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Protein kinase Ca-mediated phosphorylation of Twist1 at
Ser-144 prevents Twist1 ubiquitination and stabilizes it
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Twistl is a basic helix-loop-helix transcription factor that
plays a key role in embryonic development, and its expression is
down-regulated in adult cells. However, Twistl is highly ex-
pressed during cancer development, conferring a proliferative,
migratory, and invasive phenotype to malignant cells. Twistl
expression can be regulated post-translationally by phosphory-
lation or ubiquitination events. We report in this study a previ-
ously unknown and relevant Twistl phosphorylation site that
controls its stability. To identify candidate phosphorylation
sites in Twistl, we first conducted an in silico analysis of the
Twistl protein, which yielded several potential sites. Because
most of these sites were predicted to be phosphorylated by pro-
tein kinase C (PKC), we overexpressed PKCa in several cell lines
and found that it phosphorylates Twistl on Ser-144. Using a
combination of immunoblotting, immunoprecipitation, protein
overexpression, and CRISPR/Cas9-mediated PKCa knockout
experiments, we observed that PKCa-mediated Twistl phos-
phorylation at Ser-144 inhibits Twistl ubiquitination and con-
sequently stabilizes it. These results provide evidence for a
direct association between PKCa and Twistl and yield critical
insights into the PKCa/Twist1 signaling axis that governs can-
cer aggressiveness.

Twistl is a highly conserved member of the regulatory basic
helix-loop-helix (bHLH)? family of transcription factors that
plays a pivotal role in utero from regulating embryonic and
mesodermal development to organogenesis (1, 2). During
development, mutations in Twist] are known to result in the
failure of cranial neural tube closure, indicating its role in the
proper migration and differentiation of the neural crest (2).
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Whereas Twistl is mostly absent in normal adult cells, it is
overexpressed in cancer cells, wherein its ability to promote
epithelial-to-mesenchymal transition (EMT) provides a pro-
survival advantage to cancer cells and confers a migratory and
invasive phenotype (3), which is a prerequisite in the establish-
ment of metastatic disease. This is especially true in solid
tumors such as breast, prostate, and ovarian cancer (3-6),
although the role of Twistl in the survival and progression of
hematological malignancies has also been reported (7). In addi-
tion to its role in metastasis formation, the ability of Twist1 to
promote EMT has been shown to also confer cancer stem cell
properties and promote chemoresistance (3). Thus, it is not
surprising that studies have aimed to understand the regulatory
pathways that control the levels of Twist1.

The most characterized regulatory modification on Twist1 is
its phosphorylation on Ser-68 by the mitogen-activated protein
kinases p38 and c-Jun N-terminal kinase (8). The phosphoryla-
tion on Ser-68 results in enhanced stability of the Twistl pro-
tein as it inhibits Twist1 ubiquitination and degradation by the
proteasome (8). Other known phosphorylation sites on Twist1
are Thr-121 and Ser-123 by protein kinase A (PKA) and Ser-42
by Akt, which result in the regulation of its dimerization activity
and anti-apoptotic function, respectively (9, 10).

In addition to phosphorylation, Twistl is also a target for
ubiquitination and subsequent proteasomal degradation (11,
12). It is a known substrate of the ubiquitin ligase F-box and
leucine-rich repeat protein 14 (FBXL14), as well as the B-trans-
ducin repeat-containing protein (B-TRCP) (11). We have
shown in our work in ovarian cancer that epithelial ovarian
cancer stem cells constitutively target Twist1 to the ubiquitin-
proteasome system for degradation to maintain an epithelial
phenotype (12). A similar finding has been reported in a recent
study by Lin et al. (13) showing that Twistl is subjected to
degradation mediated by E3 ligases, and deubiquitinase dub3
aids its stabilization.

