate

across the RAC1 gene in CSTF2-silenced cells (Fig. 4C, right).

These data indicated that CSTF2 slows the transcription elonga-

tion kinetics of RAC1.

To validate if transcription kinetics contribute to PAS selection

in RAC1 by CSTF2, we further used 6-azauracil (6-AU), a reagent

that can slow down transcription elongation (30), to treat CSTF2-

silenced and control UCB cells (Fig. 4D). The results demonstrat-

ed that treatment of 6-AU could significantly prevent CSTF2-

silence induced fast RAC1 transcription rates (Fig. 4E). Further-

more, after the treatment of 6-AU, CSTF2-silence–induced usage

of RAC1 dPAS was clearly attenuated (Fig. 4F). These results

provide evidence that, in UCB cells, CSTF2 deficiency can increase

fast transcription rates, which in turn facilitate the utilization of

dPAS on RAC1, whereas slowing transcription with 6-AU treat-

ment can partially mimic the effect of CSTF2, promoting the

utilization of RAC1 pPAS.

CSTF2 attenuates the recruitment of two core super elongation

complex factors, AFF1 and AFF4, to the RAC1 pPAS, which

reduces transcription elongation kinetics

To investigate the precise molecular mechanisms that speed

up transcription elongation of RAC1 after CSTF2 silencing in

UCB cells, we further analyzed the effect of CSTF2 knockdown

in the phosphorylation of RNAPII Serine-2 (Ser2P) at RAC1's

pPAS and dPAS sites (Fig. 4G), which are critical for transcrip-

tion elongation. Our results showed that silence of CSTF2 did

not alter the expression levels of total RNAPII and Ser2P in UCB

cells (Fig. 4H) and, meanwhile, did not affect the recruitment of

total RNAPII on RAC1 30UTR (Fig. 4I). However, silence of

CSTF2 could dramatically increase Ser2P at the pPAS region of

RAC1 (Fig. 4I). Furthermore, our Nuclear Run-On transcription

assays (NRO) confirmed that RNAPII transcription in the RAC1

pPAS region was highly increased relative to the dPAS region

after CSTF2 knocking down, but such was not detected in other

cellular genes, including GAPDH, B2M, CALM2, and HPRT1

(Fig. 4J). These results, collectively, suggest that the deficiency

of CSTF2 in UCB cells enhances Ser2P-mediated transcription

elongation at RAC1's pPAS.

We next wondered if the increase of Ser2P observed in CSTF2-

silenced UCB cells is due to enhanced recruitment of super

elongation complex (SEC), which is indispensable for Ser2P

productive elongation (31). Therefore, we examined and com-

pared the expression levels of CDK9 (the catalytic subunit in the

positive elongation factor b complex, P-TEFb) and two SEC

core subunits, AFF1 and AFF4 (32), as well as their enrichment

status at the pPAS anddPAS regions ofRAC1, between control and

Figure 4.

CSTF2 attenuates transcription elongation rate of RAC1, which contributes to pPAS selection of RAC1. A, A workflow of BrU–qRT-PCR elongation rate

analysis on nascent RNA. Cells were treated with DRB for 3 hours to block transcription, and newly synthesized BrU-labeled total RNAs were collected at different

time points after DRB removal. BrU-labeled nascent RNAs were then purified with anti-BrdUrd antibodies conjugated to agarose beads, followed by

RNA extraction and qRT-PCR. B, Diagram demonstrates the positions of PCR products in DRB-elongation rate analyses. C, Nascent mRNA production (quantified

by qRT-PCR) in different regions of RAC1 after release from DRB inhibition in control (blue line) or CSTF2-depleted (red line) T24 or 5637 cells (left).

The fold change of elongation rate was calculated for RAC1 in control (blue bar) or CSTF2-depleted (red bar) UCB cells, and is presented in the right panel.

D, CSTF2-knockdown efficiency was assessed byWestern blot in 6-AU–treated or untreated T24 and 5637 cells. GAPDH expression was used as loading control. E,

