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SUMMARY

Alternative polyadenylation (APA) contributes to
transcriptome complexity by generating mRNA iso-
forms with varying 30 UTR lengths. APA leading to
30 UTR shortening (30 US) is a common feature of
most cancer cells; however, the molecular mecha-
nisms are not understood. Here, we describe a wide-
spread mechanism promoting 30 US in cancer
through ubiquitination of the mRNA 30 end process-
ing complex protein, PCF11, by the cancer-specific
MAGE-A11–HUWE1 ubiquitin ligase. MAGE-A11 is
normally expressed only in the male germline but
is frequently re-activated in cancers. MAGE-A11 is
necessary for cancer cell viability and is sufficient
to drive tumorigenesis. Screening for targets of
MAGE-A11 revealed that it ubiquitinates PCF11, re-
sulting in loss of CFIm25 from the mRNA 30 end
processing complex. This leads to APA of many
transcripts affecting core oncogenic and tumor
suppressors, including cyclin D2 and PTEN. These
findings provide insights into the molecular mecha-
nisms driving APA in cancer and suggest therapeutic
strategies.

INTRODUCTION

Alternative polyadenylation (APA) of messenger RNA (mRNA) is a

widespread phenomenon that frequently occurs in a large pro-

portion of human genes (Elkon et al., 2013; Ji et al., 2009; Mayr

and Bartel, 2009; Sandberg et al., 2008). Recent studies have

shown that at least 70% of mammalian genes have multiple pol-

yadenylation sites (PASs) in their 30 untranslated regions (UTRs)

(Derti et al., 2012; Hoque et al., 2013). Selection of the PAS is co-
1206 Molecular Cell 77, 1206–1221, March 19, 2020 ª 2020 Elsevier
ordinated by recognition of core sequence elements in the

mRNA by the mRNA 30 end processing complex that is

composed of several protein complexes, including CPSF, CFI,

CFII, and CstF complexes, and single proteins, such as

PABPN1, RBBP6, and SYMPK (Elkon et al., 2013; Shi et al.,

2009; Tian and Manley, 2017). Modulation of components of

these complexes can lead to the use of cryptic PASs, resulting

in APA (Martin et al., 2012; Masamha et al., 2014; Yao

et al., 2012).

The consequences of APA can be significant, with effects on

post-transcriptional gene regulation, including mRNA stability,

translation, nuclear export, and cellular localization (reviewed

in Tian and Manley, 2017). One well-noted consequence of

APA resulting in 30 UTR shortening (30 US) is mRNA evasion of

microRNA (miRNA)-based repression (Hoffman et al., 2016;

Mayr and Bartel, 2009; Sandberg et al., 2008). In addition to

regulating cognate transcripts in cis, 30 US can lead to

competing-endogenous RNA (ceRNA) regulation in trans such

that the shortened 30 UTRs no longer sequester miRNAs and

the released miRNAs can be directed to repress their ceRNA

partners (Salmena et al., 2011).

APA can be a regulated process that is required for normal

physiological functions, including cellular differentiation,

neuronal activity, and spermatogenesis (Flavell et al., 2008; Ji

and Tian, 2009; Li et al., 2016). For example, APA leading to 30

UTR lengthening of transcripts in the brain is frequent and results

in diverse protein isoforms with differential subcellular localiza-

tion (Ciolli Mattioli et al., 2019; Miura et al., 2013). Furthermore,

30 US is associated with T lymphocyte activation and induced

proliferation (Sandberg et al., 2008), as well asmale germ cell dif-

ferentiation (MacDonald and Redondo, 2002).

Aberrant APA is often associated with disease, including in

cancer, where global 30 US is a hallmark of most tumors (Fu

et al., 2011; Masamha et al., 2014; Mayr and Bartel, 2009; Xia

et al., 2014). Pan-cancer analysis revealed that >90% of APA

events lead to 30 US (Xia et al., 2014). Several oncogenes are

known to be affected, including the cyclin D1 cell cycle regulator,
Inc.
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whose levels are increased due to 30 US (Mayr and Bartel, 2009).

Our recent study also suggests that 30 US in breast cancer can

repress tumor suppressor genes in trans by disrupting ceRNA

crosstalk (Park et al., 2018). Despite these observations, the

mechanisms that promote APA are not well established.

Although 30 US in a subset of glioblastomas can be attributed

to CFIm25 downregulation (Masamha et al., 2014), the genetic

underpinnings for the vast majority of tumors is largely unknown.

MAGE genes are conserved in all eukaryotes and are defined

by a commonMAGE homology domain (MHD), which consists of

tandem winged helix motifs (Doyle et al., 2010; Lee and Potts,

2017; Newman et al., 2016). A subset of human MAGE proteins

is categorized as cancer-testis antigens (CTAs) because they are

physiologically restricted to the testis but are aberrantly ex-

pressed in cancers (Pineda et al., 2015; Simpson et al., 2005).

Recently, MAGE CTAs have gained growing interest as hall-

marks of cancers because of their broad expression in aggres-

sive cancers, correlation with poor clinical prognosis, and their

oncogenic ability to promote increased tumor growth and

metastasis (Pineda et al., 2015; Weon and Potts, 2015). We

and others have shown that MAGE proteins function as sub-

strate adaptors through their ability to recruit novel proteins to

specific E3 ubiquitin ligases to promote their ubiquitination and

often degradation (Doyle et al., 2010; Hao et al., 2013; Pineda

et al., 2015). Thus, MAGE proteins may represent a way in which

tumors co-opt germ cell functions to rewire key signaling path-

ways in cancer cells by reprogramming ubiquitin ligases. How-

ever, the molecular mechanisms and oncogenic potential of

most MAGE CTAs, including MAGE-A11, are unknown.

Here, we show that the normally germ-cell-restricted MAGE-

A11 is aberrantly expressed in cancer and acts as a potent onco-

gene that drives tumorigenesis by promoting APA leading 30 US
of many transcripts. MAGE-A11 acts as a substrate adaptor for

the HUWE1 E3 ubiquitin ligase to promote aberrant ubiquitina-

tion of the PCF11 subunit of the mRNA 30 end processing com-

plex in cancer cells. This leads to the loss of CFIm25 from the

mRNA 30 end processing complex and results in 30 US of tran-

scripts that have enrichment of CFIm25 binding sites upstream

of their distal PASs. Importantly, expression of a non-degradable

PCF11 mutant suppressed MAGE-A11 oncogenic activity and 30

US. Analysis of the transcripts affected by MAGE-A11 revealed

core oncogenic and tumor suppressor genes and pathways.

This includes 30 US of the cyclin D2 oncogene leading to dereg-

ulation of the Rb tumor suppressor pathway. Furthermore,

ceRNA partners of 30 US transcripts included many tumor sup-

pressor genes, such as PTEN that is downregulated by MAGE-

A11, resulting in activation of the Akt growth signaling pathway.

These findings provide insights into the function of MAGE-A11

and help explain the molecular mechanisms driving APA in

cancer.

RESULTS

MAGE-A11 Is Aberrantly Expressed in Cancer and Is
Necessary and Sufficient to Drive Tumor Growth
To thoroughly examine the expression pattern ofMAGE-A11, we

analyzed its expression by qRT-PCR in 26 disease-free human

tissues and found that it is normally restricted to expression in
the testis and placenta (Figure 1A). These findings were

confirmed in 51 human tissues from the GTEx project (Fig-

ure S1A) and at the protein level by immunohistochemistry,

showing expression of MAGE-A11 in germ cells of the testis

and syncytiotrophoblasts in placental tissue (Figures S1B and

S1C). Like other CTA genes, MAGE-A11 is aberrantly expressed

in tumors (Bai et al., 2005; Lian et al., 2012; Su et al., 2013; Xia

et al., 2013). Our analysis of The Cancer Genome Atlas (TCGA)

transcriptomic data revealed that MAGE-A11 is frequently ex-

pressed in many patient tumors, including lung squamous cell

carcinoma (>60%), ovarian carcinoma (>40%), and head and

neck squamous cell carcinoma (>40%) (Figure 1B). Furthermore,

immunohistochemistry staining of ovarian carcinoma and lung

squamous cell carcinoma tumor microarrays confirmed

MAGE-A11 protein (Figures S1D and S1E) in 35% of samples

(n = 211), regardless of tumor stage or grade (Figure S1F).