Protein kinase Ca (PKCe) is a family of phospholipid-depen-
dent serine/threonine kinases that has been shown to promote
invasiveness of solid tumors such as breast (14 —16), pancreatic
(17, 18), and lung (19) cancer. Similar to Twist1l, PKCea has been
linked to the process of EMT (16, 20). Although it has been
previously shown that an indirect PKC/Twistl axis exists in
prostate cancer models (21), any direct interaction between a
specific PKCa isoenzyme and Twistl has not been elucidated.
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PKCa-induced Twist1 phosphorylation and stabilization

Table 1
Kinases predicted to phosphorylate Twist1 and their corresponding predicted phosphorylation sites
No. of
Kinase phosphorylation sites Phosphorylation sites
PKC 11 Ser-7, Ser-31, Ser-41, Ser-42, Thr-137, Ser-140, Ser-144, Thr-148, Ser-176, Ser-188
PKA 5 Ser-41, Ser-42, Ser-78, Ser-123, Ser-174
CDC2 5 Ser-8, Ser-18, Ser-176, Ser-188, Ser-199
p38 MAPK 4 Ser-8, Ser-11, Ser-68, Ser-99
PKG 4 Ser-42, Ser-78, Ser-123, Ser-144
CKII 4 Ser-18, Ser-20, Ser-102, Ser-165
PKB 3 Ser-42, Thr-121, Ser-123
CDK5 3 Ser-8, Ser-11, Ser-99
GSK3 3 Ser-11, Ser-68, Ser-99
RSK 2 Ser-42, Ser-123
CKI 2 Ser-45, Ser-95
DNAPK 1 Thr-121

The objective of this study was to determine whether PKCa has
a direct regulatory role on Twistl expression.

We report the identification of Ser-144 as a novel Twistl
phosphorylation site that is a direct target of PKCa. Moreover,
we demonstrate that this phosphorylation leads to Twistl sta-
bilization as it prevents Twist1l ubiquitination.

Results
PKC is predicted to phosphorylate Twist1

Our first objective was to identify novel effectors of Twistl
phosphorylation. Thus, we carried out in silico analysis of the
Twistl protein using NetphosK3.1 (http://www.cbs.dtu.dk/
services/NetPhos/) (47),®> which allows kinase-specific predic-
tions of phosphorylation sites on eukaryotic proteins. We iden-
tified at least 12 kinases predicted to phosphorylate Twistl1:
PKC, PKA, CDC2, p38, PKG, CKII, PKB, CDK5, GSK3, RSK,
CKI, and DNAPK. Table 1 lists these kinases and their corre-
sponding predicted phosphorylatable amino acid residues. Of
the 12 kinases identified, PKC is predicted to have the highest
number of possible phosphorylation sites within the Twistl
protein. Eleven of 34 predicted serine/threonine/tyrosine phos-
phorylation sites on Twistl protein contain the consensus for
PKC (Table 1). As such, we focused our succeeding experi-
ments on the classical PKC isoform, PKCe.

PKCa activity and expression directly correlates with Twist1
protein levels

To determine whether PKCa would have an effect on Twist1
expression, we overexpressed a constitutively active form of
PKCa (PKCaCAT) in the epithelial ovarian cancer (EOC) cell
clone R182, which does not express the Twist1 protein (Fig. S1)
(22-24). PKCaCAT is a truncated mutant form of PKCa (45
kDa versus 75 kDa for full-length WT PKCa), which is missing
its regulatory domain and hence is constitutively active (25).
Transient transfection of PKCaCAT into clone R182 resulted
in an increase in PKCaCAT, which peaked at 48 h but was not
sustained by 72 h (Fig. 1A). This transient increase in
PKCaCAT, however, corresponded with an increase in endog-
enous Twistl protein expression as early as 48 h post-transfec-
tion and reached statistical significance by 72 h (Fig. 1, A and B).
PKCa-induced increase in Twist] was not due to an increase in
Twistl transcription because we did not observe a change in

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Twistl mRNA (Fig. 1C). These results indicate that the
observed effect of PKCa on Twistl is exerted at the protein
level.

