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Yin Yang 1 (YY1) regulates both gene expression and protein modifications, and has shown a proliferative role in cancers. In this study,

we demonstrate that YY1 promotes AKT phosphorylation at S473, a marker of AKT activation. YY1 expression positively correlated with

AKT(S473) phosphorylation in a tissue microarray and cultured cells of breast cancer, but negatively associated with the distant

metastasis-free survival of 166 breast cancer patients. YY1 promotes AKT phosphorylation at S473 through direct interaction with

AKT, and the AKT-binding site is mapped to the residues G201–S226 on YY1. These residues are also involved in YY1 interaction

with Mdm2, Ezh2, and E1A, and thus are designated as the oncogene protein binding (OPB) domain. YY1-promoted AKT phosphoryl-

ation relies on the OPB domain but is independent of either transcriptional activity of YY1 or the activity of phosphoinositide-3-kinases.

We also determine that YY1-promoted mTORC2 access to AKT leads to its phosphorylation at S473. Importantly, a peptide based on the

OPB domain blocks YY1 interaction with AKT and reduces AKT phosphorylation and cell proliferation. Thus, we demonstrate for the first

time that YY1 promotes mTORC2-mediated AKT activation and disrupting YY1–AKT interaction by OPB domain-based peptide may re-

present a potential strategy for cancer therapy.
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Introduction

Although discovered as a transcription factor (Shi et al., 1991),

Yin Yang 1 (YY1) has been found present in both nucleus and cyto-

plasm in cultured cells (Palko et al., 2004; Rizkallah and Hurt, 2009;

de Nigris et al., 2010) as well as tumor tissues (de Nigris et al., 2010;

Wan et al., 2012), which suggests multiple functions of YY1 beyond

its transcriptional activity. For instance, YY1 promotes p53 and p27

ubiquitination independently of its transcriptional or DNA-binding

activity (Gronroos et al., 2004; Sui et al., 2004; Wan et al., 2012).

The YY1 gene locus at the chromosome 14q encodes six tran-

script isoforms and two (7.5 and 2.9 kb) of them are overexpressed

(Chinnappan et al., 2009). Previous studies demonstrated genetic

alterations of YY1 in cancers. Recurrent somatic YY1(T372R) muta-

tion was determined in insulinoma, a major type of pancreatic neu-

roendocrine tumors (PNETs) (Cao et al., 2013). YY1 gene fusion

with Ewing sarcoma breakpoint region 1 (EWSR1) was identified

in mesothelioma (Panagopoulos et al., 2013). Recently, YY1 was

shown to play an oncogenic role in cancer studies (Zhang et al.,

2011), which was consistent with the finding that the YY1 promoter

contains G-quadruplex structures, a signature of many oncogenes

including c-Myc and Bcl-2 (Huang et al., 2012). On the one hand,

YY1 promotes growth, migration, invasion, and morphological

changes of nontumorigenic breast cells. On the other hand, YY1

contributes to maintaining the tumorigenicity of breast cancer

cells (Wan et al., 2012).

In breast cancer, YY1 promotes multiple proliferative signals

involved in mammary oncogenesis. YY1 activates the expression

of breast cancer oncogene ERBB2 (Begon et al., 2005; Allouche

et al., 2008), but an inverse correlation between YY1 and ERBB2

proteins was also shown (Powe et al., 2009). YY1 antagonizes p53

(Sui et al., 2004; Yakovleva et al., 2004), with its role in p53-deficient

breast cancer unclear. YY1 recruits Ezh2 for gene silencing

(Wilkinson et al., 2006), while disrupted YY1–Ezh2 interaction did

not affect global histone H3K27 methylation (Basu et al., 2010).
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Therefore, additional mechanisms may take place for YY1, in par-

ticular cytoplasmic YY1, in cancer cells to exert its proliferative

and oncogenic activity (Krippner-Heidenreich et al., 2005;

Seligson et al., 2005; Wan et al., 2012).

As an oncogene, AKT transmits external proliferative signals and

promotes numerous cell survival pathways. Fully activated AKT

requires phosphorylation of both S473 and T308, pAKT(S473)

and pAKT(T308), catalyzed by mTORC2 and PDK1, respectively

(Manning and Cantley, 2007). Phosphoinositide-3-kinases (PI3Ks)

produce phosphatidyl-inositol-3,4,5-trisphosphate (PIP3) that

recruits AKT to the membrane through binding to its Pleckstrin

homology (PH) domain, which is essential for AKT activation. AKT

deactivation is mediated by two phosphatases, PHLPP2 and

PP2A, that remove the phosphate groups on S473 and T308 of

AKT, respectively (Brognard et al., 2007).

In this study, we demonstrate that YY1 directly interacts with AKT

and promotes mTORC2-mediated AKT phosphorylation at S473 in-

dependent of either YY1-mediated transcription or PI3K activity.

The residues 201–226 on YY1 were named as REPO based on its

role in recruiting polycomb group proteins to YY1-targeted promo-

ters (Wilkinson et al., 2006, 2010). Since this region is involved in

the interaction between YY1 and multiple oncogene products, in-

cluding Mdm2, Ezh2, E1A, and AKT (presented in this study), we

designated it as the oncogene protein binding (OPB) domain of

YY1. Importantly, we show that blocking YY1 interaction with the

oncoproteins reduces breast cancer cell proliferation, suggesting

its potential for therapeutic target.

