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Activated v-AKT murine thymoma viral oncogene ho-
molog 1 (AKT)/protein kinase B (PKB) kinase (pAKT)
is localized to the plasma membrane, cytoplasm,
and/or nucleus in 50% of cancers. The clinical impor-
tance of pAKT localization and the mechanism(s) con-
trolling this compartmentalization are unknown. In
this study, we examined nuclear and cytoplasmic
phospho-AKT (pAKT) expression by immunohisto-
chemistry in a breast cancer tissue microarray (n =
377) with ~15 years follow-up and integrated these
data with the expression of estrogen receptor (ER)ea,
progesterone receptor (PR), and FOXA1. Nuclear lo-
calization of pAKT (nuclear-pAKT) was associated
with long-term survival (P = 0.004). Within the ERa+/
PR+ subgroup, patients with nuclear-pAKT positivity
had better survival than nuclear-pAKT-negative pa-

tients (P = 0.05). The association of nuclear-pAKT
with the ERa+/PR+ subgroup was validated in an
independent cohort (z = 145). TCL1 family proteins
regulate nuclear transport and/or activation of AKT.
TCL1B is overexpressed in ERa-positive compared
with ERa-negative breast cancers and in lung metas-
tasis—free breast cancers. Therefore, we examined the
possible control of TCL1 family member(s) expression
by the estrogen:ERa pathway. Estradiol increased
TCL1B expression and increased nuclear-pAKT levels in
breast cancer cells; short- interfering RNA against TCL1B
reduced nuclear-pAKT. Overexpression of nuclear-tar-
geted AKT1 in MCF-7 cells increased cell proliferation
without compromising sensitivity to the anti-estrogen,
tamoxifen. These results suggest that subcellular local-
ization of activated AKT plays a significant role in de-
termining its function in breast cancer, which in
part is dependent on TCL1B expression. (4m J Pathol
2010, 176:2139-2149; DOI: 10.2353/ajpath.2010.090477)

The serine/threonine kinase AKT is a multifunctional ki-
nase that is activated in response to a variety of extra-
cellular signals.™ Inactive AKT from the cytosol is re-
cruited to the plasma membrane in the presence of
phosphoinositide triphosphate, where it is activated by
phosphorylation of residues T308 by phosphoinositide-
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dependent kinase 1 (PDK1) and S473 by mTOR/rictor or
unidentified kinase(s)."2* Activated AKT, as measured
mostly by antibodies that recognize phosphorylated AKT
at S473 (pAKT), can be found at the plasma membrane,
in the cytoplasm, and in the nucleus.”

Activation of AKT, either due to a point mutation or
point mutations in the upstream PI3 kinase, or loss of the
upstream tumor suppressor PTEN, or growth factor over-
expression, is observed in ~50% of all cancers.>®>” The
carcinogenic action of AKT, until recently, was believed
to arise exclusively from the cytoplasm, possibly through
regulation of cell size, energy metabolism, and transla-
tional control.”® However, recent studies have identified
a pool of activated AKT within the nucleus (nuclear-
PAKT), where it can block apoptosis.’® Indeed, studies
in cardiomyocytes have revealed gender-specific differ-
ences in the subcellular localization of pAKT. ' Elevated
nuclear-pAKT found in cardiomyocytes of premenopausal
women, as compared with men or postmenopausal women,
is thought to be cardioprotective.’"'? These studies
strongly suggest distinct biological actions for cytoplasmic
and nuclear-pAKT, which may be controlled by sex hor-
mones. Thus, AKT activity and/or localization may be differ-
ent in estrogen receptor—positive (ERa-positive) and ERa-
negative breast cancers.

ERa-positive breast cancers are further subclassified
into luminal type A and luminal type B."® Luminal type A
breast cancers are associated with elevated expression
of transcription factors progesterone receptor (PR),
FOXA1, and GATA-3."37'® ERa, FOXA1, and GATA-3
form a transcription factor network that determines hor-
monal response and hence anti-estrogen sensitivity of
luminal type A breast cancers.® In contrast, luminal type
B breast cancers are associated with increased expres-
sion of proliferation-associated genes including Ki-67."7
These cancers can be either ERa-positive or PR-positive
and include a small subfraction of ERa-positive breast
cancers that overexpress HER2. The status of activated
AKT and its subcellular distribution in both types of ERa-
positive luminal breast cancers are unknown.