To further elucidate whether there is a direct correlation
between PKCa and Twistl expression, we determined the abil-
ity of PKCaCAT to increase Twistl expression in HEK293T
cells, which express neither Twistl nor PKCa. As shown in Fig.
1D, the protein levels of Twist1 were significantly higher in cells
co-transfected with PKCaCAT compared with the cells trans-
fected with Twist1 alone (Fig. 1D).

To determine whether the observed effect of PKCa on
Twistl expression is secondary to its kinase activity, we com-
pared the effect of constitutively active PKCa (PKCaCAT),
dominant-negative PKCa (PKCaDN), and WT inactive PKCa
(PKCaWT) on Twistl protein expression. In both HEK293T
cells and EOC cells, a significant increase in Twist1 protein was
observed only in the presence of PKCaCAT (Fig. 1E). These
results demonstrate that the kinase activity of PKCa is required
for its observed effect on the Twistl protein.

Finally, to conclusively show that PKCa directly regulates
Twistl expression, we used CRISPR/Cas9 to knock out PKCa
in OCSCI1-F2 ovarian cancer cells, which we previously
reported to endogenously express high levels of Twist1 (26). As
shown in Fig. 1F, we successfully depleted PKCe in these cells,
and notably, the lack of PKCa is associated with decreased
Twistl protein expression. Indeed, OCSCI1-F2 cells lacking
PKCa have undetectable levels of Twistl protein. Taken
together, these results demonstrate the direct regulatory role of
PKCoa in Twistl protein expression.

PKCa phosphorylates Twist1

We next sought to demonstrate that Twist1 is indeed a direct
phosphorylation target of PKCa. Thus, we transiently co-trans-
fected PKCaCAT and Twistl in HEK293T cells and immuno-
precipitated (IP) Twistl. Western blotting analysis of the
resulting IP complex using anti—phospho-Ser/Thr/Phe anti-
body demonstrated an increase in the levels of phosphorylated
epitopes corresponding to the molecular weight of Twist1 (Fig.
2A). These results show that Twistl is a substrate of PKCa.

We then sought to confirm whether Twistl1 is a direct sub-
strate of PKCa by performing an in vitro kinase assay. Using
human recombinant active PKCa and human recombinant
Twistl, we observed a significant increase in ADP levels with
increasing concentration of Twistl in the presence of constant
concentration of PKCa concentration (5 ng) (Fig. 2B), suggest-
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PKCa directly interacts with Twist1 protein at the Twist box
(WR) domain

We then proceed to demonstrate the binding interaction
between PKCa and Twistl with the objective of identifying the
Twistl domain required for its interface with PKCa. Thus, we
transiently expressed PRCaCAT and Twistl in HEK293T cells
and IP PKCa. Western blotting analysis of the obtained IP com-
plex showed the presence of Twistl (Fig. 34). We then per-
formed another IP, this time pulling down Twist1. Similarly, we
observed the presence of PKCa in the IP complex when Twist1l
was pulled down in the IP (Fig. 3A). Together, these results
show that PKCa and Twist1 are able to form a complex.

To determine which domain of Twistl is required for this
interaction with PKCq, we created deletion mutants in either
the N or C terminus of Twist1 (Fig. 3B). We then co-transfected
these mutants individually with PKCaCAT in HEK293T cells
and IP Twistl. N terminus deletions at A51-82 and A23-36 of
Twistl did not affect the formation of its complex with PKCeq,
as shown by the persistent presence of PKCa in the IP complex
(Fig. 3C). Likewise, deletion of the C-terminal bHLH domain of
Twistl (AHLH; A109-164) did not affect PKCa and Twistl
complex formation (Fig. 3D). In contrast, deletion of the C-ter-
minal WR (A182-202) domain of Twistl abrogated the forma-
tion of PKCa and Twistl complex as demonstrated by the
absence of PKCa in the Twistl IP complex in cells co-trans-
fected with PKCaCAT and AWR Twistl (Fig. 3D). These
results demonstrate the requirement for Twistl WR domain in
its interaction with PKCa.
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Having demonstrated that PKCe is able to bind and phos-
phorylate Twistl, our next objective was to identify the specific
amino acid residue on Twist1 that is phosphorylated by PKCe.
As shown in Table 1, there are 11 predicted PKCa phosphory-

lation sites on Twistl. To determine the most likely amino acid,

active PKCa (5 ng)

