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The sodium-coupled neutral amino acid transporter 2 (SNAT2)
translocates small neutral amino acids into the mammary gland
to promote cell proliferation during gestation. It is known that
SNAT2 expression increases during pregnancy, and in vitro studies
indicate that this transporter is induced by 17β-estradiol. In this
study, we elucidated the mechanism by which 17β-estradiol regu-
lates the transcription of SNAT2. In silico analysis revealed the
presence of a potential estrogen response element (ERE) in the
SNAT2 promoter. Reporter assays showed an increase in SNAT2
promoter activity when cotransfected with estrogen receptor al-
pha (ER-α) after 17β-estradiol stimulation. Deletion of the ERE re-
duced estradiol-induced promoter activity by 63%. Additionally,
EMSAs and supershift assays showed that ER-α binds to the SNAT2
ERE and that this binding competes with the interaction of ER-α
with its consensus ERE. An in vivo ChIP assay demonstrated that
the binding of ER-α to the SNAT2 promoter gradually increased in
the mammary gland during gestation and that maximal binding
occurred at the highest 17β-estradiol serum concentration. Liquid
chromatography-elevated energy mass spectrometry and Western
blot analysis revealed that the SNAT2 ER-α–ERE complex contained
poly(ADP-ribose) polymerase 1, Lupus Ku autoantigen protein p70,
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) proteins
and that the silencing of each of these proteins nearly abolished
17β-estradiol–stimulated SNAT2 promoter activity. Nuclear levels of
GAPDH increased progressively during gestation in the mammary
gland, and GAPDH binding was nucleotide-specific for the SNAT2
ERE. Thus, this study provides new insights into how the mammary
epithelium adapts to control amino acid uptake through the tran-
scriptional regulation of the SNAT2 transporter via 17β-estradiol.

coactivator | amino acid transport

The mammary gland has a high demand for amino acids
during the gestation and lactation periods. It requires the

uptake of amino acids for cell proliferation during pregnancy and
for milk protein synthesis during lactation. Studies examining
arteriovenous differences have demonstrated that glutamine and
alanine are efficiently transported into the mammary gland
at the start of lactation (1). These amino acids are primarily
transported by amino acid transport system A, which is com-
prised of three subtypes known as sodium-coupled neutral amino
acid transporter (SNAT) 1, 2, and 4 (2). SNAT2 is characterized
as the classical system A transporter, is ubiquitous in mammalian
cells, and plays various roles in different tissues and depending
on specific physiological conditions (3–5). SNAT2 also provides
efflux substrates for other amino acid transport systems, like the
amino acid heteroexchanger system L, facilitating the uptake
of branched-chain amino acids, particularly leucine that acti-
vates the TOR pathway involved in protein synthesis and cell

proliferation (6). Up-regulation of SNAT2 gene expression is me-
diated by different signal transduction pathways. In the liver, it is
activated by glucagon via cAMP/PKA, which phosphorylates the
transcription factor CREB, allowing it to bind to the CRE site in the
SNAT2 promoter region (7). In addition, system A activity is in-
duced by insulin and glucocorticoids (8–11).
During pregnancy, there is a progressive increase in SNAT2

mRNA levels in the mammary gland. Interestingly, it has been
shown that SNAT2 mRNA expression is induced by incubating
rat mammary gland explants in the presence of 17β-estradiol,
an effect repressed by the addition of the estrogen receptor (ER)
inhibitor ICI-182780 (12). Similarly, Bhat and Vadgama (13)
found that the activity and expression of SNAT2 are increased in
mammary carcinoma cell lines that express ER alpha (ER-α)
after 48 h of stimulation with 17β-estradiol.
A previous study in female mice with ER-α knocked out

conditionally in the mammary gland demonstrated that pups
born and nursed by these dams during lactation exhibited re-
duced body weight gain compared with pups born and fed by
wild-type dams (14), possibly due to a reduction in the uptake of
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substrates for milk production, including the amino acids trans-
ported by SNAT2.
In silico analysis of the SNAT2 promoter region revealed the

presence of a putative estrogen response element (ERE) be-
tween bases −1,486 and −1,471 upstream of the transcriptional
start site, suggesting that the promoter region of the SNAT2
gene is regulated by 17β-estradiol and that this regulation is
activated during gestation when the levels of this hormone (15)
and amino acid requirements (16) increase, supporting the
proliferation of the mammary tissue. The aim of this study was to
elucidate the molecular mechanism by which 17β-estradiol reg-
ulates the transcription of the SNAT2 gene.

