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The family of S6K includes an insulin/mitogen-ac-
tivated serine/threonine protein kinases (S6K1 and
S6K2), whose major known substrate is the 40S ribo-
somal subunits protein S6 [1–3]. S6 phosphorylation is
a conserved mitogenic response that regulates trans-
lation of 5’-terminal oligopyrimidine tract-containing
mRNAs encoding components of protein biosynthetic
machinery namely ribosomal proteins and elongation
factors [4–5]. Each form of S6K represented in the cell
by two isoforms — cytoplasmic (S6K1/II, S6K2/II) and
nuclear (S6K1/I, S6K2/I) are known to be generated
from a single gene by alternative mRNA splicing and
the use of alternative translation start sites [6]. The
N-terminal extension in S6KI sequence contains a nu-
clear localization signal that targets this isoform to the
nucleus, whereas S6KII appears to be localized pre-
dominantly in the cytoplasm [7].

At least two distinct signaling pathways underlying
activation of S6K1 have been identified. One pathway
involves PI 3-kinase, and its downstream effectors
PDK1 and perhaps PKB [8]. Treatment of cells with PI
3-kinase inhibitors such as wortmanin inhibits the ac-
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tivation of S6K. Another pathway contributing to the
activation of S6K is regulated by the mammalian target
of rapamicine (mTOR) as revealed using the immuno-
suppressant rapamicine, which inhibits mTOR and ac-
tivation of S6K [9].

S6K1 was identified more then decade ago, and
S6K2 was identified only recently, hence most func-
tional studies have involved S6K1 [10–13]. S6K2 phos-
phorylates S6 ribosomal protein, and is highly homolo-
gous to S6K1 in the core kinase and linker regulatory
domains [10–13]. Seven of eight mitogen-stimulated
regulatory phosphorylation sites identified in S6K1 are
conserved in S6K2. These suggest that S6K2 may be
regulated through the multisite phosphorylation mecha-
nism that is similar to that for S6K1. At the same time
there are interesting differences in S6K2 primary struc-
ture that may confer differential regulation and func-
tioning of this kinase [10]. C-terminus of S6K2 con-
tains a proline-rich domain, which is thought be in-
volved in a specific interaction with regulatory proteins
[10, 14], and additional nuclear localization signal not
found in S6K1 [12].

Taken together, these findings raise the possibility
that S6K2 is regulated by a similar but distinct mecha-
nism from that for S6K1.
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There is a growing evidence that S6K kinases ex-
hibit oncogenic potential. The gene encoding S6K1 has
been found to be amplified and overexpressed in the
MCF-7 breast cancer cell lines and in approximately
10% of human breast carcinomas which is associated
with poor prognosis [15–17]. Some authors believe that
S6K1 is the first oncogenic marker that has prognostic
impact on locoregional control and therefore may have
clinical implication in determining the local treatment
strategy in early-stage breast cancer patients [17]. We
have also reported overexpression of S6K1 kinase in
breast adenomas and adenocarcinomas [18], thyroid
[19] and endometrial tumors [20]. Constitutive activa-
tion of S6K1 was shown in primary human leukemia
and myeloma [21], increased expression of phospho-
rylated S6K1 was detected in papillary thyroid tissues
[22]. So far very little is known about oncogenic poten-
tial of S6K2, which has been discovered much later
than S6K1. According to our previously published data
S6K2 is overexpressed in small cell lung cancer cell
lines [23], breast tumors and breast cancer cell lines
[18]. Recently we have performed immunohistochemi-
cal analysis of S6K expression in benign and malig-
nant breast tumors [24]. Together with overall increase
in the amount of S6K1 and S6K2 in cancer cells a strong
accumulation of S6K2 kinase in the nuclei of epithelial
adenocarcinoma cells have been detected in several
tumor samples in contrast to the normal tissues. This
fact has not been described in the literature before and
demonstrates divers functioning of S6K1 and S6K2
during oncogenesis. In present study we performed a
comparative immunohistochemical analysis of subcel-
lular localization of S6K kinases.

