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Abstract

Background: The serine-threonine kinase AKT1 plays essential roles during normal mammary gland development
as well as the initiation and progression of breast cancer. AKTT is generally considered a ubiquitously expressed
gene, and its persistent activation is transcriptionally controlled by regulatory elements characteristic of housekeeping
gene promoters. We recently identified a novel Akt] transcript in mice (Akt7m), which is induced by growth factors and
their signal transducers of transcription from a previously unknown promoter. The purpose of this study was to examine
whether normal and neoplastic human breast epithelial cells express an orthologous AKTTm transcript and whether its
expression is deregulated in cancer cells.

Methods: Initial sequence analyses were performed using the UCSC Genome Browser and GenBank to assess the potential
occurrence of an AKTTm transcript variant in human cells and to identify conserved promoter sequences that are orthologous
to the murine Akt!m. Quantitative RT-PCR was used to determine the transcriptional activation of AKTTm in mouse mammary
tumors as well as 41 normal and neoplastic human breast epithelial cell lines and selected primary breast cancers.

Results: We identified four new AKTT transcript variants in human breast cancer cells that are orthologous to the murine
AktIm and that encode the full-length kinase. These transcripts originate from an alternative promoter that is conserved
between humans and mice. AktTm is upregulated in the majority of luminal-type and basal-type mammary cancers in four
different genetically engineered mouse models. Similarly, a subset of human breast cancer cell lines and primary breast cancers
exhibited a higher expression of orthologous AKTTm transcripts.

Conclusions: The existence of an alternative promoter that drives the expression of the unique AKTTm transcript may provide
a mechanism by which the levels of AKT1 can be temporally and spatially regulated at particular physiological states, such as
cancer, where a heightened activity of this kinase is required.
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Background

The PI3-kinase/AKT pathway is one of the most fre-
quently altered signaling cascades in a large variety of
human cancers. The deregulated expression and activa-
tion of signal transducers in this pathway can occur
through various mechanisms such as hereditary or spor-
adic mutations (e.g., PIK3CA, PIK3R1, AKT1/3, PDKI),

* Correspondence: kuwagner@unmc.edu

'Eppley Institute for Research in Cancer and Allied Diseases, University of
Nebraska Medical Center, 985950 Nebraska Medical Center, Omaha, NE
68198-5950, US.A

“Department of Pathology and Microbiology, University of Nebraska Medical
Center, 985950 Nebraska Medical Center, Omaha, NE 68198-5950, U.S.A

( BioMVed Central

amplification or transcriptional upregulation (e.g., PIK3CA,
AKT1/3), transcriptional repression or deletion of negative
regulators such as PTEN, as well as increased expression
or activity of growth factors and their corresponding re-
ceptors that signal through PI3K and AKT (e.g., IGFI,
HER?2) [1]. This signaling cascade therefore has received
considerable attention in drug targeting, but balancing
efficacy with safety (i.e., the therapeutic index) has
proved to be a considerable hurdle to overcome [2]. Ef-
forts directed at downregulating this pathway have fo-
cused largely on inhibiting protein function through
small molecule inhibitors rather than on investigating
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potential mechanisms for silencing PI3-kinase/AKT sig-
naling through transcriptional downregulation.

Similar to the PI3 kinase, AKT1 is generally considered
a ubiquitously expressed gene, and sequencing studies
performed more than 20 years ago revealed that the
AKT1I locus contains GC-rich regulatory elements char-
acteristic of housekeeping gene promoters [3]. We re-
cently identified a novel Akl1 transcript (AktIm) that is
controlled by a previously unknown mammary-specific
promoter in mice [4]. The new transcript includes a
completely different 3" untranslated exon and encodes
the full-length AKT1 protein with the ATG translation
initiation codon in exon 2. Expression of AktIm mRNA
from this promoter is controlled by prolactin and JAK2/
STATS5 signaling and is upregulated more than 500-fold
during lactation compared to the virgin mammary gland,
contributing to more than a 7-fold increase in total AktI
mRNA. The identification of this growth factor-induced
promoter in mice provides a mechanism by which the
levels of AKT1 can be temporally and spatially regulated
at particular physiological states where heightened AKT1
activity is required (e.g., during lactation when metabolic
needs are high).

It is an established fact that neoplastic cells hijack nor-
mal developmental pathways to support their unique
metabolic requirements and to enhance cell prolifera-
tion, survival, and migration [5]. Using human cell lines
and genetically engineered mice that are deficient in
AKT], it has been demonstrated that signaling through
this serine-threonine kinase is critical for the initiation
and progression of breast cancer [6-8]. Since growth fac-
tors such as prolactin and their downstream effectors
play key roles in mammary tumorigenesis [9,10], it is
feasible to hypothesize that cancer cells aberrantly acti-
vate the newly identified promoter to upregulate the
transcriptional expression of Akzl. Given the histological
and functional similarities of the mammary epithelium
as well as the requirement of identical molecular path-
ways for the development of mammary glands in
humans and mice, we postulated that the human gen-
ome might also contain an orthologous promoter that
contributes to the transcriptional regulation of the AKT1
gene. If this is the case, these orthologous regulatory ele-
ments might also be atypically activated in human breast
cancers. This line of investigation might provide insight
into the development of alternative strategies to modu-
late the expression of AKT1 in neoplastic cells.

Methods

Genetically modified mouse strains

The generation and analysis of the MMTV-Cre-based
BRCA1 conditional knockout model (Brcal™") was de-
scribed previously [11,12]. Mutant Pten®?’F mice [13]
were kindly provided by Dr. Gustavo Leone (The Ohio
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State University). MMTV-neu transgenic mice [14] were
obtained from the Jackson Laboratory. Transgenic lines
that overexpress PRL in the mammary gland under the
control of the neu-related lipocalin promoter [NRL-PRL]
were published previously [15]. Mammary tumors that
arose spontaneously in aging females of these genetically
engineered mouse strains were flash frozen and stored
in liquid nitrogen. All animals used in this study were
treated humanely and in accordance with institutional
guidelines and federal regulations. This study was car-
ried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health. The protocol
was approved by the Institutional Animal Care and Use
Committee of the University of Nebraska Medical
Center (IACUC#: 09-104-01, 03-104-01, and 12-008-03).

