
TSC-22D1 isoforms have opposing roles in mammary
epithelial cell survival
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Transforming growth factor b (TGFb)-stimulated clone-22 domain family member 1 (TSC-22D1) has previously been associated
with enhanced apoptosis in several cell systems. In an attempt to identify novel factors that are involved in the control of cell
death during mammary gland involution, we found that the mRNA for isoform 2 of TSC-22D1 was highly upregulated 24 h after
forced weaning, when a dramatic increase in cell death occurred, closely following the expression of the known inducer of cell
death during involution, TGFb3. This was paralleled by strongly increased TSC-22D1 isoform 2 protein levels in the luminal
epithelium. In contrast, RNA and protein expression levels of the isoform 1 of TSC-22D1 did not change during development.
Whereas isoform 2 induced cell death, isoform 1 suppressed TGFb-induced cell death and enhanced proliferation in mammary
epithelial cell lines. Furthermore, four distinct forms of isoform 2 protein were detected in the mammary gland, of which only a
15-kDa form was associated with early involution. Our data describe novel opposing functions of the two mammalian TSC-22D1
isoforms in cell survival and proliferation, and establish the TSC-22D1 isoform 2 as a potential regulator of cell death during
mammary gland involution.
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The mouse mammary gland provides an excellent model
system for studying transcriptional regulation of development.
The developmental cycle occurs primarily in the peripubertal
animal and comprises several distinct stages, characterised
by periods of cellular proliferation, migration, differentiation
and apoptosis.1 At birth, the mammary fat pad contains a
rudimentary ductal structure, which undergoes elongation,
branching and differentiation in response to hormonal
stimulation throughout puberty and pregnancy. Terminal
differentiation occurs during late pregnancy, culminating in
the formation of the alveoli, which are responsible for milk
secretion during lactation. After weaning, the gland then
undergoes a period of extensive cell death and tissue
remodelling known as involution, eventually returning to a
near pre-pregnant state.
Involution itself comprises two discrete phases.2,3 The first

phase is induced by milk stasis and local factors, and is
characterised by a widespread apoptosis of individual
secretory epithelial cells,4,5 paralleled by the phagocytic
clearance of these cells.6 This phase is reversible for up to 2
days, as lactation can be reinitiated by renewed suckling.5

After this time, involution enters the second, irreversible,
stage. This final phase of the developmental cycle is
distinguished by a widespread remodelling of the gland, and
is driven by reduced levels of systemic hormones, which seem

to act as survival factors, and increased expression of matrix
metalloproteinases.2,5

We have recently used oligonucleotide microarray technol-
ogy to create a database of gene expression profiles
throughout mouse mammary gland development. This study
identified 96 RNAs that showed specific increased abundance
after forced weaning.3,7 These RNAs included many factors
that had previously been associated with involution, including
STAT3 (signal transducer and activator of transcription 3),8

C/EBPd (CCAAT enhancer binding protein d),9 Bax (Bcl2-
associated X-protein)10 and transforming growth factor b3
(TGFb3).11 However, many of these RNAs had not been
described previously to function during involution and could
therefore represent novel regulators of cell death in the
mammary gland. Among these RNAs was the transcription
factor TGFb-stimulated clone-22 (TGFb-stimulated clone-22
domain family member 1 (TSC-22D1), also known as
TGFb1i4).
TSC-22D1, a member of the leucine zipper superfamily,

was initially characterised as a gene induced in culture by a
number of growth factors, including TGFb1.12 It is highly
conserved at both themRNAand protein levels, and found in a
range of organisms, from nematodes13 to flies,14 birds,15

fish,16 amphibians17 and mammals.12,18 Previous studies
have determined that TSC-22D1 is involved in epithelial
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morphogenesis,19 differentiation,20,21 cell growth22 and in the
regulation of cell death.18,21,23 TSC-22D1 was found to be
expressed in regions of epithelial–mesenchymal interac-
tion,19 and cellular differentiation.24,25 Furthermore, TSC-
22D1 has a wide tissue distribution, both in embryonic
development and in adults, including the heart, lung, kidney,
stomach, intestine, prostate, ovary, brain, and endothelium of
blood vessels.26,27 Themammalian TSC-22D1 gene encodes
two isoforms,26 1 and 2, which have different N termini, but
share the TSC box, which binds DNA,28 and the leucine
zipper-like domain, which serves as a dimerisation interface29

and regulates transcriptional activity.23

In this study, we show that TSC-22D1 is expressed in the
mouse mammary gland, and that the two TSC-22D1 isoforms
have different expression profiles during mammary gland
development. Furthermore, we demonstrate opposing func-
tions of the two TSC-22D1 isoforms on cell cycle and survival
in vitro. Whereas TSC-22D1 isoform 2 induces cell death and
can be upregulated by TGFb3 treatment, isoform 1 reduces
TGFb3-induced cell death, enhances proliferation and is
unresponsive to TGFb. Therefore, we propose that induction
of the TSC-22D1 isoform 2 may act downstream of TGFb3
signalling to initiate cell death during early mouse mammary
gland involution.