MATERIALS AND METHODS
Tissue samples of the breast carcinomas were ob-

tained from the collection of Center for Immunohis-
tochemical Diagnostics (Dnipropetrovsk, Ukraine). All
samples were classified according to the criteria pro-
posed by WHO. From 150 cases 58 were randomly cho-
sen for investigation. All tumors were primary without
any treatment. Infiltrating ductal adenocarcinomas
in 42 cases and infiltrating lobular adenocarcinomas
in 16 cases were diagnosed. From them 5 had I, 26 —
II, 11 — III histologic tumor grade, 9 — contained mixed
differentiated tumor structures. For comparison of lo-
calization of investigated antigens 5 conventionally nor-
mal breast tissue samples and 4 breast adenomas were
used. The age of the patients ranged from 27 to 76 years.

All tissue samples were fixed in formalin and em-
bedded in paraffin. For analysis we used 5 µm sec-
tions after deparaffinization. Immunohistochemical
staining of breast tumor tissues have been performed
as it was described earlier for thyroid gland tumors [19]
and breast tumors [18]. For blocking of nonspecific
binding we used Biotin blocking system (DAKO, USA)
and 1% BSA (DiaÌ, Russia). The dilution of rabbit poly-
clonal anti-S6K1 antibodies was 1 : 5000 and
anti-S6K2 mouse monoclonal antibodies was 1 :
12 000. Anti-mouse and anti-rabbit biotin labeled an-

tibodies (Sigma, USA) and Vectastain ABC Kit (Vecor
Lab., USA) were used. For negative control 1% BSA
(DiaÌ, Russia) was added instead of primary antibo-
dies. Specificity of primary antibodies has been ana-
lyzed by staining of tissue slides using anti-S6K anti-
bodies preliminary blocked by recombinant antigen
(C-terminal peptide of S6K) as described earlier [24].
No staining has been observed in this case.

Light microscopy was performed using an Axioplan
microscope (Carl Zeiss, Germany). Immunostaining of
cancer cells was evaluated and scored for cytoplasmic
localization as: 0 — no staining, 1 — weak staining, 2 —
moderate staining, 3 — strong staining; for nuclear stain-
ing: 0 — no staining, 1 — 1–20% positively stained nu-
clei, 2 — 20%–50% positively stained nuclei, 3 — more
then 50% positively stained nuclei. If staining was greater
or equal than two, staining was deemed as overexpres-
sion and tumor positive for S6K1 or S6K2 [17].

RESULTS
Earlier we have studied the profile of S6K1 and S6K2

expression in different human breast tumors by Western
blotting analysis of tumor’s homogenates. An elevated
level of S6K1 expression has been detected in approxi-
mately 60% of benign and malignant tumor samples but
expression of S6K2 was elevated only in malignant tu-
mors almost to the same extent as S6K1 [18]. According
to immunohistochemical analysis of breast fibroadenomas
and adenocarcinoma tumors S6K kinases are overex-
pressed not only in the cancer cells of epithelial origin but
in stroma, vessels and smooth muscle cells [24]. Some-
times the overall amount of S6K kinases, especially S6K1,
was even greater in non-epithelial cells. However the most
interesting finding was the accumulation of both kinases
in the nuclei of cancer cells that was more typical for S6K2
and has not been observed in normal tissues. In some
cases immunostaining of the nuclei with specific anti-S6K1
or anti- S6K2 was even grater the cytoplasmic one. We
believed that at least for S6K we observed the nuclear
accumulation of the cytoplasmic form of p70S62 kinase
since according to the Western blotting analysis of tumor
samples overexpression of S6K2 nuclear 56kDa form
(S6K2/I) have not been detected [18]. To investigate these
phenomena in more detail we performed extended im-
munohistochemical analysis of tumor samples and fo-
cused only at distribution of S6K kinases between cyto-
plasm and nuclei in transformed epithelial cells. We have
analyzed 5 samples of normal tissues distant from tu-
mor, 4 samples of fibroadenoma and 58 adenocarcino-
ma tumors.