Human breast cancer cell lines and tissue specimens

A panel of 43 human breast cancer cell lines was ob-
tained from the American Type Culture Collection
(ATCC) with financial support from the Integrative Can-
cer Biology Program at the National Cancer Institute
(NCI). Forty-one of these cell lines were expanded and
maintained using media and supplements recommended
by ATCC. Deidentified flash-frozen human specimens
representing normal tissues of the breast, lung, liver,
pancreas, and stomach as well as nine human breast
cancers representing the three major breast cancer sub-
types (ERa-positive, ERBB2/HER2-positive, and triple-
negative) were obtained under institutional guidelines
from the tissue bank at the University of Nebraska Med-
ical Center (UNMC).

mRNA expression analyses using quantitative

real-time PCR

Total RNA was extracted from flash-frozen tissues and
cell pellets using standard guanidinium thiocynate-
phenol-chloroform extraction or the RNeasy Mini Kit
(Qiagen). The Super-Script II kit from Invitrogen with
oligo-dT primers was used to perform the first-strand syn-
thesis according to the manufacture’s protocol. Quantita-
tive real-time PCR (qPCR) was performed using iQ SYBR
green Supermix (Bio-Rad, Hercules, CA) and mRNA-
specific forward primers for the mouse Aktim (5'-GTC
GCC ACC TGC TTG CTG AGG-3’) and the human
orthologous AKTIm (5'-CCT TCC TCG AGT CTG
GCC TG-3’). The reverse primers bind within the second
coding exon of the mouse (5'-GGA CTC TCG CTG ATC
CAC ATC C-3’) and the human AKT! (5'-GTA GCC
AAT GAA GGT GCC ATC-3") cDNAs, respectively. The
qPCR reactions were carried out in triplicate in a CFX96
Real-Time PCR Detection System (Bio-Rad). The expres-
sion values obtained were normalized against Gapdh as
described previously [4].
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Western blot analysis

Detailed experimental procedures for immunoprecipita-
tion (IP) and western blot analysis were described else-
where [16]. The following antibodies were used for
immunoblotting: a-B-ACTIN (I-19) from Santa Cruz
Biotechnology; a-pAKT (Ser473) (9271) from Cell Sig-
naling and a-AKT1 (1081-1) from Epitomics.

In Silico analysis

In silico genomic analyses of the human AKTI locus
were performed using GenBank (http://www.ncbi.nlm.
nih.gov/genbank/) and the UCSC Genome Browser
(http://genome.ucsc.edu) [17,18]. The comprehensive
analysis of the AKT1I locus included assessing transcript
variants, promoter genetic elements, interspecies genetic
conservation, and reported ChIP data. The sequences
of the mouse and novel human AKTIm cDNAs were
submitted to GenBank (accession numbers KF836746
through KF836750).

Statistical analysis

All graphic illustrations and statistics were performed
with Prism 5 software (GraphPad Software, Inc., La Jolla,
CA). Data are expressed as mean = SD unless otherwise
indicated and were compared using an unpaired Student
t test. A P of less than .05 was considered significant.

Results

Akt1m is expressed and upregulated in the majority of
mouse mammary tumors

We performed quantitative RT-PCR on a panel of mam-
mary tumors from diverse genetic cancer models to as-
sess whether the AkzIm mRNA transcript is aberrantly
expressed during mammary tumorigenesis in genetically
engineered mice. Specifically, we examined the expression
of Aktlm in primary cancers from BRCA1 conditional
knockout mice (Breal "), Pten®"?’F mutant females as well
as transgenic mice that overexpress ERBB2 (MMT V-neu)
and prolactin (NRL-PRL). These models represent the
major breast cancer subtypes found in humans, includ-
ing triple-negative, basal-type lesions lacking BRCAI,
HER2/ERBB2-positive tumors, as well as ERa-negative
and ERa-positive, luminal-type cancers that originate in
mice expressing mutant PTEN and prolactin in the
mammary gland. The levels of expression in these neo-
plasms were matched to normal mammary gland tissues
from virgin, lactating, involuting, and nonpregnant mul-
tiparous females. Consistent with our previous findings,
AktIm was upregulated approximately 1000-fold during
lactation as compared to the virgin state. Its expression
swiftly declined within two days following the weaning
of the offspring and prior to postlactational remodeling
of the mammary gland (Figure 1A). There was a small
but noticeable increase in the expression of Aktlim in
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the multiparous mammary tissue. This is likely due to the
emergence and expansion of a unique epithelial subtype,
which we identified using genetic cell-fate mapping
and named pregnancy-induced mammary epithelial
cells (PI-MECs) [19,20]. These cells are prolactin re-
sponsive and located at the terminal ends of the ductal
tree. They serve as alveolar progenitors during succes-
sive pregnancies, and we have previously demonstrated
that they are the cells of origin for many MMTV-neu-
induced mammary tumors [21]. In support of this no-
tion, all mammary tumors from MMTV-neu transgenic
females exhibited an elevated expression of the unique
Aktlm transcript (Figure 1A). However, the vast majority
of primary mammary cancers in all cancer models exhib-
ited a significant increase in the expression of AktIm re-
gardless of the cellular subtypes that gave rise to luminal-
or basal-type mammary tumors. Pten®"?*F mutant mice
were maintained as nulliparous females. Based on the sig-
nificantly elevated expression of AktIm in these tumors, it
is evident that a full-term pregnancy and gestation cycle
seems not to be a prerequisite for the upregulation of the
unique AKT1 transcript in neoplastic mammary epithelial
cells. As expected, the total levels of the AKT1 protein are
elevated in all mammary tumor subtypes, but the activa-
tion of this kinase varies significantly and is highest in tu-
mors with a known hyperactivation of the PI3 kinase in
response to ERBB2 overexpression or loss-of-function of
PTEN (Figure 1B). Efforts to elucidate the specific contri-
bution of the AkzIm to the total pool of Akt mRNA tran-
scripts using qRT-PCR failed due to the high GC-rich
content of the untranslated 5’exon following the basal
promoter.