Results

TSC-22D1 is expressed during the apoptotic stage of
early involution. We previously published a mouse
mammary gland development microarray database in which
we identified mRNAs specifically upregulated during
mammary gland involution.3,7 Among these was the
transcription factor TSC-22D1, a member of the leucine
zipper superfamily.12 Expression of TSC-22D1 was fairly
constant in virgin mice and throughout early pregnancy
(Figure 1). However, a gradual decline in the mRNA level
was observed after day 14.5 of pregnancy, reaching a low at
day 7 of lactation. After forced weaning, abundance of TSC-
22D1 mRNA was dramatically increased during the early

apoptotic phase of involution and remained high until the
third day after pup removal, after which time the level
diminished. By day 20 of involution, the TSC-22D1 message
had essentially returned to the baseline level, similar to that
observed in the virgin state. The TSC-22D1 mRNA
expression profile therefore mimicked that of several genes
that are closely linked with the induction of apoptosis in the
mammary gland (Figure 1).

Different expression patterns for the two TSC-22D1
isoforms. The Affymetrix microarray probe set (Affymetrix,
High Wycombe, UK) was unable to distinguish between the
two isoforms of TSC-22D1. To identify which of the two
isoforms showed increased abundance during involution
and to compare their profiles during the pregnancy cycle,
we performed isoform-specific quantitative reverse trans-
criptase-PCR (qRT-PCR). Only the mRNA of the TSC-22D1
isoform 2 was strongly increased at the start of invo-
lution and had a similar profile to the Affymetrix microarray
data (Figure 2a). In contrast, the abundance of isoform 1
mRNA was constantly low during the entire pregnancy cycle.
To establish whether the changes in RNA abundance were

also reflected by the changes at the protein level, we
performed western blotting of mammary gland extracts from
all stages of development. The theoretical sizes for the two
isoforms were 110 (isoform 1) and 15.5 kDa (isoform 2),
respectively. A B110-kDa band, which could be blocked
with the antigen (Supplementary Figure 1a), was detectable
with a pan TSC-22D1 antibody throughout development
(Figure 2b–d), and corresponded to the band found when
the TSC-22 isoform 1 was overexpressed in MCF7 cells
(left-hand lane).
The isoform 2 of TSC-22D1 was detected as four distinct

bands by western blotting, of B11, 15, 18 and 20 kDa,
respectively, in size that showed different expression profiles
during mammary gland development (Figure 2b). The largest
20-kDa band was faintly detected during pregnancy, peaking
at day 14.5, but its levels diminished thereafter and remained
absent during involution. The 18-kDa band could be detected
at the end of pregnancy, at the beginning of lactation and
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Figure 1 TSC-22D1 expression coincides with apoptosis during mammary gland development. RNA expression levels of TSC-22D1 and other known cell death inducers
during involution as determined by Affymetrix Microarray analysis. The graphs represent averages±S.E.M. from three individual mice for each time point. v¼ virgin, time in
weeks, p¼ pregnancy, lac¼ lactation, inv¼ involution, time in days
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Figure 2 Differential expression of the two TSC-22D1 isoforms. (a) mRNA expression levels of TSC-22D1 isoforms 1 (black line) and 2 (broken line) as determined by
qRT-PCR, using cytokeratin-18 (KRT-18) as the epithelial housekeeping gene. Data represent average±S.E.M., N¼ 3 mice at each time point. (b) Western blot showing
TSC-22D1 isoform 1 (1 band) and 2 (4 bands) protein levels as detected with a pan TSC-22D1 antibody (Proteintech) during mammary gland development. v¼ virgin, time in
weeks, p¼ pregnancy, lac¼ lactation, inv¼ involution, time in days. (c) Densitometric analysis of three independent western blots from independent protein extracts and
mice. Each band for TSC-22D1 isoform 2 is represented separately. Data represent average±S.E.M. (d) Densitometric analysis of three independent western blots from
independent protein extracts and mice. The mean integrated density for the TSC-22D1 isoform 2 bands is summed, and represent the total expression. Data represent
average±S.E.M.
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again at days 2–4 of involution. The 15-kDa band was the
most predominant band, and was only detectable at days
1 and 2 of involution, whereas the 11-kDa band was only
detectable at days 2–4 of involution. This pattern was
consistently detected with two commercially available inde-
pendent polyclonal antibodies (R&D, Abingdon, UK, made in
goat and Proteintech Group, Manchester, UK, made in rabbit)
in three independent protein sets, and all bands could be
blocked by pre-incubation with the recombinant TSC-22D1
isoform 2 protein (Supplementary Figure 1b). All bands
corresponded to bands found when the TSC-22D1 isoform 2
was overexpressed from a cDNA clone in MCF7 cells