Results

YY1 expression positively correlates with AKT phosphorylation

We recently reported that YY1 depletion reduced both prolifer-

ation and xenograft tumor growth of breast cancer cells (Wan

et al., 2012). To evaluate whether YY1 associates with clinical out-

comes, we analyzed a gene array dataset consisting of samples

from 258 breast cancer patients (Miller et al., 2005). YY1 levels of

all samples and three top YY1 expression tiles (50th%, 25th%,

and 10th%) correlated monotonically with the decreasing distant

metastasis-free survival (DMFS) of the patients (Figure 1A), sug-

gesting the potential of YY1 as a prognostic marker for breast

cancer patients.

Since AKT is a key regulator of multiple cell proliferation and sur-

vival pathways (Dummler et al., 2006), we asked whether YY1 is

involved in AKT activation. We studied YY1 expression and

AKT(S473) phosphorylation, a marker of its activation, in a tissue

microarray derived from 166 breast cancer patients (Wan et al.,

2012), and observed a significant positive correlation between

Figure 1 Correlations between YY1 expression and AKT phosphorylation. (A) The correlation between YY1 expression and distant metastasis-free

survival (DMFS) in 258 breast cancer patients (Miller et al., 2005). YY1 expression levels in all samples were analyzed by three probes (Wan et al.,

2012) and shown as three top YY1 tiles (50th%, 25th%, and 10th%). P ¼ 0.047 by Cox proportional hazards regression (hazard ratio ¼ 2.74 with

95% confidence interval of 1.03–7.29). (B) The correlation between YY1 and pAKT(S473) levels in samples from 166 breast cancer patients. (C) YY1

knockdown by Dox-induced shYY1-1 decreased AKT phosphorylation in MDA-MB-231 cells. Dox-treated cells were collected at the indicated time

points, and cell lysates were analyzed by western blot for pAKT(S473), pAKT(T308), AKT1, YY1, and b-actin. (D and E) Ectopic YY1 expression

increased AKT phosphorylation. Both 184A1 (D) and 184B5 (E) cells were infected with lentivirus carrying an empty vector or expressing YY1.

The cells were analyzed for AKT phosphorylation 3 days post infection.
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YY1 and pAKT(S473) immunostaining (r ¼ 0.48; P , 0.0001)

(Figure 1B). Estrogen receptor (ER) status was available for 147

samples (80 ER+ and 67 ER2); the correlation between YY1 and

pAKT(S473) levels was more pronounced in ER2 (r ¼ 0.51; P ¼

0.0203) than ER+ (r ¼ 0.46, P , 0.0001) samples (Supplementary

Figure S1A and B). Progesterone receptor (PR) status was available

for 146 samples (63 PR+ and 83 PR2); YY1 and pAKT(S473) correl-

ation was higher in PR2 (r ¼ 0.56; P , 0.0001) than PR+ (r ¼ 0.39,

P ¼ 0.0015) samples (Supplementary Figure S1C and D).

To determine whether YY1 is necessary for AKT phosphorylation

in breast cancer cells, we studied AKT phosphorylation in

MDA-MB-231 cells with YY1 depletion. When YY1 was individually

knocked down by three different YY1 shRNAs (shYY1-1, shYY1-2,

and shYY1-3, Supplementary Figure S2A), both pAKT(S473) and

pAKT(T308) levels decreased (Figure 1C and Supplementary

Figure S3A and B). Same results were observed in other breast

cancer cell lines, including ZR-75-1, BT-474, and SK-BR-3

(Supplementary Figure S3C). Conversely, ectopically expressing

YY1 in nontumorigenic 184A1 and 184B5 cells markedly increased

pAKT(S473) and pAKT(T308) levels (Figure 1D and E). In these

experiments, total AKT levels remained unchanged, suggesting

that YY1 stimulated AKT phosphorylation.

YY1 colocalizes with phosphorylated AKT

Among YY1-positive staining samples, �16% showed cytoplas-

mic YY1 staining, 35% showed nuclear staining, and the rest

showed both cytoplasmic and nuclear YY1 signals. Our observation

of YY1 cytoplasmic presence in breast cancer tissues is consistent

with previous studies (Palko et al., 2004; Rizkallah and Hurt, 2009;

Wan et al., 2012). AKT phosphorylation or activation has been

reported in both cytoplasm and nucleus (Wang and Brattain,

2006). In the breast cancer samples tested, YY1 staining correlated

with pAKT(S473) signal (Figure 2A). In cultured tumor cells, YY1

predominantly localizes in nuclei, unless cells undergo mitosis

(Krippner-Heidenreich et al., 2005; Rizkallah and Hurt, 2009). We

co-stained YY1 with phosphorylated or total AKT in MDA-MB-231

cells expressing doxycycline (Dox)-induced shYY1-1. Phosphory-

lated AKT was predominantly stained in nuclei, while total AKT was

Figure 2 Immunostaining of YY1 and pAKT in breast cancer tissues and cells. (A) Examples of YY1 and pAKT(S473) staining in breast cancer tissue

samples. Top and middle panels are two samples with cytoplasmic YY1 staining, while the bottom panel is a sample with nuclear YY1 staining. (B–D)

Immunostaining of YY1, pAKT(S473), pAKT(T308), and total AKT in MDA-MB-231 cells without and with Dox-induced YY1 knockdown. (E)

Immunostaining without primary antibodies as background control. (F) The orientation of the antibodies used. DIC, differential interference contrast.
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detected in both nuclei and cytoplasm (Figure 2B–D). Without YY1

knockdown (no Dox), YY1 signal generally overlapped with both

pAKT(S473) and pAKT(T308) staining in nuclei (Figure 2B and C).