The human genome contains a DNA sequence that is
orthologous to the murine Akt7Tm and that gives rise to
several new transcript variants encoding full-length AKT1
In an effort to identify the human AktIm ortholog, we
performed an in silico analysis of the genomic
organization of the human AKTI gene and transcripts
using the UCSC Genome Browser (Figure 2A). Four of
the five AKTI1 gene transcripts that were listed resem-
bled the three known sequences that were present in
GenBank (Figure 2B). Interestingly, the fifth transcript
arose from an untranslated exon that did not resemble
any of the known GenBank entries and, furthermore,
was located at a similar position relative to the ATG
start site as the most 5" murine AktIm exon (Figure 2A,
arrow). A comparison of the sequences of this particular
exon with the mouse AkzIm DNA revealed they were, in
fact, orthologous to one another and exhibit 40% sequence
similarity within their overlapping region (Figure 2C).
Based on the human sequence of the orthologous AktIm,
we designed a forward primer that binds specifically to
this exon and a reverse primer that anneals within the
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Figure 1 The Akt1m transcript is upregulated during lactation and in mouse mammary tumors. (A) Quantitative real-time RT-PCR analysis
to assess the relative transcriptional activation of the Akt7m transcript at various stages of normal mammary gland development (nulliparous/virgin,
lactation, involution, and non-pregnant multiparous) as well as 12 mammary tumors from Brcal conditional knockout mice (MMTV-Cre Brea1™” tumors
1-3), a model for Cowden Syndrome (Pten®"?*, tumors 4-6), and transgenic females expressing wildtype ErbB2 (MMTV-neu, tumors 7-9) or prolactin
(NRL-PRL, tumors 10-12). Each sample was examined in triplicate and normalized to Gapdh expression. The relative expression levels of AktTm were
compared to the virgin control female, and statistical analysis was performed for each sample relative to the virgin control; t test, *P < 0.05, **P < 0.01.
(B) Western blot analysis to determine the levels of phosphorylated AKT1 (pAKT, Ser473) and total AKT1 in selected mammary tumors (corresponding
to tumors 1,4, 7,and 10 in panel A) in comparison to a normal mammary gland of a multiparous female (control). Beta-actin (ACTB) was used as a
loading control.

second coding exon (i.e., exon 3). A PCR assay using
these primers would allow detection of any AKTI
mRNA transcripts in human cells that include this
novel exon (Figure 3A). In contrast to the murine
Aktlm exon, which produced only a single transcript
in normal and neoplastic mammary epithelial cells, the
PCR amplification of the human AKTIm produced
multiple bands of varying sizes in T47-D human breast
cancer cells (Figure 3B). The four strongest bands, de-
noted ‘“Transcript Variants 1-4°, were gel purified, cloned,
and sequenced. The sequence analysis confirmed that

these novel AKTI transcripts contained the orthologous
AKTIm exon depicted on the UCSC Genome Browser.
Specifically, the AKT1Im transcript that we identified
using in silico analysis represented the transcript variant
4 (Figure 3C). Additionally, we cloned three new mRNA
variants consisting of the same initial 5° untranslated
exon or a shortened version of the exon in the case of
transcript variant 2. These longer transcript variants
spliced into a second untranslated exon in front of the
first coding exon containing the ATG start site of the
full-length AKT1. Only the second exon is also shared
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Figure 2 Analysis of the human AKTT locus and known transcripts to identify a sequence that is orthologous to the mouse Akt1m. (A)
Diagram of the human AKTT promoter region with transcriptional start sites and the location of 5" untranslated exons of five currently known
AKT1 transcripts using the UCSC Genome Browser. The red arrow indicates an exon that is not associated with any of the known transcripts in
GenBank. (B) Graphical illustration of all transcript variants of the human AKTT that are present in GenBank. (C) Genomic sequence comparison of
the previously identified murine AktTm exon with a putative human AKT1m ortholog according to the UCSC Genome Browser. Conserved
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with a transcript that originates from the GC-rich basal
promoter (Figure 2B, middle). Collectively, the results
from the cloning and sequencing analysis of novel Akt1
mRNA variants reveal that the transcriptional activation
of this gene locus is more complex than previously
thought. Results from our own 5'RACE experiments [4]
and the analysis of all published sequences in GenBank
showed that the AktIm non-coding exon was never

included in any of the mRNAs that originated from the
basal promoter. All previously and newly identified
transcripts utilize the same first coding exon containing
the ATG translation initiation codon and splice cor-
rectly into the following coding exons. It is therefore
evident that, like in mice, the full-length AKT1 kinase is
encoded by messenger RNAs from at least two distinct
promoters within the AKT1I locus.
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Figure 3 Cloning of four novel human AKT1 transcripts that are orthologous to the mouse AktTm mRNA. (A) Schematic outline of the 5
region of the human AKTT gene with the two currently known untranslated exons (1, 2) and the location of a novel AKTIm exon according to
sequence comparison between the mouse and human genome. Arrows indicate the forward primer within AKTTm and the reverse primer in the
second coding exon (i.e, exon 4) that were used to clone novel mMRNA variants that originate from an alternative genomic region. (B) PCR
amplicons of cDNAs from human T47-D breast cancer cells that contain the novel AKTTm exon. The four strongest bands were cloned and the
presence of the AKTTm exon was confirmed by sequencing. The sizes of the sequenced amplicons are shown in parentheses. (C) Graphic illustration
of the four new human AKT1m transcript variants that originate from a previously unidentified exon. Note that all of these transcripts splice into the
first coding exon, suggesting that all new transcripts encode the full-length AKT1 kinase.

