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PRAMEF2 is a member of the PRAME multigene family of cancer
testis antigens, which serve as prognostic markers for several
cancers. However, molecular mechanisms underlying its role in
tumorigenesis remain poorly understood. Here, we report that
PRAMEF2 is repressed under conditions of altered metabolic ho-
meostasis in a FOXP3-dependent manner. We further demonstrate
that PRAMEF2 is a BC-box containing substrate recognition subunit
of Cullin 2-based E3 ubiquitin ligase complex. PRAMEF2 mediates
polyubiquitylation of LATS1 kinase of the Hippo/YAP pathway,
leading to its proteasomal degradation. The site for ubiquitylation
was mapped to the conserved Lys860 residue in LATS1. Furthermore,
LATS1 degradation promotes enhanced nuclear accumulation of the
transcriptional coactivator YAP, resulting in increased expression of
proliferative and metastatic genes. Thus, PRAMEF2 promotes malignant
phenotype in a YAP-dependent manner. Additionally, elevated
PRAMEF2 levels correlate with increased nuclear accumulation of
YAP in advanced grades of breast carcinoma. These findings high-
light the pivotal role of PRAMEF2 in tumorigenesis and provide
mechanistic insight into YAP regulation.
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RAMEF2 (PRAME Family Member 2) is a cancer testis
antigen that belongs to the unique PRAME multigene family.
PRAME is highly abundant and serves as a prognostic marker for
several cancers including melanoma (1), neuroblastoma (2), and
serous ovarian adenocarcinoma (3). In breast cancer, PRAME
levels are significantly correlated with enhanced distant metastases
and reduced overall patient survival (4, 5). Using biochemical and
genomics approaches, PRAME has been characterized as a BC-
box containing substrate recognition subunit of Cullin 2-based E3
ubiquitin ligase complex (6). PRAMEF2 has robust homology and
similar expression patterns as PRAME, the founding member of
the PRAME multigene family. However, the molecular mecha-
nisms underlying its role in tumorigenesis remain unexplored.
The transcriptional coactivator YAP (YES-associated protein)
is the nuclear effector of the Hippo signaling pathway. Inactivation
of the Hippo kinase cascade results in the nuclear accumulation of
YAP (7). In the nucleus, YAP binds to the transcription factor
TEAD (TEA domain containing transcription factor) thereby
regulating the expression of genes involved in diverse cellular
processes including cellular proliferation, apoptosis, and metas-
tasis (8). Thus, aberrant nuclear accumulation of YAP has been
reported to be associated with several human malignancies (9).
In the present study, we report that PRAMEF?2 levels are down-
regulated upon metabolic stress in a FOXP3-dependent manner.
Using a proteomics approach, we further characterized PRAMEF2
as the substrate recognition subunit of Cullin 2-based E3 ligase
complex. PRAMEF2 mediates LATS1 polyubiquitylation leading to
its proteasomal degradation. Consequently, LATS1-mediated YAP
phosphorylation is abrogated leading to its nuclear accumulation
and induction of proliferative and metastatic genes. Thus,
PRAMEEF?2 promotes tumorigenesis in a YAP-dependent manner.

Results

PRAMEF2 Is Repressed by FOXP3 upon Metabolic Stress. Cancer testis
antigens have been reported to confer survival advantage to

PNAS 2021 Vol. 118 No. 40 €2105523118

cancer cells under conditions of altered metabolic homeostasis
(10). However, molecular insights into regulation of cancer testis
antigens under such conditions remain unexplored. Hence, we
examined the PRAMEF?2 levels under metabolic stress conditions
including glucose starvation, serum starvation, and metformin
treatment. We observed that there was a significant decrease in
the PRAMEF?2 protein levels upon metabolic stress (Fig. 14). We
also observed a similar reduction in transcript levels, suggesting
that PRAMEF2 was transcriptionally regulated (Fig. 1B). To de-
lineate the mechanism of PRAMEF2 repression upon metabolic
stress, we examined PRAMEF2 promoter sequence for potential
transcription factor binding sites. Our analysis revealed a FOXP3
binding site at —1.179 Kb position (Fig. 1C). FOXP3 is a member
of the Forkhead family of transcription factors and has been
reported to repress oncogenes including Skp2 and HER2/ERBB2
(11, 12). To investigate the role of FOXP3 in PRAMEF?2 repres-
sion, we examined the PRAMEF?2 levels upon metabolic stress, in
the presence or absence of FOXP3. We observed that upon
metabolic stress PRAMEF2 levels were down-regulated concom-
itant to increase in the FOXP3 levels (Fig. 1D and SI Appendix,
Fig. S1 A-C). The decline in PRAMEEF?2 levels under metabolic
stress conditions was abrogated upon FOXP3 depletion. Similar
results were obtained in other cell types including ZR-751 and
Human Mammary Epithelial Cells (HMECs) (SI Appendix, Fig.
S1 D and E). Moreover, in the presence of ectopically expressed
FOXP3, there was a significant decline in PRAMEF2 transcript
levels independent of glucose starvation conditions (SI Appendix,
Fig. S1 F and G). To further corroborate the role of FOXP3 in
PRAMEF? transcriptional regulation, we performed reporter as-
says (Fig. 1E). We observed robust repression of the PRAMEF2
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Fig. 1. PRAMEF2 is transcriptionally repressed upon metabolic stress in a FOXP3-dependent manner. (A) MCF-7 cells were subjected to glucose starvation for