With YY1 knockdown (+Dox), phospho-AKT, but not total AKT,

became generally weaker, consistent with the aforementioned

western blot results. No significant signal was detected in cells

without primary antibody treatment (Figure 2E). These data

suggest a regulatory role of YY1 in AKT phosphorylation. After frac-

tionating nuclear and cytoplasmic portions of MDA-MB-231 cells,

we detected signals for pAKT(S473), pAKT(T308), and YY1 in both

nucleus and cytoplasm (Supplementary Figure S3D).

YY1 directly interacts with AKT

The residues G201–S226 on YY1 are involved in binding to

Mdm2, Ezh2, and E1A (Lee et al., 1995; Lewis et al., 1995; Sui

et al., 2004). Based on our previous study (Sui et al., 2004), we

further defined that the G201–S226 region of YY1 is the binding

site for Mdm2 and essential for its activity in promoting Mdm2-

mediated p53 ubiquitination (Supplementary Figure S4A–C). Due

to its interaction with the oncogene products, we named the

G201–S226 region of YY1 as OPB domain (Figure 3A). We found

that deletion of OPB domain did not alter YY1-mediated expression

of Cdc6, a validated YY1 target gene (Schlisio et al., 2002; Deng

et al., 2007) (Supplementary Figure S4D). These data, together

with that wild-type (wt) YY1 and YY1(DOPB) equally bound to

p53 (Supplementary Figure S4B), suggest that the OPB domain de-

letion did not dramatically distort YY1 protein structure. We then

tested whether the YY1 OPB domain is required for AKT binding.

In co-immunoprecipitation (co-IP) studies, Flag-YY1(wt), but not

Flag-YY1(DOPB), brought down HA-AKT (Figure 3B), suggesting

that the OPB domain is essential to YY1–AKT association.

Furthermore, purified GST-AKT interacted with His-YY1(wt), but

not His-YY1(DOPB) (Figure 3C), indicating a direct AKT binding to

the YY1 OPB domain. Importantly, endogenous YY1 and AKT in

MDA-MB-231 cells interacted in a co-IP study using two different

YY1 antibodies (Figure 3D). Thus, our protein binding experiments

indicate that AKT directly binds to the YY1 OPB domain and this

binding unlikely requires a phosphorylation status of AKT, because

the proteins expressed and purified from bacteria can interact.

To determine YY1-binding site on AKT protein, we generated mul-

tiple AKT mutants (Figure 3E) with a Flag tag driven by the CMV pro-

moter. These Flag-AKT constructs were co-transfected with

pcDNA3/HA-YY1 into HeLa cells and the cell lysates were co- immu-

noprecipitated (co-IPed) by Flag antibody-conjugated agarose, fol-

lowed by western blot analyses using antibodies against Flag

and HA epitopes. As shown in Figure 3F left panel, AKT mutants

(PH domain, or 1–108) and (1–150) are sufficient to bring down

HA-YY1, while deletion of the first 52 amino acids, i.e. AKT mutant

(53–480), abolished the interaction. To determine whether the resi-

dues 53–108 of the PH domain are necessary for YY1 binding, we

generated AKT mutants (D53–108) and (53–108) for co-IP study.

Deletion of 53–108 residues abolished AKT binding to YY1, but

AKT(53–108) did not interact with YY1 either (Figure 3F, right

panel). These data suggest that the intact PH domain is necessary

for AKT interaction with YY1.

The OPB domain of YY1 is essential to YY1-mediated AKT

phosphorylation

To determine whether YY1–AKT interaction is important for AKT

phosphorylation, we expressed HA-YY1 wt orDOPB by lentiviral in-

fection in MDA-MB-231 cells with simultaneous knockdown of en-

dogenous YY1 by Dox-induced shYY1-2 or shYY1-3, which targets

the YY1 mRNA 3
′-UTR and thus silences endogenous YY1 but not

ectopic YY1 (Supplementary Figure S2A and B). Cells expressing

HA-YY1(DOPB) showed lower pAKT(S473) levels than cells expres-

sing HA-YY1(wt) with endogenous YY1 silenced by either shYY1-2

(Figure 4A) or shYY1-3 (Supplementary Figure S5A), suggesting

that the OPB domain is essential for YY1-mediated AKT phosphor-

ylation. Interestingly, the coexistence of both endogenous YY1 and

HA-YY1 led to less AKT phosphorylation than HA-YY1 alone

(Figure 4A, lane 1 vs. lanes 2–3), suggesting that a further YY1 in-

crease in breast cancer cells already expressing high levels of en-

dogenous YY1 is unfavorable to AKT phosphorylation. This may

explain the apparent tumor suppressive effects of YY1 when its

levels are further increased in breast cancer cells (Ishii et al.,

2012; Lee et al., 2012).