A highly conserved sequence immediately upstream of
the AKT1m exon serves as a second promoter within the
AKT1 locus

Using the UCSC Genome Browser, we performed an-
other in silico analysis to identify regions of high similar-
ity between the human and mouse sequences preceding
the Aktlm exon. The presence of conserved sequences
might indicate the existence of a unique promoter that

drives the expression of the alternative Akzl mRNA en-
coding AKT1. This analysis revealed a DNA sequence of
158 bps in length that exhibits a 69% conservation be-
tween mouse and human beginning approximately 60 bps
upstream of Aktlm (Figure 4). Only 31% of the nucleo-
tides are similar in the sequence preceding the conserved
region, and the DNA exhibits merely 14% conservation
within intron 1 following the AktIm. Interestingly, the
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Figure 4 Identification of a conserved putative promoter sequence immediately upstream of the novel human and murine AKTTm
exon. The black bar within the graphic illustrations of the 5' regions of the human and mouse AKTT loci represents a highly conserved genomic
region of 158 bps in length. This region is located approximately 60 and 90 bps upstream of the human and mouse AKTTm exon, respectively.
The sequences exhibited a 69% conservation (bases highlighted in yellow).

high-probability STAT5 binding site [TTC(T/C)N(G/A)
GAA [22]] downstream of exon 1 that we identified and
verified using ChIP analysis in mouse tissues is missing in
the human genome, suggesting that prolactin signaling
may not be directly involved in the transcriptional regula-
tion of the expression of AKT1m in humans. However, the
existence of a highly conserved region in close proximity
of the transcriptional start site of Akt1m is suggestive of a
putative promoter, and a subsequent analysis performed
using the Transcription Element Search System (TESS,
University of Pennsylvania) revealed multiple conserved
binding sites for transcriptional regulators such as Activa-
tor Protein-1 (AP-1) and the glucocorticoid receptor (GR).
Additional in silico analyses of whole genome ChIP sequen-
cing (ChIP-Seq) data using the UCSC Genome Browser
showed that RNA polymerase II and the c-MYC proto-
oncogene are bound to the conserved region preceding the
AKTI1m exon in MCF7 breast cancer cells [17,18].

Human AKT1m transcripts are expressed and upregulated
in a subset of breast cancer cell lines and primary human
breast cancer specimens

The cloning of AKTIm mRNA transcripts from T47-D
breast cancer cells and the binding of RNA polymerase
II and ¢-MYC to conserved sequences immediately up-
stream of the start site of these novel mRNA variants en-
coding AKT1 are evidence for the expression of AKTIm
in neoplastic mammary epithelial cells. To verify the
presence of the transcripts and to determine the levels
of AKT1m mRNA expression, we performed a quantita-
tive RT-PCR assay across a panel of 41 human breast
epithelial cell lines. The panel consisted of three non-
tumorigenic lines (MCF-10A, MCF-10F, and MCF-12A)
and 38 selected cancer cell lines from ATCC that repre-
sent all major human breast cancer subtypes (Figure 5).
The relative expression of AKTIm was normalized

against GAPDH and the expression level of this mRNA
in MCEF-10A cells. With the exception of MCF-12A
cells, the expression of AKTIm was significantly lower
in immortalized, untransformed mammary epithelial
cells (MCE-10A and MCE-10F) compared to the major-
ity of breast cancer cells. Nearly a quarter (24%) of the
38 breast cancer samples expressed AKT1m transcripts
at levels at least two-fold greater than all three non-
tumorigenic samples, and 33 of 38 lines (87%) exhibited
expression levels that were higher than both MCF-10A
and MCEF-10F cells. Collectively, 29 of the 38 breast can-
cer cell lines displayed significantly greater AKT1m ex-
pression compared to MCF-10A control cells. Six lines
lacked statistical significance, and three breast cancer
cell lines exhibited lower expression. Similar to mouse
mammary tumors, there seems to be no obvious correl-
ation between AKT1m upregulation, hormone receptor
status, or breast cancer subtype.

Next, we verified the transcriptional activation of
AKTIm using quantitative RT-PCR on three primary hu-
man breast tissues and nine breast cancers, including
three ERa-positive, three HER2-positive/ERa-negative,
and three triple-negative specimens (Figure 6). We also
included additional samples from other organs into this
analysis (i.e., lung, liver, pancreas, and stomach) to assess
whether, similar to the expression profile that we ob-
served in mice, AKT1m expression is largely confined to
the mammary gland. While the AKTIm transcripts were
detectable in the normal human breast derived from re-
duction mammoplasties, there was only a marginal in-
crease in the transcriptional activation in ERa-positive
tumors. Unlike in genetically defined lesions of the
mouse mammary tumor models that exhibited elevated
levels of Aktim in virtually all tumors, the expression of
the orthologous transcripts in human breast cancers were
more variable and therefore lacked statistical significance.
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Figure 5 AKT1m transcripts are expressed and upregulated in a subset of human breast cancer cell lines. Quantitative real-time RT-PCR

analysis to assess the relative transcriptional activation of the AKTIm transcripts in a panel of three untransformed human breast epithelial cell

lines and 38 breast cancer cell lines that represent all major subtypes of this malignancy (i.e,, ERa-positive, ErbB2-positive, and triple-negative).