Elongation ratemeasured for RAC1 in control (blue bar) or CSTF2-silenced (red bar) cells in the presence (lanes 2, 4, 6, and 8) or absence (lanes 1, 3, 5, and 7) of 6-AU

treatment. F, qRT-PCR results of RAC1 shown as fold change in dPAS usage in control (blue bar) or CSTF2-depleted (red bar) cells in the presence (lanes 2, 4, 6,

and 8) or absence (lanes 1, 3, 5, and 7) of 6-AU treatment. G, Diagram demonstrates the positions of PCR products used for ChIP analyses. H, CSTF2-

knockdown efficiency was assessed by Western blot. Total lysates from T24 cells were also blotted with RNAPII, RNAPII Ser2P, and RAC1 antibodies. GAPDH

expression was used as loading control. I, ChIP assays were performed to measure the occupancy and modification of RNAPII-CTD using the indicated antibody

and chromatin from control (blue bar) or CSTF2-silenced (red bar) T24 cells. Genomic DNA was amplified by the indicated primers via qPCR. Results are

presented as percentage of input. J, NRO performed using nuclei prepared from control (blue bar) or CSTF2-depleted (red bar) T24 cells. Regions amplified by

qPCR are indicated above the graph. Values were normalized to control cells. K, CSTF2-knockdown efficiency was assessed by Western blot, using indicated

antibodies. Total lysates from T24 cells were also blotted with CDK9, AFF4, AFF1, and RAC1 antibodies. GAPDH expression was used as a loading control. L, ChIP

assayswereperformed tomeasure the enrichments ofCDK9 (theP-TEFb complex kinase) and twoSECcore factors, AFF1 andAFF4, using the indicated antibody and

chromatin from control (blue bar) or CSTF2-depleted (red bar) T24 cells. Genomic DNA was amplified by indicated primers from qPCR. Results are presented as a

percentage of input. All graphs represent the mean � SD obtained from at least three independent experiments. � , P < 0.05; �� , P < 0.01, Student t test.
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CSTF2-silencedUCB cells.Weobserved that knockdownofCSTF2

didnot affect the global protein levels of CDK9, AFF4, andAFF1 in

UCB cells (Fig. 4K). However, our chromatin immunoprecipita-

tion (ChIP) assays showed that knockdown of CSTF2did not alter

the enrichment level of CDK9, but substantially increased the

enrichment of both AFF4 and AFF1 on the RAC1 pPAS region

(Fig. 4L). These results, together, provide evidences that CSTF2

attenuates the recruitment of AFF4 and AFF1 to the RAC1 pPAS

region and Ser2P, resulting in a slow transcription elongation.

CSTF2 regulates the oncogenic and invasive functions of the

short RAC1 isoform in UCB cells

To investigate if CSTF2 contributes to the oncogenic and/or

invasive functions of the RAC1 short-30UTR isoform in UCB cells,

we further stably knocked down CSTF2 in twoUCB cell lines, T24

and 5637, which have higher usage of the RAC1 short-30UTR. We

observed that knockdownofCSTF2 (Fig. 5A) clearly decreased the

levels of RAC1 short-30UTR isoform in UCB cells (Fig. 3C), and

concurrently, substantially suppressed cell growth, colony forma-

tion, migration, and invasion compared with that of control cells

(Fig. 5B–E; Supplementary Fig. S4A–S4C). However, enforced

overexpression of the short-30UTR isoform of RAC1 in CSTF2-

silenced UCB cells (Fig. 5A) largely prevented the decreased cell

growth, colony formation, migration, and invasion by CSTF2

knocking down (Fig. 5B–E; Supplementary Fig. S4A–S4C).

Our in vivomousemodel studies also showed similar biological

effects of CSTF2 silencing in UCB cells. The size and weight of

subcutaneous xenograft tumors (Fig. 5F), as well as the lung

metastatic ratio (Fig. 5G), were significantly decreased in mice

injected with CSTF2-silenced UCB cells compared with that of

control vector cells. Enforced expression of the short-30UTR iso-

form of RAC1 in CSTF2-silenced cells, however, substantially

rescued UCB cells' potential for tumor formation and metastasis

to the lung (Fig. 5F and G).

Dual high expression of CSTF2 and the short-30UTR isoform of

RAC1 predict the worst prognosis for patients with UCB

To determine the clinical relevance of CSTF2 regulation in UCB

patients, we first compared the expression of CSTF2mRNA in the

TCGA RNA-seq data derived from 19 UCB and paired normal

tissues. We discovered that the expression of CSTF2 mRNA was

significantly upregulated in UCB tissues (P ¼ 0.0005, Fig. 6A).

Further, the Kaplan–Meier analysis of 408 UCB tissues derived

from TCGA clearly showed that high expression of CSTF2 was

significantly associated with poor patient DFS (P ¼ 0.0159,

Fig. 6B, log-rank test). Similar results were also obtained from

our patients with UCB in either the SYSU-CC or the SYSU-FAH

cohort (Fig. 6C). Furthermore, high expression of the CSTF2

protein predicted advanced tumor stage (Supplementary

Table S4).Moreover, patientswithUCBwithbothhigh expression

ofCSTF2 andhighusage of theRAC1 short-30UTR isoformhad the

poorest DFS in our two cohorts (Fig. 6D).