To determine subcellular distribution status of acti-
vated AKT and its relationship to ERa status, we investi-
gated the distribution pattern of pAKT in a tissue microar-
ray (TMA) comprising samples from 377 patients with
~15 years of clinical follow-up, and also an independent
analysis of a second TMA, comprising 118 invasive breast
carcinomas. We report preferential nuclear localization of
pPAKT in ERa-positive breast cancers and the luminal A
subtype. Furthermore, we show that a TCL1B-dependent
estrogen:ERa-regulated signaling pathway partly controls
the activation of nuclear AKT.

Materials and Methods

Patient Information and Tissue Microarray

Patient information, tumor pathology, and the expression
of a number of biomarkers in a tissue microarray (GPEC-
TMA) comprising 438 patient samples have been re-
ported previously.'® The histological distribution included

infiltrating ductal carcinoma (n = 379), infiltrating lobular
carcinoma (n = 41), and special types (n = 8). Because
of the loss of cores during the staining process with one
or more stains, the final analysis included data from 377
patients. Median age and median survival years were
61.48 and 11.93, respectively. The second TMA (Cedars
Sinai-UCLA Medical Center) with 145 cases of invasive
carcinoma that was used for validation of results has also
been described previously.'2° This study was per-
formed under human institutional review board approval
with strict adherence to all established guidelines.

Immunohistochemistry

Immunohistochemistry for pAKT (S473), ER«, PR, FOXAT,
and GATA-3 has been described previously.'® Samples
that did not stain were classified as negative (score 0),
whereas those showing the highest intensity staining re-
ceived a score of 3. Samples showing weak intensity stain-
ing received a score of 1, whereas those showing moderate
staining were scored as 2. Samples were stratified based
on the nuclear versus cytoplasmic localization of pAKT. Two
pathologists scored the staining intensities and nuclear ver-
sus cytoplasmic staining pattern of pAKT.

Statistical Analysis of Clinical Data

Unsupervised hierarchical clustering involving four vari-
ables, ERa, PR, FOXA1, and pAKT, was performed using
Genesis 1.6.0 8 1 software.?’ Clustering was based on all
438 patients. One of the groups consisted of cases with
missing data for ERa, PR, FOXA1, and pAKT (including
those with missing cores). This group was not further
analyzed. The Kaplan-Meier method was used for sur-
vival analysis, and hazard ratios were calculated using a
log-rank test. A P value of less than 0.05 was considered
as significant. All survival and correlation analyses were
performed using SPSS 16.0 (SPSS Inc, Chicago, IL).

Antibodies

ERa antibodies used for chromatin immunoprecipitation
(ChIP) were: ab 10 (Neomarker, Fremont, CA) and ER«
sc-543 (Santa Cruz Biotechnologies, Santa Cruz, CA). poly-
(ADP-ribose) polymerase (PARP) (Santa Cruz Biotechnolo-
gies, Santa Cruz, CA) and a-Tubulin (Sigma, St. Louis, MO)
were used to ensure separation of nuclear and cytoplasmic
proteins. Antibodies against AKT, pAKT, and a Hemagglu-
tinin (HA)-tag were purchased from Cell Signaling Technol-
ogies (Danvers, MA). TCL1B antibody was purchased from
Santa Cruz Biotechnologies.

Plasmid Constructs, Retroviral Transfection, and
Cell Proliferation Assays

HA-tagged wild-type AKT1, AKT1 with a T308D/S473D
mutation (HA-AKT-CA), and a ANES- mutant (L277A/
L280A/L282A) in pcDNA3 vector have been described.??
Wild-type AKT1, mutant AKT1, and TCL1B expressing



retroviruses were constructed using the bicistronic ex-
pression vector pcQXIN, packaged, and used for MCF-7
and/or T47-D cell infections.®® Infected cells were se-
lected using G418 (600 mg/ml), and polyclonal cultures
were analyzed. Cell proliferation was measured by BrdU-
ELISA assay (EMD Biosciences, La Jolla, CA). All studies
were done with cells maintained in phenol red—free char-
coal dextran—treated fetal calf serum (CCS-5%)-contain-
ing media for at least four days before initiating experi-
ments. Most of the cell fractionation studies were done
with cells that were additionally maintained overnight in
media with 1% CCS. Cells in studies involving siRNA
transfections were transfected in regular media and
changed to the phenol red—free 5% CCS media 24-hours
after transfection to avoid transfection-associated toxicity.

ChIP Assays

ChIP coupled microarray assays were performed as de-
scribed previously.?*

RNA, Northern Analysis, and Reverse
Transcription or Real-Time Polymerase Chain
Reaction (RT-PCR)

RNA was prepared using Qiagen RNAeasy kits (Valencia,
CA) and subjected to Northern blotting or RT-PCR as
described previously.?®2®> TCL1B primers used for RT-
PCR were: 5’-CAGCAGATATGAACCCAGCA-3’ (forward
primer) and 5'-TCTTTCCTCTCCGGCTGATA-3' (reverse
primer).