To determine whether the aberrant expression of MAGE-A11

in tumor cells is simply a passenger event due to global genomic

dysregulation or whether MAGE-A11 has a more active role in

driving tumorigenesis, we performed a series of gain- and loss-

of-function studies to elucidate the role of MAGE-A11 in driving

cancer cell growth. First, we examined whether multiple cancer

cells require the expression of MAGE-A11 for viability. Intrigu-

ingly, transient knockdown of MAGE-A11 in H520 lung squa-

mous cell carcinoma cells and DAOY medulloblastoma cells

resulted in dramatic decrease in cell viability (Figure 1C). Further-

more, knockout of MAGE-A11 decreased the proliferation rate of

DAOY and H520 cells, which could be rescued by re-expression

of MAGE-A11 (Figures 1D and S1G–S1I). Furthermore, knockout

of MAGE-A11 reduced other hallmarks of cancer, such as clono-

genic growth and anchorage-independent growth of H520 and

DAOY cells (Figures 1E–1G, S1J, and S1K). Re-expression of

MAGE-A11 rescued anchorage-independent tumor growth (Fig-

ure 1G). Consistent with these findings, knockout of MAGE-A11

slowed xenograft tumor growth, and re-expression of MAGE-

A11 rescued tumor growth in mice (Figures 1H and S2A–S2E).

Finally, to determine whether overexpression of MAGE-A11 is

sufficient to drive tumorigenic phenotypes, we stably expressed

MAGE-A11 in A2780 or OV56 ovarian cancer cells that do not

naturally express MAGE-A11. Strikingly, expression of MAGE-

A11 accelerated anchorage-independent growth of A2780 cells

(Figure S2F) and xenograft tumor growth of A2780 and OV56

cells in mice (Figures 1I, 1J, S2G, and S2H). Together, these

results suggest that MAGE-A11 is normally restricted to expres-

sion in the testis and placenta but is aberrantly expressed in a

variety of cancers, where it is necessary and sufficient to drive

tumorigenesis.

MAGE-A11 Promotes Ubiquitination and Proteasome-
Dependent Degradation of PCF11
To elucidate the molecular mechanisms of MAGE-A11 onco-

genic activity, we performed unbiased analysis of MAGE-A11 in-

teracting proteins by tandem affinity purification (TAP) coupled

to liquid chromatography-tandem mass spectrometry (LC-MS/

MS). Only 4 proteins, PCF11, CLP1, POLR2A, and POLR2B, in

addition to the MAGE-A11 bait, were identified repeatedly and

specifically in TAP-MAGE-A11 cells compared to TAP-vector

controls (Figures 2A and S3A). Remarkably, all four proteins
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Figure 1. MAGE-A11 Is Aberrantly Expressed in Cancer and Is Necessary and Sufficient to Drive Tumor Growth

(A) qRT-PCR analysis of the normalized expression of human MAGE-A11 in the indicated tissues (n = 3).

(B) Percentage of patient tumors expressing MAGE-A11 is shown.

(C) H520 lung squamous cell carcinoma cells and DAOY cerebellar medulloblastoma cells were transfected with control, MAGE-A11 no. 1, MAGE-A11 no. 2, or

MAGE-A11 pool siRNAs, and cell viability was measured by alamarBlue assay 72 h later.

(D) MAGE-A11-knockout DAOY cells or those reconstituted with MAGE-A11 were counted for cell proliferation at the indicated time points.

(E and F) Wild-type H520 cells or MAGE-A11-knockout H520 clones were assayed for clonogenic growth (E) and for anchorage-independent growth in soft agar

colony formation assays (F).

(G) Re-expression of MAGE-A11 rescues anchorage-independent growth of MAGE-A11-knockout H520 cells.

(H) Knockout of MAGE-A11 in DAOY decreases xenograft tumor growth in mice (n = 6 for wild-type group; n = 12 for MAGE-A11-knockout group).

(I and J) Stable expression of MAGE-A11 in MAGE-A11-negative A2780 (I) and OV56 (J) ovarian cancer cells increases xenograft tumor growth in mice (n = 8 per

group). Data are mean ± SD. *p < 0.05.
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Figure 2. MAGE-A11 Promotes Ubiquitination and Degradation of PCF11

(A)MAGE-A11 interacts with 30 mRNAprocessing complex proteins. HEK293 cells stably expressing TAP-vector or TAP-MAGE-A11were subjected to pull-down

followed by SDS-PAGE and LC-MS/MS (n = 4). Note spectral counts for all indicated proteins were 0 in TAP-vector samples.

(B) Interaction between MAGE-A11 and 30 mRNA processing proteins were validated by immunoprecipitation (IP). HEK293FT cells stably expressing FLAG-

vector or FLAG-MAGE-A11were subjected to pull-downwith anti-FLAG followed by SDS-PAGE and immunoblotting for endogenous PCF11, RNAP II, and CLP1.

(C) Recombinant glutathione S-transferase (GST)-PCF11, but not GST-CLP1, binds in vitro translated Myc-MAGE-A11.

(legend continued on next page)
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are known to interact within the context of the mRNA 30 end pro-

cessing complex. PCF11 and CLP1 belong to the cleavage

factor II (CFII) subcomplex that directly interacts with RNA poly-

merase II (RNAPII) via p-S2 residues in the RNAPII CTD-binding

PCF11 CID domain (Licatalosi et al., 2002; Meinhart and Cramer,

2004). We confirmed that MAGE-A11 interacts with the CFII

complex and RNAPII in cells by co-immunoprecipitation (coIP)

(Figure 2B). Further analysis revealed that the MAGE-A11

directly binds PCF11, but not CLP1 (Figure 2C), in vitro.

Previously, we have reported that many MAGE proteins bind

to specific E3 ubiquitin ligases and modulate ubiquitination of

target proteins (Doyle et al., 2010; Hao et al., 2013, 2015; Pineda

et al., 2015; Weon et al., 2018). Consistent with this, we found

that MAGE-A11 increased PCF11 ubiquitination (Figure 2D).

Knockout of MAGE-A11 increased PCF11 protein levels in

DAOY and H520 cells (Figure 2E) that could be rescued by re-

expression of MAGE-A11 (Figures 2F and S3B). These results

were confirmed by protein half-life measurements that showed

increased stability of PCF11 in MAGE-A11 knockout cells (Fig-

ures 2G and 2H). Furthermore, MAGE-A11 overexpression

decreased PCF11 levels in A2780, OV56, and HEK293FT cells

in a proteasome-dependent manner (Figures 2I and 2J). Impor-

tantly, this effect was specific to PCF11, as MAGE-A11 expres-

sion did not alter levels of CPSF, CstF, and CFI complexes or

PCF11-interacting proteins (Figure S3C).

MAGE-A11 Recruits PCF11 to the HUWE1 E3 Ubiquitin
Ligase for Ubiquitination and Degradation
Next, we utilized the previously described ubiquitin-activated

interaction trap (UBAIT) approach (O’Connor et al., 2015) to iden-

tify which E3 ubiquitin ligase partners with MAGE-A11 to pro-

mote PCF11 ubiquitination and degradation. Follow-up analysis

of the candidate E3 ligases revealed that HUWE1 is required for

the MAGE-A11-mediated ubiquitination and degradation of

PCF11. We confirmed that MAGE-A11 interacted with HUWE1

(Figure 3A) and recruited PCF11 to theHUWE1 ligase (Figure 3B),

consistent with the function of MAGEs as substrate adapters.

Depletion of MAGE-A11 or HUWE1 decreased ubiquitination of

PCF11 (Figure 3C) and increased PCF11 protein levels (Fig-

ure 3D). Furthermore, MAGE-A11 induced PCF11 degradation

in a HUWE1-dependent manner (Figure 3E). These results

were confirmed by protein half-life measurements that showed

increased stability of PCF11 upon HUWE1 knockdown in

DAOY cells naturally expressing MAGE-A11 (Figure 3F).

Together, these results suggest that MAGE-A11 targets PCF11

for ubiquitination and degradation by the HUWE1 E3 ubiquitin

ligase.
(D) Expression of MAGE-A11 promotes PCF11 ubiquitination. Ubiquitinated prote

were isolated with tandem ubiquitin binding entity (TUBE)-agarose followed by S

(E) Knockout of MAGE-A11 increases PCF11 protein levels. Wild-type or MAGE-

(F) Re-expression of MAGE-A11 decreases PCF11 protein levels in MAGE-A11 kn

MAGE-A11 knockout-H520 cells.

(G and H) Knockout of MAGE-A11 increases PCF11 protein stability in DAOY cel

cycloheximide for the indicated times. Cell lysates were immunoblotted (G) and

(I) MAGE-A11 promotes proteasome-dependent PCF11 degradation. HEK293FT

10 mM MG132 for 4 h before immunoblotting.