Results
SNAT2 ERE-Containing Promoter Region Is Activated by 17β-Estradiol.
To determine whether the putative ERE found in the SNAT2
promoter region was functional, we performed assays using SNAT2
promoter constructs and the luciferase reporter gene. We observed
(Fig. 1A) that 1 × 10−8 M 17β-estradiol increased luciferase activity
approximately twofold when using base pairs −1,872 to +265 of the
SNAT2 promoter region. To corroborate that loss of the ERE site

between bases −1,486 and −1,471 diminished the effect of the hor-
mone, we used a series of unidirectional 5′ deletion constructs
generated from the complete sequence. The 17β-estradiol–
induced luciferase activity was reduced by ∼63% and 75% with
the constructs encoding base pairs −872 to +265 and −336 to
+265, respectively. The remaining activity was not generated by
a direct interaction of ER-α with a specific ERE because there
are no other putative EREs in the SNAT2 promoter. Deletion of
base pairs −1,872 to −192 resulted in the loss of 17β-estradiol–
induced activity.

SNAT2 Promoter Activation by 17β-Estradiol Is ER-α–Dependent. To
determine whether the SNAT2 promoter activation mediated by
17β-estradiol is ER-α–dependent, we used an ER-α–sh plasmid
to knock down the ER-α protein. As shown in Fig. 1B, ER-α
knockdown prevented SNAT2 promoter activation by 17β-
estradiol. There was no reduction in SNAT2 promoter activity
induced by 17β-estradiol in control cells transfected with an
empty plasmid. These results corroborate the importance of ER-α
regulation of the SNAT2 promoter in response to 17β-estradiol
and suggest that the remaining activity observed in the promoter
constructs containing base pairs −872 to +265 and −336 to +265
could be ER-α–dependent.

ER-α Binds to the ERE in the SNAT2 Promoter in Vitro. Because it has
been established that ER-α activated by 17β-estradiol binds to
the ERE sites of target genes, the next step was to corroborate
whether ER-α could bind to the ERE site found in the SNAT2
promoter region. As shown in Fig. 2A, lane 2, electrophoretic
mobility-shift assay (EMSA) analysis of the SNAT2 ERE site
using extracts from HeLa cells transfected with ER-α indicated
binding with a retarded band. Mutation of the SNAT2 ERE site
(Table S1) abolished the formation of this complex (Fig. 2A, lane
3), suggesting that this site binds to ER-α. As a positive control,
we used the ERE consensus sequence, which produced a very
intense retarded band (Fig. 2A, lane 4). Interestingly, the ERE
consensus band traveled further than the SNAT2 ERE complex
in the gel, suggesting that different cofactors might bind to each
complex. To demonstrate whether ER-α was bound to the
SNAT2 ERE sequence, we used an anti–ER-α antibody. Fig. 2A,
lane 5, demonstrates that preincubation with the antibody
abolished the formation of the complex, possibly by blocking the
ER-α DNA-binding site. The formation of a super-shifted band
was observed (Fig. 2A, lane 7) with the consensus ERE se-
quence, indicating that the proteins involved in the formation of
the complex might vary between the SNAT2 ERE and the ERE
consensus sequence. In fact, liquid chromatography-elevated
energy mass spectrometry (LC-MSE) analysis confirmed the
difference between both complexes (see below). The SNAT2
ERE sequence competed with the ERE consensus sequence for
ER-α binding because the addition of a 200-fold molar excess
of unlabeled (cold) SNAT2 ERE sequence nearly obliterated
binding to the ERE consensus sequence (Fig. 2C).

ERα Binds to the SNAT2 ERE Site in the Rat SNAT2 Promoter in Vivo.
The functionality of the SNAT2 ERE site was also demonstrated
in vivo. The increase of 17β-estradiol levels during gestation
favored the binding of ER-α to the SNAT2 ERE site in the
mammary gland as assessed by chromatin immunoprecipitation
(ChIP) assays, demonstrating an amplification product on days 5,
14, and 20 of gestation (Fig. 3 A and B). Quantitative PCR was
performed to quantify the binding of ER-α to the SNAT2 ERE
site in the rat SNAT2 promoter. There was a progressive in-
crease in binding during the gestation period, which corre-
sponded to the increase in serum estradiol levels in the rat (Fig. 3
B and C, respectively). Virgin control rats in the diestrus period
have very low levels of the hormone, and no ER-α binding was
observed. A high level of hormone is needed to activate SNAT2