(Figure 2b, left-hand panel), indicating that they are all derived
from the same transcript. Therefore, the different bands do not
represent different splice variants, but probably represent
post-translational modifications of the TSC-22D1 isoform 2,
with or without the use of different translational start sites. The
15-kDa band was the weakest of the four bands in the control
samples, but was the dominant band during involution,
indicating a particular role of this form of the TSC-22D1
isoform 2 during the early stage of involution.
The average densitometry data for each band indicates that

the expression pattern of each TSC-22D1 isoform 2 band is
distinct and reproducible (Figure 2c). In addition, when the
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densitometry for all the TSC-22D1 isoform 2 bands are
summed up (Figure 2d), the pattern of expression is
remarkably similar to the mRNA expression data shown in
Figure 2a.
Further evidence for the association of the TSC-22D1

isoform 2 with mammary gland involution and accompanied
cell death came from a previously established in vitro

involution model.30 In this study, the TSC-22D1 isoform 2
mRNA expression was dramatically increased on hormone
withdrawal and induction of cell death, whereas isoform 1
expression was unaltered and only detected at low levels
throughout the experiment (data not shown), thereby reflect-
ing the in vivo microarray data.

Altered localisation of TSC-22D1 during involution.
TSC-22D1 was not previously described in the mammary
gland. Therefore, we used immunohistochemistry (IHC) on
paraffin-embedded sections of all developmental stages of
the pregnancy cycle to establish which cells of the mammary
gland expressed TSC-22D1. All available antibodies react
with both isoforms. The negative control without the primary
antibody showed no staining (Figure 3a and b). Expression of
the TSC-22D1 protein in the mammary gland of the virgin,
pregnant and lactating mouse was both nuclear and
cytoplasmic, and was primarily detected in myoepithelial
cells of the ducts and alveoli (Figure 3c–e, respectively).
However, the staining for TSC-22D1 was strongly increased
in the early involuting secretory luminal epithelium, where the
expression was again nuclear and cytoplasmic (Figure 3f).
In addition, TSC-22D1 was present in the cells, which had been
shed from the epithelium into the lumen (Figure 3f, asterisk (*)).
After 10 days of involution, the localisation of TSC-22D1 started
to return to a pre-pregnant pattern (Figure 3g). All staining could
be blocked by absorption with the recombinant TSC-22D1
isoform 2 protein (Supplementary Figure 2).
As no currently available antibodies are able to distinguish

between the two isoforms, we performed qRT-PCR on RNA
from primary mammary epithelial cells of 12-week-old virgin
mice, sorted according to CD24, CD45 and Sca-1 expression
as described previously.31,32 These markers allow the
discrimination between ER-positive and ER-negative luminal
epithelial, as well as myoepithelial cells, and expression of the
correct cell type-specific marker genes has been recently
published.31,32 The qRT-PCR data confirmed that both TSC-
22D1 isoforms were preferentially expressed in myoepithelial
cells (CD24low) of the virgin adult mammary gland (Figure 3h),
with isoform 2 showing a significantly higher mRNA expres-
sion than does isoform 1. The combined results from IHC,
qRT-PCR and western blots therefore suggest that both
TSC-22D1 isoforms are expressed in the mammary gland
myoepithelium, but that the increased luminal expression of
TSC-22D1 protein observed during involution is due to an
increase in isoform 2.

TSC-22D1 isoforms show opposite effects on colony
formation potential in vitro. The TSC-22D1 isoform 2 is
reported to induce growth arrest and cell death in several
in vitro systems18,23,33 and in a recent knockout model.34

Recently, different variants of the Drosophila orthologue of
TSC-22 domain proteins, bunched (bun) or shortsighted,
have been reported to exert opposing effects on proliferation
and cell growth.35,36 Therefore, we tested the effect of the
two TSC-22D1 isoforms on the colony formation potential of
the non-malignant mammary epithelial cell line EpH4 in vitro.
EpH4 cells were transfected with either a TSC-22D1 isoform
2 expression plasmid or a control vector, together with a
neomycin resistance gene. These were grown in the
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presence of G418 and surviving colonies were stained with
Giemsa staining solution. Those cells transfected with
isoform 2 showed reduced colony formation potential
compared with the control vector (Figure 4a). In addition,
when the TSC-22D1 isoform 2 was specifically knocked
down using plasmids expressing two TSC-22D1 isoform 2-
specific micro RNA (miRNA) constructs (Figure 4b), the
colony formation potential was increased (Figure 4c),
indicating that the TSC-22D1 isoform 2 negatively affects
cell survival and/or proliferation in a mammary epithelial
cell line.
In contrast, when isoform 1was transfected into EpH4 cells,

increased colony formation was detected (Figure 4d), indicat-
ing that the two isoforms of TSC-22D1 exert opposite effects
on cell survival and/or proliferation. A specific knockdown of
the TSC-22D1 isoform 1 did not affect the number or size of
the colonies formed (Figure 4e and f), indicating that the TSC-
22D1 isoform 1 can promote, but is not necessary for survival
and/or proliferation of EpH4 cells using this assay.