(J) Stable expression of MAGE-A11 decreases PCF11 protein levels in A2780 an

1210 Molecular Cell 77, 1206–1221, March 19, 2020
MAGE-A11 Promotes Alternative Polyadenylation
Leading to 30 US in Tumors
Because PCF11 is one of the polyA cleavage factors responsible

for mRNA 30 end processing, we examined whether MAGE-A11

regulation of PCF11 would alter PAS choice, leading to APA

and changes in 30 UTR length. We performed high-depth (2.5 3

108 reads) RNA sequencing (RNA-seq) and applied our previ-

ously described bioinformatics algorithm DaPars (dynamic anal-

ysis of alternative polyadenylation from RNA-seq) (Masamha

et al., 2014; Xia et al., 2014) to identify 30 UTRalterations between

control and MAGE-A11-expressing HEK293FT cells. The differ-

ence in 30 UTR length between samples was quantified as a

change in percentage of distal PAS usage index (PDUI). MAGE-

A11 expression resulted in 268 APA events, with the majority,

213, being 30 US events in which the proximal PAS (pPAS) was

preferentially used (Figures 4A and 4B). Similar results were

also obtained using the APAtrap algorithm (Ye et al., 2018) with

a large number of 30 US transcripts identified by both approaches

(c2 p < 0.00001). In contrast to MAGE-A11 expression, knockout

of MAGE-A11 in DAOY cells resulted in significantly more tran-

scriptswith 30 UTR lengthening (p = 0.008254; Figure S4A). These

results suggest that MAGE-A11 promotes 30 US of transcripts.

Next, to examine whetherMAGE-A11 induces 30 US in tumors,

we analyzed APA events in A2780 and OV56 xenograft tumors

from mice. We identified 531 and 275 significant APA events

driven by MAGE-A11 in OV56 and A2780 tumors, respectively

(Figures 4C–4E). These APA events were almost exclusively 30

US (95% and 84% of APA events in OV56 and A2780 tumors,

respectively; Figures 4C and 4D). This included a statistically en-

riched (p = 1.01�8) core set of common 30 US transcripts altered

in each tumor type, with a large number of cell-type-specific 30

US transcripts. Furthermore, analysis of TCGA transcriptomics

datasets from human ovarian carcinoma and lung squamous

carcinoma patient tumors for 30 UTR usage revealed a significant

number of transcripts (106 [85% of APA events] and 151 [87% of

APA events], respectively) with 30 US in MAGE-A11-expressing

tumors compared to MAGE-A11-negative control tumors (Fig-

ures 4F–4H). Notably, many of the transcripts with APA had

altered mRNA levels, consistent with disruption of cis-regulatory

elements in the 30 UTR of these transcripts (Figures S4B–S4F).

Together, these results suggest that MAGE-A11 regulation of

PCF11 drives APA leading to 30 US in tumors.

MAGE-A11-Induced PCF11 Ubiquitination Dissociates
CFIm25 from RNAPII
Previous studies have shown that changes in the levels of spe-

cific components of the mRNA 30 end processing complex can
ins from FLAG-vector or FLAG-MAGE-A11 stably expressing HEK293FT cells

DS-PAGE and immunoblotting for endogenous PCF11.

A11 knockout DAOY or H520 cells were blotted for the indicated proteins.

ockout H520 cells. Increasing amounts of MAGE-A11 were stably expressed in

ls. MAGE-A11 wild-type or knockout DAOY cells were treated with 100 mg/mL

quantitated (H; n = 3). Data are mean ± SD. *p < 0.05.

cells stably expressing FLAG-vector or FLAG-MAGE-A11 were treated with

d OV56 cells. Cell lysates were blotted for the indicated proteins.
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Figure 3. MAGE-A11 Recruits PCF11 to the HUWE1 E3 Ubiquitin Ligase for Ubiquitination and Degradation

(A) MAGE-A11 interacts with PCF11 and HUWE1. HEK293FT cells stably expressing FLAG-vector or FLAG-MAGE-A11 were subjected to pull-down with anti-

FLAG followed by SDS-PAGE and immunoblotting for anti-HUWE1 and anti-PCF11.

(B) MAGE-A11 promotes PCF11 binding to HUWE1 E3 ubiquitin ligase. HEK293FT cells stably expressing FLAG-vector or FLAG-MAGE-A11 were treated with

10 mM MG132 for 4 h followed by IP with anti-HUWE1, SDS-PAGE, and immunoblotting for the indicated proteins.

(C) MAGE-A11-induced ubiquitination of PCF11 depends on HUWE1 E3 ligase. DAOY or H520 cells were transfected with the indicated siRNAs for 72 h and

treated with 10 mM MG132 for 4 h followed by pull-down with TUBE-agarose, SDS-PAGE, and immunoblotting for PCF11.

(D) Depletion of MAGE-A11 or HUWE1 increases PCF11 protein levels. DAOY or H520 cells were transfectedwith the indicated siRNAs for 72 h and blotted for the

indicated proteins.

(E) MAGE-A11-induced PCF11 degradation is dependent on HUWE1. Wild-type or HUWE1 knockout HEK293T cells stably expressing FLAG-vector or FLAG-

MAGE-A11 were immunoblotted for the indicated proteins.

(F) Knockdown of HUWE1 increases PCF11 protein stability in DAOY cells that express MAGE-A11. siControl or siHUWE1 DAOY cells were treated with

100 mg/mL cycloheximide for the indicated times. Cell lysates were immunoblotted for the indicated proteins.
lead to APA. Although depletion of CFIm25 by small interfering

RNA (siRNA)-mediated knockdown led to 30 US, depletion of

PCF11 produced 30 UTR lengthening (Baejen et al., 2017; Kamie-

niarz-Gdula et al., 2019; Li et al., 2015; Masamha et al., 2014;

Ogorodnikov et al., 2018). In contrast, our data suggest that

MAGE-A11-induced PCF11 ubiquitination leads to 30 US (Fig-

ure 4). Importantly, there was very little overlap (10 transcripts)

in MAGE-A11-indued 30 US transcripts (213 transcripts) and

PCF11 siRNA-induced 30 UTR lengthened transcripts (545 tran-

scripts), suggesting that dynamic MAGE-A11-induced ubiquiti-

nation of PCF11 has distinct outcomes compared to static

siRNA-mediated knockdown of PCF11. To explore this further,

we examined whether MAGE-A11 ubiquitination of PCF11 could

alter the architecture of the mRNA 30 end processing complex.

We found that MAGE-A11 expression resulted in significant
reduction in CFIm25 association with RNAPII by coIP (Figures

5A, 5B, and S5A). Moreover, this effect was more pronounced

in comparison to siRNA-mediated knockdown of PCF11 (Figures

5A, 5B, and S5A). Consistent with these findings, there is signif-

icant overlap (42%; p = 7.8�55) in the 30 US transcripts upon

CFIm25 knockdown in HeLa cells (Masamha et al., 2014) and

MAGE-A11 overexpression in HEK293FT cells (Figure S5B).

Next, we determined whether ubiquitination and/or degradation

of PCF11 are required for MAGE-A11-induced CFIm25 dissoci-

ation from RNAPII. CFIm25 dissociation from RNAPII by

MAGE-A11 is HUWE1 dependent, confirming the importance

of ubiquitination (Figure 5C). However, this effect was indepen-

dent of PCF11 degradation, as rescue of PCF11 levels in

MAGE-A11-expressing cells by MG132 led to stabilization of

PCF11 but failed to rescue CFIm25 association with RNAPII
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Figure 4. MAGE-A11 Promotes Alternative Polyadenylation Leading to 30 UTR Shortening in Tumors

(A) Transcriptome analysis of HEK293FT cells stably expressing FLAG-vector or FLAG-MAGE-A11 reveals that MAGE-A11 promotes 30 US. Scatterplot of
percentage of distal polyA site usage index (PDUI) in control and MAGE-A11-overexpressing cells shows shortened 30 UTRs (n = 213) or lengthened 30 UTRs
(n = 55) in genes by overexpression of MAGE-A11. False discovery rate (FDR)% 0.05,DPDUIsR 0.2 and 2-fold change of PDUIs between control andMAGE-A11

overexpression are colored. The shifting toward pPAS is significant (p < 2.2 3 10�16; binomial test).

(B) Representative RNA-seq density plots for genes with 30 UTR shortening are shown. Numbers on y axis indicate RNA-seq read coverage.

(C and D) Scatterplot of PDUIs fromboth datasets ofmouse xenografts in Figures 1I and 1J using the same cutoffs as in (A). Data fromOV56 and A2780 tumors are

shown in (C) and (D), respectively. The shifting toward pPAS is significant (p < 2.2 3 10�16; binomial test).

(E) Representative examples of genes with 30 UTR shortening from datasets shown in (C) and (D) are shown.

(F andG) Global analysis of 30 UTR changes in ovarian cancer (F) or lung squamous cell carcinoma (G) patient samples with either negative or high levels ofMAGE-

A11. Scatterplot of PDUIs from both datasets of patient samples is shown. The shifting toward pPAS is significant (p < 2.2 3 10�16; binomial test).

(H) Representative examples of genes show 30 UTR shortening in patient samples with negative (black) or high MAGE-A11 expression levels (red).
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Figure 5. MAGE-A11-Induced PCF11 Ubiquitination Dissociates CFIm25 from RNAPII

(A and B) Overexpression of MAGE-A11 induces dissociation of CFIm25 from RNAPII compared to knockdown of PCF11. HEK293FT cells were transfected with

the indicated siRNAs for 72 h or stably expressing FLAG-vector or FLAG-MAGE-A11 were followed by IP with anti-RNAPII (A) and IP with anti-CFIm25 (B), SDS-

PAGE, and immunoblotting for the indicated proteins.