the indicated time points. The cells were then harvested, and Western blotting was performed. (B) MCF-7 cells were subjected to glucose starvation for the
indicated time points. RT-qPCR was then performed. Error bars are mean =+ SD of three independent experiments with triplicate samples. ***P < 0.0001, **P <
0.05. (C) Schematic representation of the FOXP3 consensus binding site at the PRAMEF2 promoter as indicated by the transcription factor database
TRANSFAC. (D) MCF-7 cells were stably transfected (pooled zeomycin-resistant population) with control (scrambled) or FOXP3 short hairpin ribonucleic acid
(shRNA). These cells were subjected to glucose starvation for the indicated time points. RT-qgPCR was then performed. Error bars are mean + SD of three
independent experiments with triplicate samples. ***P < 0.0001, ***P < 0.001. (E) MCF-7 control (control) and FOXP3 knockdown (FOXP3kd) cells were
transfected with the indicated luciferase reporter plasmid. At 24 h posttransfection, cells were subjected to glucose starvation for the indicated time points
and luciferase reporter assay was then performed. ***P < 0.0001, ***P < 0.001. (F) MCF-7 control (control) and FOXP3 knockdown (FOXP3kd) cells were
transfected with the indicated luciferase reporter plasmid. At 24 h posttransfection, cells were subjected to glucose starvation for the indicated time points
and luciferase reporter assay was then performed. n.s., nonsignificant. (G) MCF-7 control (control) and FOXP3 knockdown (FOXP3kd) cells were subjected to
glucose starvation for the indicated time points. ChIP assay was then performed with control IgG or FOXP3 antibody. Error bars are mean + SD of three
independent experiments with triplicate samples. ***P < 0.0001, ***P < 0.001.

promoter over the time course of metabolic stress, which was
abrogated upon FOXP3 depletion. Moreover, when a reporter
construct having mutant PRAMEF2 promoter was used FOXP3-
mediated repression was not observed (Fig. 1F). We next performed
chromatin immunoprecipitation (ChIP) assay to examine the binding
of FOXP3 to the PRAMEF?2 promoter. We detected increasing
levels of FOXP3 at the PRAMEF2 promoter upon metabolic stress,
which was abolished upon FOXP3 depletion (Fig. 1G). Since pre-
vious studies suggest that repressive histone marks such as H3K9
trimethylation (H3K9me3) are associated with FOXP3 binding re-
gions of the repressed genes (13), we performed sequential ChIP
assays to examine the presence of such marks at PRAMEF2 pro-
moter. We observed an increase in H3K9 trimethylation at the
PRAMEF?2 promoter upon metabolic stress, which was repressed
upon FOXP3 depletion (SI Appendix, Fig. S1H). Since histone
methyltransferase SUV39H1 has been reported to mediate H3K9
trimethylation, its presence at the PRAMEF2 promoter was also
investigated (14). An increased recruitment of SUV39HI1 was de-
tected at the PRAMEF2 promoter over the time course of metabolic
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stress, which was abrogated upon FOXP3 depletion (SI Appendix,
Fig. S1I). These results suggest that PRAMEF2 is repressed upon
metabolic stress in a FOXP3-dependent manner.

PRAMEF2, a BC-Box Protein, Is a Constituent of Cullin 2-Based E3
Ubiquitin Ligase Complex. To gain mechanistic insights into the
role of PRAMEF?2 in tumorigenesis, we employed a proteomics
approach to identify PRAMEF2 interacting proteins (Fig. 24).
Among the several interacting partners identified, Cullin 2,
Elongin B, Elongin C, and Rbx1 were of particular interest since
PRAME has been reported to be a subunit of Cullin 2-based E3
ligases (6). In order to bind Elongin C, BC-box proteins contain a
conserved sequence motif known as the BC-box, along with a
downstream sequence called Cul-2 box that determines binding
to Cullin-2 (15). Pairwise sequence alignment of PRAMEF?2 with
PRAME revealed the presence of these motifs at the N terminus
of PRAMEF?2 (Fig. 2B). To explore further, we performed gel
filtration chromatography assay (Fig. 2C). We observed that
Cullin 2, Elongin B, Elongin C, and Rbx1 eluted in the same
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Fig. 2. PRAMEF2 is a part of Cullin 2-based E3 ligase complex. (A) MCF-7 cells were infected with adenovirus expressing GFP (Ad-GFP) or adenovirus
expressing PRAMEF2 tagged with HA and FLAG epitopes (Ad-PRAMEF2 HF) for 24 h. The PRAMEF2-associated proteins were identified by immunoprecipi-
tation followed by LC-MS/MS analysis. (B) Schematic representation of the BC-box and Cul2-box sequences at the N-terminal end of PRAMEF2 and PRAME
proteins. (C) MCF-7 cells were infected with adenovirus expressing PRAMEF2 tagged with HA and FLAG epitopes (Ad-PRAMEF2 HF). At 24 h postinfection, cell
extracts were subjected to size exclusion chromatography, followed by Western blotting. The numbers represent eluent fractions. (D) MCF-7 cells were in-
fected with the indicated adenoviruses for 24 h. The cells were then harvested and subjected to immunoprecipitation using anti-HA antibody followed by
Western blotting. (E) MCF-7 PRAMEF2 knockdown (PRAMEF2kd) cells were transfected with Flag-tagged wild-type PRAMEF2 (PRAMEF2"T) or BC-box mutant
PRAMEF2 (PRAMEF2-"A13F) constructs. At 24 h posttransfection, the cells were harvested and subjected to immunoprecipitation using anti-FLAG antibody
followed by Western blotting. (F) MCF-7 cells were subjected to glucose starvation for the indicated time points. The cells were then harvested and subjected
to immunoprecipitation using anti-PRAMEF2 antibody followed by Western blotting.