TSC-22D1 isoforms show opposite effects on proliferation
and apoptosis. To confirm our colony formation assay
results, and to investigate whether the two TSC-22D1
isoforms regulate proliferation and apoptosis similarly to their

Drosophila orthologues in a mammary epithelial cell system,
we analysed transfected EpH4 cells by fluorescence-activated
cell sorting (FACS). The TSC-22D1 isoform 2 significantly
increased the percentage of EpH4 cells found in the sub-G1
phase, indicating increased cell death (Figure 5a), whereas no
growth arrest in the form of a concomitant increase in the
G1 phase was observed (data not shown). In contrast, the
TSC-22D1 isoform 1 did not significantly affect the percentage
of cells in the sub-G1 phase (Figure 5b).
Furthermore, although there was no change in the amount

of cells in the S/G2/M-phase when isoform 2 was over-
expressed (Figure 5c), the TSC-22D1 isoform 1 overexpres-
sion increased the percentage of cells in the S/G2/M-phase
(Figure 5d), suggesting an increase in proliferating cells.
These results were confirmed using a BrdU incorporation
assay (Figure 5e and f). Therefore, our data show that the two
isoforms of TSC-22D1 have opposing functions on prolifera-
tion and survival in mammary epithelial cells.

TGFb3 can induce the TSC-22D1 isoform 2 in mammary
epithelial cells. TSC-22D1 was originally identified as a
gene induced by TGFb1 in mouse osteoblastic cells.12

Moreover, a large body of evidence indicates that TGFb
signalling influences several stages of mammary gland
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development (reviewed in Daniel et al.37), and that TGFb3 in
particular is necessary for efficient induction of apoptosis
during involution.11 We speculated that TGFb might be
responsible for the observed induction of TSC-22D1 during
involution. The expression profiles of all the three isoforms
of TGFb (Figure 6a) showed that although both TGFb1
and TGFb2 were present at low levels throughout mammary
gland development, only TGFb3 had an RNA expression profile
that suggested a possible relationship with the induction of
TSC-22D1 on the first day of involution. Whereas TGFb1 RNA
levels increased at day 3 of involution, TGFb3 was greatly
elevated from day 1 until day 4, strongly resembling the
expression profile of TSC-22D1. We therefore investigated
whether TGFb3 could induce the TSC-22D1 isoform 2
expression in vitro. EpH4 cells were treated with 5ng/ml of
either TGFb1 or TGFb3 for 2h, and the expression of TSC-
22D1 was monitored by qRT-PCR. The 2-h treatment time was
determined to be the peak of the TSC-22D1 isoform 2 induction
for both TGFb1 and TGFb3 in optimisation experiments (not
shown). EpH4 cells contained low basal levels of both TSC-
22D1 isoforms under vehicle-control conditions. Both TGFb1
and TGFb3 were able to stimulate expression of the TSC-22D1
isoform 2; however, this effect was most pronounced in
response to TGFb3 (Figure 6b). No increased expression of
isoform 1 was found in response to either TGFb1 or TGFb3.
These data support the hypothesis that the TSC-22D1 isoform
2 can be induced by TGFb3 in the involuting mammary gland,
and furthermore indicate independent transcriptional control
mechanisms for the two isoforms.
The TSC-22D1 isoform 2 has previously been shown to

enhance TGFb1-induced Smad transcriptional activity.20

To examine whether the TSC-22D1 isoform 2 could affect

TGFb-induced cell death, EpH4 cells were transfected with
pEGFP-TSC-22D1 isoform 2 or with pEGFP alone, followed
by treatment with 5 ng/ml TGFb1 or TGFb3 for 72 h. The
sub-G1 content of transfected cells was measured by
FACS. Although isoform 2 showed the expected increase
in TGFb3-induced sub-G1 content, there was no effect on
TGFb1-treated cells at this time point (Figure 7a). The
increase in TGFb3-induced cell death was further confirmed
using a Caspase 3/7 assay (Promega, Madison, WI, USA)
(Figure 7b). In contrast, knock down of the TSC-22D1 isoform 2
using specific miRNAs significantly reduced TGFb3-induced
cell death (Figure 7c). Similarly, overexpression of the TSC-
22D1 isoform 1 also significantly reduced the TGFb3-induced
cell death (Figure 7d).