(legend continued on next page)
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(Figures 5D and 5E). Notably, PCF11 interaction with RNAPII was

not altered by MAGE-A11 in MG132-treated cells (Figure 5D).

These results suggest that MAGE-A11-induced PCF11 ubiquiti-

nation, but not degradation, causes remodeling of the mRNA 30

end processing complex that leads to dissociation of CFIm25.

Moreover, simple steady-state depletion of PCF11 by siRNA

does not mimic the effect of MAGE-A11-induced ubiquitination

of PCF11.

Consistent with the dissociation of CFIm25 from RNAPII play-

ing an important role in MAGE-A11-induced 30 US, sequence
analysis of MAGE-A11-sensitive transcripts revealed signifi-

cantly more CFIm25 binding motifs (UGUA) compared to unaf-

fected transcripts (Figure 5F). Furthermore, analysis of UGUA

motif distribution near distal and proximal PASs, as described

previously (Zhu et al., 2018), showed motif enrichment upstream

of distal PASs in MAGE-A11-sensitive transcripts, but not prox-

imal PASs or transcripts unaffected by MAGE-A11 (Figures 5G

and S5C–S5F). This was not the case for transcripts lengthened

by PCF11 siRNA-mediated knockdown (Figures S5G and S5H).

Collectively, these findings provide insights into how PCF11

ubiquitination affects the mRNA 30 end processing complex

through loss of CFIm25 that leads to 30 US of transcripts with en-

riched UGUA motifs upstream distal PASs. To further test this

model, we performed crosslinking immunoprecipitation and

qPCR (CLIP-qPCR) to determine the abundance of CFIm25

associated with a transcript, CCND2, which undergoes 30 US
upon MAGE-A11 expression. Expression of MAGE-A11 signifi-

cantly reduced the abundance of CFIm25 associated with the

CCND2 transcript in relation to a non-MAGE-A11-regulated tran-

script, RPLP0 (Figure 5H).

Regulation of PCF11 Is Essential for MAGE-A11-
Induced Tumorigenesis and APA
To determine whether regulation of PCF11 is required for MAGE-

A11 oncogenic activity, we identified a non-degradable PCF11

mutant. The degronmotif in PCF11 required forMAGE-A11 bind-

ing was mapped to amino acids 653–702 (Figures 6A, 6B, and

S6A–S6D). Mutation of conserved residues in PCF11 (Fig-

ure S6E) identified I689A mutant that abolished PCF11 interac-

tion with MAGE-A11 (Figures 6C and S6F) and disrupted ubiqui-

tination and degradation by MAGE-A11 (Figure 6D). Importantly,

introduction of PCF11 I689A into A2780 cells, by a transgene or

homozygous mutation using CRISPR/Cas9, rescued PCF11

protein levels (Figures 6E and 6G) and completely or partially

(depending on the clone) blockedMAGE-A11-induced xenograft
(C) HUWE1 is required for MAGE-A11-induced dissociation of CFIm25 from R

transfected with the indicated siRNAs for 72 h followed by IP with anti-RNAPII, S

(D) PCF11 ubiquitination, but not degradation, promotes CFIm25 dissociation fr

treated with or without 10 mM MG132 for 4 h prior to collection, anti-RNAPII IP, S

(E) MAGE-A11 dissociates CFIm25 from PCF11. Cells were treated as describe

indicated proteins.

(F) The number of UGUAmotifs within 30 US or unaffected transcripts in MAGE-A1

changes were randomly selected.

(G) The UGUAmotif frequency within MAGE-A11-sensitive transcripts is highly enr

p > 0.5) for 30 US transcripts, but not MAGE-A11-insensitive transcripts.

(H) MAGE-A11 reduces CFIm25 associated with 30 US transcript CCND2. CLIP

globulin G (IgG) or CFIm25 antibodies. Abundance of CCND2 or control RPLP0

RPLP0 are shown. Data (n = 3) are mean ± SD. *p < 0.05.
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tumor growth in mice (Figures 6F, 6H, S6G, and S6H). Impor-

tantly, MAGE-A11-driven APA was dependent on its regulation

of PCF11, as expression of the non-degradable PCF11 I689A

mutant by transgene or CRISPR/Cas9 homozygous knockin pre-

vented MAGE-A11-induced APA in A2780 cells (Figures 6I, 6J,

and S6I). These results suggest that the ability of MAGE-A11 to

regulate PCF11 is critical for its oncogenic activity.

MAGE-A11-Induced 30 US Modulates Core Oncogenic
and Tumor Suppressor Pathways
To identify those 30 US events that impact levels of their encoded

proteins, we performed unbiased, quantitative proteomics using

tandem mass tagging (TMT)-LC/LC-MS/MS (Niu et al., 2017) in

isogenic DAOY cells with or without MAGE-A11 expression

(Table S3). Consistent with previous results, PCF11was downre-

gulated upon MAGE-A11 expression (Figure 7A). More impor-

tantly, we found several 30 US transcripts with altered protein

levels, including theCCND2 (cyclin D2) oncogene that was upre-

gulated upon MAGE-A11 expression (Figure 7A). We validated

these results by expressing MAGE-A11 in an independent cell

line, HEK293FT, and again saw 30 US of the CCND2 transcript

(Figures 7B and S7A) and increased protein levels (Figures 7C

and 7D). As a member of the D-type cyclins, cyclin D2 has

been widely implicated in cell cycle transition, differentiation,

and cellular transformation (Evron et al., 2001; Sherr, 1995),

and its overexpression is highly correlated with poor prognosis

in various cancers (Mermelshtein et al., 2005; Sicinski et al.,

1996; Takano et al., 1999, 2000). Cyclin D-Cdk4/6 inactivates

retinoblastoma (Rb) tumor suppressor by progressive multi-

phosphorylation to release transcription factors, such as E2F

(Narasimha et al., 2014; Sherr, 1995). MAGE-A11 increased

phospho-Rb (S807 and S811) in HEK293FT cells and MAGE-

A11 expression in ovarian and lung squamous cell carcinoma

patient tumor samples correlated with increased phospho-Rb

(S807/811; Figures 7E, 7F, and S7B). To determine whether

cyclin D2 upregulation upon MAGE-A11 expression contributes

to MAGE-A11-driven proliferation, cyclin D2 was knocked down

in DAOY cells with or without MAGE-A11 expression and prolif-

eration rates were determined. Knockdown of cyclin D2

decreased proliferation of MAGE-A11 expressing DAOY, but

not MAGE-A11 knockout DAOY (Figure 7G), thus implicating up-

regulation of cyclin D2 byMAGE-A11 as an important contributor

to MAGE-A11-mediated cellular proliferation.

To better understand howCCND2 30 USmay upregulate cyclin

D2 protein levels, we determinedwhether inhibitory factors, such
NAPII. HEK293FT FLAG-vector or FLAG-MAGE-A11 stable cell lines were

DS-PAGE, and immunoblotting for the indicated proteins.

om RNAPII. HEK293 FLAG-vector or FLAG-MAGE-A11 stable cell lines were

DS-PAGE, and immunoblotting.

d in (D) before IP with anti-CFIm25, SDS-PAGE, and immunoblotting for the

1 overexpressing HEK293FT cells. Equal numbers of transcripts with no 30 UTR

iched upstream of distal PAS compared to proximal PAS (DPDUI value% 0.05;

-qPCR analysis was performed from HEK293FT cells using control immuno-

was determined by qRT-PCR. Normalized (CFIm25/IgG) ratios of CCND2 and
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as miRNAs, may repress cyclin D2 expression in MAGE-A11-

negative HEK293FT cells. We used the approach pioneered by

others to overexpress the 30 UTR ofCCND2 to act as a ‘‘sponge’’

for potential miRNAs and other factors binding to the endoge-

nous CCND2 transcript (Mallon and Macklin, 2002; Matoulkova

et al., 2012; Rutnam and Yang, 2012). We found that expression

of the CCND2 30 UTR upregulated cyclin D2 protein levels in

MAGE-A11-negative, but not MAGE-A11-positive, cells (Figures

7H and S7C). In order to determine which particular miRNA(s)

might mediate cyclin D2 repression, we analyzed the predicted

miRNA binding sites (TargetScan; Agarwal et al., 2015) lost

upon CCND2 30 US and correlated these to miRNA expression

datasets (miRmine; Panwar et al., 2017) to identify relevant

miRNAs. Using this approach, we identified miR-191-5p, a pre-

viously reported miRNA targeting CCND2 (Di Leva et al., 2013),

as a likely candidate. We found that the miR-191-5p mimic

downregulated cyclin D2 protein levels and miR-191-5p antago-

miR increased cyclin D2 protein levels in MAGE-A11-negative

cells, but not in MAGE-A11 expressing cells (Figures 7I and

7J). These results suggest that MAGE-A11-mediated 30 US of

CCND2 leads to increased cyclin D2 protein levels, in part

through loss of miR-191-5p repression.