fractions as PRAMEF2 indicating that they could be part of a
multisubunit complex. Moreover, these proteins coimmunopre-
cipitated with PRAMEF2, which was not observed in case of BC-
box mutant PRAMEF2 (PRAMEF2-YA13F) (Fig. 2 D and E
and SI Appendix, Fig. S24). Furthermore, concomitant to down-
regulation of PRAMEF2 under metabolic stress conditions, the
levels of coimmunoprecipitated Cul2, Elo B, Elo C, and Rbxl
also declined (Fig. 2F). Taken together, these results suggest that
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PRAMEEF?2 is a component of a Cullin 2-based E3 ligase com-
plex, which is down-regulated upon metabolic stress.

PRAMEF2 Mediates LATS1 Ubiquitylation and Targets It for
Proteasomal Degradation. In our proteomic screen, we also
identified LATS1 as a PRAMEEF?2 interacting protein. LATSI is
a Ser/Thr Kinase that functions as a tumor suppressor by regu-
lating cell proliferation and apoptosis (16, 17). However, little is
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known about its role under conditions of altered metabolic ho-
meostasis. Thus, we examined the interaction between PRAMEF2
and LATS]1 under metabolic stress conditions. Our results indicated
that the interaction between LATS1 and PRAMEF?2 is down-
regulated over the time course of metabolic stress (Fig. 3 4 and
B and SI Appendix, Fig. S2 B-E). Furthermore, there was an
increase in the LATS1 protein levels concomitant to the decline
in PRAMEF?2 levels upon metabolic stress while there was no
significant change in transcript levels of LATSI (Fig. 3 C and D
and SI Appendix, Fig. S2 F and G). Similar observations were
made in other cell types (SI Appendix, Fig. S2 H-M). To further
examine whether PRAMEF?2 had any effect on the half-life of
LATS1 protein, we performed a cycloheximide chase assay
(SI Appendix, Fig. S34). Our results suggest that there is a
significant PRAMEF2-dependent decline in LATS1 protein
levels in the presence of cycloheximide, with a distinct reduction in
half-life.

Since protein stability is frequently regulated by the ubiquitin-
proteasome degradation pathway, we investigated the effects of
the proteasome inhibitor MG-132 on LATS1 levels. Upon MG-
132 treatment, LATS1 levels were constitutively elevated over
the time course of metabolic stress with no significant change in
the transcript levels (Fig. 3E). As our earlier results suggest that
PRAMEF?2 is a component of a Cullin 2-based E3 ligase com-
plex, we examined LATS1 levels under metabolic stress condi-
tions, in the presence or absence of PRAMEF2. LATS1 levels
were up-regulated upon glucose starvation, concomitant to the
decline in PRAMEF2 levels. However, LATS1 levels were con-
stitutively elevated under starvation conditions in the absence of
PRAMEEF?2 (Fig. 3F). We next determined whether PRAMEF2
mediates LATS1 ubiquitylation. We observed that LATS1 is
polyubiquitylated under unstressed conditions, which is down-
regulated upon metabolic stress, concomitant to the decline in
PRAMEEF?2 levels. In the absence of PRAMEF?2 or in the pres-
ence of BC-box mutant PRAMEF2 (PRAMEF2-P/ABF)
LATS1 polyubiquitylation was abrogated (Fig. 3G and SI Ap-
pendix, Fig. S3 B-D). Similar results were obtained in other cell
types (SI Appendix, Fig. S3 E and F). We further observed that
LATS1 polyubiquitylation was K48 linked (Fig. 3H). Moreover,
LATS1 polyubiquitylation was abrogated in the presence of
mutant ubiquitin (K48R) (SI Appendix, Fig. S3G).

In order to map the site of PRAMEF2-mediated LATS1
polyubiquitylation, we performed GST-pulldown assays under
conditions of glucose starvation. The GST-LATSI fusion protein
comprising the amino acids 843 to 1,130 was polyubiquitylated
under unstressed conditions, which was abrogated upon metabolic
stress (Fig. 31). The specific region of polyubiquitylation was fur-
ther narrowed down to GST-LATS1 fusion protein comprising
amino acids 843 to 942 (Fig. 3/). To identify the specific site of
polyubiquitylation, we mutated each of the three lysine residues in
this region. We observed that the mutation of K860 residue spe-
cifically disrupted K48-linked LATS1 polyubiquitylation even
though the interaction could still be observed (Fig. 3K and SI
Appendix, Fig. S3 H-J). Similar results were obtained in other cell
types (SI Appendix, Fig. S3 K and L). Furthermore, protein se-
quence analysis of the LATS1 region encompassing amino acids
848 to 876 suggests that the K860 site is conserved across diverse
organisms (SI Appendix, Fig. S44). Taken together, these results
indicate that PRAMEF2 mediates K48-linked polyubiquitylation
of LATS1 at K860 resulting in its proteasomal degradation, which
is disrupted upon metabolic stress.