YY1 promotes mTORC2-mediated AKT phosphorylation

To determine whether YY1 directly promotes AKT phosphoryl-

ation, we studied its effects on AKT phosphorylation in reconsti-

tuted systems. We first observed that recombinant GST-AKT was

phosphorylated at S473 by Flag-mTOR complex IPed from trans-

fected HeLa cells (Figure 4B, lanes 1–2 vs. lane 7). This effect

was enhanced over 2-fold by recombinant His-YY1(wt) but

reduced to a lesser extent (1.4-fold) by recombinant

His-YY1(DOPB) (lanes 3–4 and 5–6 vs. lanes 1–2). However, in a

similar in vitro assay, Flag-PDK1 IPed from the lysates of trans-

fected HeLa cells promoted GST-AKT phosphorylation at T308,

which was not significantly promoted by YY1 (Supplementary

Figure S5B). In both in vitro studies, neither IPed Flag-mTOR

complex caused T308 phosphorylation nor Flag-PDK1 promoted

S473 phosphorylation for recombinant GST-AKT (data not

shown). Consistently, YY1 interacts with mTOR, but not PDK1

(Supplementary Figure S5C). These results suggest that YY1 direct-

ly enhances AKT phosphorylation at S473, but not T308, which is

independent of its transcriptional activity. This was confirmed by

the observation that YY1 zinc finger chimeras 13 and 17, deficient

in binding to the YY1 consensus site (Galvin and Shi, 1997), also

increased pAKT(S473) levels (Supplementary Figure S5D). To

further dissect the mechanism of YY1-mediated AKT phosphoryl-

ation, we ectopically expressed YY1 in 184B5 cells with silenced

mSIN1, a unique component of mTORC2 that phosphorylates AKT

at S473 (Frias et al., 2006; Jacinto et al., 2006). As shown in

Figure 4C, the YY1-induced AKT phosphorylation at both S473

and T308 was abolished with mSIN1 individually knocked down

by two different mSIN1 shRNAs (shmSIN1-1 and shmSIN1-2,

Supplementary Figure S5E). These data, together with the in

vitro phosphorylation results, suggest that YY1 specifically pro-

motes mTORC2-mediated AKT phosphorylation at S473 and its

effect on pAKT(T308) is likely indirect, facilitated by S473 phos-

phorylation. This model is further corroborated by the lack of YY1
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stimulation to T308 phosphorylation of AKT(S473A) mutant (Sup-

plementary Figure S5F).

We also tested whether YY1 affects AKT dephosphorylation in

two in vitro dephosphorylation assays (Chan et al., 2011).

Dephosphorylation of AKT S473 and T308 is mediated by two

phosphatases, PHLPP2 and PP2A, respectively. As presented in

Figure 3 AKT and YY1 have direct interaction. (A) Schematic domain structure of YY1 protein. The OPB domain interacts with Ezh2, Mdm2, E1A, and

AKT. (B) Co-IP studies in HeLa cells co-transfected with HA-AKT and Flag-YY1(wt) or Flag-YY1(DOPB). The cell lysates were IPed by Flag antibody and

analyzed by western blot using the indicated antibodies. (C) In vitro protein binding assay for purified GST or GST-AKT and His-YY1 or His-YY1(DOPB),

followed by western blot using a YY1 antibody (H-10). Ponceau S-stained membrane shows relative amounts of GST and GST-AKT. (D) The interaction

of endogenous YY1 and AKT in MDA-MB-231 cells. Top panel, IPed by YY1 (C-20, rabbit IgG) and western blot for AKT and YY1 (H-10). Bottom panel,

IPed by YY1 (H-10, mouse IgG) and western blot for AKT and YY1 (H-414, rabbit IgG). Positions of YY1-IPed AKT and IgG heavy chain are indicated. (E)

Schematic domain structure of AKT wt and mutants, with their interactions with HA-YY1 in co-IP studies shown at the right. (F) Western blots of co-IP

samples from cells co-transfected with HA-YY1 plasmid with Flag-AKT constructs (shown in E) using the indicated antibodies.
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Supplementary Figure S6A–C, YY1 does not change the kinetics of

AKT dephosphorylation at S473 and T308.

YY1-promoted AKT phosphorylation is independent of PI3K activity

The classical model of AKT activation proposes that PH domain

binding to PIP3 in membrane leads to AKT conformational

changes that facilitate S473 and T308 phosphorylation. As we

have mapped YY1 binding site on AKT to the PH domain

(Figure 3E and F), we predicted that YY1 and PIP3 may compete

in binding to AKT. This prediction was borne out by our observation

that YY1 showed reduced interaction with AKT tagged by a myris-

toylation (myrist) sequence that promotes AKT association with

PIP3/membrane (Kulik et al., 1997) (Figure 4D). Based on these

data, YY1 binding to the PH domain may represent an unrecognized

mechanism of AKT phosphorylation, similar to but independent of

that mediated by PIP3. We conducted additional experiments to

Figure 4 YY1 binding promotes AKT phosphorylation. (A) YY1(wt) but not YY1(DOPB) increases AKT phosphorylation. MDA-MB-231 cells with

Dox-inducible shYY1-2 were infected by lentiviruses generated with pSL5/HA-YY1 wt or DOPB, and cultured in the absence or presence of Dox.

Cell lysates were analyzed by western blot using the indicated antibodies. Duplicated samples: 2–3 and 5–6. (B) His-YY1 wt, but notDOPB, mark-

edly enhances mTOR-mediated pAKT(S473) in vitro. Flag-mTOR was IPed in a CHAPS-containing buffer from HeLa cells transfected with pcDNA3/

Flag-mTOR and incubated with recombinant GST-AKT and His-YY1(wt) or His-YY1(DOPB). Duplicated samples: 1–2, 3–4, and 5–6. Samples were

analyzed for pAKT(S473), AKT, YY1, and Flag-mTOR. (C) mSIN1 knockdown blocks YY1-promoted AKT phosphorylation. Nontumorigenic 184B5

cells were infected by lentivirus carrying control or mSIN1 shRNAs. Five days post infection and puromycin selection, cell lysates were analyzed

by the indicated antibodies. (D) AKT myristoylation decreases its interaction with YY1. Myrist, myristoylation. Constructs of empty vector,