Fig. 1. Functional analysis of the ERE site in the rat SNAT2 promoter. (A)
Effect of 1 × 10−8 M 17β-estradiol on SNAT2 promoter activity. HeLa cells
were cotransfected with each promoter–reporter construct, the ER-α ex-
pression vector, and pRL-TK and incubated in the presence of 1 × 10−8 M 17β-
estradiol or vehicle (ethanol). Luciferase activities were measured 24 h after
transfection. The results are the mean ± SE of three independent experi-
ments per construct. (B) Effect of the ER-α-sh plasmid on SNAT2 promoter
activity. HeLa cells were cotransfected with the ER-α-sh plasmid or empty
vector (Superior), the SNAT2 promoter–reporter construct (pSNAT2), or
empty vector (pGL3b), the ER-α expression vector, and pRL-TK and incubated
in the presence of 1 × 10−8 M 17β-estradiol or vehicle (ethanol). Luciferase
activities were measured 24 h after transfection. The results are the mean ±
SD of three independent experiments per construct. *P < 0.05; **P < 0.01
(significant difference compared with their respective control).
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transcription, and therefore SNAT2 is up-regulated exclusively
during the gestation period and possibly during the proestrus
phase of the female rat. Additionally, the use of different
concentrations of 17β-estradiol (from 1 × 10−6 to 1 × 10−11 M)
demonstrated that the SNAT2 promoter requires a higher con-
centration of hormone to induce transcription compared with
the consensus ERE sequence (Fig. 3D). For instance, whereas
10−11 and 10−10 M 17β-estradiol robustly activated the consensus
ERE construct, the SNAT2 ERE required higher hormone
concentrations to be activated to the same degree.

PARP1, Ku70, and GAPDH Bind to the SNAT2 Promoter ERE Sequence
with ER-α. We used a technique based on a desthiobiotin–
triethylene glycol (TEG) oligo and streptavidin beads to pre-
cipitate the ER-α–ERE complex and identify the other proteins
bound to the SNAT2 promoter region following activation by
17β-estradiol. For this assay, double-stranded DNA oligonu-
cleotides containing the SNAT2 ERE site (ERE SNAT2 oligo)
and the ERE consensus sequence (ERE cons oligo) were in-
cubated with nuclear extracts from HeLa cells transfected with
ER-α. HeLa nuclear extracts from untransfected cells were used
as negative controls for each oligo. The ER-α–ERE complex was
precipitated with streptavidin beads and eluted with 5 mM biotin
(Fig. 4A). LC-MSE (Table S2) and Western blot analysis (Fig.
4B) revealed the presence of poly(ADP-ribose) polymerase 1
(PARP1), Lupus Ku autoantigen protein p86 (Ku80), Ku70, and
topoisomerase IIβ with ER-α on the ERE consensus oligo and
PARP1, Ku70, and glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) as well as topoisomerase I and IIβ with ER-α on the
SNAT2 ERE oligo. Although PARP1 bound equally well to both
ERE sequences, the intensity of some of the bands bound to the
SNAT2 ERE oligo was lower than to the ERE consensus oligo,
particularly Ku70 and topoisomerase IIβ, possibly because ERα
has a lower affinity for the SNAT2 ERE than the consensus
ERE. Interestingly, topoisomerase I and GAPDH bind exclu-
sively to the SNAT2 ERE site. Binding of these proteins was
dependent on ER-α binding because most of them did not pre-
cipitate in the absence of ER-α (Fig. 4B).
The activity of the luciferase reporter plasmid encoding the

consensus ERE sequence in cells cotransfected with ER-α and
stimulated with 17β-estradiol decreased significantly when
cotransfected with PARP1 and Ku70 sh-plasmids (Fig. 4C). In-
terestingly, the luciferase reporter plasmid encoding the SNAT2
ERE sequence and the ER-α expression vector showed a signif-
icant decrease in activity in response to 17β-estradiol when
GAPDH, PARP1, or Ku70 was knocked down (Fig. 4D).

Fig. 2. Binding of ER-α to the ERE in the SNAT2 promoter in vitro. Double-
stranded DNA oligonucleotides containing the SNAT2 ERE site (ERE SNAT2),
the SNAT2 ERE mutated site (ERE SNAT2 m), or the ERE consensus sequence
(ERE cons) were incubated with HeLa nuclear extracts from cells previously
transfected with ER-α. The DNA sequences of the oligonucleotides used are
indicated in Table S1. (A) Localization of the ERE sequence in the SNAT2
promoter region between the bases −1,486 and −1,471 upstream of the
transcriptional start site. (B) EMSA analysis of HeLa nuclear extracts pre-
viously transfected with ER-α using labeled oligonucleotides containing the
wild-type SNAT2 ERE site (lane 2), the SNAT2 ERE mutated site (lane 3), or
the ERE consensus site (lane 4). The supershift assay was performed by
preincubating 1 μg of anti–ER-α antibody with the HeLa nuclear extracts
from cells previously transfected with ER-α. Probes for the labeled SNAT2
ERE site (lane 5), the SNAT2 ERE mutated site (lane 6), or the consensus ERE
sequence (lane 7) were added. (C) Competitive assays using the labeled ERE
consensus sequence and an excess of unlabeled SNAT2 ERE sequence (SNAT2
ERE cold) at 50-, 100-, 150-, and 200-fold molar excess are shown in lanes 3, 4,
5, and 6, respectively. FP, free probe.