Real-time PCR (Q-PCR) primers were: 5-TTGGC-
CCGAAATAGATCCAGTGCT-3' (forward primer) and 5'-
ATAAGCAGAAGCACAGGCCAAACC-3' (reverse primer).
Real-time PCR was done using Syber Green (Applied Bio-
sciences, Foster City, CA).

SIRNA Transfections and Western Blotting

siRNA against TCL1B (on-TARGETplus Duplex J-019892-
05-0005) and the luciferase control were purchased from
Dharmacon (Lafayette, CA) and transfected into MCF-7 or
T47-D cells using the nucleofector reagent (Amaxa, Gaith-
ersburg, MD). Cells were harvested four or six days after
transfection, and nuclear and cytoplasmic extracts were
prepared as described previously and probed with the
indicated antibodies.®® Densitometric scanning was per-
formed to determine the intensity of signals in each lane.
Statistical analysis of Western blot data (n = 3) was per-
formed using GraphPad software (GraphPad Software, Inc.,
San Diego, CA).

Results

Preferential Nuclear Accumulation of pAKT in
ERa-Positive Breast Cancers

Breast cancer tissue microarrays were stained for pAKT
(S473) and scored based on intensity and localization.
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Figure 1. A: Representative pAKT (S473) staining pattern in primary breast
cancer. Tumors with no pAKT staining, nuclear, and cytoplasmic staining are
shown. B: Heatmap showing subclassification of patients based on ERe, PR,
FOXAL1, and activated nuclear AKT expression patterns.

Four distinct patterns of pAKT expression were observed
in breast cancer samples: no pAKT, exclusively nuclear
(nuclear-pAKT, 62 tumors), exclusively cytoplasmic (cy-
toplasmic-pAKT, 293 tumors), and distributed both in the
nucleus and cytoplasm pAKT (n = 15; Figure 1A).

We examined the relationship between the subcellular
distribution of pAKT and intrinsic subtypes (ie, luminal
subtypes A and B, HER2+/ERa-, basal-like, and normal-
like)."™>27 Although both the luminal subtypes are ERa-
positive, subtype A expresses higher levels of ERa and
FOXA1 (a cofactor for ERa) and has better prognosis
than subtype B.'®'528 Tumors with nuclear-pAKT were
predominantly of luminal type A subtype as well as pos-
itive for ERa, FOXA1, and GATA-3 (which was previously
linked to ERa and FOXAT positivity'®; Table 1). In con-
trast, cytoplasmic-pAKT correlated with HER2-positivity.

To further explore the relationship between ERa and
nuclear-pAKT, we evaluated the pAKT distribution pat-
tern in an independent set of patients.?® A TMA of 118
samples from Cedars Sinai-UCLA Medical Center was
scored for nuclear-pAKT; 47 cases showed nuclear-
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Table 1. Correlation Analysis of Phospho-AKT (Nuclear or
Cytoplasmic) with Other Markers
Correlation P value Number of
Variables coefficient (2-tailed)  patients
Nuclear phospho-AKT
FOXA1 0.253  0.000001 377
ERa 0.254  0.0000007 302
GATA-3 0.262  0.000001 357
Luminal subtype A 0.146  0.009 321
Luminal subtype B 0.007 0.895 321
HER2 —0.058 0.285 322
Cytoplasmic
phospho-AKT
FOXA1 0.177  0.001 364
Luminal subtype A 0.095 0.91 315
Luminal subtype B 0.044 0.435 315
ERa 0.107 0.170 309
HER2 0.139 0.012 344

Luminal type A is defined as ERa+ and/or PR+, HER2—, whereas
luminal type B represents tumors that are ERa+ and/or PR+,
HER2+ .31

PAKT expression. Within this TMA, nuclear-pAKT also
correlated with ERa+/PR+ and ERa+/FOXA1+, and lu-
minal A phenotype and negatively with HER2 (Table 2).
Thus, nuclear-pAKT expression is associated with lumi-
nal type A breast cancers as defined by ERa+ and/or
PR+ phenotype.

