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ALTERATIONS IN S6K1 ISOFORM EXPRESSION

IN MCF-7 CELLS THAT INDUCE EMT, AFFECT AKT1-,

AMPK-, PKC-, AND PKA-RELATED CELL SIGNALING

Aim. This study aimed to evaluate how S6K1 isoform expression affects the activities of Akt1l, AMPK, PKC, and PKA,
as well as their related kinase signaling pathways. Methods. MCF-7 cells and a subline with disrupted p70 and p85
S6K1 isoform expression (MCF7/p60*/p70~/p857) were cultured under different growth conditions. Western blot ana-
lysis was performed on cell lysates using antibodies specific to phosphorylated substrates of Aktl, AMPK, PKC, PKA,
and GSK-3f/pSer9. Results. The phosphorylation pattern of kinase substrates showed that changes in S6K1 isoform
expression influenced either the activity of Aktl, AMPK, PKC, PKA, or their substrate specificity. Unexpectedly, in
the MICF-7 subline exhibiting EMT features, GSK-3f kinase — an Aktl substrate and EMT inhibitor — was not
downregulated by phosphorylation of Ser9. Conclusions. S6K1, a ribosomal protein kinase involved in EMT regula-
tion, can modulate the activity of Aktl, AMPK, PKC, PKA, and GSK-3p, as well as their substrate specificity; there-
fore, all these kinases may be involved in EMT regulation. GSK-3f could also have a bifunctional role in EMT progres-
sion initiated by changes in S6K1 isoform expression that modulate its activity.
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quire a more motile and invasive mesenchymal
phenotype. This process is essential for embryonic

Introduction

Epithelial-mesenchymal transition (EMT) is a
complex and vital biological process where epithe-
lial cells lose their defining features — such as cell-
cell adhesion and apical-basal polarity — and ac-

development, tissue repair, and for the progression
of diseases like cancer and fibrosis. The initiation of
EMT is tightly regulated by an intricate network of
signaling pathways that respond to signals from the
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cellular microenvironment. These include Trans-
forming Growth Factor-beta (TGF-B) [1], Wnt/p-
catenin [2, 3], PI3K/mTOR/Akt [4, 5], and Ras/
MAPK/ERK pathways [6].

The mechanism of TGF-P action involves initia-
ting the phosphorylation of Smad proteins, which
then translocate to the nucleus and directly increase
the expression of key EMT-inducing transcription
factors (EMT-TFs) such as Snail, Slug, and ZEB1/2.
The Ras/MAPK/ERK cascade can also activate EMT-
TFs like Snail and Slug, and its interaction with the
TGEF-{ pathway is a well-known mechanism for EMT
initiation, especially in cancer.

The role of the Wnt pathway, an essential com-
ponent in cell proliferation and stem cell mainte-
nance, in regulating EMT depends on its ability to
inactivate GSK-3 kinase. This inactivation causes
B-catenin to move to the nucleus, where it collabo-
rates with LEF to activate the expression of various
genes. This includes EMT-TFs like Snail and Twist,
which then promote the changes in cell adhesion
and shape typical of EMT.

The PI3K/mTOR/Akt pathway is a vital integra-
tor of many external signals that influence the cells
respond to nutrient levels and mitogenic signals,
supporting cell survival and growth. As mentioned
earlier, it can also lead to the inactivation of GSK-
3B, which stabilizes B-catenin and promotes Wnt-
driven EMT. Recently, we have demonstrated that
changes in the expression of another key compo-
nent of the PI3K/mTOR/Akt pathway, specifically
isoforms of ribosomal protein S6 kinase (S6K1), in
MCE-7 cells caused by CRISPR/Cas9 targeting,
can initiate EMT [7, 8]. In addition to the altered
expression of various EMT-related genes that en-
code transcription factors such as Snail, Slug, and
ZEB1/2, adhesion molecules E- and N-cadherins,
and vimentin — a major part of the cytoskeleton
in mesenchymal cells — we observed a reduction
in the ESR1 gene expression. This suggests a po-
tential shift of MCF-7 cells from the luminal A to
possibly a triple-negative breast cancer molecular
subtype.