PRAMEF2 Promotes YAP Nuclear Translocation. LATS1 is known to
phosphorylate YAP resulting in its cytoplasmic retention (18,
19). Hence, we next sought to investigate the effect of PRAMEF2
on YAP phosphorylation. We observed that the levels of phos-
phorylated YAP were up-regulated, concomitant to the increase in
LATS1 levels and the decline in PRAMEF2 levels upon glucose
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starvation (Fig. 44). However, upon depletion of PRAMEF2
phosphorylated YAP levels were constitutively elevated over the
starvation period, which was abrogated upon depletion of LATS1 or
codepletion of PRAMEF2 and LATS1. Moreover, in the presence
of ubiquitylation-resistant LATS1 mutant (LATS1****}) or BC-box
mutant PRAMEF2 (PRAMEF2P/A13F) Y AP was constitutively
phosphorylated (Fig. 4 B and C and SI Appendix, Fig. S4 B and
C). Similar results were obtained in other cell types (SI Appendix,
Fig. S4 D and E). These results suggest that PRAMEF2 deter-
mines YAP phosphorylation status.

We next investigated the effect of PRAMEF2 on YAP cellular
localization under metabolic stress conditions. Our results indicate
that under unstressed conditions, YAP is present in the nucleus
while upon metabolic stress it was phosphorylated and retained in
the cytoplasm (Fig. 4D). However, in the absence of PRAMEF2,
YAP was constitutively phosphorylated and present in cytoplasm.
Previous reports suggest that 14-3-3 binds to phosphorylated YAP
resulting in its cytoplasmic retention, while dephosphorylated YAP
interacts with the transcription factor TEAD in the nucleus (18, 20).
Our results suggest that YAP interacted with 14-3-3 upon metabolic
stress, while in the presence of ubiquitylation-resistant LATS1
mutant (LATS1¥%°R) the interaction was observed irrespective of
stress conditions (Fig. 4E). On the other hand, YAP interacted with
TEAD only under unstressed conditions, while in the presence of
LATSI mutant (LATS1**%®) no interaction was detected. Thus,
our data indicate that PRAMEF2-mediated LATS1 poly-
ubiquitylation results in abrogation of YAP phosphorylation, which
promotes its nuclear translocation.

PRAMEF2 Induces Proliferative and Metastatic Genes in a YAP-Dependent
Manner. YAP is a transcriptional coactivator that has been reported
to promote the expression of genes involved in various processes
driving breast tumorigenesis including proliferation, invasion, and
metastasis (21). Hence, in order to study the effect of PRAMEF2
on YAP-mediated transactivation, we examined the levels of genes
reported to be associated with breast tumorigenesis (22). Our re-
sults indicate that several genes encompassing diverse pathways
were down-regulated upon metabolic stress concomitant with the
decline in PRAMEEF?2 levels. Moreover, upon PRAMEF2 deple-
tion the levels of these genes were constitutively down-regulated
(Fig. 54). To gain additional mechanistic insights, we codepleted
LATS1 along with PRAMEF2 and examined the transcript
levels of key genes involved in various cancer-associated path-
ways including cell proliferation, apoptosis, and metastasis
(Fig. 5B and SI Appendix, Fig. S5 A and B). We observed that
upon depletion of LATS1 or codepletion of PRAMEF2 and
LATS1, CCNA2, TWISTI, SNAI2, BIRC2, and CDK6 were
constitutively up-regulated. Similar observations were made in the
presence of phospho-dead YAP mutant (YAPS'?"%) and upon
PRAMEEF?2 depletion in the presence of phospho-dead YAP mutant
(YAPS'?72), Concurring results were also obtained in other cell types
(ST Appendix, Fig. S5 C and D). To further delineate the mechanism,
we performed ChIP assay to examine the recruitment of YAP at
the promoter of these genes (Fig. 5C). We observed a decline in
the levels of YAP detected at the promoter of these genes upon
metabolic stress, which was further down-regulated in the absence
of PRAMEF2. However, upon depletion of LATS1 or codeple-
tion of PRAMEF2 and LATS1 robust recruitment at the pro-
moters was observed irrespective of stress conditions, as was the
case in the presence of YAP*'?’# and upon PRAMEF?2 depletion
in the presence of YAPS'?4, Taken together, our results suggest
that PRAMEF2-promoted nuclear localization of YAP results in
induction of genes involved in key cancer-associated pathways.