Normal tissues exhibited very weak staining of the
cytoplasm of epithelial cells for both kinases (Fig. 1).
Staining of the nuclei has not been detected at all. That
was a typical staining of normal breast tissues we have
described before [18].

Analysis of benign tumor samples revealed more
intense staining of S6K1 and S6K2 in the cytoplasm of
tumor cells versus normal tissues and in some cases
was estimated as moderate or even strong. The over-
all increase of S6K1 and S6K2 in the cytoplasm com-
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pared to normal tissues was 25% and 50% respec-
tively. Very weak staining of the nuclei has been de-
tected in a half of cases, but only for S6K2 (see Fig. 1).

In malignant tumors in 10.0% cases an elevated
level of S6K2 in the cytoplasm have been detected. In
contrast to normal and benign tissues where nuclear
localization have not been detected at all, 22% of cas-
es demonstrated nuclear localization of S6K1, in 8.6%
of them up to 50% of nuclei were stained.

The cytoplasm staining of S6K2 in breast adeno-
carcinoma samples was a little lower then in benign
tumors but still grater then in normal tissues — up to
25% of the cases revealed S6K2 overexpression (6.9%
of them — the strong one). We have detected a dra-
matic increase in a number of nuclear S6K2 positive
cancer cells. Up to but 80% of the cases were nuclear
positive in contrast to normal tissues, where nuclear
staining has not been detected at all. In 25% of cases
up to 20% of cells had the nuclear staining, in 24% of
cases from 20% to 50% of cells had positive nuclear

staining, and in 31% of cases more than 50% of cells
had positive nuclear staining (see Fig. 1). We could
detect a sufficient increase in a nuclear staining as com-
pare to benign tumors as well.

Since S6K kinases belong to PI-3 kinase depen-
dent signaling pathway implicated in diverse cellular pro-
cesses including cell differentiation we have analyzed
the overexpressed status of S6K kinases in respect to
tumor grade. As it presented on Fig. 2, almost no differ-
ences in the expression profile between grade I and III
have been found for both kinases. However the overall
decrease in kinase amount was detected at grade II.
Analyzing the nucleus/cytoplasm distribution of both ki-
nase forms we could detect alterations in the ratio of
nucleus/cytoplasm positive cells in tumors of grade I, II
and III (1.5, 1.1, 2.3 respectively). These data indicates
an increase in a number of nuclear positive and decrease
in cytoplasm positive cancer cells for tumor grade III that
has to be the most aggressive tumor type.

Detailed analysis of localization of S6K1 and S6K2
in tumor cells revealed 4 different variants of kinase
distribution (Fig. 3): absent or basal expression level in
the cytoplasm and the nuclear staining of less then 20%
of cancer cells (86% and 36% of cases respectively);
only nuclear staining of more then 20% of cancer cells
(5% and 36%); only increased cytoplasmic staining (5%
and 10%); simultaneous expression in the cytoplasm
and nuclei (3% and 17%). These data indicates that in
very limited number of cases S6K1 and S6K2 kinases
(especially S6K2) have been detected exclusively in
the cytoplasm.
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Fig. 1 Distribution of S6K1 and S6K2 in normal epithelial breast
cells, breast adenoma and adenocarcinoma epithelial cells de-
pending on the score (S6K1C — staining for S6K1 in cytoplasm;
S6K1N — staining for S6K1 in the nuclei; S6K2C — staining for
S6K2 in the cytoplasm; S6K2N — staining for S6K2 in the nuclei)
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Fig. 2 Subcellular distribution of S6K1 and S6K1 in cancer cells
at different histological tumor grade (S6K1C — staining for S6K1
in cytoplasm; S6K1N — staining for S6K1 in the nuclei; S6K2C —
staining for S6K2 in cytoplasm; S6K2N — staining for S6K2 in
the nuclei)