The selective inhibition of the p70 and p85 isoforms
of S6K1, while maintaining the expression of the p60
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isoform, led to a significant decrease in the phospho-
rylation of the kinase substrate, ribosomal protein S6
[8]. At the same time, we observed a reduction in Akt1
phosphorylation at $473, indicating downregulation
of kinase activity, which notably affected the phospho-
rylation of Aktl substrates [8]. These results suggest
that a possible mechanism by which altered S6K1 ex-
pression influences EMT features is through its effect
on Akt] activity, which may regulate the EMT inhibi-
tor GSK-3p kinase, a well-known substrate of Akt1. In
this study, we aimed to investigate the impact of Akt1-
dependent signaling as well as other signaling path-
ways related to protein kinase C (PKC), AMP-acti-
vated protein kinase (AMPK), and protein kinase A
(PKA) in EMT initiation caused by changes in S6K1
isoform expression.

Materials and Methods
Cell Culture

The MCEF-7 cell line, derived from human breast
adenocarcinoma of the luminal A molecular sub-
type (ATCC #HTB-22), and its subline MCF7/
p60*/p70-/p85-, were maintained at 37 °C in a hu-
midified environment with 5% CO, using Dulbec-
cos Modified Eagle Medium (DMEM) (Lonza,
USA), supplemented with 10% fetal calf serum
(FCS, HyClone, USA), 4 mM glutamine, 50 units/
ml penicillin, and 50 pg/ml streptomycin.

Studies have been conducted under various cell
growth conditions: regular growth with intact cells
as described above; a 24-hour growth period in
media depleted of FBS (starvation); an additional
0.5-hour growth after starvation in media supple-
mented with 10% FBS (restimulation); and resti-
mulation in the presence of mTOR inhibitor rapa-
mycin or PI3K inhibitor wortmannin. The MCF-7
subline MCF7/p60*/p70-/p85~ was created using
the CRISPR/Cas9 gene editing targeting the S6K1
gene, as described in [7].

Western Blot Analysis

Lysates of MCF-7 cells and their subline MCF7/
p60*/p70/p85 with CRISPR/Cas9-disrupted S6K1
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expression were prepared as previously described
[7] and analyzed by Western blot, using Phospho-
(Ser/Thr) Kinase Substrate Antibody Sampler Kit
with rabbit monoclonal antibodies specific for Akt,
AMPK, PKC, and PKA phosphosubstrates (Cell
Signaling #9920), GSK-3B/pSer9 (Cell Signaling
#9323P), and B-tubulin (Abcam #ab7291).

Results and Discussion

As mentioned earlier, we have recently found that
changes in the balance of S6K1 isoform expression
in MCF-7 cells caused by CRISPR/Cas9 editing of
the S6K1 gene lead to EMT initiation in cells, as
detected through real-time PCR and Western blot
analysis of EMT markers (CDH1, CDH2, VIM,
SNAIL1, TWIST1, ZEB2) expression [8]. This ef-
fect was observed in MCF-7 cells with reduced ex-
pression of two S6K1 kinase isoforms — p70 and
p85 (MCF7/p60*/p70-/p85~) — while maintaining
an intact p60 isoform. Notably, suppression of all
isoforms did not produce this effect [8]. It was also
demonstrated that in the MCF7/p60*/p70-/p85-
subline, Aktl kinase was negatively regulated, es-
pecially when cells were grown in FBS-depleted
medium [8].