Discussion

TSC-22D1 is a member of the leucine zipper superfamily
and was previously shown to have a role during embryonic
epithelial morphogenesis in Drosophila,14 chick15 and
mouse.19 However, this is the first report to implicate
TSC-22D1 as a possible regulator of cell death in the mouse
mammary gland during the lactation-to-involution switch.
Furthermore, this is the first observation that the two isoforms
of TSC-22D1 are differentially regulated, and have opposing
effects on mammalian cell proliferation and viability.
Although TSC-22D1 isoform 1 levels were unchanged

during mammary gland development, only the TSC-22D1
isoform 2 expression was highly increased during early
mammary gland involution, paralleled by a strong increase
in TSC-22D1 immune-reactivity in luminal epithelial cells, and
in cells shed into the lumen. This links TSC-22 isoform 2
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expression to early cell death during the lactation-to-involution
switch. Our in vitro data, which show that overexpression of
the TSC-22D1 isoform 2 can indeed induce and enhance cell
death inmammary epithelial cells, further suggest that isoform
2 could be directly involved in the induction of cell death during
this developmental stage. Surprisingly, the TSC-22D1 isoform
2 was expressed as four distinct bands. As these four bands
could also be detected when a cDNA for isoform 2 was
expressed in MCF7 cells, these bands could represent
different post-translational modifications. These bands
showed different expression profiles, suggesting that the
proteins have different activities in mammary epithelial cells,
and only the 15-kDa form was predominantly associated
with early involution when cell death was induced. None
of the other forms were detected at this time point. However,
the 18- and 20-kDa forms were the predominant forms
during pregnancy and when the cDNA of TSC-22D1 isoform
2 was overexpressed in MCF7 cells, whereas the 15-kDa
band was the weakest. This indicates that various post-
transcriptional modifications of isoform 2 occur under different
conditions, which may possibly affect its function, and that
the 15-kDa form seems to be responsible for the cell
death-inducing function of the TSC-22D1 isoform 2. This
novel observation may explain why TSC-22D1 isoform
2 expression is not always associated with cell death in all
tissues.14,19,20,24,25,27,34

Although reduced colony formation in TSC-22D1 isoform 2
overexpressing cells suggested an induction of either cell
death or growth arrest, our FACS analysis showed that the
TSC-22 isoform 2 induced cell death in mammary epithelial
cells, with no apparent growth arrest as had been described in
colon carcinoma cells.22 Overexpression of the TSC-22D1
isoform 1 exerted the opposite effect on the TSC-22 isoform 2,
as it increased cell proliferation. Therefore, our data are in
agreement with those recently observed for the Drosophila
orthologue of TSC-22 domain proteins (bun).35,36 The long
isoform of bun (bunA) was found to promote cellular growth
and proliferation of Drosophila ovarian follicle cells and polar
cells, whereas the small isoforms exerted no or only minimal
effects.36 In addition, although bunA enhanced the growth-
promoting activity of ribosomal protein S6 kinase when
co-expressed in the dorsal compartment of the wing imaginal
disc, the TSC-22D1 isoform 2 orthologues, bunB and bunC,
antagonised this activity.35 The similarity between these
results and our findings indicate a highly conserved function
of the TSC-22D1 gene in both organisms. However, whereas
mutations that deleted the small bun isoforms (orthologues of
isoform 2 in mammals) exerted no effect on cell viability or
proliferation,35 a knockdown of the TSC-22D1 isoform 2 in
mammary epithelial cells increased colony formation and
decreased TGFb3-induced cell death, indicating that the
isoform 2 has an important role in controlling cell survival in
the mammary epithelial system under these conditions.
Similarly, whereas bunA depletion in Drosophila S2 cells
increased cell death,36 the TSC-22D1 isoform 1 did not seem
to be necessary for cell survival in vitro, although this isoform
reduced the cell death induced by TGFb3. This novel
observation of the opposing functions of the TSC-22D1
isoforms in mammalian cells may help explain the recent
findings in TSC-22D1 knockout mice. Knocking out both

isoforms induced cell proliferation in lymphocytes, but
reduced the weights of the kidneys and hearts,34 indicating
the possibility that functions of the different isoforms are
dominant in different tissues. Unfortunately, the mammary
glands of these knock out mice were not analysed.
The TSC-22D1 isoform 2 was previously shown to be

expressed in epithelial cells at sites of the epithelial–
mesenchymal interaction,19 and bun was found to integrate
opposing signalling pathways to set tissue boundaries.14 The
expression of TSC-22D1 inmyoepithelial cells is in agreement
with these observations, and suggests that in the non-
involuting mammary gland, TSC-22D1 could be involved in
the maintenance of the epithelial–stromal boundary, although
the mechanism(s) for this are unknown. It is still unclear which
isoform is predominantly expressed in the myoepithelium.
Whereas our RT-PCR data of sorted mammary epithelial cells
from an adult virgin mouse showed that isoform 2 RNA
expression was the highest, western blots identified mostly
isoform 1, with very low amounts of isoform 2 protein in
mammary glands of virgin or pregnant mice. This could
suggest that isoform 1 has higher protein stability or is more
effectively translated. Certainly, the TSC-22D1 isoform 2
seems to have different functions in the myoepithelial and
luminal epithelial cells, as major cell death only occurs during
involution, when isoform 2 is upregulated in the luminal
epithelium. It remains an open question whether the presence
of isoform 1 in the myoepithelium antagonises the pro-
apoptotic function of isoform 2 in these cells. Furthermore,
only the 18- and 20-kDa forms of isoform 2 could be detected
in the mammary glands of pregnant mice, but neither the 15-
nor 11-kDa forms, again suggesting that post-translational
modifications can alter the activity of isoform 2.
TSC-22D1 was originally described as a TGFb1-inducible