Fig. 3 Combination of cytoplasmic (C) or/and nuclear (N) locali-
zation of S6K1 and S6K2 in breast cancer cells
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Comparative analysis of p70S6 kinases expression
in cancer cells lead to the assumption about compen-
satory effect in kinase expression. In spite of high num-
ber of S6K1 and S6K2 cytoplasm-positive cells (32%,
Fig. 4), only in 3% of cases expression of both forms
have been detected. In the nuclei co-expression was
detectable only in 22% of cases along with 80% over-
expression of S6K2. In addition detection of S6K1 in
the nuclei (in contrast to S6K2) always was accompa-
nied with S6K2 and S6K1expression.

of both S6K kinases in breast tumors. However the most
interesting finding of this study is accumulation of S6K1
and most probably cytosolic form of S6K2 in the nuclei
of cancer cells. For the first time we have demonstrat-
ed strong accumulation (up to 80%) of S6K2 in the nu-
clei of cancer cells. The possible nuclear localization of
S6K2/II have been predicted before [12] due to the pres-
ence of additional NLS at the C- terminus of both spliñe
variants of S6K2. There is an experimental evidence
supporting this idea. Confocal microscopy of CHO-IR
cells transfected by S6K2/I-GFP and S6K2/II-GFP
constructs demonstrated accumulation S6K2/I in the
nuclei and dispersed distribution S6K2/II in the cyto-
plasm and nucleoplasm [25]. We have observed as well
predominantly nuclear localization of S6K2 in HEK cells
transfected by construct coding for cytoplasmic form of
S6K2 [26]. Treatment of the same cell by Leptomycine
B (LMB), agent that blocks nuclear export leads to the
complete translocation of S6K2 from the cytoplasm to
the nucleus suggesting nuclear shuttling of the cyto-
plasmic form of S6K2 [26] and retention in the nuclei
mediated by LMB. Interestingly that in present study
we could detect S6K2 only in the cytoplasm of epithe-
lial cells of normal breast tissues but not in the nuclei
suggesting that in nonproliferating cells S6K2/II has to
be localized predominantly in the cytoplasm. It is nec-
essary to point out that nuclear shuttling have been
demonstrated for the cytoplasmic form of S6K1 as well
however it doesn’t have NLS. LMB treatment of the
cell led to the accumulation of this kinase in the nuclei
as well [26] demonstrating the existence of other then
for S6K2 mechanisms of nuclear/cytoplasmic shuttling.

Nuclear shuttling has been demonstrated for the one
of the main effectors of p70S6 kinases — mTOR [27].
Having no influence on mTOR activity, nuclear shuttling
seems to be very important for the functioning mTOR and
spatially for the 5’-TOP-dependent mRNA translation
initiating. In this context we can predict that nuclear trans-
location of both forms would be necessary event for the
kinases activation and the transducing of mitogenic stim-
uli in the cell. It is possible that in quiescent cells nuclear
shuttling of cytoplasmic S6K2 is strongly regulated by
upstream effectors preventing kinase from nuclear trans-
location and only mitogenic stimuli may promote this pro-
cess. In this case nuclear translocation may indicate mi-
togenic activation of kinase. Recently it was demonstrat-
ed that PKC may phosphorylate S6K2 (but not S6K1)
and cause kinase retention in the cytosol [26]. The phos-
phorylation site was determined, it is located within C-
terminal NLS of S6K2. It is possible that PKC is one of the
main regulators of kinase translocation in or out of the
nuclei. Though S6K1 has no additional NLS and have not
been shown to be a substrate for PKC there is a data
about PKC/p70S6α complex formation supporting idea
that PKC may be involved in the regulation of p70S6α
translocation as well [28]. Deregulation of PKC function-
ing during oncogenesis may be a reason of abnormal
p70S6 kinases accumulation in the nuclei of cancer cells.
Deregulation of nuclear export that has not been studied
yet could have a contribution in this process as well.