Discussion

Human cancer is a complex disease driven by the activation of

oncogenes and/or inactivation of tumor suppressors. It has been

suggested that shortening of 30UTRs is one of the important

mechanisms for oncogene activation (3, 4). In UCB, however,

little is known if certain oncogenes may be activated through

30UTR shortening. In the current study, by using RNA-seq, com-

bined with bioinformatics and clinical studies in several inde-

pendent cohorts of patientswithUCB,we identified a novel short-

30UTR isoform of RAC1 frequently expressed in UCBs, and it was

positively associated with patients with UCB advanced clinical

stages and/or poor survival. It appears, therefore, that the exam-

ination of RAC1 short-30UTR isoform might be used as an addi-

tional tool to predict those patients with UCB with increased risk

of tumor aggressiveness and/or worse prognosis.

In our study, a series of in vitro and in vivo assays were then

employed to investigate the biological functions of RAC1 short-

30UTR isoform in regulating UCBs' malignant phenotype. Our

results clearly showed that enforced expression of RAC1 short-

30UTR isoform in UCB cells substantially promoted their onco-

genic andmetastatic capacities either in vitro or in vivo. It is known

the RAC1 gene is an oncogene that plays important roles in the

malignant nature of many types of human cancer (33, 34).

However, the underlying mechanisms of RAC1 activation in

various types of cancer tend to be varied and complex (35). In

our study, we further found that ectopic overexpression of the

RAC1 short-30UTR isoform in UCB cells dramatically increased

protein expression of RAC1 by escaping from miRNA targeted

repression and thus, largely up-regulating certain key targets, AKT

and b-catenin-MMP9 pathways, which can potently stimulate

cancer cell proliferation and invasion (36, 37). These findings

suggest that 30UTR shortening of RAC1 in UCB is a critical

mechanism to upregulate RAC1 expression and consequently

promote UCBs tumorigenesis and/or progression.

One of the most interesting questions was then raised up, i.e.,

what is the potentialmechanisms governing the30UTR shortening

of RAC1 in UCB? It has been reported that genetic deletion or

aberrations may directly result in 30UTR shortening (4). Because

no disease-causative mutations have been clarified in RAC1 gene

fromUCBs in the TCGA database, we excluded out the possibility

of cis-regulation in RAC1 30UTR shortening in UCB. Next, by

screening the expression of 6 well-known CPA factors in our UCB

cohorts, we identified that overexpression of CSTF2 in UCBs

positively correlated with high usages of the short RAC1 30UTR

isoform. Moreover, knockdown of CSTF2 in UCB cells, but not

otherCPA factors, largely decreased the ratioof short to longRAC1

30UTR. These results together provide straightforward evidence

that CSTF2 controls the 30UTR shortening of RAC1 in UCB.

In the next parts of our study, we therefore further investigated

the precise mechanisms by which CSTF2 targets RAC1 30UTR to

promote the usage of pPAS in UCB cells. Our data demonstrated

that (1) two GUKKU motifs, locating in the 30–50 nt region

downstream to the noncanonical pPAS of RAC1, are critical for

CSTF2 recognition; (2) high CSTF2 occupancy governs pPAS

selection by mediating a slow RNAPII transcription elongation

kinetics at the RAC1 gene, but not at the other cellular genes, such

as GAPDH, B2M, CALM2, and HPRT1; and moreover, (3) CSTF2

attenuates the specific recruitment of SEC factors, AFF1 and AFF4,

to the RAC1 pPAS region and phosphorylation of RNAPII Serine-

2, resulting in slow transcription elongation. These data, taken

together, provided first line of evidences that in human UCB, a

slower RNAPII elongation ratemedicated by CSTF2 governs pPAS

usage in RAC1 30UTR.

Recently, some APA factors, such as CFIm25 (12) and PABPN1

(38), have been implicated in tumorigenicity. CFIm25 was iden-

tified in governing APA and links APA to glioblastoma tumor

suppression (12). Through bioinformatic APA profiling and anal-

ysis, the expression of PABPN1 was found significantly correlated

with the dPAS usage in many types of human cancer (38). These
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Figure 5.