Nuclear-pAKT Expression in ERa-Positive
Breast Cancer Is Associated with Better Survival

The presence of pAKT is usually considered a poor prog-
nostic indicator, irrespective of cancer type.'2° However,
none of these prior studies, with the exception of one
prostate cancer study, evaluated prognostic significance
of differential subcellular pAKT expression.®® We used
ERa, FOXA1, PR, and nuclear-pAKT expression patterns
to classify patients into subgroups that were correlated
with patient survival. Because of the larger sample size
and availability of =~15-year follow-up data, only the
GPEC-TMA was used for survival analysis. Combining
two datasets was not feasible as these two datasets
originated from different institutions and contained fol-
low-up data for different durations. Unsupervised hierar-
chical clustering identified five subgroups: (1) ERa+/
PR+/FOXA1+/nuclear-pAKT+; (2) ERa+/PR+/FOXA1+/

Table 2. Nuclear Phospho-AKT Analysis in Second TMA
Correlation P value

Variable n coefficient (2-tailed)
ERa+/PR+ 104 0.204 0.024
ERa+/FOXA1+ 85 0.228 0.022
Luminal subtype A* 89 0.257 0.015
Luminal subtype B* 89 —0.058 0.592
HER2 89 -0.223 0.036

Correlation of n-pAKT expression with ERa+/PR+ status, ERa+/
FOXA1+ status, HER2 and luminal breast cancer subtypes was
performed in a second TMA composed of 145 breast cancer samples.

*Luminal type A is defined as ERa+ and/or PR+, HER2—, whereas
luminal B subtype represents tumors that are ERa+ and/or PR+,
HER2+ .31

nuclear-pAKT-; (3) ERa+/PR+/FOXA1=(low)/nuclear-
pAKT-; (4) ERa+/PR-/[FOXA1+/nuclear-pAKT-; and (5) ERa-/
PR-/FOXA1-/ nuclear-pAKT- (Figure 1B). Survival curves
of each subgroup are shown in Figure 2A. Statistical
comparison among various subgroups along with 95%
bootstrap confidence interval of mean biomarker scores
for each cluster is shown in supplemental Table S1 and
S2 (at http://ajp.amjpathol.org). As expected, the ERa-neg-
ative subgroup showed the worst survival rate.

We performed survival analysis of ERa+/FOXA1+ pa-
tients (luminal type A subtype®') based on nuclear-pAKT
expression. The presence of nuclear-pAKT in this patient
subgroup (n = 176) was associated with better survival,
emphasizing the importance of evaluating pAKT levels
based on subcellular distribution patterns in clinical set-
tings (P = 0.037, Figure 2B). Similar results were ob-
served when ERa+/PR+ patients were subgrouped
based on nuclear-pAKT expression (Figure 2C, P =
0.05). We also performed survival analysis of patients
based on the nuclear-pAKT alone. Patients with no nu-
clear-pAKT displayed worse survival than patients with
moderate and strong (2+ and 3+) levels of nuclear-pAKT
(P = 0.004, Figure 2D). Thus, a clear association of
nuclear-pAKT expression with better survival was ob-
served in all of the above analyses performed with this
dataset.

When patients in luminal type A cluster were analyzed
separately (ERa+ or PR+ and HER2-negative®"), nuclear-
pAKT+ patients showed a trend toward better survival,
although difference in survival did not reach statistical
significance (P = 0.111, univariate log-rank test, no stain-
ing versus 2+/3+ pAKT staining, Figure 3A). In multivar-
iate Cox regression model involving nuclear-pAKT, age,
grade, nodal status, and tumor size among luminal A
patients revealed grade (P = 0.019), nodal status (P =
0.002), and tumor size (P = 0.009) as independent pre-
dictors of survival. Age and nuclear pAKT (P = 0.172) did
not reach statistical significance in this model.

Clustering analysis of ERa, PR, FOXA1, and cytoplas-
mic-pAKT identified four clusters (see supplemental Ta-
ble S3 at http://ajp.amjpathol.org); one of these clusters
had to be excluded from interpretation because it was
formed from cases with missing data for most of these
markers. There was no difference in survival rates in the
remaining three clusters indicating that cytoplasmic-
pPAKT had no prognostic value (Figure 3B; see Table S1
at http://ajp.amjpathol.org for P values). Results of this
cluster analysis are consistent with previous univariate
analysis from this TMA, showing the lack of correlation
between cytoplasmic pAKT and patient survival.'® Note
that tumors with cytoplasmic-pAKT are also positive for
FOXA1, which is a good prognostic marker of ERa-pos-
itive breast cancer.'® Patients in cluster #4 of the cyto-
plasmic-pAKT group are similar to patients in cluster #1
of the nuclear-pAKT group with respect to intensity of
ERa, PR, and FOXA1 staining. Their survival rate, how-
ever, was worse than patients with nuclear-pAKT (72%
versus 83% survival, P = 0.048), which suggests that
patients with tumors positive for nuclear-pAKT have bet-
ter prognosis than those positive for cytoplasmic-pAKT.
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Our results suggested a direct involvement of ERa-regu-
lated signaling pathways in the nuclear translocation of
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Figure 3. A: Kaplan—Meier survival plot demonstrating overall survival among
luminal type A patients with or without nuclear-pAKT. B: Kaplan—Meier survival
plot demonstrating overall survival among patients subgrouped based on four
variables: ERe, PR, FOXA1, and cytoplasmic-pAKT. Cluster #1, ERa+/PR+/
FOXAl-/cytoplasmic-pAKT-;  cluster  #2,  ERa-/PR-/FOXA1-/cytoplasmic-
PAKT+; cluster #4, ERa+/PR+/FOXA1+/cytoplasmic-pAKT+.