Figure 2. PKCa induces Twist1 phosphorylation. A, Twist1 was transfected
in HEK293T cells in the presence or absence of constitutively active PKCaCAT.
Empty vector was used as control. Twist1 was subsequently immunoprecipi-
tated, and the levels of phosphorylated Twist1 were determined by Western
blotting using anti-phospho-serine/tyrosine/threonine antibody. GAPDH
was used as a loading control for the input. B, in vitro kinase assay was per-

formed as described under “Experimental procedures” with recombinant
PKCe in the presence of increasing concentration of recombinant Twist1 as
substrate. The ability of PKCa to phosphorylate Twist1 was quantified by the
amount of ADP produced and presented as percentages of increase in ADP. ¥,
p = 0.0022; **, p = 0.0001, compared with kinase reaction in the absence of
Twist1. The experiments were performed at least three independent times.
Representative data are shown.

ing the conversion of ATP to ADP and hence the occurrence of
a phosphorylation reaction. These results demonstrate that
Twistl is a direct substrate of PKCa.

which is targeted by PKCa and, in addition, may be responsible
for Twist1 stabilization, we determined which of these 11 phos-
phorylation sites are near predicted ubiquitination sites. Using
UbPred server (http://ubpred.org),®> we identified 10 possible
ubiquitination sites on Twistl, and four of these ten sites are
adjacent or in close proximity to predicted phosphorylation
sites. These ubiquitination sites are Lys-133, Lys-142, Lys-145,
and Lys-150, which are adjacent to predicted phosphorylation
sites Thr-137, Ser-140, Ser-144, and Thr-148, respectively (Fig.
4A). Fig. 4B shows the location of these phosphorylation sites

Figure 1. Constitutively active PKCa (PKCaCAT) increases Twist1 protein expression independent of RNA. Human EOC cell clone R182 were transfected
with PKCaCAT or empty vector control. A and B, expression of endogenous Twist1 and overexpressed PKCaCAT proteins were determined by Western blotting
(A) and quantified by densitometry (B) reported as fold changes compared with empty vector control. *, p = 0.0008. C, effect on mRNA level was analyzed by
gPCR, normalized to GAPDH, and reported as fold changes compared with empty vector control 24 h after transfection. ns, not significant (p > 0.05). D, different
amounts of plasmid carrying WT Twist1 were transfected in HEK293T cells in the presence or absence of different amounts of plasmid carrying PKCaCAT, and
the effect on Twist1 protein determined by Western blotting. Empty vector was used to control for total amount of plasmids transfected. £, HEK293T cells
(panelsiand ii)and EOC cells clone R182 (panels iii and iv) were transfected with WT Twist1 in the presence of different activation status of PKC« or empty vector
control as indicated, and the effect on Twist1 protein was determined by Western blotting analysis, and the resulting bands were quantified by densitometry.
CAT, constitutively active; DN, dominant negative; WT, full-length inactive WT. Densitometry readings are reported as fold changes compared with empty
vector control. **, p = 0.0017; **** p = 0.0001. Note that the truncated PKCaCAT (48 kDa) can be distinguished from the full-length DN and WT proteins (80
kDa). F, PKCa was knocked out in OCSC1-F2 ovarian cancer cells using CRISPR/Cas9, and the levels of PKCa and endogenous Twist1 were determined by
Western blotting analysis. GAPDH was used as loading control for all Western blots. Each experiment was performed at least three independent times.
Representative data are shown.
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on a 3D structure of Twist1. This structure is based on compu-
tational models that have been previously described (27). We
then focused on Thr-137, Ser-140, Ser-144, and Thr-148 and
determined which of these sites can control Twist1 stability.