HA-AKT(wt), or HA-myrist-AKT were co-transfected into HeLa cells with Flag-YY1-expressing plasmid. HA antibody-conjugated agarose was

used in co-IP assays with the indicated antibodies. (E) YY1 increases AKT phosphorylation in the presence of PI3K inhibitor. 184B5 cells infected

by lentivirus carrying an empty vector or expressing YY1 were treated with two different concentrations of LY294002 for 16 h. Cell lysates were

analyzed by the indicated antibodies. (F) YY1 enhances AKT and mTOR interaction. HA-YY1(wt) or HA-YY1(DOPB) plasmid was co-transfected

with Flag-mTOR and AKT constructs. Flag antibody-conjugated agarose beads were used in co-IP studies with the indicated antibodies. In A, B,

C, E, and F, densitometry analyses of western blots were shown at the right.
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confirm this prediction. First, we tested the dependence of

YY1-promoted AKT phosphorylation on PIP2–PIP3 conversion.

We infected 184B5 cells by pSL2 or pSL2/YY1 lentivirus and

treated the cells with a PI3K inhibitor, LY294002, for 16 h to

block PIP3 synthesis. The inhibition of PI3Ks did not deprive the

ability of YY1 in promoting AKT(S473) phosphorylation, although

it diminished T308 phosphorylation and reduced overall

pAKT(S473) levels (Figure 4E). The observed pAKT(T308) decrease

was likely attributed to the lack of PDK1 membrane recruitment and

reduced overall pAKT(S473) levels caused by LY294002-mediated

PIP3 depletion. Second, we determined whether YY1 affects

mTORC2–AKT association. In co-IP assays, HA-YY1(wt) promoted

AKT and Flag-mTOR interaction, which was markedly compromised

when HA-YY1(DOPB) was used (Figure 4F). However, in a similar ex-

periment, neither HA-YY1(wt) nor HA-YY1(DOPB) could affect AKT–

PDK1 interaction (Supplementary Figure S7). Thus, our data

suggest a novel mechanism of AKT phosphorylation promoted by

YY1. As illustrated in Figure 5, we propose that YY1 binding to the

PH domain causes a conformational change of AKT that exposes

S473 and allows the access of mTORC2 to phosphorylate S473.

The S473 phosphorylation stabilizes the open structure of AKT

and enables its binding to PDK1 to facilitate PDK1-mediated

T308 phosphorylation, leading to full activation of AKT. YY1-

promoted AKT phosphorylation may likely occur in both cyto-

plasm and nucleus, because both nuclear export/localization

signal (NES/ NLS)-tagged YY1 could increase pAKT(S473) levels

(Supplementary Figure S8A and B).

To determine the biological function of the OPB domain, we

studied the proliferation and tumor formation of MDA-MB-231

cells expressing HA-YY1(wt) and HA-YY1(DOPB) with simultan-

eously silenced endogenous YY1. HA-YY1(DOPB) significantly

decreased cell proliferation compared with HA-YY1(wt) (Figure 6A).

Consistently, xenografted cells expressing HA-YY1(DOPB) showed

significantly reduced tumor sizes and weights compared with cells

expressing HA-YY1(wt) (Figure 6B–D). The tumors expressing

HA-YY1(DOPB) exhibited decreased pAKT(S473) and Ki-67 staining

compared with tumors expressing HA-YY1(wt) (Figure 6B, bottom

panel), suggesting the need of the OPB domain in YY1-promoted

AKT phosphorylation and tumor formation.

Peptides based on the YY1 OPB domain inhibit breast cancer cell

proliferation

We generated constructs expressing a 2×OPB peptide and its

scrambled control peptide (2×Cont). The double-repeated pep-

tides are fused to the maltose binding protein (MBP) with a

PreScission Protease (PSP) cleaving site, a transmembrane signal

(TAT), and a HA epitope tag sequence (Figure 7A). The fusion pro-

teins were purified by amylose resin, and the peptides were

released by PSP (Figure 7B with 2×OPB as an example). In compari-

son with 2×Cont, 2×OPB inhibited the proliferation of

MDA-MB-231 cells but not that of non-tumorigenic human

mammary epithelial cells (HMECs) and 184A1 cells (Figure 7C–E).

Additionally, 2×OPB showed inhibitory effects on all tested

breast cancer cell lines in a dosage-dependent manner, but not

on nontumorigenic MCF-10A cells (Figure 7F). Importantly,

MDA-MB-231 cells treated with the 2×OPB peptide exhibited

decreased p-AKT(S473) and p-AKT(T308) (Figure 7G), but the

2×Cont peptide did not have such effect (not shown).

Furthermore, the 2×OPB, but not 2×Cont, competed with

HA-YY1 in binding to Flag-AKT (Figure 7H). These results suggest

that 2×OPB attenuates AKT activation and cell growth through

blocking YY1–AKT interaction. If YY1 and PI3K mediate AKT phos-

phorylation through different pathways, 2×OPB and PI3K inhibitor

should have additive inhibitory effects on cell proliferation. This

was corroborated by the studies in Figure 7I; the 2×OPB and

LY294002 co-treatment more dramatically inhibited cell prolifer-

ation than each molecule alone did.

Discussion

In the current study, we discovered a novel activity of YY1 in

promoting AKT phosphorylation at S473 through direct protein inter-

action. This activity of YY1 is independent of either its transcriptional

activity or PI3K–PIP3–membrane signaling. It is noteworthy that our

finding by no means challenges the well characterized canonical

model of AKT activation through the signaling cascade consisting

of growth stimuli, tyrosine kinase receptors and PI3Ks. Thus, deplet-

ing endogenous YY1 and concurrently expressing YY1(DOPB) would

not totally abolish AKT phosphorylation, as shown in Figure 4A.