Fig. 3. ER-α binds to the SNAT2 ERE site in the rat SNAT2 promoter in vivo.
(A) ChIP showing ER-α binding. ChIP assays were conducted on mammary
glands from virgin control rats and 5-, 14-, or 20-d pregnant rats. Soluble
chromatin was immunoprecipitated with 4 μg of anti–ER-α antibody or
negative control IgG and subjected to PCR with a specific primer to the
SNAT2 ERE site (Table S1). (B) Real-time PCR analysis of amplified products
corresponding to ER-α binding to the SNAT2 ERE. This graph is representa-
tive of three independent experiments (n = 5 rats per group). (C) Serum 17β-
estradiol levels in virgin control rats and 5-, 14-, and 20-d pregnant rats (n = 5
rats per group). (D) Effect of different concentrations of 17β-estradiol (1 ×
10−6, 1 × 10−7, 1 × 10−8, 1 × 10−9, 1 × 10−10, and 1 × 10−11 M) on the ERE
consensus promoter–reporter construct and the SNAT2 promoter reporter
construct activity. HeLa cells were cotransfected with each promoter–
reporter construct, the ER-α expression vector, and pRL-TK and incubated in
the presence of 17β-estradiol or vehicle (ethanol). Luciferase activities were
measured 24 h after transfection. The results are the mean ± SD of three
independent experiments per construct and are expressed as percentage (%)
of luciferase activity increase compared with the vehicle (ethanol). Different
letters differ: a > b > c. P < 0.05.
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GAPDH Accumulates in the Nucleus, Binds in Vivo to the SNAT2
Promoter of Mammary Epithelium During Gestation, and Is Specific
for SNAT2 ERE Activation.GAPDH is a metabolic enzyme involved
in glycolysis, gluconeogenesis, and glyceroneogenesis. Intriguingly,
most of the amino acids transported by SNAT2 are considered
gluconeogenic substrates. Feeding dams a high-protein diet
(30%) that contains an excess of gluconeogenic amino acids sig-
nificantly increased the expression of cytoplasmic GAPDH in the
rat mammary gland during gestation on day 20 compared with
those fed an adequate-protein (20%) diet (Fig. 5 A and C). In
addition, there was a progressive increase in the nuclear abundance
of GAPDH during gestation in rat mammary tissue, reaching a
peak on day 20 of gestation as shown by Western blot and im-
munohistochemical analysis (Fig. 5 B and D–G). Moreover, ChIP
assays demonstrated that GAPDH binds in vivo to the SNAT2
ERE in rat mammary gland during gestation, especially on days 14
and 20, whereas virgin control rats lack this binding (Fig. 5H). All
these data show that GAPDH is translocated to the nucleus during
gestation to actively maintain SNAT2 gene expression. To de-
termine the specificity of GAPDH binding to the SNAT2 ERE, we
performed a precipitation assay using single-nucleotide mutations
and flanking regions similar to the SNAT2 consensus sequence. Our
results clearly demonstrated that GAPDH binding to the SNAT2
ERE is exclusively dependent on the palindromic sequence 5′-
AGGTAATACAGACTT-3′; 5′-AGGTCATACAGACTT-3′ does
not bind. Likewise, GAPDH binds to the 5′ flanking region of
the palindromic sequence 5′-AAGA AGGTAA TAC AGACTT
TTCT-3′ but not to 5′-TATC AGGTAA TAC AGACTT TTCT-
3′ (bold type letters indicate the nucleotide or nucleotides that
were changed in the sequence) (Fig. 5I).

Discussion
During gestation and lactation, a series of complex mechanisms
function to provide food to the newborn. To activate these
mechanisms, the mammary gland initiates a specific program to
prepare the tissue to be a secretory organ for feeding the new-
born. Therefore, several genes are turned on for the prolif-
eration and differentiation of the mammary epithelium during

the gestation period for the synthesis of nutrients to fulfill the
requirements of the newborn (17–21).
To trigger the mechanisms of gene expression in the mammary

gland during gestation that regulate these processes, the hormonal
milieu during this stage (20) controls the transcription of several
genes. In particular, 17β-estradiol has been demonstrated to be
a powerful activator of genes involved in the cell differentiation
and proliferation (22–25) of the lactation process. The effects of
17β-estradiol in the mammary gland take place via ER-α and -β
(26, 27).
There are little data examining whether 17β-estradiol is involved

in the mechanisms associated with the supply of nutrients for the
mammary gland, and less is known about the molecular mecha-
nisms. Amino acids are essential nutrients for protein synthesis,
and they are incorporated into cells by specific transporters. It is
known that the activities of some of these transporters in the
mammary gland are stimulated by estrogens (28–30). In this study,
we demonstrated that 17β-estradiol activates the expression of the
SNAT2 amino acid transporter via the ERE present in the SNAT2
promoter region and requires the formation of a specific complex
containing PARP1, Ku70, and GAPDH proteins.
Our results agree with previous findings that the topoisomerase