Therefore, we introduced mutations into a plasmid-borne
Twistl gene at each of these four sites. Alanine substitution
creates a nonpolar side chain unable to be modified by kinases,
and we hereafter refer to this type of change as “phospho-defi-
cient.” Meanwhile, aspartic acid is negatively charged at cellular
pH, mimicking the chemical and charge character of a phos-
phate group, appearing to the cell as if the residue is perma-
nently phosphorylated. We refer to this as a “phosphomimetic”
mutation. Thus, we created four phospho-deficient (T137A,
S140A, S144A, and T148A) and four phosphomimetic mutants
(T137D, S140D, S144D, and T148D). Each of these constructs
were transfected into two different cell models, HEK293T and
EOC cells, and the level of Twistl protein expressed was then
compared with WT Twistl. There is a notable reduction in
Twistl protein expression when a phospho-deficient residue is
introduced at position 144 (S144A) (Fig. 4, C and D). This
reduction is more evident when transfected in clone R182,
which has an active mechanism to promote Twist] degradation
(12). In contrast, there are no changes in the level of Twistl
protein expression shown with other phospho-deficient con-
structs, i.e. T137A, S140A, and T148A. Interestingly, introduc-
tion of a phosphomimetic residue at position 144 (S144D) is
shown to rescue and increase the protein expression level of
Twistl over that of WT in both cell models (Fig. 4, C and D).
Equivalent mutations at other sites did not affect the expression
of Twistl protein. These results demonstrate that the availabil-
ity of Twistl HLH region, particularly position Ser-144, for
phosphorylation is important for increased Twistl expression.
Intriguingly, although the phospho-deficient mutant T148A
was expressed in lower abundance compared with WT Twist1,
the T148D mutant also showed reduced protein expression lev-
els in both cells (Fig. 4, C and D). These data suggest that muta-
tion in Thr-148 affects the expression of Twistl but not neces-
sarily due to its phosphorylation status.

To further investigate the importance of Ser-144 phosphor-
ylation in Twistl protein stability, we determined its effect on
Twistl protein turnover. Thus, we transfected HEK293T with
either Twistl WT, Twistl S144A, or Twist1 S144D followed by
treatment with the protein synthesis inhibitor cycloheximide.
Addition of the inhibitor would halt further production of
Twistl protein, allowing us to follow the rate of degradation
of the existing pool. Our data showed that the expression of
Twistl WT was substantially reduced after 3 h and totally
undetectable after 6 h of cycloheximide treatment (Fig. 4E,
panel i). On the other hand, Twistl S144D expression is almost
unaffected at 3 h, and 30% of the protein was still expressed
after 6 h (Fig. 4E, panels ii and iv), suggesting that phosphory-
lation on Ser-144 has a positive impact on protein stability.

Taken together, these results further highlight the role of phos-
phorylation at Ser-144 in Twistl protein stability.

Finally, we sought to demonstrate that the phosphorylation
at Ser-144 directly affects Twistl ubiquitination. Using
HEK293T cells, we co-transfected HA-tagged ubiquitin with
either WT Twistl or Twistl S144D and IP Twist1l. We observed
less ubiquitin binding to S144D compared with WT Twistl
(Fig. 5A). This can be seen as a reduction in the ubiquitin smear
corresponding to a ladder of high-molecular-weight species in
samples with Twistl S144D. Taken together, these results dem-
onstrate that phosphorylation at Ser-144 is able to inhibit the
ubiquitination of Twist1 leading to its stability.