PRAMEF2-Mediated YAP Nuclear Translocation Is Critical for Its Oncogenic
Functions. We next investigated the effect of PRAMEF2-mediated
YAP activation on malignant phenotype. We observed that
depletion of PRAMEF2 resulted in significant reduction of
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independent experiments with triplicate samples. (E) MCF-7 cells were subjected to glucose starvation for the indicated time points and treated with MG132
for the last 6 h of the starvation period. (Left) The cells were then harvested, and Western blotting was performed. (Right) RT-qPCR was performed. Error bars
are mean + SD of three independent experiments with triplicate samples. (F) MCF-7 control (control) and PRAMEF2 knockdown (PRAMEF2kd) cells were
subjected to glucose starvation for the indicated time points. The cells were then harvested, and Western blotting was performed. (G) MCF-7 control (control)
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followed by Western blotting. (J) MCF-7 cells were transfected with constructs expressing different subdomains of LATS1 (4D: 843 to 1130 aa, 4D.1: 843 to 942
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followed by Western blotting. (K) MCF-7 cells were stably transfected (pooled zeomycin-resistant population) with control (scrambled) or LATS1 shRNA. (Left)
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starvation for the indicated time points and treated with MG132 (10 pM) for the last 6 h of starvation period. Cells were then harvested and subjected to
immunoprecipitation using anti-FLAG antibody followed by immunoblotting.
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Fig. 4. PRAMEF2 inhibits LATS1-mediated YAP phosphorylation. (A) MCF-7 control (control), PRAMEF2 knockdown (PRAMEF2kd), LATS1 knockdown
(LATS1kd), and PRAMEF2/LATS1 double knockdown (PRAMEF2kd/LATS1kd) cells were subjected to glucose starvation for the indicated time points. The cells
were then harvested, and Western blotting was performed. (B) MCF7 LATS1 knockdown (LATS 1kd) cells were transfected with FLAG-tagged wild-type LATS1
and LATS1®6%R constructs. At 24 h posttransfection, the cells were subjected to glucose starvation for the indicated time points. The cells were then harvested,
and Western blotting was performed. (C) MCF-7 PRAMEF2 knockdown (PRAMEF2kd) cells were transfected with Flag-tagged wild-type PRAMEF2 (PRA-
MEF2"T) or BC-box mutant PRAMEF2 (PRAMEF2-"A13F) constructs. At 24 h posttransfection, the cells were subjected to glucose starvation for the indicated
time points. The cells were then harvested, and Western blotting was performed. (D) MCF-7 control (control) and PRAMEF2 knockdown (PRAMEF2kd) cells
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immunoprecipitation using anti-YAP antibody followed by Western blotting.

proliferation capacity (Fig. 64). However, depletion of LATS1
or codepletion of PRAMEF2 and LATSI1, which promotes
constitutive nuclear localization of YAP, resulted in enhanced
proliferative capacity. Additionally, presence of YAPS'?’ and
PRAMEEF?2 depletion in the presence of YAPS'#’* also augmented
the proliferative capacity even in the absence of PRAMEF2. We
then examined the effect of PRAMEF2-YAP axis on invasiveness
and migration potential under conditions of altered metabolic
homeostasis. Our results indicated that under metabolic stress
conditions invasiveness and migration potential were down-
regulated. Additionally, depletion of PRAMEF2 resulted in
reduced invasiveness and migration potential irrespective of
stress conditions (Fig. 6 B and C and SI Appendix, Fig. S6 A and
B). However, invasiveness and migration potential was up-regulated
upon depletion of LATSI or codepletion of PRAMEF2 and LATSI.
Concurring observations were made in the presence of YAPS'# and
upon PRAMEF? depletion in the presence of YAPS'#"*, Conversely,
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ectopic expression of ubiquitylation-resistant LATS1 mutant
(LATS1%%°Ry sionificantly down-regulated invasiveness and
migration potential. Similar results were obtained in ZR-751
cells (SI Appendix, Fig. S6 C and D). We further examined the role
of PRAMEF2-dependent YAP activation on anchorage indepen-
dent growth (Fig. 6D). Our results indicated that anchorage inde-
pendent growth was repressed under metabolic stress conditions.
However, upon PRAMEF2 depletion, anchorage independent
growth was constitutively down-regulated. Depletion of LATS1, code-
pletion of PRAMEF?2 and LATS], and ectopic expression of YAPS'#"*
or PRAMEF2 depletion in the presence of YAPS'?A promoted an-
chorage independent growth. These results suggest that PRAMEF2-
mediated YAP activation is pivotal to its oncogenic potential.