PAKT or activation of nuclear AKT. Loss of PML expres-
sion and elevated zyxin expression are linked to the
presence of nuclear-pAKT in prostate cancer cells.?223
However, these are less likely candidates for E2-regu-
lated activation of nuclear AKT because PML is an E2-
inducible gene, whereas zyxin is not a target of E2 (data
not shown?3).

TCL1 family oncogenes, which include TCL1A, TCL1B,
and MTCP1, function as co-activators for pAKT and en-
hance AKT nuclear translocation and/or activation.34-36
To test E2 regulation of the TCL1 family oncogenes ex-
pression, we sought to identify AKT-induced changes in
ERa binding patterns within the genome using ChlP-
coupled microarray (ChlP-chip).?® An ERa binding site at
the 3’ end of TCL1B gene but not other TCL1 family
genes was detected in MCF-7 cells overexpressing con-
stitutively active AKT (Figure 4A). This region of TCL1B
gene contains the sequence GGTCAgggTGACC, which
is a perfect palindromic estrogen response element, and
multimerized forms of these elements show E2-depen-
dent activity in transient transfection assays.®” We con-
firmed E2-inducible expression of TCL1B in ERa-positive
MCF-7 and T47-D breast cancer cells by RT-PCR (Figure
4B, left panel) and Q-PCR (Figure 4B, right panel). Un-
fortunately, endogenous TCL1B protein could not be
measured because available antibodies recognized only
overexpressed proteins (see below) or recombinant
proteins.

T47-D cells contained 4.8-fold higher basal levels of
TCL1B than MCF-7 cells (Figure 5A, left and central
panels). Accordingly, basal nuclear-pAKT level was
higher in T47D cells than in MCF-7 cells (Figure 5A, right
panel). E2 treatment of T47-D cells caused a further
increase in nuclear-pAKT levels (Figure 5B). These re-
sults suggest that nuclear AKT is activated in these cells,
and E2 further increases nuclear-pAKT levels. E2 simi-
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Figure 4. E2 regulates TCLIB expression and nuclear-pAKT levels. A:
ERa-binding site near TCL1B gene. Position of the TCL1B gene on chromo-
some 14 (Chrl4) is shown along with an ERa binding site detected in E2
treated (one hour, 10™% mol/L) MCF-7 cells overexpressing constitutively
active AKT (black bar). Black arrow indicates direction of the gene. TCL1B
structure with three exons (blue bars) is also displayed. B: E2-inducible
expression of TCL1B in MCF-7 and T47-D cells measured by RT-PCR (left) or
Q-PCR (right) is shown. The PCR product was sequenced to confirm that the
amplified product corresponds to TCL1B.

larly increased nuclear-pAKT levels in MCF-7 cells, which
ranged from 1.3 to 4-fold between experiments (Figure
5C, see below).