Ser-144 is one of the sites of PKCa-induced Twist1
phosphorylation

Our final objective is to demonstrate that Ser-144 on Twistl
is a PKCa substrate. Thus, Twistl WT, Twistl S144A, and
Twistl S144D were transfected in the presence or absence of
PKCaCAT in HEK293T cells. We observed that Twistl S144D
protein expression was higher than Twistl S144A. More
importantly, we observed that the presence of PKCaCAT did
not further increase the expression of Twist1 S144D nor Twist1l
S144A (Fig. 5, B and C). These results demonstrate that the
availability of Ser-144 as a phosphorylation substrate for PKCa
is critical for the stabilization of Twist1. To further validate that
the amino acid Ser-144 is a PKCa substrate, Twist1 was IP from
HEK293T cells co-transfected with either Twistl WT or
Twistl S144D in the presence of PKCaCAT. The IP complexes
were then immunoblotted with anti—phospho-Ser/Thr/Phe
antibody to determine the level of phosphorylation of Twistl
protein. The co-expression of Twistl S144D with PKCaCAT
did not result in Twistl phosphorylation to the extent observed
when Twistl WT is co-expressed with PKCaCAT (Fig. 5D).
These results strongly demonstrate the importance of amino
acid Ser-144 within Twist1 protein as a substrate for PKCa and
for its stabilization.

Discussion

In this study, we identified a novel Twistl phosphorylation
site that promotes its stability. Phosphorylation on Ser-144 of
Twistl can prevent its ubiquitination and proteasomal degra-
dation. In addition, we identified PKC« as the primary kinase
that can generate this modification. To the best of our knowl-
edge, this is the first demonstration that Twist1 is a direct target
of PKCa and that phosphorylation on Ser-144 is critical for
Twistl protein stability (Fig. 6).

Twistl is a transcription factor critical for a myriad of cellular
processes, the most studied of which is cellular migration (28,
29). It is this function that makes it an essential effector during
the process of development and embryogenesis. The loss of
expression or inactivation of Twist1 leads to Saethre—Chotzen
syndrome, a developmental disorder characterized by prema-

Figure 3. The WR domain of Twist1 is required for interaction with PKCa. A, HEK239T cell were co-transfected with Twist1-c-Myc and HA-PKCaCAT and
whole-cell lysates were subjected to immunoprecipitation with either anti-HA antibody to capture PKCaCAT or anti-c-Myc antibody to capture Twist1. The
resulting IP complexes were immunoblotted for PKCa and Twist1. B, schematicillustration of Twist1 protein deletions used to identify the domain required for
binding to PKCa. Cand D, Twist1 N-terminal deletion mutants with FLAG tag (C) and C-terminal deletions with Myc tag (D) were co-transfected with PKCaCAT
in HEK293T cells. Whole-cell lysates were used to immunoprecipitate the corresponding tag on Twist1, and IP complexes were probed to detect presence of
PKCa. IgG was used as control for all IPs. The experiments were performed at least three independent times. Representative data are shown.
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Figure 5. PKCa-induced Ser-144 phosphorylation on Twist1 inhibits Twist1 ubiquitination and promotes stability. A, WT Twist1 or 144D phosphomi-
metic mutant were co-transfected in HEK293T cells with HA-tagged ubiquitin. Twist1 was subsequently immunoprecipitated, and the levels of ubiquitinated
Twist1 were determined by Western blotting for HA. Ubiquitinated Twist1 appears as a smear on the HA blot. Note less ubiquitination in Ser-144 mutant
compared with WT Twist1. Whole cell lysates were used as input control and GAPDH as loading control. B, phospho-deficient 144A, or phosphomimetic 144D
were co-transfected in HEK293T cells with constitutively active PKCaCAT or empty vector to control for total amount of plasmids transfected. The levels of
Twist1 protein detected by Western blotting. C, quantified by densitometry reported as fold changes compared with 144A. *, p = 0.04. D, WT Twist1 or 144D
phosphomimetic mutant were co-transfected in HEK293T cells with PKCaCAT. Twist1 was subsequently immunoprecipitated, and phosphorylated Twist1 was
detected by Western blotting using anti-phospho-(Ser/Thr)Phe antibody. Whole cell lysates were used as input control. The experiments were performed at
least three independent times. Representative data are shown.

ture cranial fusion and syndactyly (30, 31). Interestingly, it is
this role in cellular migration that makes Twist1 also indispens-
able during the process of cancer metastasis.