IIβ/PARP-1 complex mediates the transient formation of a DNA
break that is required for 17β-estradiol–stimulated gene acti-
vation. PARP-1 uses histone H1 (known to be a transcriptional
repressor) as a substrate for poly(ADP ribosyl)ation. Histone H1
is replaced by a high mobility group B 1/2 protein that acts as an
activator upon 17β-estradiol stimulation. In this process, top-
oisomerase IIβ, PARP-1, DNA-PK, Ku80, and Ku70 are
recruited to the ERE in the nucleosome after 17β-estradiol
treatment (31). Another recent study has demonstrated that
PARP1 interacts with ER-α, promoting poly(ADP ribosyl)ation
and transactivation of the receptor, indicating that PARP1 is
a crucial regulator of ER-dependent gene transcription (32).
Intriguingly, we demonstrated that GAPDH is part of the

SNAT2 ER-α–ERE complex. In addition, we observed that its
binding to the SNAT2 ERE depends on specific nucleotides
present in the palindromic sequence and flanking region of the

Fig. 4. ER-α–ERE complex purification. (A) ER-α–ERE
consensus and ER-α–SNAT2 ERE complexes were pre-
cipitated by using desthiobiotin–TEG oligos for the
ERE consensus and the SNAT2 ERE sites (Table S1). The
desthiobiotin–TEG oligos (2 μg) were incubated with
HeLa nuclear extracts or HeLa nuclear extracts from
cells previously transfected with ER-α, poly(dI-dC)
(2 μg) and 1 × 10−8 M 17β-estradiol at 4 °C overnight in
a rotation device. The volume was adjusted to 400 μL
with binding buffer [50 mM Tris·HCl, pH 7.5, 5 mM
MgCl2, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl, 0.25
μg/μL poly(dI-dC), 20% glycerol]. Each sample was in-
cubated with streptavidin magnetic beads for 2 h at
4 °C and washed three times with the same binding
buffer in a rotation device. After the washes, the
precipitated oligo-complex was eluted with 5 mM bi-
otin and run on an SDS/PAGE for Western blot anal-
ysis. (B) Occupancy of Topo IIβ, Topo I, PARP1, Ku80,
Ku70, ER-α, and GAPDH on the ERE consensus and
SNAT2 ERE sequences. HeLa nuclear extracts without
ER-α transfection were used as negative controls for
each oligo. (C) Representative immunoblot of the
knockdown sh-plasmids (PARP1, Ku70, and GAPDH)
efficiency. (D) Effect of the PARP1, Ku70 and GAPDH
sh-plasmids on ERE consensus activity. (E) Effect of the
PARP1, Ku70, and GAPDH sh-plasmids on SNAT2 pro-
moter activity. HeLa cells were cotransfected with
PARP1, Ku70, or GAPDH sh-plasmids, with or without
the ER-α expression vector, each promoter–reporter
construct, and pRL-TK and incubated in the presence of 1 × 10−8M 17β-estradiol or vehicle (ethanol). Luciferase activities were measured 24 h after trans-
fection. The results are the mean ± SD of three independent experiments per construct. Different letters differ: a > b > c. P < 0.05.
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ERE found in the SNAT2 promoter region. This sequence differs
from the consensus by three nucleotides and is unique among
other EREs present in several genes, including metabolic genes
that also have imperfect palindromic sequences with at least one
base pair change (33). Differences between the ERE sequences
and their promoter localizations modulate ER transcriptional ac-
tivity, recruiting different patterns of coactivators (34). Addi-
tionally, it has been demonstrated that upstream EREs recruit
histone acetyltransferase and/or SWI/SNF complexes, whereas
only proximal promoter sequences may be able to recruit mediator
complexes (35). Interestingly, in our study of the SNAT2 ERE, we
observed that change of the nucleotide “A” to “C” in the 5′ pal-
indromic sequence and of the 5′ flanking region, to make it re-
semble that of the consensus ERE, resulted in the loss of GAPDH
recruitment to the complex. Thus, transcriptional activation of the
SNAT2 gene in the mammary gland to fulfill the elevated demand
of amino acids occurs during gestation, a physiological condition
with elevated levels of 17β-estradiol to overcome the lower affinity
of ER-α to the SNAT2 ERE, which specifically binds the meta-
bolic enzyme GAPDH as a coactivator.
GAPDH was recently found to be a cofactor of transcriptional

complexes (36, 37). Zheng Lei et al. demonstrated that p38/
GAPDH is an essential Oct-1 CoActivator in S phase specific for
histone-2B transcription and that it is modulated by NAD+/
NADH ratio (38). Several other studies have described the
participation of GAPDH in different transcriptional complexes
(39–41). However, none of them involves the recruitment of this
protein to an ERE–ER-α complex, perhaps indicating a cross-
talk with metabolic events as suggested in the present study.
Interestingly, we observed an increase in the nuclear abundance
of GAPDH, particularly between days 15 and 20 of gestation,
and at least cytoplasmic GAPDH concentration depended on
the amount of dietary protein consumed.
The expression pattern of other amino acid transporters dur-

ing gestation is different from SNAT2 (42). The data obtained in
this work imply that the regulatory effect of estrogens on the
expression of the SNAT2 gene is a unique feature in the trans-
port of amino acids into the mammary gland during this period. It

has been postulated that the inhibition of system A by a systemic
infusion of an amino acid analog that cannot be metabolized, 2-
(methylamino) isobutyric acid, during gestation resulted in a de-
crease in fetal weight (43). This previous evidence in addititon to
the results obtained in this study suggest that SNAT2 plays a sig-
nificant role in the supply of amino acids, an important function in
the mammary epithelium for the differentiation and proliferation
of these cells to prepare the gland for lactation.