Fig. 4 Combination of S6K1 and/or S6K2 distribution in cyto-
plasm and in nuclei in breast cancer cells

DISCUSSION
S6K1 and S6K2 are each represented in the cell by

two isoforms encoded by the same gene and originated
by use of alternative translation starts. The 23- and 14-
aminoacids extension at the N-termini of S6K1/I and
S6K2/I contain nuclear localization signals (NLSs) that
target these isoforms constitutively to the nucleus [10-
12]. Earlier we already claimed an overexpression of both
kinases in breast tumors by Western blotting analysis of
tumor extracts and in this study we have confirmed our
previous data using alternative methodological approach.
However, if for S6K1 in some tumor samples we have
detected an elevated level of nuclear (85 kDa) isoform
along with the cytoplasmic (70 kDa) for S6K2 we de-
tected only overexpression of cytosolic isoform (54 kDa).
Overexpression of both isoforms (nuclear and cytosolic)
of S6K1 could be explained by amplification of the S6K1
gene detected in cells of adenocarcinoma MCF-7 cell
line and in 8.8% of primary breast tumors [15-16]. S6K1
gene was found to be located to 17q23 chromosomal
region that is a frequent site of gene amplification in breast
cancer. Interestingly that according to the data of the
same authors [16], the elevated level of S6K1 protein
was found in approximately 16% of cases indicating ex-
istence additional mechanisms responsible for the over-
expression of S6K1. Amplification of S6K2 gene has not
been shown so far but it is necessary to point out that
gene encoding S6K2 was mapped to chromosomal re-
gion 11q13, which is associated with acute myeloid leu-
kemia, non-Hodgkin’s lymphoma, chronic lymphopro-
liferative disorders etc. Western blotting analysis of S6K2
expression in breast tumor samples along with the over-
expression of cytosolic isoform (54 kDa) does not reveal
any changes in the amount of nuclear isoform (60 kDa)
suggestion regulation of S6K2 expression on the level
of mRNA splicing or translation of correspondent mRNA.

The presented data coincides with literature one and
confirms our previous data indicating overexpression
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Activation of p70S6β in response to the mitogenic
stimuli may have place right in the nuclei as well as phos-
phorylation of S6 ribosomal protein that involved in nu-
clear ribosomal biogenesis. This is supported by the data
from G. Thomas laboratory [29]. Studies with transgenic
mice of S6K1-/-/ S6K2+/+ and S6K1+/+/S6K2-/- genotype
have demonstrated that elimination of functional S6K2
in contrast to S6K1 leads to dramatic reduction in the
amount of phosphorylated S6 including nuclear form.
Summarizing the presented data we can assume that
nuclear accumulation of S6K kinases in the nuclei may
reflect mitogenic activation of kinases, however for such
conclusions an additional studies has to be performed.

The possible targets of S6K in the nuclei of cancer
cells could be transcriptional factor CREM [30] and re-
cently identified S6K substrate SCAR protein that in-
volved in mRNA splicing and transport [31]. Unfortu-
nately phosphorylation of mentioned substrates has
been demonstrated only in in vitro systems.

In this study using immunohistochemical approach
we have confirmed the overexpression of S6K in breast
tumors [18, 24]. For the first time we demonstrated
strong accumulation of S6K2 and to a less extent S6K1
in the nuclei of cancer cells if compare with normal tis-
sues and benign tumors. Taking into account that over-
expression of S6K1 has been shown to be correlated
with poor prognosis at breast adenocarcinoma and
possible functional compensation between S6K1 and
S6K2 proposed by other authors as well [16, 17], the
further verification of prognostic and diagnostic value
of S6K2 should include comparative analysis of pa-
tients diagnosis with peculiarities of S6K expression and
subcellular localization.
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ÈÌÌÓÍÎÃÈÑÒÎÕÈÌÈ×ÅÑÊÈÉ ÀÍÀËÈÇ ËÎÊÀËÈÇÀÖÈÈ S6K1
È S6K2 Â ÎÏÓÕÎËßÕ ÌÎËÎ×ÍÎÉ ÆÅËÅÇÛ