PRAMEF2 Promotes Aggressive Tumor Phenotype in a YAP-Dependent
Manner. We next examined the role of YAP in determining
PRAMEF2-promoted tumor malignancy in an orthotopic breast
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Fig. 5. PRAMEF2 promotes YAP transactivation function. (A) MCF-7 control (control) and PRAMEF2 knockdown (PRAMEF2kd) cells were subjected to glucose
starvation for the indicated time points. Relative messenger ribonucleic acid (mRNA) levels were analyzed by RT-qPCR. Heat map comparing relative mRNA
levels is shown. Blue and red indicate down-regulation or up-regulation, respectively. (B) MCF-7 control and PRAMEF2 knockdown cells were stably trans-
fected with FLAG-tagged YAP®'?”A, MCF-7 control (control), PRAMEF2 knockdown (PRAMEF2kd), LATS1 knockdown (LATS1kd), and PRAMEF2/LATS1 double
knockdown (PRAMEF2kd/LATS1kd) cells as well as MCF-7 control and PRAMEF2 knockdown cells expressing YAPS'27A (YAPS'27A and PRAMEF2kd, YAPS'274)
were subjected to glucose starvation for the indicated time points. RT-gPCR was then performed. Error bars are mean + SD of three independent experiments
with triplicate samples. **P < 0.05, ***P < 0.001. (C) MCF-7 control (control), PRAMEF2 knockdown (PRAMEF2kd), LATS1 knockdown (LATS1kd), and PRA-
MEF2/LATS1 double knockdown (PRAMEF2kd/LATS1kd) cells as well as MCF-7 control and PRAMEF2 knockdown cells expressing YAPS'27A (YAPS'?7A and
PRAMEF2kd, YAP®'274) were subjected to glucose starvation for the indicated time points. ChIP assay was then performed with control IgG or YAP antibody.
Error bars are mean + SD of three independent experiments with triplicate samples. **P < 0.05, ***P < 0.001.
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Fig. 6. YAP plays a key role in determining PRAMEF2 oncogenic functions. (A) MCF-7 control (control), PRAMEF2 knockdown (PRAMEF2kd), LATS1
knockdown (LATS1kd), and PRAMEF2/LATS1 double knockdown (PRAMEF2kd/LATS1kd) cells as well as MCF-7 control and PRAMEF2 knockdown cells
expressing YAPS'27A (YAPS'27A and PRAMEF2kd, YAPS'?74) were cultured in complete medium and counted at the indicated time points. Error bars are
means + SD of three independent experiments with duplicate samples. ***P < 0.001. (B) MCF-7 control (control), PRAMEF2 knockdown (PRAMEF2kd), LATS1
knockdown (LATS1kd), PRAMEF2/LATS1 double knockdown (PRAMEF2kd/LATS1kd), and LATS1 knockdown cells expressing FLAG-tagged LATS1€¢°R mytant
as well as MCF-7 control and PRAMEF2 knockdown cells expressing YAPS'274 (YAP'27A and PRAMEF2kd, YAP®'274) were subjected to glucose starvation for
the indicated time points. In vitro invasion of cells was measured as the percentage of cells migrating to the bottom chamber. Error bars represent mean + SD
of three independent experiments with triplicate samples. **P < 0.05, ***P < 0.001. (C) MCF-7 control (control), PRAMEF2 knockdown (PRAMEF2kd), LATS1
knockdown (LATS1kd), PRAMEF2/LATS1 double knockdown (PRAMEF2kd/LATS1kd), and LATS1 knockdown cells expressing FLAG-tagged LATS1%®°R mutant
cells as well as MCF-7 control and PRAMEF2 knockdown cells expressing YAPS'27A (YAP®'27A and PRAMEF2kd, YAP®'27A) were subjected to glucose starvation
for the indicated time points. The migration potential of cells was measured as the percentage of cells migrating to the bottom chamber. Error bars represent
mean =+ SD of three independent experiments with triplicate samples. **P < 0.05, ***P < 0.001. (D) MCF-7 control (control), PRAMEF2 knockdown (PRA-
MEF2kd), LATS1 knockdown (LATS1kd), and PRAMEF2/LATS1 double knockdown (PRAMEF2kd/LATS1kd) cells as well as MCF-7 control and PRAMEF2
knockdown cells expressing YAPS'27A (YAPS'27A and PRAMEF2kd, YAPS'274) were seeded in soft agar and maintained in 25 mM or 1 mM glucose as indicated.
(Left) Representative images of colonies in soft agar are shown. (Scale bars, 200 um.) (Right) Numbers of colonies per well are represented as mean + SD of

three independent experiments. **P < 0.05, ***P < 0.001.

cancer model. Our results indicated that abrogation of PRA-
MEF2 expression resulted in significantly smaller tumors.
However, depletion of LATS1, codepletion of PRAMEF2 and
LATS1, and ectopic expression of YAPS'>’* or PRAMEF2 de-
pletion in the presence of YAPS'?A resulted in a significant
increase in tumor size (Fig. 74 and B and SI Appendix, Fig. ST A
and B). Furthermore, numerous metastatic nodules were de-
tected in the liver and lungs (Fig. 7 A4, C, and D and SI Appendix,
Fig. S7 A and C). We also observed higher numbers of circu-
lating tumor cells in these mice (SI Appendix, Fig. ST D and E).
This was further corroborated by the reduced levels of epithelial
marker E-cadherin and up-regulation of mesenchymal markers
vimentin and fibronectin observed in the primary tumors, which
is indicative of predisposition of these tumors to metastasize (S/
Appendix, Fig. STF). Thus, we concluded that YAP is critical for
PRAMEF2-mediated tumor growth and metastasis.

Several previous studies have reported the dysregulation of
LATSI1 and YAP to be associated with breast cancer (23). Hence,
we next examined the levels of PRAMEF2, LATSI1, phosphory-
lated YAP, and YAP in different grades of breast carcinoma
(Fig. 7E). We observed that PRAMEEF?2 levels were higher in
breast carcinoma as compared to normal adjacent tissue while the
levels of LATS1 and Phosphorylated YAP were down-regulated.
Moreover, with increasing aggressiveness of breast carcinoma, the
levels of PRAMEF2 were up-regulated while there was a marked
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decline in the levels of LATS1 and phosphorylated YAP
(Fig. 7 F-H). Furthermore, there was increased nuclear accumu-
lation of YAP in advanced grades of breast carcinoma (SI Ap-
pendix, Fig. S7T G and H). Thus, our data suggest that the
PRAMEF2 up-regulation and consequent enhanced nuclear lo-
calization of YAP is critical for breast tumor progression.

Discussion

Rapid proliferation as well as abnormal vasculature can create
conditions of nutrient deprivation in the tumor microenviron-
ment in diverse cancers including breast cancer (24). Nutrient
insufficiency can activate growth inhibitory signaling pathways
(25). On the other hand, oncogene activation can induce meta-
bolic reprogramming to help cancer cells survive nutrient limi-
tations and sustain uncontrolled proliferation. In our study, we
report that PRAMEF2-mediates polyubiquitylation and subse-
quent proteasomal degradation of LATS] to activate YAP on-
cogenic transcriptional program. However, under nutrient
deprivation conditions PRAMEF2-promoted proliferative sig-
naling is repressed. Thus, our findings provide mechanistic in-
sights on the oncogenic role of PRAMEF2. It will be of interest
to use proteomics-based approaches to identify other targets of
PRAMEF?2 involved in malignant transformation.