Materials and Methods
Animals. FemaleWistar rats were obtained from the animal research facility at
the Instituto Nacional de Ciencias Médicas y Nutrición. The animals were
housed and fed as reported (16). For experimental procedure details, see SI
Materials and Methods.

Cell Culture, Transient Transfection, and Luciferase Reporter Assays. HeLa cells
were transfected by using the PolyFect transfection reagent according to the
manufacturer’s manual. Details for the cell-growing conditions and trans-
fection assays are given in SI Materials and Methods.

Preparation of Nuclear Extracts and EMSA.Nuclear extracts from HeLa cells and
rat mammary gland tissue were prepared with the Pierce nuclear extract kit
according to the manufacturer’s instructions. DNA mobility-shift assays were
performed by using the gel shift assay system according to the manufacturer’s
instructions. For experimental details, see SI Materials and Methods.

ChIP Assay. Frozen rat mammary glands from virgin control and pregnant rats
on days 5, 14, and 20 were used for ChIP assays. Fragmented chromatin from
each sample was immunoprecipitated with anti–ER-α or anti-GAPDH anti-
bodies. Details of the technique are given in SI Materials and Methods.

Complex Precipitation and Protein Identification by LC/MSE. ER-α–ERE con-
sensus and ER-α–SNAT2 ERE complexes were precipitated by using desthio-
biotin–TEG oligos for the ERE consensus and SNAT2 ERE sites (Table S1). The
precipitated proteins were digested with trypsin and prepared for identifi-
cation by LC/MSE or Western blot analysis. Details of the techniques can be
found in SI Materials and Methods.

Western Blot Analysis. Proteins from the complex purification assay or pro-
teins extracted from rat mammary gland using a described method (16) were
separated by electrophoresis, transferred onto a poly(vinylidene difluoride)

Fig. 5. The expression of GAPDH in rat mammary
glands. (A and B) A representative immunoblot of
GAPDH, β-tubulin, and RNA polymerase II (Pol II) in
cytoplasmic extract (A) and GAPDH, β-tubulin, and
Pol II in the nuclear extract of mammary glands from
rats fed 20% or 30% dietary protein (B). (C and D)
Western blot densitometric analysis of cytoplasmic
GAPDH/tubulin (C) and nuclear GAPDH/RNA poly-
merase II of the mammary glands from rats fed 20%
or 30% dietary protein (D). The results are the mean ±
SD of three different blots. (E ) GAPDH immuno-
histochemistry in rat mammary gland during gesta-
tion on day 20. (F and G) Negative control (F) and
GAPDH (G). The arrows indicate the presence of
GAPDH in the nucleus of mammary epithelium cells.
[Scale bars: 50 μm (E and F); 10 μm (G).] (H) ChIP
showing GAPDH binding to the SNAT2 ERE. ChIP
assays were conducted on mammary glands from
virgin control rats and 5-, 14-, and 20-d pregnant
rats. Soluble chromatin was immunoprecipitated
with 4 μg of anti-GAPDH antibody or negative con-
trol IgG and subjected to PCR with a specific primer
to the SNAT2 ERE site (Table S1). Results shown are
representative of three independent experiments
(n = 5 rats per group). Different letters differ: a > b > c.
P < 0.05. (I) A representative immunoblot of GAPDH
precipitation in SNAT2 ERE and SNAT2 ERE mutated
sequences using biotinylated oligos incubated with
ER-α transfected nuclear extracts from HeLa cells.

Velázquez-Villegas et al. PNAS | August 5, 2014 | vol. 111 | no. 31 | 11447

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.201412099SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.201412099SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.201412099SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.201412099SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.201412099SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.1412099111.st01.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.201412099SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.1412099111.st01.docx


membrane (Amersham GE Healthcare), and blotted with specific antibodies
for protein detection. Details are given in SI Materials and Methods.

Immunohistochemistry. For the immunohistochemistry experiments, rat
mammary gland was obtained from gestation day 20. Tissue sections 4 mm
thick, embedded in paraffin, were mounted on polarized slides for im-
munohistochemistry detection (details are in SI Materials and Methods). The
slides were analyzed by using the Leica QWin image-analyzer system on a Leica
DMLS microscope.