The Effects of TCL1B Manipulation on
Nuclear-pAKT and Cell Proliferation

To directly determine the role of TCL1B in activation of
AKT, we reduced the levels of TCL1B using siRNA
against TCL1B in T47-D cells. siRNA reduced TCL1B
transcript levels by ~35% (Figure 6A, left and central
panel). We also determined the effect of siRNA on TCL1B
protein levels using T47D cells overexpressing TCL1B to
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Figure 5. The effects of E2 on nuclear-pAKT in MCF-7 and T47-D cells. A:
T47-D expresses higher levels of TCL1B than MCF-7 cells. Semiquantitative
RT-PCR (left) or qRT-PCR (middle) was used to measure TCL1B levels. Basal
cytoplasmic and nuclear-pAKT levels in MCF-7 and T47-D cells are shown in
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to ensure purity of nuclear and cytoplasmic extracts. The nuclear-pAKT
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Figure 6. TCL1B controls basal and E2-induced activation of nuclear AKT.
A: TCL1B specific siRNA reduces TCL1B transcript levels in T47-D cells. Data
from both RT-PCR and qRT-PCR from two independent experiments are
shown (left and middle). The effect of TCL1B siRNA on TCL1B protein was
confirmed using TCL1B overexpressing T47D cells (right). B: siRNA against
TCL1B reduces basal and E2-induced nuclear-pAKT in T47-D cells. Cells
were transfected with siRNA targeting either TCL1B or luciferase (Luci siRNA)
as a control. Cells in experiments on the left panel were maintained in 5%
CCS, whereas cells in the right panel were maintained in 1% CCS. Cells were
treated with ethanol or E2 for four hours. Nuclear- and cytoplasmic-pAKT
levels were measured by Western blotting. C: Requirement of TCL1B for
E2-inducible expression of Cyclin D1. Cells were transfected with siRNAs for
six days and then treated with E2 for eight hours.

ensure that siRNA reduces TCL1B protein (Figure 6A,
right panel). Experiments were conducted under two
conditions. In the first condition, cells were maintained in
5% CCS allowing detectable pAKT in both cytoplasmic
and nuclear compartments (Figure 6B, left panel). TCL1B
siRNA reduced nuclear-pAKT levels without altering cy-
toplasmic-pAKT under this experimental condition. Simi-
lar results were obtained when siRNA against TCL1B
from a different source was used (data not shown). In the
second series of experiments, cells were maintained in
1% CCS, which drastically reduced only basal cytoplas-
mic-pAKT. Under this condition, E2 increased nuclear-
pPAKT levels, which was reduced by TCL1B siRNA (Fig-
ure 6B, right panel). TCL1B siRNA reduced E2-inducible
expression of Cyclin D1 in T47-D cells suggesting its
importance in E2-regulated gene expression (Figure 6C,
P = 0.02).

We examined basal and E2-induced nuclear-pAKT
levels in MCF-7 and T47-D cells engineered to overex-
press TCL1B. TCL1B expression in these cells is shown
in Figure 7A. Basal nuclear-pAKT levels were higher in
TCL1B overexpressing cells compared with cells with a
control vector with no further increase on E2 treatment
(Figure 7B, P < 0.005). TCL1B overexpressing cells dis-
played an overall increase in nuclear AKT levels suggest-
ing its role in nuclear translocation of AKT. TCL1B over-
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expression increased cytoplasmic pAKT in MCF-7 but
not T47-D cells; the reason for this cell type-specific
difference is unknown. E2-stimulated growth of TCL1B
overexpressing MCF-7 cells was higher than vector con-
trol cells, consistent with the known role of AKT in increas-
ing ERa activity and proliferation (P = 0.0001, Figure
7C).2°> TCL1B overexpressing T47D cells displayed ei-
ther increased E2-stimulated growth (clone TCL1B1) or
basal growth (clone TCL1B2) compared with the vector
control cells (Figure 7D). Note that the TCL1B2 clone
expresses higher levels of TCL1B than the clone TCLB1
(Figure 7A).

We next examined basal and E2-inducible Cyclin D1
expression in control and TCL1B overexpressing MCF-7
and T47-D cells. Basal Cyclin D1 levels were higher in
TCL1B overexpressing MCF-7 and T47-D cells com-
pared with cells with the control vector-alone; this was
more prominent in T47-D cells (Figure 7E). Thus, the
results of loss (siRNA) and gain (overexpression) function
studies reveal a role for TCL1B in activation of nuclear
AKT in certain types of breast cancer cells and this
nuclear AKT activation correlated with elevated Cyclin D1
expression.

To determine whether ERa and TCL1B expression
show a direct relationship in primary human breast can-
cers, publicly available gene expression data from 295
patients were analyzed.®® All patients were younger than
53 years old; 151 had lymph node—-negative disease, and
144 had lymph node-positive disease. TCL1B expres-
sion was significantly higher in ERa-positive tumors than
ERa-negative tumors (Figure 7F, left panel, P < 107°). A
second study involving 51 cases without lung metastasis
and 14 cases with lung metastasis (independent of ER«)
showed higher TCL1B expression in breast tumors of pa-
tients without lung metastasis compared with patients with
metastasis to lungs (Figure 7G, right panel, P < 107°).3°