Twistl is often reactivated in many cancers, wherein it
enables the EMT program to confer motility and invasiveness
to cancer cells (32). In addition to metastasis formation, Twist1
overexpression in tumors has been linked to chemoresistance,
which together with metastasis represents a major clinical chal-

lenge. As such, the regulation of Twistl has been an active and
ongoing field of research not only in developmental biology but
in cancer as well.

Twistl has been shown to be regulated both at the transcrip-
tional and post-translational level (6, 33). Transcriptionally,
Twistl mRNA expression can be promoted by several signaling
pathways such as NF-«B (34, 35), STAT3 (36), and Wnt (37), as
well as the classical EMT inducer TGFp (38). Post-translation-

Figure 4. Phosphorylation on Ser-144 of Twist1 promotes its stability. A, schematic representation of predicted PKCa phosphorylation sites on Twist1
adjacent to predicted Twist1 ubiquitination sites. B, location of phosphorylation sites included in this study (Thr-137, Ser-140, Ser-144, and Thr-148) on Twist1
3D structure (green) shown dimerized with another bHLH protein (gray). Note that the phosphorylation sites (yellow stars) are within the loop and accessible on
the exterior of the dimer. WT Twist1 or phospho-mutants were transfected in HEK293T cells (C, panels i and ii) or EOC cells clone R182 (D, panels | and ii) as
indicated; the levels of Twist1 protein were determined by Western blotting analysis; and the resulting bands were quantified by densitometry. Densitometry
readings are reported as fold changes compared with empty vector control. *, p = 0.0126; **, p = 0.0021. E, WT Twist1 (panel i), phospho-deficient on 144 (144A,
panel ii), or phosho-mimic on 144 (144D, panels iii) were transfected in HEK293T cells and treated with cyclohexamide (CHX, 20 ng/ml). The levels of Twist1
protein were determined by Western blotting, and the resulting bands were quantified by densitometry; densitometry readings are reported as fold changes
compared with empty vector control. **, p = 0.0096. GAPDH was used as loading control.
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Figure 6. Proposed model of PKCa-dependent Twist1 stabilization. A,
Twist1 is a target for ubiquitination around the loop region. Twist1 3D struc-
ture is shown in green dimerized with another bHLH protein shown in gray. B,
active PKCa binds to Twist1 via Twist1’s WR domain and phosphorylates
Twist1 on Ser-144 located in the loop region. This phosphorylation precludes
ubiquitination, leading to Twist1 stabilization.

ally, Twist1 has been shown to be a target for phosphorylation,
acetylation, and ubiquitination (8, 10, 39).

In utero, the expression of Twist1 is tightly regulated not only
at the mRNA level but also at the protein level. In mice,
although there is a significant expression of Twistl mRNA,
there was no detectable Twistl protein in the paraxial meso-
derm until embryonic day 8.25 (40). We observed similar find-
ings in our in vitro models of EOC, where we found very low to
no detectable Twistl protein expression in the presence of a
significant amount of Twistl mRNA (12). Further studies dem-
onstrated thatin EOC, Twist1 protein is constitutively ubiquiti-
nated and targeted for proteasomal degradation.