FOXP3, a member of the Forkhead/winged-helix (FKH) family
of transcription factors, plays a major role in T cell development
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Fig. 7. YAP is critical for PRAMEF2-promoted aggressive tumor phenotype. (A) MCF-7-4? cells were stably transfected (pooled zeomycin-resistant pop-
ulation) with control (scrambled), PRAMEF2, LATS1, or PRAMEF2 along with LATS1 shRNA as indicated. MCF-7-Y? and PRAMEF2 knockdown cells were stably
transfected with Flag-tagged YAPS'?’2 (pooled G418-resistant population). These cells were orthotopically injected into the mammary fat pad of nude mice.
Bioluminescence imaging was performed weekly. Representative images are shown. The data shown are representative of three independent experiments
using five individual mice per group. (B) Bioluminescence quantification (A, Above) was performed at indicated time points. The data shown are repre-
sentative of three independent experiments using five individual mice per group. Error bars are mean + SD from five individual mice (n = 5 mice per group).
***P < 0.001. (C and D) At the end of 4 wk, organs from mice orthotopically implanted with MCF-7-4? PRAMEF2/LATS1 knockdown cells in A (Above) were
harvested and examined by ex vivo imaging (C) as well as hematoxylin and eosin staining (D) to examine metastases. Representative images are shown. The
data shown are representative of three independent experiments using five individual mice per group. (Scale bar, 50 pm.) (E) Representative images of
immunostaining of PRAMEF2, LATS1, and phosphorylated-YAP on sections of normal breast tissue and different grades of human breast carcinoma. DAPI was
used to counterstain nuclei. (Scale bar, 20 pm.) (F) Quantification of PRAMEF2 levels in normal breast tissue and different grades of human breast carcinoma.
The data shown are representative of three independent experiments. Error bars are mean + SD, ***P < 0.0001. (G) Quantification of LATS1 levels in normal
breast tissue and different grades of human breast carcinoma. The data shown are representative of three independent experiments. Error bars are mean +
SD, ***P < 0.0001. (H) Quantification of phosphorylated-YAP levels in normal breast tissue and different grades of human breast carcinoma. The data shown
are representative of three independent experiments. Error bars are mean + SD, ***P < 0.0001.

and activity (26). It has also been reported to function as a tumor
suppressor in breast and prostate cancer. It represses HER-2/
ErbB2 and Skp2 expression to inhibit cell proliferation. Thus,
widespread deletion and somatic mutations of FOXP3 are ob-
served in breast cancer (12). In the case of prostate cancer, it
represses MYC oncogene to induce growth arrest (27). Our studies
suggest that FOXP3 represses PRAMEF2 under conditions of
altered metabolic homeostasis to down-regulate the oncogenic
YAP signaling. Thus, our findings provide additional insights into
the diverse pathways regulated by FOXP3.

LATS1 is a Ser/Thr Kinase that plays a pivotal role in the
Hippo/YAP signaling pathway. It integrates several upstream
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signals to regulate the activity of its substrate YAP through
phosphorylation-dependent cytoplasmic sequestration (18).
Consistent with its role as a tumor suppressor, LATS1 has been
reported to be down-regulated in several human cancers (28-30).
But the molecular mechanisms underlying LATS1 regulation are
poorly understood. Using exogenous overexpression-based
studies, Itch, WWP1, and NEDD4 E3 ligases have been repor-
ted to ubiquitylate LATS1 and target it for proteasomal degra-
dation (31-33). However, the pertinence of these ubiquitylation
events in LATS1 regulation under physiological conditions is yet
unclear. Our studies delineate the role of PRAMEF?2 in the
regulation of LATS1 under metabolic stress conditions.
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PRAMEF2 mediates LATS1 polyubiquitylation at the conserved
K860 residue leading to its proteasomal degradation. Upon
metabolic stress, PRAMEF2 is down-regulated resulting in
LATSI stabilization. Thus, our findings reveal a pivotal role for
PRAMEEF?2 in temporal regulation of LATS1 and hence YAP
signaling, under conditions of altered metabolic homeostasis.

In the canonical Hippo/YAP Pathway, YAP is a transcrip-
tional coactivator that binds to the transcription factor TEAD in
the nucleus (20) and modulates the expression of genes involved
in cell proliferation, apoptosis, metastasis, and other cancer-
related pathways (34). YAP mediates transactivation of several
genes implicated in cell proliferation including Ki67, c-myc, and
SOX4. Furthermore, the expression of several negative regula-
tors of apoptosis such as BIRC5/Survivin and BIRC2/cIAPI are
also induced robustly in a YAP-dependent manner. Thus, dys-
regulation of YAP has been linked to hepatocellular carcinoma
(7). YAP has also been reported to induce the expression of
TWIST1I, which promotes metastasis in clear cell renal carcinoma
(35). In breast cancers, YAP has been reported to form a
transactivation complex with ZEB1 resulting in the increased
expression of several target genes implicated in epithelial-
mesenchymal transition including ANKRDI, CYR61, and CTGF
(36). Even though the dependency scores (DepMap) from
genome-wide CRISPR-knockout screens for PRAMEF2, LATS1,
and YAP do not exhibit significant correlation (37), our data
suggests that PRAMEF2 promotes malignant phenotype in a
YAP-dependent manner. PRAMEF2-mediated LATS1 degra-
dation induces nuclear translocation of YAP, which triggers the
expression of proliferative and metastatic genes. However,
FOXP3-mediated PRAMEF?2 repression under low-nutrient con-
ditions attenuates YAP oncogenic signaling. In conclusion, our
findings highlight the complexity of mechanisms by which Hippo/
YAP signaling can be regulated. Furthermore, our data highlight a
key role for PRAMEEF?2 in determining tumorigenesis.