Nuclear AKT Regulates Cyclin D1 Expression
and Enhances Proliferation

To determine the role of nuclear AKT in breast cancer, we
examined the effect of nuclear-targeted AKT on prolifer-
ation of MCF-7 cells. Although AKT1 lacks a nuclear
localization signal, it has a nuclear export signal.??2 We
generated cells overexpressing a variant of AKT with
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Figure 8. A: Nuclear- and cytoplasmic-AKT1 levels in stable cell lines
expressing HA-AKT-CA, HA-AKT, and HA-ANES-AKT. Total AKT and pAKT
levels in parental and transfected cells are shown. B: Nuclear- and cytoplas-
mic-pAKT levels in independent HA-AKT and HA-ANES-AKT overexpressing
clones. Cells were treated with E2 for two hours. C: The effect of AKT
overexpression on basal and E2-inducible Cyclin D1 expression was mea-
sured by Northern blotting. Ratio between Cyclin D1 and 36B4 (loading
control) from three experiments is shown. D: HA-ANES-AKT overexpressing
cells show elevated basal and E2-inducible proliferation. Cells were treated
with ethanol (Etoh), E2 (10~ '° mol/L), 4-hydroxytamoxifen (10™° mol/L) or
both and cell proliferation was measured by BrdU-ELISA after five days of
treatment. 4-hydroxytamoxifen inhibited E2-inducible proliferation of HA-
ANES-AKT overexpressing cells. (*P < 0.05; *P < 0.01).

mutations that reduce its nuclear export to evaluate the
effect of nuclear-targeted AKT1 (AKT1ANES) on E2-in-
duced gene expression and cell proliferation. Cells over-
expressing wild-type AKT1 (HA-AKT1) and a constitu-
tively active AKT1 (T308D/S473D, HA-AKT1-CA) were
generated as controls (Figure 8A). As expected, nuclear-
and cytoplasmic-pAKT levels under basal or E2-treated
conditions were higher in AKT-overexpressing clones.
However, there were clone-specific differences in nuclear-
and cytoplasmic-pAKT ratios (Figure 8, A and B). Despite
lower levels of HA-AKT1ANES in the nucleus compared
with HA-AKT, HA-AKT1ANES cells contained higher or
equivalent levels of nuclear-pAKT compared with HA-AKT
overexpressing cells (Figure 8, A and B). Additionally, HA-
AKT1ANES cells reproducibly showed elevated E2-induc-
ible expression of Cyclin D1 (Figure 8C), the major down-
stream target of AKT1 in mammary tumors in animal
models.*° Basal and E2-inducible expression of pS2 was
unaffected by AKT overexpression. Interestingly, HA-
AKT1ANES reduced E2-inducible expression of GREB-1,

suggesting gene-specific effects of nuclear AKT in shaping
the E2 response. Alternatively, nuclear AKT controls
GREB-1 expression independent of E2 response. Ele-
vated E2-inducible Cyclin D1 expression correlated
with increased E2-dependent proliferation of HA-
AKT1ANES cells compared with vector control and
HA-AKT1 overexpressing cells (Figure 8D). E2-in-
duced, but not HA-AKT1ANES-mediated, proliferation
of these cells was inhibited by tamoxifen, suggesting
that E2-induced proliferation, even in the presence of
nuclear AKT, shows some sensitivity to the anti-estro-
genic effects of tamoxifen (P = 0.0001).

Discussion

AKT activation is an early event in breast cancer, often
seen at the in situ stage,?° raising the possibility of AKT
functioning as an initiating oncogene. A number of animal
models support such a possibility. For example, AKT1
is essential for MMTV-v-H-Ras-induced mammary tu-
mors.*’ MMTV-AKT1 transgenic mice develop ERa-pos-
itive breast cancers on exposure to carcinogen, high-
lighting a link between ERa and AKT1 in breast cancer.*?
Furthermore, AKT1 deficiency is sufficient to suppress
mammary tumors in PTEN+/— mice.*® Although the role
of AKT1 in tumor initiation is unequivocal, its role in me-
tastasis remains controversial. Some studies have shown
inhibition of invasion and/or metastasis by AKT1, whereas
others have shown a facilitatory role.*4"44-46 Ong of the
reasons for this controversy may be that the subcellular
localization (as demonstrated in this study) as well as the
cancer subtype determines the oncogenic activities of
AKT. To our knowledge, this is the first study that has
addressed the above issue by evaluating activated AKT
levels within the context of subcellular localization and
breast cancer subtypes.