The analysis of Aktl substrate phosphorylation
in MCF-7 wild type and the MCF7/p60*/p70-/
p85™ subline, using specific antibodies, confirmed
the changes in Aktl activity (Fig. 1). Based on [7]
and the data presented, alterations in S6K1 expres-
sion significantly affect the phosphorylation pat-
tern of Aktl substrates under various cell growth
conditions. These changes mainly impact phos-
phorylation of proteins in the 35—55 kDa range
(Fig. 1), with some substrates showing decreased
phosphorylation (e.g., a ~35 kDa protein), and
others showing increased phosphorylation (e.g., a
~50 kDa protein). Interestingly, the mTOR and
PI3K inhibitors, rapamycin and wortmannin, re-
spectively, influence Aktl substrate phosphoryla-
tion differently across MCF-7 sublines. According
to the data, the MCF7/p60*/p70-/p85~ subline,
which exhibits EMT features, was more sensitive
to the PI3K inhibitor wortmannin but more resis-
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Fig. 1. Analysis of phosphorylated Aktl substrates in
MCEF-7 wt and MCF7/p60*/p70-/p85~ cells grown under
different conditions. Western blot analysis of cell lysates
using antibodies specific to phosphorylated Aktl sub-
strates. MCF-7: lines 1—5; MCF7/p60*/p70-/p85~: lines
6—10. 1, 6 — intact cells; 2, 7 — starvation; 3, 8 — res-
timulation; 4, 9 — rapamycin treatment; 5, 10 — wort-
mannin treatment

tant to the mTOR inhibitor rapamycin. It is known
that the rapamicine, in contrast to the wortman-
nin, inhibits only mTORCI1, but not mTORC2
complex. Thus, our data suggest that p60S6K1 can
be under regulation of mMTORC?2, but not mTORC1
as the main p70-S6K1 isoform.

Considering that one of the primary substrates
of Aktl is GSK-3p kinase, which, according to lite-
rature, plays a crucial role in EMT regulation and
has a molecular mass of approximately 50 kDa —
within the range where increased phosphorylation
of Aktl substrates has been observed — its phos-
phorylation status was examined in the specified
cell samples using specific anti-GSK-3p/pSer9 anti-
bodies. In addition, Ser9 is a phosphorylation site
of GSK-3p that can be targeted by other kinases
such as PKA, PKC, and RSK, which, similar to
Aktl, can downregulate GSK-3p activity [9] that is
important for EMT initiation [10]. Unexpectedly,
however, the level of GSK-3p phosphorylation was
significantly decreased in the MCF-7 subline show-
ing signs of EMT (Fig. 2). Furthermore, unlike the
MCEF-7 wt, its phosphorylation was further re-
duced under serum starvation conditions, while in
MCEF-7 wt it was significantly increased. This
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Fig. 2. Analysis of GSKp phosphorylation in MCF-7 wt
and MCF7/p60*/p707/p85 cells grown under different
conditions. Western blot analysis of cell lysates using anti-
bodies specific to the phosphorylated GSK-33/pSer9.
MCE-7: lines 1—5; MCF7/p60*/p70~/p85™: lines 6—10. 1,
6 — intact cells; 2, 7 — starvation; 3, 8 — restimulation; 4,
9 — rapamycin treatment; 5, 10 — wortmannin treatment
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Fig. 3. Analysis of phosphorylated AMPK substrates in
MCF-7 wt and MCF7/p60*/p70-/p85- cells grown under
different conditions. Western blot analysis of cell lysates
using antibodies specific to the phosphorylated AMPK
substrates. MCF-7: lines 1—5; MCF7/p60*/p70-/p85~:
lines 6—10. 1, 6 — intact cells; 2, 7 — starvation; 3, 8 —
restimulation; 4, 9 — rapamycin treatment; 5, 10 — wort-
mannin treatment

suggests that EMT initiation in the MCF7/p60*/
p707/p85~ subline may occur independently of
GSK-3p kinase activity, or it could involve GSK-3f
in a manner that requires the kinase to be active,
although its exact role remains unclear.

Thus, the Akt substrate with a molecular weight
of 50 kDa, whose phosphorylation is increased in
MCEF7/p60*/p70-/p85~ cells (Fig. 1), does not cor-
respond to GSK-3p.