gene,12 and TGFb3 is involved in cell death during involu-
tion.11,37 In the involuting mammary gland, the TSC-22D1
expression profile was much more closely matched to that of
TGFb3 than to TGFb1 or TGFb2. Furthermore, we found that
the TSC-22D1 isoform 2 was induced in cultured mammary
epithelial cell lines treated with TGFb3 to a greater extent than
in cells treated with TGFb1. In light of these results, and the
fact that TGFb proteins have multiple roles during mammary
gland development,11,37 it is feasible that TGFb3 is respon-
sible for regulating the expression of the TSC-22D1 isoform 2
at the onset of involution. However, our results cannot exclude
the possibility that factors other than, or in addition to, TGFb3
might provide this function. This possibility is further strength-
ened by the finding that TGFb3 is important for alveolar
differentiation during late pregnancy,37 whereas no upregula-
tion of the 11- and 15-kDa bands of the TSC-22D1 isoform
2 were observed during these developmental stages. It is
possible that in a different microenvironment, such as that
found at the end of pregnancy, TGFb3 induces the 18- and
20-kDa bands of the TSC-22D1 isoform 2, which may have
functions associated with alveolar differentiation.
Further evidence for regulation of the TSC-22D1 isoform

2 by TGFb3 is the similar localisation of both proteins. Indeed,
TGFb3 is localised to the myoepithelium of virgin mammary
glands,38 and is induced in the lobuloalveolar epithelium
during involution,11 thereby replicating the expression pattern
reported in this study for TSC-22D1. Unfortunately, no
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material from TGFb3-null mice from previously published
studies was available, which would have allowed us to test
for changes in TSC-22D1 isoform 2 expression during
the mammary gland developmental cycle, and to determine
the effect of the loss of such an apoptosis-inducing mechan-
ism on involution.
The finding that the TSC-22D1 isoform 2 induced and

potentiated TGFb3-induced cell death further indicates a role
of this protein in enabling the quick and extensive induction of
cell death that occurred during involution. The action of the
TSC-22D1 isoform 2 on TGFb3-induced cell death may be
due to its ability to bind to Smad4, a downstream target of
TGFb, and to increase the transcriptional activity of Smad20

(unpublished observation in EpH4 cells). In contrast, the
TSC-22D1 isoform 1 was able to reduce the amount of
TGFb3-induced cell death and the transcriptional activity of
Smad in response to TGFb3 (unpublished observation).
In summary, we have identified the transcription factor,

TSC-22D1, as a putative regulator of cell death during the first
stage of mammary gland involution. Our results indicate that
expression of the TSC-22D1 isoform 2 can be induced by
TGFb3 signalling in vitro to enhance a pro-apoptotic cascade.
Moreover, we report that the TSC-22D1 isoform 1 has oppo-
site functions in mammary epithelial cell lines to isoform 2,
inducing proliferation and reducing TGFb3-induced cell death
in vitro, thereby highlighting the need for researchers
to specify the isoform studied. Further studies will need to
establish the mechanism(s) of action of the two isoforms.

Materials and Methods
Microarray analysis. Complete details of sample preparation and the
microarray analysis have been described previously.7 Briefly, the fourth (inguinal)
mammary glands of Balb/C mice were harvested at the following developmental
stages: virgin (weeks 6, 10 and 12), pregnancy (days 1, 2, 3, 8.5, 12.5, 14.5 and
17.5), lactation (days 1, 3 and 7) and involution (days 1, 2, 3, 4 and 20). For
involution samples, mouse pups were removed after 7 days of lactation. Total RNA
was prepared using Trizol (Invitrogen, Paisley, UK), and cRNA was produced
according to the method recommended by Affymetrix. Labelled cRNA was
hybridised to the Affymetrix MG-U74Av2 chip. All experiments were carried out in
triplicate with RNA obtained from three individual mice. Data were analysed using
the Affymetrix Data Mining Tool.