Statistical Analysis. The results obtained in this study are presented as the
means ± SD. The data were evaluated with the Student t test and were
considered significant at P < 0.05. The data were analyzed with Prism for
Mac OS X software (Version 5).

ACKNOWLEDGMENTS. This work was supported by Consejo Nacional de
Ciencia y Tecnología (CONACYT) Grants 154939 (to A.R.T.) and 183037 (to
V.O.). L.A.V.-V. was granted a CONACYT fellowship. J.-Å.G. was supported by
Robert A. Welch Foundation Grant E-0004.

1. Viña J, Puertes IR, Saez GT, Viña JR (1981) Role of prolactin in amino acid uptake by
the lactating mammary gland of the rat. FEBS Lett 126(2):250–252.

2. Mackenzie B, Erickson JD (2004) Sodium-coupled neutral amino acid (System N/A)
transporters of the SLC38 gene family. Pflugers Arch EJP 447(5):784–795.

3. Hatanaka T, et al. (2000) Primary structure, functional characteristics and tissue ex-
pression pattern of human ATA2, a subtype of amino acid transport system A. Bio-
chim Biophys Acta 1467(1):1–6.

4. Tovar AR, Avila E, DeSantiago S, Torres N (2000) Characterization of methyl-
aminoisobutyric acid transport by system A in rat mammary gland. Metabolism 49(7):
873–879.

5. Yao D, et al. (2000) A novel system A isoform mediating Na+/neutral amino acid
cotransport. J Biol Chem 275(30):22790–22797.

6. Hyde R, Taylor PM, Hundal HS (2003) Amino acid transporters: Roles in amino acid
sensing and signalling in animal cells. Biochem J 373(Pt 1):1–18.

7. Ortiz V, et al. (2011) Promoter characterization and role of CRE in the basal tran-
scription of the rat SNAT2 gene. Am J Physiol Endocrinol Metab 300(6):E1092–E1102.

8. Hatanaka T, Hatanaka Y, Tsuchida J, Ganapathy V, Setou M (2006) Amino acid
transporter ATA2 is stored at the trans-Golgi network and released by insulin stimulus
in adipocytes. J Biol Chem 281(51):39273–39284.

9. Hatanaka T, Huang W, Martindale RG, Ganapathy V (2001) Differential influence of
cAMP on the expression of the three subtypes (ATA1, ATA2, and ATA3) of the amino
acid transport system A. FEBS Lett 505(2):317–320.

10. Hyde R, Peyrollier K, Hundal HS (2002) Insulin promotes the cell surface recruitment of
the SAT2/ATA2 system A amino acid transporter from an endosomal compartment in
skeletal muscle cells. J Biol Chem 277(16):13628–13634.

11. Jones HN, Ashworth CJ, Page KR, McArdle HJ (2006) Cortisol stimulates system A
amino acid transport and SNAT2 expression in a human placental cell line (BeWo). Am
J Physiol Endocrinol Metab 291(3):E596–E603.

12. López A, et al. (2006) Characterization and regulation of the gene expression of
amino acid transport system A (SNAT2) in rat mammary gland. Am J Physiol Endo-
crinol Metab 291(5):E1059–E1066.

13. Bhat HK, Vadgama JV (2002) Role of estrogen receptor in the regulation of estrogen
induced amino acid transport of System A in breast cancer and other receptor positive
tumor cells. Int J Mol Med 9(3):271–279.

14. Feng Y, Manka D, Wagner KU, Khan SA (2007) Estrogen receptor-alpha expression in
the mammary epithelium is required for ductal and alveolar morphogenesis in mice.
Proc Natl Acad Sci USA 104(37):14718–14723.

15. Brisken C, O’Malley B (2010) Hormone action in the mammary gland. Cold Spring
Harb Perspect Biol 2(12):a003178.

16. Velázquez-Villegas LA, Tovar AR, López-Barradas AM, Torres N (2013) The dietary
protein/carbohydrate ratio differentially modifies lipogenesis and protein synthesis in
the mammary gland, liver and adipose tissue during gestation and lactation. PLoS
ONE 8(7):e69338.

17. Baratta M, et al. (2000) Role of androgens in proliferation and differentiation of
mouse mammary epithelial cell line HC11. J Endocrinol 167(1):53–60.

18. Lain KY, Catalano PM (2007) Metabolic changes in pregnancy. Clin Obstet Gynecol
50(4):938–948.

19. Lemay DG, Neville MC, Rudolph MC, Pollard KS, German JB (2007) Gene regulatory
networks in lactation: Identification of global principles using bioinformatics. BMC
Syst Biol 1:56.

20. Neville MC, McFadden TB, Forsyth I (2002) Hormonal regulation of mammary dif-
ferentiation and milk secretion. J Mammary Gland Biol Neoplasia 7(1):49–66.