Given the connections among various cell sign-
aling pathways, especially those involved in regu-
lating similar cellular functions such as cell growth,
proliferation, and migration, the phosphorylation
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patterns of substrates for several protein kinases —
namely AMPK, PKC, and PKA — were examined.
AMPK (AMP-activated protein kinase) plays a
role in maintaining the balance among ATP, ADP,
and AMP. It regulates glycolysis, the citric acid cy-
cle, and fatty acid oxidation to produce energy [11,
12]. At the same time, AMPK inhibits fatty acid
synthesis, protein synthesis, and overall energy
consumption by inactivating mTORC1 [13]. When
assessing the phosphorylation levels of AMPK
substrates, it was observed that in wild-type MCF7
cells, the overall phosphorylation of these sub-
strates was very low (Fig. 3). However, in MCF7/
p60*/p70-/p85- cells, overall substrate phospho-
rylation was increased in intact cells, indicating
AMPK activation. This likely leads to the inhibi-
tion of mTORCI1 signaling and, through its con-
nection with mTORC2 signals, may influence
Aktl activity. This aligns with our data on changes
of Aktl activity in MCF7/p60*/p70-/p85- cells
(Fig. 1 and [7]).

PKC plays a multiple role in signaling pathways
and controls cell proliferation, differentiation, sur-
vival, invasiveness, migration, and apoptosis [14].
Additionally, based on our previous data [15],
there is a regulatory connection between PKC and
S6K1, which involves the phosphorylation of the
nuclear-cytoplasmic export site of S6K1 to regu-
late its cytoplasmic and nuclear pools.

When studying PKC phosphosubstrates, we
also observed a difference in the phosphorylation
spectrum of substrates between the two model cell
lines (Fig. 4).

In wild-type MCEF?7 cells, a weak signal was ob-
served around ~35 kDa under intact conditions
and upon restimulation, which became stronger
during cell starvation. In contrast, in MCF7/p60*/
p707/p85 cells, this signal was strong under intact
conditions and upon restimulation but was signifi-
cantly reduced during starvation. At the 50 kDa
level, stable signals appeared in wild-type MCF7
cells, enhanced by both inhibitors. Conversely, in
MCEF7/p60*/p70-/p85- cells, the signals were much
weaker and disappeared under starvation and in-
hibitor treatment. Overall, PKC in MCF7/p60*/
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p707/p85~ was much more sensitive to cell starva-
tion and PI3K/mTOR inhibitors, suggesting diffe-
rent regulatory mechanisms in these cell models.

Protein kinase A (PKA) is part of the serine/
threonine kinase family, and its activity depends
on cyclic AMP (cAMP). Protein kinase A plays a
role in regulating gene expression, cell survival,
and migration, and it can control actin polymeri-
zation, which is crucial for the migration and inva-
siveness of cancer cells [16].

Our data also show noticeable changes in the
phosphorylation of PKA substrates associated with
the expression of S6K1 isoforms in the studied cell
sublines (Fig. 5).

The main differences in signals were observed
in the ~35—42 kDa protein range. In wild-type
MCEF7 cells, a stable signal was detected at ~45 kDa,
which did not change with cell growth conditions.
In contrast, in MCF7/p60*/p70-/p85~ cells, this
signal was also present but significantly weaker. At
around 35 kDa, strong signals appeared in wild-
type MCEF7 cells, which remained unaffected by
changes in growth conditions but disappeared
when treated with both inhibitors. Meanwhile, in
MCEF7/p60*/p70-/p85~ cells, phosphorylation of
this substrate was extremely sensitive to both
growth factors in FBS and PI3K/mTOR/Akt in-
hibitors. After restimulation, the signal at ~35 kDa
was even more pronounced in MCF7/p60*/p70-/
p85~ cells than in wild-type MCF7 cells.

Thus, the data presented suggest that S6K1 may
regulate the activity of Aktl, AMPK, PKC, PKA,
and GSK-3f, triggering a series of changes in
EMT-related signaling events. This idea is sup-
ported by the research data. For example, in the
case of PI3K/AKT/mTOR, it has been shown that
its role in EMT regulation can be mediated by sta-
bilizing the SNAIL transcription factor [17]
through Aktl-mediated phosphorylation and by
negatively regulating GSK-3p, which then phos-
phorylates Snail at serine 104, 107, and 119, lead-
ing to its degradation via the ubiquitin-protea-
some pathway [18]. Besides SNAIL, GSK-3p also
phosphorylates and destabilizes p-catenin, ano-
ther known EMT promoter. Therefore, phospho-
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Fig. 4. Analysis of phosphorylated PKC substrates in
MCF-7 wt and MCF7/p60*/p70~/p85~ cells grown under
various conditions. Western blot analysis of cell lysates us-
ing antibodies specific to phosphorylated PKC substrates.
MCE-7: lines 1—5; MCF7/p60*/p70~/p85™: lines 6—10. 1,
6 — intact cells; 2, 7 — starvation; 3, 8 — restimulation; 4,
9 — rapamycin treatment; 5, 10 — wortmannin treatment
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Fig. 5. Analysis of phosphorylated PKA substrates in
MCEF-7 wt and MCF7/p60*/p70-/p85~ cells grown under
various conditions. Western blotting of cell lysates with
antibodies specific to phosphorylated PKA substrates.
MCE-7: lines 1—5; MCF-7/p60*/p70-/p85~: lines 6—10. 1,
6 — intact cells; 2, 7 — starvation; 3, 8 — restimulation; 4,
9 — rapamycin treatment; 5, 10 — wortmannin treatment