Methods

Cell Lines and Culture Conditions. MCF-7 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS)
(Invitrogen), 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C. ZR-
751 cells were cultured in Roswell Park Memorial Institute (RPMI)-1640
containing FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C.
HMECs were cultured in serum-free mammary epithelial cell growth
medium-containing supplements, growth factors, bovine pituitary extracts,
50 U/mL penicillin, and 50 pg/mL streptomycin at 37 °C. The cell lines were
obtained from American Type Culture Collection, authenticated, and rou-
tinely checked for mycoplasma contamination. Recombinant adenoviruses
were amplified, and titration was performed as previously reported (38).
Cells were grown to ~50 to 70% confluency followed by infection with
recombinant adenovirus at a multiplicity of infection of 10 to 20. Adenovirus
expressing GFP (Ad-GFP) was used as a negative control. To induce glucose
starvation, cells were grown to ~50% confluency and were then cultured in
glucose-free DMEM (Invitrogen) and RPMI-1640 (Invitrogen) containing di-
alyzed FBS (Invitrogen) and 1 mM glucose (Sigma-Aldrich). Reagents in-
cluding metformin and MG132 were purchased from Sigma-Aldrich.
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Transfection and Luciferase Assay. Transfections were carried out using
Lipofectamine 3000 (Invitrogen) for MCF-7 cells and ZR-751 cells and
Lipofectamine 2000 (Invitrogen) for HMECs following the manufacturer’s
instructions. Briefly, cells were allowed to reach 70% confluency at the
time of transfection. Lipid-DNA complexes were prepared by adding DNA and
Lipofectamine to serum-free medium and incubated at room temperature
for 30 min. The cells were washed and the Lipid-DNA complexes were
added. The amount of plasmid DNA was kept constant with empty vector
in transient transfection experiments. After 6 h, the media volume was
doubled with serum-free DMEM and supplemented with serum to attain
a final concentration of 10% serum.

For luciferase assays, human PRAMEF2 promoter fragment (—1,650
to —850) was cloned into the pGL4.24 vector (Promega) to obtain PRAMEF2-
luc reporter construct. The PRAMEF2™"|uc2 reporter construct was gener-
ated by site-directed mutagenesis (Mutagenex). The cells were harvested
24 h posttransfection, and luciferase activity was determined using Dual
Luciferase Reporter assay system (Promega) as per the manufacturer’s proto-
col. Briefly, cell extracts were prepared in 1X Passive Lysis Buffer, supplied by
the manufacturer. In total, 20 pl cell extracts were added to 100 pl Luciferase
Assay Reagent Il, and Firefly luciferase activity was measured with a lumin-
ometer (Berthold systems). This signal was quenched by addition of 100 pl Stop
and Glo reagent, followed by measuring the Renilla luciferase activity. The
difference in transfection efficiency across samples was normalized by
cotransfecting pRL-TK, which expresses Renilla luciferase. Error bars are
mean + SD of three independent experiments with duplicate samples.

Sequential Immunoprecipitation and Liquid Chromatography with Tandem
Mass Spectrometry. MCF-7 cells were infected with recombinant adenovi-
rus expressing PRAMEF2 tagged with HA and FLAG epitopes. Ad-GFP was
used as a negative control. At 24 h postinfection, whole-cell extracts were
prepared. Preclearing of the cell lysates was done using normal rabbit 1gG
and Protein A agarose slurry by incubation on a rotating platform for 2 h, at
4 °C. The cell extracts were then immunoprecipitated with anti-FLAG antibody-
conjugated agarose beads (Santa Cruz) by incubating overnight on a rotor, at
4 °C. The beads were washed three times, and elution was performed by in-
cubating the beads with 3X FLAG peptide (Sigma) for 30 min on ice. This
elution was repeated twice, and the eluent fractions were pooled for a sub-
sequent round of immunoprecipitation using anti-HA antibody-conjugated
agarose beads (Santa Cruz). Washing and elution with HA peptide
(Sigma-Aldrich) was performed in the same conditions as with 3X FLAG pep-
tide. The final eluate thus obtained was resolved on a 7% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis, and protein bands were visual-
ized by silver staining. The bands were excised and analyzed by reverse-phase
LC-MS/MS (ITSI Biosciences). The MS data were processed using the tandem
mass spectrometry data analysis program Sequest HT.

Soft Agar Assay. The soft agar assay was performed as described previously
(39). Briefly, 2.5 x 10> cells were suspended in 1.5 mL medium containing 0.4%
agar and overlaid on 1% agar in 6-well culture plates. The plates were incu-
bated for 3 wk, and DMEM was added intermittently. After 3 wk, staining was
performed with Nitroblue Tetrazolium chloride (Sigma). Images were captured
using an inverted microscope (Nikon) and colonies were enumerated.

Data Availability. All study data are included in the article and/or S/ Appendlix.
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