21. Roh SG, Baik MG, Choi YJ (1994) The effect of lactogenic hormones on protein syn-
thesis and amino acid uptake in rat mammary acinar cell culture at various physio-
logical stages. Int J Biochem 26(4):479–485.

22. Shang ZZ, et al. (2014) Differentially expressed genes and signalling pathways are
involved in mouse osteoblast-like MC3T3-E1 cells exposed to 17-beta estradiol. Int J
Oral Sci, 10.1038/ijos.2014.2.

23. Ding L, et al. (2013) Association of cellular and molecular responses in the rat

mammary gland to 17β-estradiol with susceptibility to mammary cancer. BMC Cancer

13:573.
24. Marino M, Galluzzo P, Ascenzi P (2006) Estrogen signaling multiple pathways to

impact gene transcription. Curr Genomics 7(8):497–508.
25. Deroo BJ, et al. (2009) Profile of estrogen-responsive genes in an estrogen-specific

mammary gland outgrowth model. Mol Reprod Dev 76(8):733–750.
26. Cheng G, Weihua Z, Warner M, Gustafsson JA (2004) Estrogen receptors ER alpha and

ER beta in proliferation in the rodent mammary gland. Proc Natl Acad Sci USA

101(11):3739–3746.
27. Stingl J (2011) Estrogen and progesterone in normal mammary gland development

and in cancer. Horm Cancer 2(2):85–90.
28. Riggs TR, Pan MW, Feng HW (1968) Transport of amino acids into the estrogen-

primed uterus. I. General characteristics of the uptake in vitro. Biochim Biophys Acta

150(1):92–103.
29. Cimarosti H, et al. (2005) Hypoxic preconditioning in neonatal rat brain involves

regulation of excitatory amino acid transporter 2 and estrogen receptor alpha.

Neurosci Lett 385(1):52–57.
30. Hissin PJ, Hilf R (1979) Effects of estrogen to alter amino acid transport in R3230AC

mammary carcinomas and its relationship to insulin action. Cancer Res 39(9):

3381–3387.
31. Ju BG, et al. (2006) A topoisomerase IIbeta-mediated dsDNA break required for

regulated transcription. Science 312(5781):1798–1802.
32. Zhang F, et al. (2013) Poly(ADP-ribose) polymerase 1 is a key regulator of estrogen

receptor α-dependent gene transcription. J Biol Chem 288(16):11348–11357.
33. Bourdeau V, et al. (2004) Genome-wide identification of high-affinity estrogen re-

sponse elements in human and mouse. Mol Endocrinol 18(6):1411–1427.
34. Klinge CM, Jernigan SC, Mattingly KA, Risinger KE, Zhang J (2004) Estrogen response

element-dependent regulation of transcriptional activation of estrogen receptors

alpha and beta by coactivators and corepressors. J Mol Endocrinol 33(2):387–410.
35. Topalidou I, Thireos G (2003) Gcn4 occupancy of open reading frame regions results in

the recruitment of chromatin-modifying complexes but not the mediator complex.

EMBO Rep 4(9):872–876.
36. Sirover MA (2005) New nuclear functions of the glycolytic protein, glyceraldehyde-3-

phosphate dehydrogenase, in mammalian cells. J Cell Biochem 95(1):45–52.
37. Colell A, Green DR, Ricci JE (2009) Novel roles for GAPDH in cell death and carcino-

genesis. Cell Death Differ 16(12):1573–1581.
38. Zheng L, Roeder RG, Luo Y (2003) S phase activation of the histone H2B promoter by

OCA-S, a coactivator complex that contains GAPDH as a key component. Cell 114(2):

255–266.
39. Claeyssens S, et al. (2003) Amino acid control of the human glyceraldehyde 3-phos-

phate dehydrogenase gene transcription in hepatocyte. Am J Physiol Gastrointest

Liver Physiol 285(5):G840–G849.
40. Harada N, et al. (2007) Glyceraldehyde-3-phosphate dehydrogenase enhances tran-

scriptional activity of androgen receptor in prostate cancer cells. J Biol Chem 282(31):

22651–22661.
41. Meyer-Siegler K, et al. (1991) A human nuclear uracil DNA glycosylase is the 37-kDa

subunit of glyceraldehyde-3-phosphate dehydrogenase. Proc Natl Acad Sci USA

88(19):8460–8464.
42. Alemán G, López A, Ordaz G, Torres N, Tovar AR (2009) Changes in messenger RNA

abundance of amino acid transporters in rat mammary gland during pregnancy,

lactation, and weaning. Metabolism 58(5):594–601.
43. Cramer S, Beveridge M, Kilberg M, Novak D (2002) Physiological importance of system

A-mediated amino acid transport to rat fetal development. Am J Physiol Cell Physiol

282(1):C153–C160.

11448 | www.pnas.org/cgi/doi/10.1073/pnas.1412099111 Velázquez-Villegas et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.201412099SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412099111/-/DCSupplemental/pnas.201412099SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1412099111