rylation of GSK-3f at serine 9 by AKT stabilizes
two key EMT inducers simultaneously. However,
our data show that GSK-3p remains active in
MCEF-7 cells undergoing EMT, indicating a diffe-
rent role for GSK-3P in EMT regulation in this
MCE-7 subline if any.

255



M.Ye. Martsynyuk, N.Ya. Gotsulyak, V.V. Filonenko

Besides the indirect interaction through GSK-
3B, AKT can also influence another transcription
factor that promotes EMT-Twist. When hepatocel-
lular carcinoma cells are treated with SC-79, an
AKT activator, the levels of vimentin and N-cad-
herin increase significantly, while E-cadherin de-
creases [19]. The PI3K/AKT signaling pathway is
crucial in many cellular processes, including cell
motility, and actively governs the cytoskeleton [20].
It is known that activated Akt co-localizes with ac-
tin, indicating its direct role in regulating cytoske-
leton remodeling, which is vital for EMT [20, 21].

Thus, AKT can participate in EMT induction
through several pathways. One of the most EMT-
implicated kinases from the large PKC superfamily
is PKCe. Overexpression of PKCe in MCF10A cells
leads to signs of EMT, evidenced by a decrease in
E-cadherin, ZO-1, and claudin 1, and an increase
in vimentin. Additionally, evidence shows that
PKCe positively regulates Snail at both the protein
and mRNA levels, and its overexpression results in
an increase in TGF-( levels [22, 23]. Another key
kinase in EMT regulation is PKCa, whose increased
expression is often seen in triple-negative breast
cancer [24]. PKCa can interact with and activate
ZEBI. Knocking out PKCa reduces ZEB1 protein
and mRNA levels and inhibits EMT, cell migration,
and invasiveness [25]. Furthermore, PKCa phos-
phorylates Twistl at serine 144, which boosts
Twist1 stability and prevents its ubiquitination and
degradation by the proteasome [26].

Other important kinases are PKCS and PKCi.
PKCS can phosphorylate E-cadherin at threonine
790. This phosphorylation is critically important
because it decreases E-cadherin’s interaction with
B-catenin and disrupts interactions between the ec-
todomains of E-cadherin, thereby negatively regula-
ting intercellular adhesion [27]. PKCi promotes EMT
through the TGF-p/Par6/RhoA pathway and directly
activates vimentin by phosphorylation at serine 39.
Phosphorylation of vimentin is vital for organizing
intracellular filaments and altering cell polarity [28].

Literature data show a contradictory role for
AMPK in EMT, with the general trend being that
if cells are already transformed, AMPK promotes
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EMT; if they are not malignant, AMPK, on the
other hand, inhibits EMT. When the AMPK ago-
nist A769662 is added to cancer cell lines MCF?7,
T47D, and A549, an increase in mesenchymal
markers and a decrease in epithelial markers
are observed. Conversely, when AMPK is knoc-
ked out, the level of epithelial markers increases,
and mesenchymal markers, on the contrary, de-
crease [29].