Each sample was examined in triplicate and normalized to GAPDH expression. The expression of AKTTm in untransformed MCF-10A cells was set
1.0 and statistical analysis was performed for each cell line relative to the MCF-10A control; t test *P < 0.05, **P < 0.01.
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Figure 6 Expression of AKT1m in normal breast tissues and selected breast cancer specimens. gRT-PCR analysis to determine the relative
expression of the AKT1m transcript variants in three primary human breast tissues and nine breast cancers from different patients, including three
ERa-positive as well as three Her2-positive/ERa-negative and three triple-negative specimens. Additional samples from other organs (i.e, lung, liver,
pancreas, and stomach) were included into this analysis to assess a possible widespread or tissue-specific expression of the AKTTm transcripts. Note
there was a clear elevation in the expression of AKTTm in the lung and stomach of two patients who were diagnosed with pneumonia and a Gl stromal
tumor, respectively (circles). Each sample was examined in triplicate in the gPCR assay and normalized to GAPDH expression; bars represent SEM.
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However, some of the ERa-negative or triple-negative
breast cancer tissues exhibited a much greater expression
of AKT1m than all three normal breast specimens. The
data from this analysis on a limited number of primary
tumor samples of the three major breast cancer sub-
types essentially mirrors the quantitative RT-PCR re-
sults performed on a more extensive and well annotated
panel of breast cancer cell lines. Also, the expression of
AKT1m was lower in other healthy organs compared to
the normal mammary gland (Figure 6). Interestingly,
two samples in the lung and stomach showed a clear
elevation in the expression of AKT1m in patients that
were diagnosed with pneumonia and a gastric stromal
tumor. Collectively, the results from the analysis of nor-
mal and neoplastic cells and primary tissues indicate
that, unlike in mice, the transcriptional activation of
AKT1m is not entirely confined to the mammary gland.
However, the expression of AKT1m transcripts is sub-
stantially higher in a subset of breast cancer cell lines as
well as primary human breast cancers, and perhaps, in
malignancies or pathological conditions in organs other
than the mammary gland.

Discussion

The AKT serine-threonine protein kinases exhibit a
wide-spread expression pattern in virtually all human
cell types. They are activated downstream of various
growth factor receptors, in particular by receptor tyro-
sine kinases, through PI3 kinase-dependent mechanisms.
The three AKT isoforms (AKT1-3) control a number of
intracellular processes such as growth, proliferation, me-
tabolism, and cell survival [23-25]. Studies in single,
double, and triple knockout mice have shown that the
three AKT proteins can have redundant and non-
redundant functions in particular cell types [26-28].
Among the three AKT members, only AKT1 has been
shown to be crucial for normal mammary gland devel-
opment. During pregnancy and lactation, this kinase is
upregulated in the mammary epithelium where it con-
trols metabolic pathways that regulate milk synthesis
and the functional differentiation of the gland [27,29].
Immediately following the cessation of lactation and
weaning of the offspring, AKT1 mRNA and protein
levels decline rapidly to facilitate a swift remodeling of
the mammary epithelium [4,30]. A sustained expression
of hyperactive or wildtype AKT1 is entirely sufficient to
delay apoptosis and mammary gland involution [30-32].
The expression and functionality of AKT1 parallels
closely the biological functions of prolactin and its
downstream signaling mediators. We have demonstrated
previously that the activation of AKT1 as well as the
total levels of this kinase are dependent on the Janus
kinase 2 (JAK2) and active STAT5 [16]. More recently,
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we identified a novel role of JAK2/STAT5 signaling in
the transcriptional activation of the AktI gene in mice
[4]. Upon binding to the promoter of Akt in a growth
factor-dependent manner, STAT5 initiates the transcrip-
tion of a unique Akt mRNA from a distinct promoter,
which was only present in the mammary gland. Using
transgenic mice that express hyperactive STAT5 in a
ligand-regulatible manner, we demonstrated that gain-
of-function of this transcription factor mediates a sus-
tained upregulation of Aktl in vivo [4]. Phenotypically
similar to females that overexpress AKT1, the prolonged
activation of STAT5 impaired postlactational remodeling
of the mammary gland. Collectively, the results of our
previous lines of investigation revealed a novel mechan-
ism by which the Akt gene can be transcriptionally reg-
ulated from an alternative promoter depending on the
developmental state and physiological needs.