In addition to 30 US of oncogenes leading to their activation in

cis through evading miRNA-mediated repression, we and

others have also shown that these now-liberated miRNAs can

downregulate competing endogenous mRNAs (ceRNAs) in

trans (Park et al., 2018). Using our previously established

computational approach to predict the trans effect of 30 US to

their ceRNA partners (Park et al., 2018), we found that many

30 US ceRNA partners in ovarian cancer or lung squamous

cell carcinoma patient samples with high MAGE-A11 levels

are tumor suppressors (Figure 7K). Notably, the top ceRNA

identified in MAGE-A11 lung squamous cell carcinoma was

the tumor suppressor PTEN (Table S4). Consistently, MAGE-

A11 expression markedly downregulated PTEN levels and

increased downstream phospho-AKT (T308) in HEK293FT cells

(Figures 7L and S7D) and ovarian carcinoma patient tumor

samples (Figure 7M). To determine whether this effect depends

on miRNA targeting of the PTEN 30 UTR, we utilized a luciferase

reporter plasmid containing the PTEN 30 UTR. MAGE-A11

expression repressed PTEN 30 UTR luciferase activity (Fig-

ure S7E). These results suggest that MAGE-A11-induced 30

US has both cis and trans effects on oncogenes (cyclin D2)
Figure 6. Regulation of PCF11 Is Essential for MAGE-A11-Induced Tum
(A) Summary of in vitro binding assays from Figures S6A–S6C mapping the degr

(B) HEK293FT cells stably expressing FLAG-MAGE-A11 were transfected with PC

FLAG followed by SDS-PAGE and immunoblotting for anti-Myc.

(C) PCF11 I689A or L692A mutants have diminished interaction with MAGE-A11.

indicated constructs for 48 h before IP with anti-FLAG followed by SDS-PAGE a

(D) PCF11 I689A mutant fails to be ubiquitinated and degraded by MAGE-A11

transfected with indicated constructs for 48 h before IP with anti-Myc followed b

(E and F) Non-degradable PCF11 I689A was stably expressed in MAGE-A11-exp

mean ± SD (n = 6 per group). *p < 0.05.

(G) CRISPR-Cas9-mediated knockin of non-degradable PCF11 I689A mutant int

(H) Stable expression of MAGE-A11 in PCF11 I689A knockin A2780 clones does n

SD. *p < 0.05.

(I and J) Expression (I) or knockin (J) of non-degradable PCF11 I689A rescues 30 U
in Figure 4A) from mouse xenografts shown in (F) or (H) is shown. The pPAS is n
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and tumor suppressors (PTEN), respectively, to alter key cell

growth and signaling pathways.

DISCUSSION

The eukaryotic mRNA 30 end processing complex plays an

essential role in defining the transcriptome. This molecular ma-

chine interacts with the transcription machinery to define

mRNA termination through cleavage of pre-mRNA and polyA

tail addition. Recent transcriptomic studies have shown that a

majority of mammalian genes have multiple PASs and APA con-

tributes to the complexity of the transcriptome by generating

mRNA isoforms with varying 30 UTR lengths (Derti et al., 2012;

Mayr and Bartel, 2009; Sandberg et al., 2008). Interestingly,

widespread shortening of mRNA by APA is found in many types

of cancers, but themolecular mechanisms contributing to APA in

cancer have been unclear. Our findings elucidate a previously

undefined molecular mechanism contributing to the widespread

30 US in tumors.

The regulation of PCF11 ubiquitination by the cancer-specific

E3 ubiquitin ligase MAGE-A11–HUWE1 led to changes in the

mRNA 30 end processing complex and increased the number

of 30 US transcripts in cancers. Interestingly, PCF11 is a sub-stoi-

chiometric component of the mRNA 30 end processing complex

in many human cells and tissues (Kamieniarz-Gdula et al., 2019).

Thus, even small fluctuations in PCF11may impact mRNA 30 end
processing and the dynamics of PCF11 association with the

mRNA 30 end processing complex may be important. This is

consistent with our findings that MAGE-A11-induced ubiquitina-

tion of PCF11 confers unique phenotypes compared to steady-

state siRNA knockdown of PCF11. Furthermore, PCF11 couples

mRNA 30 end processing with mRNA export (Johnson et al.,

2009) and phosphorylation of PCF11 CID by WNK1 is critical

for release of transcripts from chromatin-associated RNAPII

(Volanakis et al., 2017). Therefore, nuclear export of mature tran-

scripts in tumor cells could potentially be regulated by MAGE-

A11-mediated PCF11 ubiquitination.

Analysis of the transcripts affected by MAGE-A11-induced

ubiquitination of PCF11 revealed many oncogenes and tumor

suppressors. First, we and others have shown that 30 US of on-

cogenes results in their increased production through evading

miRNA-mediated repression. Indeed, the alternative isoforms,

especially shorter transcripts of genes encoding cyclin D1, cyclin
origenesis and APA
on region of PCF11 recognized by MAGE-A11.

F11 wild-type or PCF11 653–702 deletion construct for 48 h before IP with anti-

HEK293FT cells stably expressing FLAG-MAGE-A11 were transfected with the

nd immunoblotting for anti-Myc.

. HEK293FT cells stably expressing FLAG-vector or FLAG-MAGE-A11 were

y SDS-PAGE and immunoblotting for anti-His.

ressing A2780 (E), and xenograft tumor growth was determined (F). Data are

o A2780 prevents degradation of PCF11 by MAGE-A11.

ot increase xenograft tumor growth in mice (n = 6 per group). Data are mean ±

S in A2780 MAGE-A11-expressing tumors. Scatterplot of PDUIs (as described

ot significant (p = 0.652, I; p = 0.301, J; binomial test).
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(A) Quantitative whole-cell proteomics using TMT labeling (n = 5) revealed upregulation of CCND2 (cyclin D2) oncogene upon MAGE-A11 expression in DAOY

MAGE-A11 KO cells.

(B) RNA-seq tracks for CCND2 showing reduced 30 UTR reads in MAGE-A11-expressing cells.

(legend continued on next page)
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D2, and FGF2, are more prominently detected in cancers

compared to normal tissues (Mayr and Bartel, 2009). Further-

more, 30 US of cyclin D1 in lymphomas correlates with increased

cyclin D1 expression and proliferation of the lymphoma cells

(Rosenwald et al., 2003). Interestingly, we found that MAGE-

A11 induced 30 US of cyclin D2, but not cyclin D1 or cyclin D3,

resulting in increased protein products (Figures 7C, 7D, and

7I). These results suggest that MAGE-A11 may selectively regu-

late gene expression throughmodulation of APA leading to 30 US
in cancers. Second, we report that 30 US possesses a significant

role as ceRNAs for tumor-suppressor genes in trans (Park et al.,

2018). Intriguingly, the ceRNA partners of 30 US genes upon

expression of MAGE-A11 are strongly enriched for tumor sup-

pressors in lung squamous cell carcinoma (p = 1.93�26) and

ovarian cancer (p = 7.71�21). Remarkably, these are notable tu-

mor suppressors, such as PTEN, whose downregulation re-

sulted in upregulation of Akt pro-survival signaling. These find-

ings indicate MAGE-A11 may orchestrate gene expression

changes in cis and in trans by modulating APA that results in re-

programming critical cellular signaling pathways, such as cell cy-

cle and Akt signaling, to drive tumorigenesis. These findings may

have important implications on therapeutic strategies for treating

cancer, as MAGE-A11 expression status may confer predictive

power to the response of cells against therapies, such as

CDK4/6 inhibitors and AKT pathway inhibitors.