Functions of AKT1 that may limit tumor progression are
beginning to be explored. AKT1 limits breast cancer cell
motility and invasion through NF-AT transcription fac-
tor.** The ratio between AKT1 and AKT2 determines the
invasive capacity of breast cancer cells; AKT2 but not
AKT1 suppresses the expression of microRNAs miR200g,
b, and c and enhances self-renewal of cancer stem cells,
with this function of AKT2 antagonized by AKT1.%” MiR-
200 microRNAs function as invasion and metastasis sup-
pressors by preventing the epithelial to mesenchymal
transition. Thus, although AKT1 may increase prolifera-
tion of breast cancer cells, as reported previously in
transgenic models*® and evident from our in vitro studies
in MCF-7 cells (Figure 8), cancers with activated AKT1
may not be aggressive because of low frequency metas-
tasis. Additionally, cancers with hyperactivated AKT are
sensitive to reactive oxygen species—mediated apoptosis
while being resistant to conventional chemotherapy.*®
Boehme and colleagues described a novel function for
AKT in DNA-dependent protein kinase-mediated stabili-
zation of p53 during ionizing radiation.*° During ionizing
radiation, DNA-dependent protein kinase activated only
nuclear AKT, and only nuclear pAKT was capable of
stabilizing p53, thus revealing nucleus-specific AKT ac-



tivation pathway and function for nuclear-pAKT. Activa-
tion of AKT in this context could be viewed as a good
prognostic indicator. However, additional studies are
essential to determine the AKT isoform that is phos-
phorylated in cancer and the influence of the specific
isoform in controlling the expression of proliferation-
associated genes linked to poor prognosis. In this re-
spect, HA-AKT1ANES increased proliferation and Cyclin
D1 expression in MCF-7 cells. Based on Oncomine™
(Compendia Bioscience, Inc., Ann Arbor, MI) analysis
and a recent study, elevated expression of Cyclin D1 is
often observed in ERa-positive breast cancers with better
prognosis.®’

Analyses of two independent datasets in this study
confirm an association of nuclear-pAKT with ERa+/
PR+ or luminal A subtype, a breast cancer subgroup
connoting a favorable prognosis. Furthermore, we
demonstrate a mechanistic link between ERa and nu-
clear-pAKT, which may be partly mediated through
TCL1B. We emphasize that there may be other mech-
anisms responsible for nuclear accumulation of pAKT
in ERa-positive breast cancer cells, which still need to
be explored. Nuclear-pAKT functions in these tumors
may include activation of ERa through phosphoryla-
tion, DNA binding, and coactivator association.?®52
Thus, in patients with luminal A type tumors, the pres-
ence of nuclear-pAKT may be a manifestation of their
addiction to an ERa:E2:nuclear-pAKT signaling net-
work for proliferation; this dependence could also
make these tumors susceptible to anti-estrogens. In
keeping with this hypothesis, expression of ERa phos-
phorylated at the AKT phosphorylation site S167 is asso-
ciated with a good prognosis in breast cancer: pAKT
levels in this patient cohort positively correlated with
S167 phosphorylation.®® Additionally, an AKT1_E17K
mutation, which correlates with an increase in AKT
phosphorylation, is observed exclusively in ERa+/PR+
tumors and is associated with favorable prognosis.®*
Furthermore, during the revision of this manuscript,
Kalinsky and colleagues showed that a PIK3CA
H1047R mutation, which in cell-based assays cause
robust AKT activation, is associated with ERa-positiv-
ity, node-negativity, HER2-negativity, and improved
long-term survival.®>®¢ Thus, all of the studies noted
above emphasize the unique clinical relevance of pAKT in
ERa-positive breast cancers.

It is important to consider our results in the context of
other studies that have suggested a role for activated
AKT in anti-estrogen resistance.®”~° Most of the in vitro
studies relied on constitutively active myristylated forms
of AKT1 or AKTZ2; these constitutively active forms appear
to have lost isoform specific functions, at least with re-
spect to repressing miR-200 microRNA*” and thus may
not actually recapitulate the function of phosphorylated
AKT isoforms. Another possible explanation is that in the
absence of signals that activate nuclear AKT in ERa+
tumors or acquisition of resistance to anti-estrogens
through growth factor signaling could result in cytoplas-
mic localization and/or activation of AKT. Consistent with
this possibility, Cui and colleagues demonstrated a role
for pAKT in tamoxifen resistance in patients whose tu-
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mors lack PR expression.®® We hope that our results and
those from other recent publications will trigger a new
interest in evaluating AKT activation and/or function in
distinct cell compartments; this might lead to reassess-
ment of its tumor subtype type-dependent oncogenic
potential. Understanding the pathobiology of resistance
to hormonal therapy in ERa+ tumors might entail consid-
eration of the functions of pAKT in different cellular com-
partments as well as mechanisms that control its activity
in these distinct compartments.
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