Western blot analysis. Protein extracts were prepared from 2–3-mm strips of
the fourth (inguinal) mammary gland and extracted by crushing the tissue in liquid
nitrogen using a mortar and pestle on dry ice. The resulting powder was then
transferred into a glass homogeniser and re-suspended in lysis buffer (50 mM Tris pH
7.5, 150 mM NaCl, 5 mM EDTA, 1% IPEGAL-CA630, phosphatase inhibitor cocktail II
(Sigma-Aldrich, Poole, UK), Complete Mini protease inhibitor cocktail (Roche Applied
Science, Lewes, UK)), incubated for 10 min at 41C and centrifuged for 10 min at
20 000 g at 41C. Protein concentrations were estimated using the BCA method (Pierce
Biotechnology, Rockford, IL, USA). In all, 50–100mg of protein was separated under
denaturing and reducing conditions on a 4–12% Bis-Tris NuPage gel (Invitrogen) in the
MES-SDS buffer. Separated proteins were transferred onto nitrocellulose membrane
(Schleicher & Schuell, Dassel, Germany) and stained using Ponceau S to verify the
complete transfer. Antibodies used were the rabbit polyclonal antibody to human TSC-
22D1 (Proteintech Group, diluted 1 : 500), the goat polyclonal antibody to mouse/rat
TSC-22D1 (Research and Development, Abingdon, UK, diluted 1 : 500) and a goat
polyclonal antibody to actin (Amersham, Chalfont St. Giles, UK, diluted 1 : 1000).
Proteins were detected by chemiluminescence using ECL reagent (Amersham).

qRT-PCR. RNA isolation was carried out as described previously.7 RNA was
DNAse treated (DNA-free; Ambion, Huntingdon, UK) according to the manufac-
turer’s protocol, and cDNA was produced from 1 mg of RNA using random primers
(Invitrogen) and Transcriptor reverse transcriptase (Roche Applied Science)

according to the manufacturer’s instructions. A volume of 1 ml of cDNA was used for
the PCR reaction using Universal Probe Library assays designed on the Roche
Applied Science website as follows:

Murine TSC-22D1 isoform 1 primers: 50-GCCAGTGACTCAAAATCCAAC-30;
50-GAGGACAATGCTGCTTGAAA-30; probe 66.
Murine TSC-22D1 isoform 2 primers: 50-CAGCTAGGCGGTTTTATCTAGTTT-30;
50-GCAATTGCAGCCAAATTAAAA-30; probe 64.
Murine b-actin primers: 50-AAGGCCAACCGTGAAAAGAT-30; 50-GTGGTACGA
CCAGAGGCATAC-30; probe 56.
Murine cytokeratin (KRT) 18 primers: 50-AGATGACACCAACATCACAAGG-30;
reverse: 50-TCCAGACCTTGGACTTCCTC-30; probe 78.

The assays were set-up according to the manufacturer’s instructions, using
LightCycler 480 Probes Master (2� , Roche Applied Science), and the reactions
were performed on a LightCycler 480 Real-Time PCR system (Roche Applied
Science). Data analysis was carried out using LightCycler 480 software, version 1.5.
Ct values for each TSC-22D1 isoform were normalised to Ct values of either b-actin
or KRT 18 as mentioned in the figures. Samples without reverse transcriptase were
used as negative controls. Each sample analysis was carried out in triplicate wells.

Immunohistochemistry. IHC was performed using the goat polyclonal
primary antibody against murine TSC-22D1 (R&D, diluted 1 : 100). Antigen retrieval
was carried out in 1 mM EDTA (pH 8.0). Paraffin-embedded tissue sections were
stained using the ImmPRESS anti-goat Ig kit (Vector Laboratories, Peterborough,
UK) and visualised by 3,30-diaminobenzidine tetrahydrochloride (DABplus, Dako,
Ely, UK). Stained sections were counterstained with haematoxylin.

Preparation and flow cytometry of mammary cell sub-
populations. Fourth mammary fat pads were harvested from 10-week-old
virgin FVB mice. Single mammary cell suspensions were prepared as described
previously.32 Mammary cell suspensions at 106 cells per ml were stained with anti-
CD24-FITC (clone M1/69, BD Biosciences, Oxford, UK, 0.5mg/ml), anti-CD45-PE-Cy5
(clone 30-F11, BD Biosciences, 0.25mg/ml) and anti-Sca-1-PE (clone D7, BD
Biosciences, 0.5mg/ml) as described previously.32 Cells were sorted at low pressure
(20 psi using a 100mm nozzle) on a FACSAria (Becton Dickenson, Oxford, UK)
equipped with violet (404 nm), blue (488 nm), green (532 nm), yellow (561 nm) and red
(635 nm) lasers. Both cell sample and collection tubes were maintained at 41C Single
stained samples were used as compensation controls. Dead cells, CD45þ leukocytes
and non-single cells were excluded. Cells were sorted into CD24þ /Low Sca-1� (basal/
myoepithelial), CD24þ /High Sca-1� (luminal oestrogen receptor negative) and
CD24þ /High Sca-1þ (luminal oestrogen receptor positive) fractions. Freshly sorted
mammary epithelial sub-populations were re-suspended in RLT buffer (Qiagen,
Crawley, West Sussex, UK) and stored at �801C until required for RNA extraction.