Although currently we cannot exclude that YY1 may be involved in

other AKT activation mechanisms, we propose that YY1-promoted

AKT phosphorylation represents one of alternative mechanisms con-

tributing to AKT activation independently from PI3K. Importantly,

Figure 5 A schematic model of YY1-promoted AKT phosphorylation.

YY1 binds AKT PH domain and imposes its conformational change to

expose S473, which allows mTORC2 access to phosphorylate S473.

This phosphorylation stabilizes the conformation leading to T308 phos-

phorylation and consequently full AKT activation.
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this regulation is likely clinically relevant, because YY1 levels cor-

related with pAKT(S473) in our tissue microarray studies

(Figure 1B). Additionally, the higher correlation coefficients

between YY1 and pAKT(S473) in the hormone receptor-negative

breast cancer samples suggest that YY1 increase may be an indi-

cation of poor prognoses for breast cancer patients. This is corro-

borated by our analyses in a cohort consisting of 258 breast

cancer patients (Miller et al., 2005), in which we observed a posi-

tive correlation between YY1 and metastatic potential (Figure 1A).

Our data suggest that YY1 binding to the PH domain of AKT likely

alters its conformation to that favoring mTORC2-mediated S473

phosphorylation. Future studies are needed to characterize this

predicted conformational changes of AKT upon YY1 binding and

validate our proposed model using technologies in structural

and cellular biology, such as fluorescence resonance energy

transfer (FRET). Nevertheless, our data strongly support an onco-

genic role of YY1 in breast cancer, at least partially through medi-

ating AKT phosphorylation.

Since both YY1 and PIP3 bind to the PH domain, AKT phosphor-

ylation mediated by YY1 and PI3K–PIP3 may interfere with each

other; thus, AKT–membrane association reduced YY1 binding

to AKT (Figure 4D). We predict that YY1-regulated AKT phosphoryl-

ation can be very dynamic. YY1 binding can cause AKT conform-

ational change to increase the access of mTORC2 leading to S473

Figure 6 YY1 OPB domain is necessary for breast cancer cell proliferation and tumor formation. MDA-MB-231 cells were infected by pSL5/HA-YY1

wt orDOPB, with endogenous YY1 simultaneously silenced by shYY1-2, and tested by WST-1 assay (A) and xenograft tumor formation experiment

(B–D). (A) Cell proliferation data were derived from samples in triplicates for three times. Bottom panel, MDA-MB-231 cells for WST-1 assays were

analyzed by western blot. (B–D) Xenograft tumor volume (B), weight (C), and image (D) are presented. Bottom panel, representative immunohis-

tochemical analyses of xenograft tumors by using YY1, pAKT(S473), and Ki-67 antibodies.
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phosphorylation. During AKT activation process, YY1 may remain

its association with AKT or act in a ‘hit and run’ fashion. Interesting-

ly, YY1 directly binds to mTOR (Supplementary Figure S5C; Cun-

ningham et al., 2007), but whether their interaction plays a role

in YY1-regulated AKT phosphorylation needs further investigation.

Multiple studies suggested the presence and regulatory role of

active AKT in nucleus during oncogenesis (Martelli et al., 2012).

Consistently, most commercial antibodies for AKT S473 and T308

phosphorylation detect dominant signals in nucleus, which is con-

sistent with our data in Figure 2. YY1 is present in both nucleus and

cytoplasm, especially in cancers (Palko et al., 2004; Rizkallah and

Hurt, 2009; Wan et al., 2012). Thus, we predict that YY1 promotes

AKT phosphorylation through interacting with AKT in both cyto-

plasm and nucleus, which is supported by our observation that

forced YY1 presence in either cytoplasm or nucleus led to

enhanced AKT phosphorylation (Supplementary Figure S8).

Most cancer cell lines exhibit exclusively nuclear YY1 signal in

immunostaining studies, but tumor tissues may show YY1 presence

in both nucleus and cytoplasm. Although our immunostaining

experiments showed colocalization of YY1 and phosphorylated

AKT mostly in the nuclei of MDA-MB-231 cells, YY1 and AKT may colo-

calize in both nucleus and cytoplasm in actual tumors, as suggested

by Figure 2A. Most previous studies concerned on the role of nuclear

YY1; to our knowledge, this study provides the first evidence sug-

gesting a functional role of cytoplasmic YY1. In nucleus, YY1 may

recruit AKT to its targeted promoters, which can extend AKT regula-

tionto gene transcription. Consistent with theobservationabove, we

detected pAKT(S473), pAKT(T308), and YY1 signal in both cytoplasm

and nucleus from fractionated MDA-MB-231 cells (Supplementary

Figure S3D). Interestingly, while phosphorylated AKT is quite signifi-

cant in nucleus compared with cytoplasm, total nuclear AKT showed

much lower signal than cytoplasmic AKT, suggesting that the major-

ity of cytoplasmic AKT is dephosphorylated whereas most nuclear

AKT is phosphorylated or activated in breast cancer cells.