APA is known to be differentially regulated across tissue types

and developmental stages such that an APA signature, ratio of

distal versus proximal PAS choice, can be found. For example,

compared to mammalian somatic cells, male germ cells have

remarkable APA leading to 30 US of many transcripts. In partic-

ular, PAS choice in male germ cells is often unique compared

to somatic cells and results in testis-specific transcripts (Li

et al., 2016; MacDonald, 2019; MacDonald and Redondo,

2002). It is not fully appreciated what leads to the widespread

alternative PAS usage in germ cells leading to 30 US but has

been suggested to involve changes in the composition of the

polyadenylation machinery, including CFIm (Edwalds-Gilbert

et al., 1997; McMahon et al., 2006; Sartini et al., 2008; Takagaki

and Manley, 1998). Our findings suggest that MAGE-A11–

HUWE1 may be important factors in promoting APA in male

germ cells. Consistently, HUWE1 has been shown to be impor-
(C and D) MAGE-A11 overexpression increases cyclin D2 protein levels. HEK29

blotted for the indicated proteins (C) and quantitated (D). Data are mean ± SD (n

(E and F) MAGE-A11 induces phosphorylation of retinoblastoma (Rb). HEK293FT

for the indicated proteins (E), and ovarian cancer or lung squamous cell carcinoma

phospho-Rb (S807/811) and total Rb protein levels (F). Data are mean ± SE of tu

(G) Depletion of CCND2 decreases the proliferation rate of MAGE-A11-re-expres

MAGE-A11 were transfected with the indicated siRNAs for 48 h counted for cell

(H) CCND2 30 UTR upregulates CCND2 in HEK293FT control cells, but not those

with vector control or CCND2 30 UTR for 48 h and blotted for the indicated prote

(I and J)miR191-5p decreases CCND2 expression. HEK293FT cells stably express

for 72 h, blotted for the indicated proteins (I), and quantitated (J). Data are mean

(K) Oncogene or tumor suppressor gene enrichment of 30 USmRNAs and 30 US co

carcinoma patient samples with high MAGE-A11 expression levels. Top 10 tum

averaged p values with SD are plotted.

(L and M) MAGE-A11 represses PTEN protein levels through 30 US in trans. HE

munoblotted for the indicated proteins (L), and patient samples with either low (n =

Akt (T308) protein levels (M). Data are mean ± SE of tumors indicated. *p < 0.01.

1218 Molecular Cell 77, 1206–1221, March 19, 2020
tant for spermatogonial differentiation and entry into meiosis

(Bose et al., 2017). Furthermore, we suggest that the ability of

MAGE-A11 to induce APA in cancer cells is not a neomorphic ac-

tivity but rather is a conserved function of MAGE-A11 in cancer

and germ cells.

Overall, our results suggest that dynamic regulation of the

mRNA 30 end processing machinery by ubiquitination can serve

as a mechanism to control APA in various biological and patho-

logical states.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
6-8 week old male NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NOD scid gamma) mice from Jackson Labs were used for xenograft growth

assays. Animals were group housed under standard conditions. All studies were approved by the St. Jude Children’s Research Hos-

pital institutional review committee on animal safety.

Cell lines
HEK293FT, HEK293T, HEK293, A2780, and DAOY cells were grown in DMEM supplemented with 10% (v/v) FBS, 2 mM L-glutamine,

100 units/mL penicillin, 100 units/mL streptomycin, and 0.25 mg/mL amphotericin B. H520 cells were grown in RPMI supplemented

with 5% (v/v) heat inactivated serum. OV56 cells were grown in DMEM:HAMS F12 (1:1) supplemented with 5% (v/v) FBS, 2 mM

L-glutamine, 0.5 mg/mL hydrocortisone, and 10 mg/mL insulin. HEK293T HUWE1 knockout cells were described previously (Choe

et al., 2016). Cell lines were authenticated by STR analysis. Sex of cells used: Female, HEK293FT, HEK293T, HEK293, A2780,

OV56; Male, DAOY, H520. All cells were maintained at 37�C in 5% CO2.

Microbe strains
DH5a (Thermo Fisher Scientific, #18265017) and XL1-blue (Agilent #200130) competent cells were used for standard molecular clon-

ing and plasmid amplification. One shot Stbl3 competent cells (Life Technologies #C7373-03) were used for lentiviral plasmid cloning

and plasmid amplification. BL21-codon plus (DE3)-RILP competent cells (Agilent Technologies, #230280) were used for recombinant

protein production and purification. Bacteria were cultured under standard conditions at 37�C, 225 rpm.

METHOD DETAILS

Cell culture transfections
siRNA and plasmid transfections were performed using Lipofectamine RNAiMAX, Lipofectamine 2000 (Invitrogen) and Effectene

(QIAGEN) according to the manufacturers’ protocol.

Generation of stable overexpression cell lines
HEK293FT and DAOY cells were transfected with either HA-FLAG-vector or HA-FLAG-MAGE-A11 using Effectene according to the

manufacturer’s protocol in 6 cm2 plates. After 48 hours, cells were selected with 1 mg/mL of puromycin over 2 weeks. HEK293 cells

were transfected with either tandem affinity purification (TAP)-vector or TAP-MAGE-A11 using Effectene in 6 cm2 plates. After

48 hours, cells were selected with 1 mg/mL of puromycin over 2 weeks. HEK293FT cells were transfected with TAP-MAGE-A11-

UBAIT or TAP-MAGE-A11-UBAIT GG deletion using Effectene in 6 cm2 plates. After 48 hours, cells were selected with 1 mg/mL

of puromycin over 2 weeks. A2780, H520 and OV56 cells were transduced with Myc-vector or Myc-MAGE-A11 lentivirus using poly-

brene in 6-well plates. Two days after lentiviral transduction, cells were selected over 2 weeks using 2.5 mg/mL of blasticidin (GIBCO).

siRNA and miRNAs
siRNA transfections were performed using Lipofectamine RNAiMAX according to the manufacturer’s protocol. All siRNAs were pur-

chased from Sigma. siRNA targeting sequences; siControl, 50-ACUACAUCGUGAUUCAAACUU; siMAGE-A11 #1, 50- CAAGAU

AAUUGAUUUGGUU; siMAGE-A11 #2, 50-CUGAUAGACCCUGAGUCCU; siPCF11 #1, 50-GUACCUUAUGGAUUCUAUU; siPCF11

#2, 50- GUAUCUCACUGCCUUUACU; siPCF11 #3, 50- CAACGUUAUGACAGUGUUA; siPCF11 #4, 50-CAAUUGUUCCUGAUAU

ACA. siCCND2 #1, 50-CUCAUGACUUCAUUGAGCA; siCCND2 #2, 50-CUGUGUGCCACCGACUUUA; siCCND2 #3, 50-GAGGAAGU

GAGCUCGCUCA; siHUWE1 #1, 50- CAUGAGACAUCAGCCCACCCUUAAAA; siHUWE1 #2, and 50- CACACCAGCAAUGGCUGC

CAGAAUU.miRNAmimetics were purchased fromSigma. miRNA antagomirs were purchased fromApplied Biological Materials Inc.

Antibodies

MAGE-A11 rabbit polyclonal antibody was generated against bacterially expressed MAGE-A11 (amino acids 197-429) (Cocalico

Biologicals, Inc). Commercial antibodies used: anti-PCF11 (Bethyl Laboratories, A303-706A), anti-RNAP II (Cell Signaling Technol-

ogy, 14958S), anti-CLP1 (Abcam, ab133669), anti-HUWE1 (Novus Biologicals, NB100-652), anti-GAPDH (Cell Signaling Technology,

2118S), anti-FLAG (Sigma, F3165), anti-Myc (Roche, 11666606001), anti-Actin (Abcam, ab6276), anti-Tubulin (Sigma, T5168), anti-

CCND1 (ABclonal, A11022), anti-CCND2 (ABclonal, A1773), anti-CCND3 (ABclonal, A0746), anti-phospho-Rb S807/811 (Cell

Signaling Technology, 9308T), anti-Rb (Cell Signaling Technology, 9309T), anti-PTEN (Bethyl Laboratories, A300-701A), anti-phos-

pho-Akt T308 (Cell Signaling Technology, 4056S), anti-Akt (Cell Signaling Technology, 4691S), anti-CPSF160 (Bethyl Laboratories,

A301-580A), anti-CPSF100 (Bethyl Laboratories, A301-581A), anti-CPSF73 (Bethyl Laboratories, A301-091A), anti-CstF64 (Bethyl

Laboratories, A301-092A), anti-TauCstF64 (Bethyl Laboratories, A301-487A), anti-CFIm68 (Bethyl Laboratories, A301-356A), anti-

CFIm59 (Bethyl Laboratories, A301-359A), anti-CFIm25 (Proteintech, 66335-1-Ig), anti-XRN2 (Bethyl Laboratories, A301-103A),

Donkey anti-Rabbit IgG (GE, NA934V), and Sheep anti-Mouse IgG (GE, NA931V).
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Tandem affinity purification
Ten 15 cm2 plates of HEK293 cells stably expressing TAP-vector or TAP-MAGE-A11 were lysed with TAP lysis buffer (10% (v/v) glyc-

erol, 50 mMHEPES-KOH pH 7.5, 100 mMKCl, 2 mMEDTA, 0.1% (v/v) NP-40, 10 mMNaF, 0.25 mMNA3VO4, 50 mM b-glyerolphos-

phate, 2mMDTT, and 1X protease inhibitor cocktail) and cleared supernatants were bound to IgG-Sepharose beads (GE Amersham)

and then washed in lysis buffer and TEV buffer (10 mM HEPES-KOH pH 8.0, 150 mM NaCl, 0.1% NP-40, 0.5 mM EDTA, 1 mM DTT,

and 1X protease inhibitor cocktail). Protein complexes were cleaved off the beads by TEV protease and incubated with calmodulin-

Sepharose beads (GE Amersham) in calmodulin binding buffer (10 mM HEPES-KOH pH 8.0, 150 mMNaCl, 1 mMMg acetate, 1 mM

imidazole, 0.1% NP-40, 6 mM CaCl2, 10 mM 2-mercaptoethanol) and then washed, eluted with SDS sample buffer, subjected to

SDS-PAGE, and stained with GelCode Blue stain (Thermo Fisher Scientific) before protein identification by LC-MS/MS.