PKA, like AMPK, has a dual effect on the epi-
thelial-to-mesenchymal transition. PKA has been
shown to promote both MET (Mesenchymal-to-
Epithelial Transition) and EMT. PKA is involved
in MET through epigenetic DNA modifications
and the transcription of epithelial marker genes.
The molecular mechanism of PKA action depends
on its interaction with PHF2, a histone demethy-
lase [30]. On the other hand, TGF-f can activate
PKA not through the classical cAMP pathway, but
by directly recruiting PKA to the Smad3/Smad4/
PKA complex. This physical interaction is neces-
sary for the TGF-f-induced increase in PKA ac-
tivity, which, in turn, leads to the induction of
EMT, invasion of pancreatic tumor cells, and re-
gulation of tumor growth [31]. Meanwhile, other
studies demonstrate that PKA negatively regulates
EMT [32].

Thus, it can be concluded that knocking out
two S6 kinase isoforms (p85 and p70) significant-
ly affects the activity of the PI3K/mTOR/Akt
pathway they are part of. Conversely, these chan-
ges influence other signaling pathways involved
in EMT, that was not studied previously and such
alterations may be essential in triggering EMT,
which is initiated by an imbalance in the expres-
sion of S6K1 isoforms. Since the MCF7/p60*/
p70/p85 cell model might mirror the molecu-
lar events leading to the transition of tumors
from Luminal A to triple-negative [8], the results
broaden the search for new targets to improve
therapy for the most aggressive tumors, which
currently have limited options.

Funding. National Research Foundation of Uk-
raine (Ref. 2023.03/0120).
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3MIHU EKCITPECIT I30®OPMMU S6K1 Y KIITUHAX MCF-7,
MO IHOAYKYIOTb EMT, BIUDIMBAIOTDb HA KIIITUHHY CUTHAJI3ALIIO,
ITIOB'A3AHY 3 AKT1, AMPK, PKC TA PKA

Mema. MeTo10 11bOT0 TOCTiXKEeHH: 6Y/I0 OLIiHNTY, K ekcrpecis isopopmu S6K1 BrmBae Ha aktuBHicTh Aktl, AMPK,
PKC rta PKA, a Takoxx Ha I10B'i3aHi 3 HMMU KiHa3Hi curHanbHi nuaxu. Memoou. Knituau MCF-7 Ta cy6niniio 3 mo-
pylIeHoIo excrpecieto i3odopmu p70 ta p85 S6K1 (MCF7/p60*/p707/p85) KynbTUBYBalIM 3a PisHUX YMOB POCTY.
BecrepH-6710T aHas1i3 IpOBOAYIIN Ha KIITMHHMX JTi3aTax 3 BUKOPUCTAHHAM aHTUTII, clienndivaux 1o pochopuiboBa-
Hux cyocrpatiB Aktl, AMPK, PKC, PKA Ta GSK-3p/pSer9. Pesynvmamu. Xapaxrep ¢pochopiioBaHHA KiHa3HNX
cyOcTpartiB nokasas, 10 3MiHu B ekcripecii iso¢opmu S6K1 BrmBany ab6o Ha aktuBHicTb Aktl, AMPK, PKC, PKA, a60
Ha IxHI0 cyOcTpaTHy crenudivnicTs. HecnioniBano, y cy6mninii MCF-7, mo npossnse o3naku EMT, GSK-3B-kinaza —
cybcrpar Aktl ta inribitop EMT — He 6yna 3HmkeHa dpochopumoBanuaMm Ser9. Bucnosku. S6K1, pubocomua mpo-
TeiHKiHa3a, wo 6epe y4yacTb y perymanii EMT, moxe mopymoBatu aktusHicth Aktl, AMPK, PKC, PKA ta GSK-3p,
a TAKOX IXHIO CyOcTpaTHy crienmgivHicTh; OTXe, BCi 11 KiHa3y Moy Tb 6yTi 3aiisaui B peryanii EMII. GSK-3 rakox
MO>Xe BifirpaBaru 6ipyHKuioHanIbHY ponb y nporpecysanni EMII, ininiitoBanoMy aminamu excripecii isopopmu S6K1,
AKiI MOJY/IOIOTH il aKTUBHICTb.

Kntouosi cnosa: EMT, knitunna ninist MCF7, S6K1, Aktl, AMPK, PKC, PKA, GSK-3p.
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