AKT activation was observed in .38% of human invasive breast

cancers and associated with poor clinical outcomes (Perez-Tenorio

and Stal, 2002; Bose et al., 2006); thus, it contributes to breast

cancer pathogenesis and is a rational therapeutic target. The

Figure 7 OPB-based peptide inhibits breast cancer cell proliferation and disrupts YY1–AKT interaction. (A) Schematic diagrams of MBP-2×OPB

and MBP-2×Cont fusion proteins. The peptides with N-terminal TAT-HA can be released by PreScission Protease (PSP). (B) Coomassie blue stain-

ing of SDS-PAGE for 2×OPB before and after PSP digestion and after purification. (C–F) In WST-1 assays, 2×OPB peptide (2 mg/ml) inhibited

the proliferation of tumor cells (C), but not nontumorigenic cells (D and E). Cell proliferation data were derived from samples in triplicates for

three times. (F) 2×OPB peptide (2 mg/ml) inhibited the proliferation of other breast cancer cell lines, except for nontumorigenic MCF-10A

cells. (G) 2×OPB reduced AKT phosphorylation at S473 and T308 in MDA-MB-231 cells. (H) 2×OPB, but not 2×Cont, competed with HA-YY1

in binding to Flag-AKT. (I) In WST-1 assays, co-treatment of 2×OPB (2 mg/ml) and LY294002 (LY, 5 mM) additively inhibited cell proliferation com-

pared with individual treatment. 2×Cont (2 mg/ml) and 25 mM LY294002 were used as negative and positive controls, respectively.
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tumor suppressor PTEN negatively regulates PI3K–PIP3-promoted

AKT activation through converting PIP3 to PIP2 (Di Cristofano and

Pandolfi, 2000); thus, PTEN deficiency causes AKT activation due

to increased PIP3 distribution in plasma membrane. However,

AKT could be aberrantly activated in tumors without detectable

PI3K or PTEN alterations (Sun et al., 2001; Mahajan and Mahajan,

2012), and AKT activation did not always correlate with PTEN loss

(Bose et al., 2006), suggesting that AKT can be activated by alter-

native mechanisms independent of PI3K–PIP3. Consistently,

multiple reports suggested that mTORC2 and PDK1 are not the

only kinases mediating AKT phosphorylation at S473 and T308

(Mahajan and Mahajan, 2012). Thus, YY1-regulated AKT phosphor-

ylation independent of PI3K–PIP3 signaling can potentially involve

other kinases. We proposed that the positive effect of YY1 on

phospho-T308 is indirect, likely through promoting S473 phos-

phorylation, which was supported by the data that YY1 failed

in stimulating T308 phosphorylation of AKT(S473A) mutant

(Supplementary Figure S5F). This prediction is also reinforced by

a recently reported AKT activation mechanism that S473 phosphor-

ylation enables AKT–PDK1 interaction to further phosphorylate

T308 (Najafov et al., 2012). When co-expressing ectopic YY1 and

AKT(S473A), we detected reduced T308 phosphorylation signal

for both endogenous AKT and AKT(S473A) (Supplementary

Figure S5F). The reason to cause this phenomenon is likely that

ectopic YY1 competed with PIP3 in binding to AKT PH domain and

thus reduced AKT recruitment to plasma membrane, which conse-

quently attenuated PDK1-mediated T308 phosphorylation. Actually,

PDK1 is also a PH domain-containing kinase, and its recruitment by

PIP3 to plasma membrane facilitates its activity to phosphorylate

AKT at T308 (Guertin and Sabatini, 2007). Thus, it is possible that

YY1-mediated AKT(S473) phosphorylation and the consequent con-

formational changes, which do not require PIP3 recruitment, allow

other kinases, such as IKBKE and TBK1 (Mahajan and Mahajan,

2012), to access to phosphorylate T308.

The OPB domain of YY1 directly interacts with multiple endogen-

ous oncogene products, including Ezh2, Mdm2, and AKT. We

attempted to discriminate their binding sites on YY1 through indi-

vidually mutating residues in the OPB domain; however, our data

indicate that the three oncoproteins likely share the interacting

site(s) on YY1 (data not shown). Thus, the deficiencies of the

YY1(DOPB) mutant in supporting cell proliferation and tumor for-

mation compared with YY1(wt) (Figure 6) should represent the

effects of attenuating all three oncogenic pathways, suggesting

the essential function of the YY1 OPB domain in oncogenesis.

Our model of YY1-promoted AKT phosphorylation reinforces the

oncogenic role of YY1 and its potential as therapeutic target. Since

YY1 is overexpressed in most cancers and ubiquitously present in

cells (Zhang et al., 2011), its activity of promoting AKT phosphoryl-

ation brings the expediency of AKT activation to stimulate a variety

of cell signaling pathways that contribute to oncogenesis. There

should be a boundary of YY1 level, beyond which YY1 does not func-

tion in promoting AKT phosphorylation. This boundary must be

physiologically relevant to cancer development, because we and

others observed that further YY1 increase in cancer cells expressing

high level of YY1 adversely affected cell proliferation (Sui et al.,

2004; Ishii et al., 2012; Lee et al., 2012). Our current understanding

of YY1 function is still insufficient to provide a mechanistic explan-

ation for this boundary.

The peptides based on the OPB sequence of YY1 decreased AKT

phosphorylation and competed with YY1 in binding to AKT

(Figure 7). This suggests that 2×OPB binding to AKT is insufficient

to cause the AKT conformational change favorable for mTORC2-

mediated phosphorylation, but instead blocks YY1–AKT inter-

action, leading to reduced AKT phosphorylation. 2×OPB only

affects the proliferation of breast cancer cells but not nontumori-

genic mammary cells, correlated with the high and low YY1 expres-

sion in these cells, respectively (Wan et al., 2012). This implies that

blocking the interaction of YY1 with its target oncoproteins using

molecules mimicking the OPB domain may represent a novel thera-

peutic strategy in breast cancer treatment. As YY1-promoted AKT

phosphorylation is independent of PIP3, overexpressed YY1 may

circumvent the PI3K inhibitor resistance in breast cancer patients

by promoting AKT phosphorylation and activation in the absence

of PI3K activity. Consistently, simultaneous inhibition of PI3K

and YY1 activity by LY294002 and the 2×OPB peptide additively

decreased breast cancer cell proliferation. Thus, our study also pro-

vides insights into developing individualized therapies. For breast

cancer patients with high levels of YY1 expression, both PI3Ks and

YY1 should be targeted to improve therapeutic efficacies.