CSTF2 regulates the oncogenicity and invasiveness of the shorter RAC1 isoform in UCB. A, Protein levels of CSTF2 and RAC1 in UCB 5637 and T24 cells after

indicated treatment examined byWestern blot. GAPDH expression was used as a loading control. B–E, Knockdown of CSTF2 in both 5637 and T24 cells significantly

inhibited cell growth (B andC), colony formation (D), and invasion (E), respectively, andsuch couldbe largelypreventedbyectopic overexpressionof short-30UTRRAC1

isoform in CSTF2-silenced UCB cells (B–E). All graphs represent mean � SD obtained from three independent experiments. � , P < 0.05; �� , P < 0.01, Student t test.

F, Xenograft tumor formation in Balb/c nude mice injected with CSTF2-depleted T24 cells was inhibited as compared with that of control cells. Decreased

tumor formation was rescued by overexpression of the short-30UTR RAC1 isoform in CSTF2-silenced cells. Left, images of the xenograft tumors formed in mice. Right,

quantification of xenograft tumor weights. � , P < 0.05; �� , P < 0.01, Student t test. G, T24 cells infected with the indicated lentiviruses were injected into the vein of

Balb/c nude mice, followed by noninvasive bioluminescence imaging for 6 weeks. Representative bioluminescent imaging (left), representative images of lungs (top

right), metastatic nodules (arrows) are shown. The lung metastasis in mice injected with CSTF2-silenced T24 cells was significantly suppressed compared with

that of control cells, whereas overexpression of the short-30UTR RAC1 isoform abrogated the effect of CSTF2 depletion on lung metastasis. Middle, hematoxylin and

eosin staining of lung metastatic tumors (original magnification, �100; scale bar, 100 mm). Bottom, number of metastatic nodules formed in the lung of mice is

summarized for each tested group (5 mice per group). � , P < 0.05; �� , P < 0.01, Student t test.
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Figure 6.

Dual high expression of CSTF2 and RAC1 with short-30UTR predicts worse patient prognosis in UCBs. A, A scatter plot shows relative mRNA expression levels

of CSTF2 in UCB tissues and matched adjacent nontumor tissues derived from TCGA. B, Kaplan–Meier analysis on DFS in patients with UCB with low versus high

expression of CSTF2mRNA from TCGA (P <0.001, log-rank analysis).C,Kaplan–Meier analysis of DFS in patients with UCBwith low versus high expression of CSTF2

protein from the SYSU-CC (left) and SYSU-FAH (right) cohorts.D,PatientswithUCBwith dual high expression of CSTF2 andRAC1with short-30UTRhave significantly

lower DFS than patients with dual low expression group or patients with high expression of a single factor in the SYSU-CC (left) and SYSU-FAH (right) cohorts.

E, Schematic diagram depicting a proposed model for the role and a major mechanism of RAC1 30UTR shortening induced by CSTF2 in UCB pathogenesis.
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studies, together, give a hint that the dysregulated expression of

certain APA factors may be the key players for the aberrant APA

events and core regulators in tumorigenesis. So far, the function of

CSTF2 has been previously well-characterized in mRNA 30-end

formation (39). However, the pathologic functions of CSTF2 in

human disease, especially in cancers, have not been clearly elu-

cidated. To our knowledge, there is only one report that docu-

mented that CSTF2 is overexpressed in lung cancers, and it is

correlated closely with patients' poor prognosis (40). Thus, in the

last part of our study, through abundant in vitro and in vivo studies,

we confirmed that CSTF2 contributes to the oncogenic functions

ofRAC1 short-30UTR isoform inUCB, anddual high expression of

CSTF2 and high usage of RAC1 short-30UTR isoform predict the

poorest DFS of a patient with UCB. Therefore, as a result of our

collective present data, herein we propose a model to reveal the

molecularmechanismofRAC130UTR shortening throughCSTF2-

mediated APA regulation in promoting UCB pathogenesis, and it

is illustrated in Fig. 6E.

In summary, our report describes, for the first time, that 30UTR

shortening of RAC1 is a frequent oncogenic event in UCBs,

and it is important in the tumorigenesis and acquisition of an

aggressive/poor prognostic phenotype of the disease. In addition,

functional and mechanistic studies as provided in this study

demonstrate that CSTF2 exerts critical roles in activation of RAC1

by promoting 30UTR shortening of RAC1 mRNAs through two

transcription elongation factors, AFF1 and AFF4, in UCB patho-

genesis. Importantly, our finding might offer two novel thera-

peutic targets, CSTF2 and short-30UTR isoform of RAC1, to

broaden the treatment options for human UCB.
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