Cell culture. The EpH4 mouse mammary gland cell line (clone K6) was kindly
provided by Walter Birchmeier (Max Delbruck Centre for Molecular Medicine, Berlin,
Germany). The MCF-7 human breast cancer cell line and HEK293T/17 were
obtained from the ATCC (LGC Standards, Teddington, UK). Both cell lines were
maintained in DMEM (Invitrogen) supplemented with 10% FBS and grown at 371C
with 5% CO2 in a humidified atmosphere. Cultures were serum starved overnight
and treated with either TGFb1 or TGFb3 (Peprotech, London, UK) at a final
concentration of 5 ng/ml and samples were collected at the indicated time points.

Transfections. EpH4 cells were transfected using Lipofectamine LTX and Plus
reagent (Invitrogen) according to the manufacturer’s instructions. MCF-7 cells were
transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions, but the medium was changed 4 h after transfection to avoid cytotoxicity.
pCMV-Sport-TSC-22 (human isoform 2, IMAGE clone 3850392) and pAsc-YX-
TSC-22 (murine isoform 1, IMAGE clone 6409347) were obtained from HGMP
(Cambridge, UK). TSC-22D1 isoform 1 was then sub-cloned into pcDNA3
(Invitrogen) using NotI, and the orientation of the insert was checked. pCMV-Sport6
was obtained from Invitrogen. pSV2Neo, pEN-TTmirc3 and pSLIK-Neo were
obtained from ATCC (LGC Standards). pmiRNAs were synthesised using the
BLOCK-iT technology (Invitrogen) according to the manufacturer’s instructions, with
the following miRNA sequences:

miR-1:50TGCTGTAAACTCCTAGATCCATCGCCGTTTTGGCCACTGACTGAC
GGCGATGGCTAGGAGTTTA-30;
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miR-2: 50-TGCTGATCGCCACTGGTCTACACCATGTTTTGGCCACTGACTGA
CATGGTGTACCAGTGGCGAT-30;
miR-3: 50-TGCTGTATGCTAGCAGCATTAGGGATGTTTTGGCCACTGACTGA
CATCCCTAACTGCTAGCATA-30;
miR-4: 50-TGCTGTAACAACACTGGTAACTCCAGGTTTTGGCCACTGACTGAC
CTGGAGTTCAGTGTTGTTA-30;
pmiR-NEG was provided in the kit. pMDLg/pRRE, pRSV-Rev and pCMV-VSV-G
were obtained from Addgene Inc., Cambridge, MA, USA.

Generation of stable cell lines. The entry vector pEN-TTmirc2 was used,
and the miRNA sequences from the Block-iT vectors described above were cloned
into it using enzymes NcoI and XbaI. The miRNA sequences and TT promoter were
then cloned into the vector pSLIK-Neo using LB Clonase (Invitrogen). The SLIK-
miRNA vectors were transfected into HEK293T/17 cells, together with pMDLg/
pRRE, pRSV-Rev and pCMV-VSV-G, to allow the generation of virus particles. The
virus particles were used to transduce EpH4 cells, which were selected using
1 mg/ml G418 (Sigma-Aldrich). Before each experiment, the cell lines were treated
with 1mg/ml doxycycline for 72 h to induce miRNA expression and for the knock-
down of TSC-22D1.

Colony assays. Colony assays were performed to determine changes in cell
proliferation and/or survival. Cells were plated at a low density and transfected as
indicated, and treatment with selective antibiotics (G418, Sigma-Aldrich, 500mg/ml
for CMV plasmids, and blasticidin, Sigma-Aldrich, 6 mg/ml for pmiR plasmids) was
started after 48 h to eliminate non-transfected cells. The medium containing
antibiotic was changed every 2 days until the colonies were ready for staining.
Culture dishes were stained with Giemsa (Sigma-Aldrich), rinsed in several washes
of PBS and allowed to dry.

FACS. Cell cycle determination was performed as previously described.39 Briefly,
cells were collected at the indicated time points, and fixed in methanol at �201C.
The cells were then stained with 50mg/ml propidium iodide (Sigma-Aldrich) and
50mg/ml RNase A (Sigma-Aldrich) for 30 min and the cell cycle was analysed only in
transfected cells (green fluorescent protein (GFP) positive) by flow cytometry
(FACSCalibur, BD Biosciences, and associated CellQuest software).

BrdU assay. Cell proliferation was assayed using a BrdU colorimetric ELISA
(Roche Applied Science). EpH4 cells, transfected as indicated, were serum starved
overnight and incubated for 4 h with BrdU, and the incorporation rate measured
according to the manufacturer’s instructions on a MR7000 microplate reader
(Dynatech, Billinghurst, UK).

Statistical analysis. Depending on the number of sample groups and inde-
pendent variables compared, Student’s unpaired two-tailed t-test (comparing two
sample groups), ANOVA-1 (comparing more than 2 sample groups) or ANOVA-2
(comparing more than two sample groups, with two independent variables) was
used. For ANOVAs, Tukey’s test was used for post hoc analysis. P-values are
represented as *Po0.05, **Po0.01 and ***Po0.001.
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