Materials and methods

Antibodies, DNA, and vectors

Antibodies used include YY1 (H-10, sc-7341; C-20, sc-281; H-414,

sc-1703, Santa Cruz Biotechnology), b-actin (MAB1501, Chemicon

International Inc.), GAPDH (10R-G109A, Fitzgerald Industries Inter-

national), Phospho-AKT at Thr308 (cat#9275S, Cell Signaling) and

Phospho-AKT at S473 (cat#4051S, Cell Signaling), AKT (cat#9272,

Cell Signaling), Ezh2 (AC22, Cell Signaling), Flag (M2, Sigma-Aldrich),

and HA (32-6700, Invitrogen). Oligonucleotides for PCR and DNA se-

quencing were synthesized by Integrated DNA Technologies, Inc.

Three shRNAs (shYY1-1, shYY1-2, and shYY1-3) targeting YY1

were designed as previously described (Sui et al., 2002; Sui and

Shi, 2005). shYY1-1 (GGGAGCAGAAGCAGGTGCAGAT) (Sui et al.,

2004) targets the coding region and shYY1-2 (GCTCACCTGTTGCTT

ACAATT) and shYY1-3 (GATGCTGATGTTCAGTGTAATT) target the

3
′-UTR of YY1 mRNA (Supplementary Figure S2A). The efficiencies

of shYY1-1 for silencing both ectopic and endogenous YY1 and

shYY1-2 and shYY1-3 for selectively silencing endogenous YY1

are demonstrated in Supplementary Figure S2B.

Tissue microarray study

TMA slides processed by IHC using an YY1 (H-414) antibody were

examined by two observers and analyzed for the intensity and per-

centage of stained tumor cells. The intensity score was determined

based on a scoring range from 0 to 2+; 0 is a negative staining and

2+ is an intense staining. This is accomplished by first analyzing a

series of randomly selected breast cancer tissues for YY1 expression

using our standardized method. Specific blocks were selected as

standards for 0, 1+, and 2+ staining intensity and included in the

TMA analysis. At the time of analysis, researchers did not have any
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information pertaining to the patients. Each core was assigned an

identification number corresponding to the patient’s information

to allow unbiased analysis of the tissues. By visual comparison,

the intensities in the TMA samples were determined. The percent

of tumor was defined in units of 0–10%, 11%–50%, 51%–75%,

and 76%–100% breast tumor cell staining. A mean score was

obtained by multiplying the intensity score with the percent of

tumor cells stained in corresponding intensity and adding together.

This overall score was averaged by the number of cores studied for

the patient. If there was no tumor, no score was given.

Cell culture, lentiviral production and infection

Nontumorigenic breast cell lines 184A1 and 184B5 were pro-

vided by Dr Stampfer and cultured as described (Walen and

Stampfer, 1989). All other mammary cell lines were cultured

according to the protocols of ATCC. Lentivirus production and infec-

tion were performed as previously described (Stovall et al., 2012).

In vitro AKT phosphorylation

A previous protocol was followed with modifications (Sarbassov

et al., 2005). HeLa cells were transfected with pcDNA3/Flag-mTOR.

Immunoprecipitated (IPed) Flag-mTOR by Flag antibody-

conjugated agarose (Sigma) was incubated with recombinant

GST-AKT and purified recombinant His-YY1 wt or DOPB mutant in

a kinase buffer (25 mM HEPES, pH 7.5, 100 mM KAc, 1 mM

MgCl2) at 378C for 20 min. The samples were then analyzed by

western blots for pAKT(S473) levels.

In vitro AKT dephosphorylation

A reported protocol was followed to determine in vitro AKT

dephosphorylation (Chan et al., 2011). Cells were treated in an

AKT phosphorylation solution (100 mM of both hydrogen peroxide

and sodium orthovanadate) for 15 min to maximally activate AKT

prior to collection. The cell lysates were incubated at 308C for differ-

ent time periods and collected for western blot analyses using

phos-AKT antibodies.

Breast cancer xenograft study

The study in a mouse model was performed under the protocol

approved by the IACUC of Wake Forest School of Medicine

(Stovall et al., 2012).

Peptide expression and purification

Constructs expressing the OPB-based peptide and its control,

both in fusion with the maltose binding protein (MBP), were

expressed in BL21(DE3) Tuner bacteria. MBP fusion proteins

were purified by amylose resin (New England Bio-Labs), and the

peptides were released by the PreScission Protease (PSP).

Protein interaction studies

Immunoprecipitation and in vitro protein binding studies were

carried out as previously described (Deng et al., 2007).

Statistical analysis

Data in reporter assays and WST-1 assays are presented as

mean+SD. Comparisons between two groups on a single param-

eter were conducted using Student’s t-test. Statistical analyses

were performed using SigmaStat (Systat Software Inc.). The criter-

ion for statistical significance was set at P , 0.05 and indicated by

asterisks (*) in the figures.

Supplementary material

Supplementary material is available at Journal of Molecular Cell

Biology online.
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