RNA preparation and quantitative reverse transcription PCR Analysis (qRT-PCR)
RNA was extracted from cultured cells using RNAStat60 (TelTest) according to manufacturer’s instructions. Total RNA was treated

with DNase I (Roche) and converted to cDNA using High Capacity Reverse Transcription kit (Life Technologies). cDNA and appro-

priate primers were plated in triplicate in a 384-well plate and gene expression levels were measured using SYBR green master mix

(Applied Biosystems). Oligonucleotides used for qRT-PCR: MAGE-A11 forward, 50-GAGGATCACTGGAGGAGAACA; reverse,

50-TCTTTGCTCAAGAGGCATGAT; CCND2 forward, 50-TTCCCTCTGGCCATGAATTAC; reverse, 50-GGGCTGGTCTCTTTGAGTTT;

CCND2 30-UTR forward #1, 50-CTTCTGGTATCTGGCGTTCTT; reverse #1, 50-CAGGCTTGTCTGAGGAATGT; CCND2 30-UTR for-

ward #2, 50-GGACACCTTGTGTTTAGGATCA; reverse #2, 50-GGGAGAAGGAAGCACCATAAA; CCND2 30-UTR forward #3,

50-CAAGCCTACCCGACTCTATTTAC; reverse #3, 50-CCCAAGGATGGGAAAGAGAAA; CCND2 30-UTR forward #4, 50-TACTGGGT

CATCCTTGGTCTAT; reverse #4, 50-TTGTCTTCTCCTCTGGCTTTG.

Clonogenic growth and anchorage-independent growth soft agar assays
For clonogenic growth assays on plates, wild-type or knockout cells were plated in 6-well plates in triplicate. After 2-3 weeks, cells

were fixed and stained with 0.05% (w/v) crystal violet and counted. For anchorage-independent growth soft agar assays, cells were

suspended in 0.375% Noble agar (Difco) supplemented with regular growth medium and overlaid on 0.5% Noble agar. Cells were

incubated for 2-4 weeks before colonies R 100 mm in size were counted.

Immunoprecipitation and immunoblotting
HEK293FT cells were plated in 6 cm2 plates and transfected 24 hours later with Effectene (QIAGEN) according to the manufacturer’s

protocol. After 48 hours, cells werewashed and scraped in cold PBS, spun down, and resuspended in lysis buffer (50mMTris pH 7.4,

150 mM NaCl, 1 mM DTT, 0.1% (v/v) Triton X-100, 10 mM N-Ethylmaleimide (NEM), and 1X protease inhibitor cocktail). Cell lysates

were incubated with appropriate antibodies overnight at 4�C and then with protein A beads for 2 hours at 4�C. Beads were then

washed with lysis buffer three times and eluted with 2X SDS sample buffer. For immunoblotting, samples in SDS sample buffer

were resolved on SDS-PAGE gels and then transferred to nitrocellulosemembranes prior to blocking in TBSTwith 5% (w/v)milk pow-

der or 3% (w/v) bovine serum albumin and probing with primary and secondary antibodies (GE Healthcare). Protein signal was visu-

alized after addition of ECL detection reagent (GE Healthcare) according to manufacturer’s instructions.

Recombinant protein purification and in vitro binding assay
GST-PCF11, GST-CLP1 or GST tag alone were induced in BL21 (DE3) cells at 16�C with isopropyl b-D-1-thiogalactopyranoside

(IPTG). GST-tagged proteins were purified from bacterial lysates in lysis buffer (50 mM Tris pH 7.7, 150 mM KCl, 0.1% (v/v) Triton

X-100, 1 mM DTT, 1 mg/mL lysozyme) with glutathione Sepharose (GE Amersham) and eluted with 10 mM glutathione. For

in vitro binding assay, Myc-tagged proteins were in vitro translated using the SP6-TNT Quick rabbit reticulocyte lysate system

(Promega) according to manufacturer’s instructions. Purified GST-tagged proteins were bound to glutathione Sepharose beads

for 1 hour in binding buffer (25 mM Tris pH 8.0, 2.7 mM KCl, 137 mM NaCl, 0.05% (v/v) Tween-20, and 10 mM 2-mercaptoethanol)

and thenwere blocked for 1 hr in binding buffer containing 5% (w/v) milk powder. In vitro translated proteins were then incubatedwith

the bound beads for 1 hour, washed, and the proteins were eluted in SDS-sample buffer, boiled, and subjected to SDS-PAGE and

immunoblotting.

Tandem ubiquitin binding entity (TUBE) ubiquitination assay
HEK293FT, DAOY or H520 cells (1-2 10 cm2 plates) were lysed with TUBE lysis buffer (50mMTris pH 7.5, 150mMNaCl, 1 mMEDTA,

1% (v/v) NP-40, 10% (v/v) glycerol, 20 mM N-Ethylmaleimide (NEM), and 1X protease inhibitor cocktail), and the lysates were bound

to TUBE-agarose (LifeSensors) overnight at 4�C. Beads were subsequently washed three times in wash buffer (20 mM Tris pH 8.0,

150 mM NaCl, 0.1% (v/v) Tween 20) and then the ubiquitinated proteins were eluted in SDS-sample buffer, boiled, and subjected to

SDS-PAGE and immunoblotting.

Cell viability assay
To assess cell viability after siRNA knockdown, 1 X 104 cells/mL were transfected with 50 nM siRNA using Lipofectamine RNAiMAX

according to themanufacturer’s protocol and incubated for 72-96 hours prior to changing themedia and adding alamarBlue (Thermo
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Fisher Scientific) and incubating for 4 hours at 37�C. Plates were read by measuring the fluorescence with excitation wavelength at

540 nm and emission wavelength at 590 nm on an Enspire plate reader.

Xenograft tumor growth assays
3 X 106 DAOYwild-type andMAGE-A11 knockout cells were mixed with matrigel (Corning) before injection into the flank of NOD scid

gammamice (Jackson Lab) (n = 6 for wild-type group, n = 12 for MAGE-A11-knockout group). MAGE-A11 negative A2780 and OV56

ovarian cancer cells weremade to stably expressMyc-vector orMyc-MAGE-A11 before injection of 3 X 106 cells in PBSwithmatrigel

into NOD scid gamma mice (n = 8 per group). Tumor size was measured 2-3 times a week during the duration of the experiment.

LightSwitch luciferase reporter assay
HEK293FT cells were seeded in a 96-well white plate (Corning Costar) in triplicate. After 24 hours, cells were transfected with 100 ng

of LightSwitch luciferase reporter construct with PTEN 30-UTR (SWTICHGEAR genomics) or 100 ng Renilla luciferase reporter using

Lipofectamine 2000 according to the manufacturer’s instructions and incubated for 24 hours. The luciferase assays were performed

according to the manufacturer’s protocol (SWTICHGEAR genomics).

RNA-seq
Total RNA was extracted from cultured cells or xenograft tumors using RNeasy kit (QIAGEN) according to manufacturer’s instruc-

tions. RNA quality was assessed by 2100 Bioanalyzer RNA 6000 Nano assay (Agilent). Libraries were prepared using TruSeq

Stranded mRNA kits (Illumina) and subjected to 100 cycle paired-end sequencing on the Illumina HiSeq platform.