Active STAT5 and AKT1 both mediate evasion from
apoptosis and self-sufficiency in growth signals, which
are hallmarks of cancer. In support of this notion it has
been observed that both signal transducers exhibit a
deregulated expression and activation in human breast
cancers. Moreover, it has been demonstrated that JAK2/
STATS5 signaling and AKT1 play essential roles during
mammary tumor initiation in various murine cancer
models [7,8,33-36]. Specifically, upregulation and activa-
tion of AKT1 is required to sustain a hypermetabolic
state (e.g., “Warburg effect”) that is a unique characteris-
tic of certain cancer cells [37,38]. As demonstrated in
this report, the majority of luminal- or basal-type mam-
mary tumors showed an increased expression of AKT1
on the protein level and a significant upregulation of the
AktIm transcript. Similar to the regulation of AKT1 dur-
ing normal mammary gland development, cancer cells
are able to upregulate this serine-threonine kinase on
the transcriptional level to meet the specific metabolic
needs in the transformed state. Using in silico analysis,
we were able to identify the human ortholog of the mur-
ine AktIm, but unlike in mice that only express a single
Aktlm mRNA, we cloned four new transcripts in human
cells that originated from a previously unidentified, alter-
native promoter. Since the ATG start codon is located
within the downstream exons (i.e., exons 2 or 3 depend-
ing on the specific transcript variants), it is evident that
all four newly identified mRNAs include the first coding
exon and therefore encode the full-length AKT1 kinase.
RT-PCR results using the AKT1m specific primer in the
5'UTR in combination with two reverse primers within
downstream coding exons confirmed a correct splicing
within the CDS of the AKTI mRNA. The four new
AKT1m transcripts were initially cloned from prolactin-
responsive T47-D breast cancer cells, but the analyses of
a larger panel of breast cancer cells as well as primary
tumors show that expression of AKTIm is not restricted
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to luminal-type cancer cells. Although their levels are
lower, the AKT1m transcript variants were also detect-
able in untransformed mammary epithelial cells and nor-
mal breast tissue specimens. This suggests that they are
not a result of aberrant splicing, which more frequently
occurs in transformed cells [39]. Another distinct char-
acteristic is the presence of AKT1m in other normal hu-
man tissues (i.e., lung, liver, pancreas, and stomach).
Although the expression in these organs was typically
lower compared to the breast, the AktIm was not de-
tected at all in tissues other than the mammary gland in
mice using RT-PCR. The notion that the regulation of
the alternative AKTIm promoter might show some
species-specific differences is supported by the absence
of the STAT5 binding sites in the human locus. In mice,
we found two high-probability STAT5 binding sites up-
stream and immediately downstream of the Aktim exon.
Using chromatin immunoprecipitation (ChIP) and quan-
titative PCR on lysates from cultured cells as well as
mammary gland tissues, we demonstrated that STAT5
binds to these particular recognition sites in a growth
factor-dependent manner to significantly enhance AktIm
transcription [4]. Like the activation of milk protein gene
promoters, STAT5 seems to confer a tissue-specific ex-
pression profile of AktIm in conjunction with other
transcription factors such as the glucocorticoid receptor
in the mouse [40]. The absence of STATS5 binding sites
might account for the lack of mammary gland specificity
in humans. However, there are multiple GR binding sites
present within the highly conserved orthologous region
in the human sequence immediately upstream of the
first exon of AKTIm. More importantly, the confirmed
presence of ¢c-MYC on the conserved putative promoter
sequences immediately upstream of AKTIm using ChIP
might be indicative of a growth-factor controlled expres-
sion of AKT1 depending on metabolic needs. In support
of this notion, both AKT1 and ¢-MYC synergistically
promote metabolic reprograming and aerobic glycolysis
in cancer cells [37,38]. The identification of a novel pu-
tative promoter sequence in AKT1 that is conserved be-
tween humans and mice is an interesting finding, but
additional work is required to further pinpoint and con-
firm the functionality of the AKTIm promoter along
with the transcription factors that control its activation.
Regardless of the species-specific nuances in the regu-
lation of AktIm, it is evident that the transcriptional
regulation of the AktI locus is more complex than previ-
ously thought. In mice as well as humans, the AkzI gene
is transcriptionally upregulated in a subset of cancer
cells, and the growth factor-dependent activation activa-
tion of this locus occurs through at least two distinct
promoters. This is supported by our 5'RACE data and
published sequences in GenBank that the AKTIm-spe-
cific untranslated exon is absent in other known mRNA
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sequences that start at the originally identified promoter
located much further upstream [3]. The latter promoter
and associated non-coding exon are very GC-rich, and
attempts to generate primer sets to discriminate and to
quantify the contribution of the AKT1m transcripts to the
total pool of AKT1 mRNA messages have been unsuccess-
ful. Interestingly, besides the upregulation of AKTIm in a
subset of human breast cancers, elevated levels of these
transcript variants were also found in other diseased tis-
sues (i.e., pneumonia of the lung, and GI stromal tumor).
The qRT-PCR assay that we employed might be a simple,
yet sensitive, diagnostic tool to assess pathological changes
indicative of an altered metabolism that may correlate
with a transcriptional upregulation of AKT1.

Conclusions

The collective results of this study suggest that, like in
mice, the expression of the AKTI locus in humans is
controlled by at least two distinct promoters, suggesting
that the transcriptional activation of this gene is more
complex than previously thought. Four novel transcript
variants were identified in breast cancer cell lines that
are orthologous to the mouse AktIm mRNA message.
All encode the full-length AKT1 serine threonine pro-
tein kinase, and these transcripts originate from a puta-
tive promoter sequence that is conserved between
humans and mice. All mammary cancers that developed
in diverse genetically engineered mouse models as well
as a subset of human breast cancer cell lines and pri-
mary breast cancers exhibited a much higher expression
of AKTIm. AKTI is generally viewed as a persistently
active house-keeping gene, but the existence of an alter-
native promoter within this gene locus may provide a
mechanism by which the levels of AKT1 can be tempor-
ally and spatially regulated at particular physiological
states, such as cancer, where a heightened activity of this
kinase is required. Further studies will show whether tar-
geting specifically the expression of AKT1m is a suitable
strategy to downregulate AKT1 in breast cancer cells
without a complete ablation of the ubiquitously expressed
transcripts in normal tissues.

Abbreviations

5'RACE: Rapid ampilification of cDNA ends at the 5 prime of the mRNA;
AKT/PKB: Serine-threonine protein kinase; BRCAT: Breast cancer 1 susceptibility
gene, early onset; ChIP: Chromatin immunoprecipitation; Cre: Site-specific
recombinase; ERa: Estrogen receptor alpha; GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase, GR: Glucocorticoid receptor; JAK2: Janus kinase 2; MMTV: Mouse
mammary tumor virus; neu: ERBB2: Receptor tyrosine kinase; NRL: Neu-related
lipocalin; PI-MECs: Parity-induced mammary epithelial cells; PI3K: Phosphoinositide
3-kinase; PRL: Prolactin; PTEN: Phosphatase and tensin homolog; gPCR: Real-time
quantitative polymerase chain reaction; SD: Standard deviation; STAT5: Signal
transducer and activator of transcription 5.

Competing interests
The authors declare they have no competing interests.



Schmidt et al. BMC Cancer 2014, 14:195
http://www.biomedcentral.com/1471-2407/14/195

Authors’ contributions

JWS and KUW designed the research, supervised all experiments, and drafted
this paper. BLW executed RT-PCR experiments. KS and AAT assisted in animal
experiments and collected mammary tumors. WWW performed the histo-
pathology on breast cancer specimens and selected cases for particular
breast cancer subtypes and normal tissues. All authors read and approved
the final manuscript.