Öåëü: ïðîâåñòè àíàëèç ýêñïðåññèè è îñîáåííîñòåé ëîêàëèçàöèè S6K â àäåíîìàõ è àäåíîêàðöèíîìàõ ìîëî÷íîé
æåëåçû ÷åëîâåêà è â íîðìàëüíûõ òêàíÿõ ìîëî÷íîé æåëåçû. Ìåòîäû: óðîâåíü ýêñïðåññèè è ëîêàëèçàöèþ S6K
àíàëèçèðîâàëè â ãèñòîëîãè÷åñêèõ ñðåçàõ íîðìàëüíîé òêàíè ìîëî÷íîé æåëåçû ÷åëîâåêà, àäåíîì è àäåíîêàðöè-
íîì ðàçíîé ñòåïåíè äèôôåðåíöèðîâêè, ïðåäâàðèòåëüíî ôèêñèðîâàííûõ ôîðìàëèíîì è çàêëþ÷åííûõ â ïàðàôèí.
Èììóíîãèñòîõèìè÷åñêóþ äåòåêöèþ S6K1 è S6K2 â ýïèòåëèàëüíûõ êëåòêàõ ìîëî÷íîé æåëåçû îñóùåñòâëÿëè ñ
ïîìîùüþ ñïåöèôè÷åñêèõ ìîíîêëîíàëüíûõ è ïîëèêëîíàëüíûõ àíòèòåë ê  S6K1 è S6K2 ñ ïîñëåäóþùèì ïîëóêîëè-
÷åñòâåííûì àíàëèçîì äàííûõ. Ðåçóëüòàòû: îáíàðóæåíî ïîâûøåííîå ñîäåðæàíèå S6K â öèòîïëàçìå îïóõîëå-
âûõ êëåòîê ýïèòåëèàëüíîãî ïðîèñõîæäåíèÿ äîáðîêà÷åñòâåííûõ è çëîêà÷åñòâåííûõ îïóõîëåé ìîëî÷íîé æåëåçû
ïî ñðàâíåíèþ ñ ýïèòåëèàëüíûìè êëåòêàìè íîðìàëüíîé òêàíè. Â àäåíîêàðöèíîìàõ âûÿâëåíî íàêîïëåíèå â ÿäðàõ
îïóõîëåâûõ êëåòîê S6K1 è â áîëüøåé ñòåïåíè S6K2. Â 80% àäåíîêàðöèíîì ìîëî÷íîé æåëåçû äåòåêòèðîâàíî
ÿäåðíîå îêðàøèâàíèå S6K2 ïî ñðàâíåíèþ ñ íîðìàëüíûìè òêàíÿìè. Â 31% ñëó÷àåâ ïî÷òè â 50% îïóõîëåâûõ
êëåòîê íàáëþäàëîñü ñèëüíîå îêðàøèâàíèå ÿäåð. ßäåðíàÿ ëîêàëèçàöèÿ S6K1 â îïóõîëåâûõ êëåòêàõ óñòàíîâëåíà
â 25% àäåíîêàðöèíîì. Â ýïèòåëèàëüíûõ êëåòêàõ íîðìàëüíîé òêàíè ìîëî÷íîé æåëåçû ÿäåðíàÿ ëîêàëèçàöèÿ S6K
íå îáíàðóæåíà. Âûâîä: èììóíîãèñòîõèìè÷åñêèé àíàëèç ñâèäåòåëüñòâóåò î ãèïåðýêñïðåññèè îáåèõ ôîðì S6K
(S6K1 è S6K2) â îïóõîëÿõ ìîëî÷íîé æåëåçû ÷åëîâåêà. Ïîëóêîëè÷åñòâåííûé àíàëèç îñîáåííîñòåé ëîêàëèçàöèè
S6K â ýïèòåëèîöèòàõ ìîëî÷íîé æåëåçû ñâèäåòåëüñòâóåò î âûñîêîì ñîäåðæàíèè S6K (îñîáåííî S6K2) â íóêëåî-
ïëàçìå, ÷òî ÿâëÿåòñÿ õàðàêòåðíîé îñîáåííîñòüþ îïóõîëåâûõ êëåòîê.
Êëþ÷åâûå ñëîâà: S6K1, S6K2, èììóíîãèñòîõèìèÿ, àäåíîìû è àäåíîêàðöèíîìû ìîëî÷íîé æåëåçû.
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