CRISPR/Cas9 genome editing
Genetically modified cell lines were generated using CRISPR-Cas9 technology. Briefly, MAGEA11 KO DAOY cells were created by

transiently co-transfecting 400,000 cells with 500 ng of each gRNA expression plasmid (cloned into Addgene plasmid #43860), 1 mg

Cas9 expression plasmid (Addgene plasmid #43945), and 200 ng of pMaxGFP via nucleofection (Lonza, 4D-Nucleofector X-unit) us-

ing solution P3 and program EN-158 in small (20 ml) cuvettes according to themanufacturer’s recommended protocol. MAGEA11 KO

H520 cells were created by transiently co-transfecting 400,000 cells with 500 ng of each gRNA expression plasmid (cloned into

Addgene plasmid #43860), 1 mg Cas9 expression plasmid (Addgene plasmid #43945), and 200ng of pMaxGFP via nucleofection

(Lonza, 4D-Nucleofector X-unit) using solution P3 and program EH-100 in small (20 ml) cuvettes according to the manufacturer’s rec-

ommended protocol. PCF11 I689A cells were created by transiently co-transfecting 400,000 cells with 500 ng of gRNA expression

plasmid (cloned into Addgene plasmid #43860), 1 mg Cas9 expression plasmid (Addgene plasmid #43945), 2.1 mg of ssODN, and

200 ng of pMaxGFP via nucleofection (Lonza, 4D-Nucleofector X-unit) using solution P3 and programCA-137 in small (20 ml) cuvettes

according to the manufacturer’s recommended protocol. Five days post-nucleofection, cells were single-cell sorted by FACS to

enrich for GFP+ (transfected) cells, clonally expanded and verified for the desired targeted modification via targeted deep

sequencing followed by analysis using CRIS.py (Connelly and Pruett-Miller, 2019). Clones were identified for each modification

and assessed in relevant assays. The sequences for genome editing reagents and applicable primers are listed below.
Name Sequence (50 to 30)

hMAGEA11 KO reagents

hMAGEA11.sgRNA.g1 GACGGCGGGACUAUGGGGGG

hMAGEA11.sgRNA.g2 UGUGGCCCUGAAGCAUGCAU

hMAGEA11.NGS.F partial Illumina adaptors (upper case) CACTCTTTCCCTACACGACGCTCTTCCGATCTagcaaggctccctctctgctgtcag

hMAGEA11.NGS.R partial Illumina adaptors (upper case) GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTtctccaagtcacccgatggaagaga

hPCF11 I689A reagents

hPCF11 sgrna CAGCUAUUUCAGUAUCAAGA

hPCF11 I689A ssODN I689A and blocking modifications

(upper case)

agtgaacgtttagcatctggtgaaattacacaggatgacttccttgttgttgtgcatcaaGCtcgacagctattt

caAtaCcaGgaaggtaaacatagatgcaatgtacgggatagtcctacagaagaaaataaaggtggatta

hPCF11.NGS.F partial Illumina adaptors (upper case) CACTCTTTCCCTACACGACGCTCTTCCGATCTcccctatacagacgagtgaacg

hPCF11.NGS.R partial Illumina adaptors (upper case) GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTtgaatgctgaacctgtgtcct
TCGA 30-UTR analysis
The original TCGA RNA-seq gene expression data were obtained from the UCSC Cancer Genomics Hub (CGHub). All of the patients

in a tumor type were ranked based on the CPM (count per million) values of MAGE-A11 gene. The top 10 most highly MAGE-A11-

expressed patients and bottom 10 least MAGE-A11 expressed patients were chosen as two groups. The significant dynamics

30-UTR usage genes between these two groupswill be identified if themean percentage of distal polyA usage (PDUI) change between
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these two groups is larger than 0.2 and mean fold change is larger than 1.5, also the p value calculated from Student’s t test is less

than 0.05. Finally, we observedMAGE-A11 promotes strong 30-UTR shortening in two tumor types including ovarian cancer (OV) and

lung squamous cell carcinoma (LUSC).

RNA-seq data analysis
RNA from cells with MAGE-A11 knocked out or overexpressed, and PCF mutant-expressing cells and controls were sequenced

by HiSeq. The raw paired-end RNA-seq reads were filtering out low-quality reads using Trim Galore, and then aligned to

the human genome (hg19/GRCh37) using STAR version 2.5.2b (Dobin et al., 2013) using the following alignment parameters: –

outSAMtype BAM SortedByCoordinate –outSAMstrandField intronMotif –outFilterMultimapNmax 10 –outFilterMultimapScoreRange

1 –alignSJDBoverhangMin 1 –sjdbScore 2 –alignIntronMin 20 –alignSJoverhangMin 8. The resulted BAM files were converted into

bedgraph format using bedtools version 2.17.0 (Quinlan and Hall, 2010). For each gene, the read count were calculated by HTSeq

(Anders et al., 2015), and then CPM values based on read count were used. The read coverage was visualized at UCSC Genome

Browsers (Goldman et al., 2015). Differential gene analysis was performed using DESeq2 (Anders and Huber, 2010).

DaPars analysis
DaPars (Feng et al., 2018; Xia et al., 2014) was used to identify the most significant APA events between two conditions. We require

that significant APA events should meet three criteria. First, the adjusted p value of PDUI differences was controlled at 5%. Second,

the absolute mean difference of PDUI must be no less than 0.2. Third, the mean PDUI fold change must be no less than 1.5.

CFIm25 motif analysis
MAGE-A11 sensitive transcripts were defined as those transcripts with significant 30-US upon MAGE-A11 overexpression, while

MAGE-A11 insensitive transcripts were an equal number of randomly selected unaffected transcripts (PDUI differences less than

0.05; p value larger than 0.5). For each DaPars predicted PAS, the nearest annotated PAS was defined as the true PAS. The anno-

tated PASs were compiled frommultiple domains including Refseq, ENSEMBL, UCSC gene models and PolyA_DB version 3 (Wang

et al., 2018) databases. The sequences of 200 nucleotides upstream and downstream of the PASs were used for motif analysis. The

CFIm25 motif density was calculated by counting the number of UGUA motif (smoothed over 7 nucleotide) along these specified

annotation features, which included proximal and distal PAS.

CLIP-qPCR
Cross-linking immunoprecipitation and QPCR (CLIP-QPCR) was carried out as previously described (Yoon and Gorospe, 2016).

Briefly, HEK293FT/HA-FLAG-Vector or HEK293FT/HA-FLAG-MAGE-A11 cells (10 15 cm2 dishes) were washed in ice-cold, magne-

sium-free PBS and irradiated on ice with 150mJ/cm2 of UVC (254 nm) in a Stratalinker 2400 (Agilent). Cells were collected in ice-cold

PBS, pelleted, lysed in NP-40 lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM KCl, 0.5% (v/v) NP-40), and centrifuged for 15 min at

10,000 xg at 4�C. Supernatants were collected and subjected to immunoprecipitation. Cell lysates were incubated with 20 mL

pre-coupled antibody-protein A/G PLUS-agarose beads (Santa Cruz Biotechnology) for 3 hr at 4�C rotating. Antibodies (10 mg)

used were as follows: normal mouse IgG control (Santa Cruz, sc-2025) and anti-CFIm25 (Proteintech, 66335-1-Ig). Beads were

then washed three times in NP-40 lysis buffer, treated with 20 units of RNase-free DNase I for 15 min at 37�C, and proteins degraded

by treatment with 0.5 mg/mL proteinase K (Invitrogen) in 0.5% SDS at 55�C for 15 min. RNA was then separated by phenol:

chloroform extraction, followed by ethanol precipitation. RNA was then converted to cDNA using the High Capacity cDNA reverse

transcriptase kit (Invitrogen) according to manufacturer’s instructions. qPCR analysis was performed on cDNA using PowerUp

SYBRGreenmaster mix (Applied Biosystems) according tomanufacturer’s instructions using the following primers:CCND2 forward,

50-TTCCCTCTGGCCATGAATTAC; reverse, 50-GGGCTGGTCTCTTTGAGTTT and RPLP0 forward 50-TCTACAACCCTGAAGTGCTT

GAT-30, RPLP0 reverse 50-CAATCTGCAGACAGACACTGG-30. Data were analyzed by DDCt method normalizing to RPLP0 and con-

trol normal IgG pulldowns.

Trans-effect analysis of 30-US
We used MAT3UTR (Park et al., 2018) for the detection of trans-effect of MAGEA11-induced 30-UTR shortening in ceRNA in two tu-

mor types OV and LUSC. The Briefly, MAT3UTR can predict ceRNA partner expression changes by using its 30-UTR shortening gene

expression, 30-UTR shortening gene level, microRNA binding sites and miRNA expression. The miRNA binding sites were compiled

from a collection of TarBase, miRecords, miRTarBase and predicted miRNA-binding sites from TargetScanHuman version 6.2. Exon

and CDS annotation for TCGA and miRNA expression were downloaded from Xena UCSC Genome browsers. The enrichment of

ceRNA partner genes with tumor suppressor gene (TSG) and oncogene (OG) was calculated by fisher exact test. The annotation

of TSG and OG were from TUSON prediction (Davoli et al., 2013) with top 500 genes (p < 0.01) selected.

Mass spectrometry analysis
Protein samples were digested and the resulting peptides were analyzed by an optimized LC-MS/MS platform (Pagala et al., 2015).

For quantitative TMT analysis, the digested peptides were labeled with individual TMT reagents, equally pooled, and fractioned by

basic pH reversed phase LC chromatography. Each fraction was then analyzed using acidic pH reverse phase nanoscale LC-MS/MS
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(Bai et al., 2017). The collected MS data were processed for protein identification and quantification by database search using the

JUMP software suite (Wang et al., 2014).

DATA AND CODE AVAILABILITY

Proteomics data are available at MassIVE MSV000084123. RNA-seq data are available at NCBI GEO: GSE134898.
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