Acknowledgements

This work was supported, in part, by the Public Health Service grant
CA117930 (K-UW). JWS. received a graduate fellowship through the UNMC
Cancer Research Training Program (CA009476), a Program of Excellence
Graduate Assistantship from the UNMC Graduate Studies Office as well as a
Breast Cancer Predoctoral Traineeship Award from the Department of
Defense Congressionally Directed Medical Research Program (BC100147). The
funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Received: 11 November 2013 Accepted: 7 March 2014
Published: 15 March 2014

References

1. Arcaro A, Guerreiro AS: The phosphoinositide 3-kinase pathway in human
cancer: genetic alterations and therapeutic implications. Curr Genomics
2007, 8:271-306.

2. Hennessy BT, Smith DL, Ram PT, Lu Y, Mills GB: Exploiting the PI3K/AKT
pathway for cancer drug discovery. Nat Rev Drug Discov 2005, 4:988-1004.

3. Bellacosa A, Franke TF, Gonzalez-Portal ME, Datta K, Taguchi T, Gardner J,
Cheng JQ, Testa JR, Tsichlis PN: Structure, expression and chromosomal
mapping of c-akt: relationship to v-akt and its implications. Oncogene
1993, 8:745-754.

4. Creamer BA, Sakamoto K, Schmidt JW, Triplett AA, Moriggl R, Wagner KU:
Stat5 promotes survival of mammary epithelial cells through
transcriptional activation of a distinct promoter in Akt1. Mol Cell Biol
2010, 30:2957-2970.

5. lzrailit J, Reedijk M: Developmental pathways in breast cancer and breast
tumor-initiating cells: therapeutic implications. Cancer Lett 2012,
317:115-126.

6. Ju X Katiyar S, Wang C, Liu M, Jiao X, Li S, Zhou J, Turner J, Lisanti MP,
Russell RG, Mueller SC, Ojeifo J, Chen WS, Hay N, Pestell RG: Akt1 governs
breast cancer progression in vivo. Proc Natl Acad Sci USA 2007,
104:7438-7443.

7. Maroulakou IG, Oemler W, Naber SP, Tsichlis PN: Akt1 ablation inhibits,
whereas Akt2 ablation accelerates, the development of mammary
adenocarcinomas in mouse mammary tumor virus (MMTV)-ErbB2/neu
and MMTV-polyoma middle T transgenic mice. Cancer Res 2007,
67:167-177.

8. Watson KL, Moorehead RA: Loss of Akt1 or Akt2 delays mammary tumor
onset and suppresses tumor growth rate in MTB-IGFIR transgenic mice.
BMC Cancer 2013, 13:375.

9. Clevenger CV, Furth PA, Hankinson SE, Schuler LA: The role of prolactin in
mammary carcinoma. Endocr Rev 2003, 24:1-27.

10. Wagner KU, Rui H: Jak2/Stat5 signaling in mammogenesis, breast cancer
initiation and progression. J Mammary Gland Biol Neoplasia 2008,
13:93-103.

11, Xu X, Wagner KU, Larson D, Weaver Z, Li C, Ried T, Hennighausen L,
Wynshaw-Boris A, Deng CX: Conditional mutation of Brcal in mammary
epithelial cells results in blunted ductal morphogenesis and tumour
formation. Nat Genet 1999, 22:37-43.

12. Triplett AA, Montagna C, Wagner KU: A mammary-specific, long-range
deletion on mouse chromosome 11 accelerates Brcal-associated
mammary tumorigenesis. Neoplasia 2008, 10:1325-1334.

13. Wang H, Karikomi M, Naidu S, Rajmohan R, Caserta E, Chen HZ, Rawahneh
M, Moffitt J, Stephens JA, Fernandez SA, Weinstein M, Wang D, Sadee W, La
Perle K, Stromberg P, Rosol TJ, Eng C, Ostrowski MC, Leone G: Allele-
specific tumor spectrum in pten knockin mice. Proc Natl Acad Sci USA
2010, 107:5142-5147.

14.  Guy CT, Webster MA, Schaller M, Parsons TJ, Cardiff RD, Muller WJ:
Expression of the neu protooncogene in the mammary epithelium of
transgenic mice induces metastatic disease. Proc Natl Acad Sci USA 1992,
89:10578-10582.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 11 of 12

Rose-Hellekant TA, Arendt LM, Schroeder MD, Gilchrist K, Sandgren EP,
Schuler LA: Prolactin induces ERalpha-positive and ERalpha-negative
mammary cancer in transgenic mice. Oncogene 2003, 22:4664-4674.
Sakamoto K, Creamer BA, Triplett AA, Wagner KU: The Janus kinase 2 is
required for expression and nuclear accumulation of cyclin D1 in
proliferating mammary epithelial cells. Mol Endocrinol 2007, 21:1877-1892.
Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, Haussler
D: The human genome browser at UCSC. Genome Res 2002, 12:996-1006.
Meyer LR, Zweig AS, Hinrichs AS, Karolchik D, Kuhn RM, Wong M, Sloan CA,
Rosenbloom KR, Roe G, Rhead B, Raney BJ, Pohl A, Malladi VS, Li CH, Lee BT,
Learned K, Kirkup V, Hsu F, Heitner S, Harte RA, Haeussler M, Guruvadoo L,
Goldman M, Giardine BM, Fuijita PA, Dreszer TR, Diekhans M, Cline MS, Clawson
H, Barber GP, Haussler D, Kent WJ: The UCSC Genome Browser database:
extensions and updates 2013. Nucleic Acids Res 2013, 41:D64-D69.

Wagner KU, Boulanger CA, Henry MD, Sgagias M, Hennighausen L, Smith GH:
An adjunct mammary epithelial cell population in parous females: its role in
functional adaptation and tissue renewal. Development 2002, 129:1377-1386.
Matulka LA, Triplett AA, Wagner KU: Parity-induced mammary epithelial
cells are multipotent and express cell surface markers associated with
stem cells. Dev Biol 2007, 303:29-44.

Henry MD, Triplett AA, Oh KB, Smith GH, Wagner KU: Parity-induced
mammary epithelial cells facilitate tumorigenesis in MMTV-neu
transgenic mice. Oncogene 2004, 23:6980-6985.

Soldaini E, John S, Moro S, Bollenbacher J, Schindler U, Leonard WJ: DNA
binding site selection of dimeric and tetrameric Stat5 proteins reveals a
large repertoire of divergent tetrameric Stat5a binding sites. Mo/ Cell Biol
2000, 20:389-401.

Datta SR, Brunet A, Greenberg ME: Cellular survival: a play in three Akts.
Genes Dev 1999, 13:2905-2927.

Testa JR, Tsichlis PN: AKT signaling in normal and malignant cells.
Oncogene 2005, 24:7391-7393.

Manning BD, Cantley LC: AKT/PKB signaling: navigating downstream. Cell
2007, 129:1261-1274.

Peng XD, Xu PZ, Chen ML, Hahn-Windgassen A, Skeen J, Jacobs J, Sundarar-
ajan D, Chen WS, Crawford SE, Coleman KG, Hay N: Dwarfism, impaired
skin development, skeletal muscle atrophy, delayed bone development,
and impeded adipogenesis in mice lacking Akt1 and Akt2. Genes Dev
2003, 17:1352-1365.

Boxer RB, Stairs DB, Dugan KD, Notarfrancesco KL, Portocarrero CP, Keister
BA, Belka GK, Cho H, Rathmell JC, Thompson CB, Birnbaum MJ, Chodosh LA:
Isoform-specific requirement for Akt1 in the developmental regulation
of cellular metabolism during lactation. Cell Metab 2006, 4:475-490.

Mao C, Tili EG, Dose M, Haks MC, Bear SE, Maroulakou 1, Horie K, Gaitanaris
GA, Fidanza V, Ludwig T, Wiest DL, Gounari F, Tsichlis PN: Unequal
contribution of Akt isoforms in the double-negative to double-positive
thymocyte transition. J Immunol 2007, 178:5443-5453.

Maroulakou IG, Oemler W, Naber SP, Klebba |, Kuperwasser C, Tsichlis PN:
Distinct roles of the three Akt isoforms in lactogenic differentiation and
involution. J Cell Physiol 2008, 217:468-477.

Schwertfeger KL, Richert MM, Anderson SM: Mammary gland involution is
delayed by activated Akt in transgenic mice. Mol Endocrinol 2001, 15:867-881.
Hutchinson J, Jin J, Cardiff RD, Woodgett JR, Muller WJ: Activation of Akt
(protein kinase B) in mammary epithelium provides a critical cell survival
signal required for tumor progression. Mol Cell Biol 2001, 21:2203-2212.
Ackler S, Ahmad S, Tobias C, Johnson MD, Glazer RI: Delayed mammary gland
involution in MMTV-AKT1 transgenic mice. Oncogene 2002, 21:198-206.
Humphreys RC, Hennighausen L: Signal transducer and activator of
transcription 5a influences mammary epithelial cell survival and
tumorigenesis. Cell Growth Differ 1999, 10:685-694.

Ren S, Cai HR, Li M, Furth PA: Loss of Stat5a delays mammary cancer
progression in a mouse model. Oncogene 2002, 21:4335-4339.

Sakamoto K, Lin WC, Triplett AA, Wagner KU: Targeting janus kinase 2 in
Her2/neu-expressing mammary cancer: implications for cancer
prevention and therapy. Cancer Res 2009, 69:6642-6650.

Sakamoto K, Triplett AA, Schuler LA, Wagner KU: Janus kinase 2 is required
for the initiation but not maintenance of prolactin-induced mammary
cancer. Oncogene 2010, 29:5359-5369.

Robey RB, Hay N: Is Akt the "Warburg kinase"?-Akt-energy metabolism
interactions and oncogenesis. Semin Cancer Biol 2009, 19:25-31.

Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang XY, Pfeiffer HK, Nissim
|, Daikhin E, Yudkoff M, McMahon SB, Thompson CB: Myc regulates a



Schmidt et al. BMC Cancer 2014, 14:195 Page 12 of 12
http://www.biomedcentral.com/1471-2407/14/195

transcriptional program that stimulates mitochondrial glutaminolysis
and leads to glutamine addiction. Proc Natl Acad Sci USA 2008,
105:18782-18787.

39.  Wagner KU, Dierisseau P, Rucker EB, Robinson GW, Hennighausen L: Genomic
architecture and transcriptional activation of the mouse and human tumor
susceptibility gene TSG101: common types of shorter transcripts are true
alternative splice variants. Oncogene 1998, 17:2761-2770.

40.  Stocklin E, Wissler M, Gouilleux F, Groner B: Functional interactions between
Stat5 and the glucocorticoid receptor. Nature 1996, 383:726-728.

doi:10.1186/1471-2407-14-195

Cite this article as: Schmidt et al: Novel transcripts from a distinct
promoter that encode the full-length AKT1 in human breast cancer
cells. BMC Cancer 2014 14:195.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Genetically modified mouse strains
	Human breast cancer cell lines and tissue specimens
	mRNA expression analyses using quantitative real-time PCR
	Western blot analysis
	In Silico analysis
	Statistical analysis

	Results
	Akt1m is expressed and upregulated in the majority of mouse mammary tumors
	The human genome contains a DNA sequence that is orthologous to the murine Akt1m and that gives rise to several new transcript variants encoding full-length AKT1
	A highly conserved sequence immediately upstream of the AKT1m exon serves as a second promoter within the AKT1 locus
	Human AKT1m transcripts are expressed and upregulated in a subset of breast cancer cell lines and primary human breast cancer specimens

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