In this study, we determined possible mechanisms that can
inhibit this constitutive ubiquitination and focused on phos-
phorylation as a likely post-translational modification that can
prevent it. As mentioned above, Twistl has been previously
reported to be phosphorylated at Ser-42, Ser-68, Thr-121, and
Ser-123 (9, 10). Phosphorylation at these sites has been demon-
strated to affect the dimerization of Twistl, its transcriptional
activity, and stability (8, 9). Our results revealed Ser-144 as a
novel phosphorylation site on Twistl protein that can reduce
its ubiquitination and consequently lead to its stabilization.
Interestingly, previous studies have shown that a missense
mutation in the 144 position (S144R) prevents Twist1/E12 het-
erodimer from binding to DNA promoter regions and, as a
result, impairs Twistl transcriptional activity during develop-
ment (41). Taken together with these findings, our results fur-
ther highlight the importance of the Ser-144 position in Twist1
function.

Our data show that active PKCe is able to induce Ser-144
phosphorylation on Twist1 and that the WR region of Twist1 is
required for this interaction. Similar to Twistl, PKCa is known
to regulate various cellular processes, some of which interest-
ingly have opposing effects. PKCa has been shown to induce
proliferation in human glioma U87 cells as well as in MCE-7
human breast cancer cells but promote cell cycle arrest in
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MCEF-10 human mammary epithelial cells and even apoptosis
in human gastric cancer cells (16, 42, 43). Also similar to Twist1
is the role of PKCa in cell migration and tumor progression
(44). Previous studies using prostate cancer models have shown
that a PKC/Twistl signaling axis exists and contributes to a
castration-resistant phenotype (21). In that study, knockdown
of PKCP or PKCe was shown to inhibit the expression of Twist1
in the protein level. The PKC/Twistl signaling pathway
involves NF-kB— dependent up-regulation of Twist1 secondary
to PKC activation (45). Our results demonstrate that PKCa is
able to directly form a complex with and phosphorylate Twist1,
consequently inhibiting its ubiquitination and its targeting to
the proteasomal degradation system. These results offer further
insights into PKC/Twist1 signaling axis and, given their roles in
both cancer aggressiveness and chemoresistance, open new
venues to the development of novel therapeutic modalities tar-
geted to these factors.

Experimental procedures
Reagents, antibodies, and plasmids

Plasmids—pHACE-PKC-a-CAT (PKCaCAT) (Addgene,
catalog no. 21234), pHACE-PKC-a-DN (PKCaDN) (Addgene,
catalog no. 21235) and pHACE-PKC-a-WT (PKCaWT) (Add-
gene, catalog no. 21232) plasmids were gifts from Bernard
Weinstein (25). Twist1 plasmids were constructed in pCDNA4
backbone. lentiCRISPRv2 (Addgene, catalog no. 52961) plas-
mid was a gift from Feng Zhang (46). pVSVg (Addgene, catalog
no. 8454) and psPAX2 (Addgene, catalog no. 12260) plasmids
were gifts from Bob Weinberg and Didier Trono, respectively.

Antibodies—anti-GAPDH (1:10000, G8795; Sigma), anti-
Twistl (1:200, CS-81417; Santa Cruz, Dallas, TX), anti-PKCa«
(1:200, CS-8393; Santa Cruz), anti-HA probe (1:200, CS-7392;
Santa Cruz), anti—c-Myc tag (1:1000, catalog no. A190-105A;
Bethyl Laboratories Inc., Montgomery, TX), phospho-Ser/Thr/
Phe (1:1000, catalog no. 9631; Cell Signaling Technology, Dan-
vers, MA), peroxidase-conjugated anti-rabbit IgG (1:10000),
and peroxidase-conjugated anti-mouse IgG (1:10000) (Dako,
Glostrup, Denmark). For Western blotting detections of IP test,
TrueBlot Ultra anti-mouse and anti-rabbit IgG HRP (1:1000,
catalog no. 18-8817-31 and 18-8816-31; Rockland Immuno-
chemicals Inc., Limerick, PA) were used.

Cell culture and culture conditions

Human epithelial ovarian cancer cells (R182) used in these
studies were isolated from ascites and grown as previously
described (22). The isolation and characterization of the EOC
cells has been previously reported (23, 24). All patients signed
consent forms, and the use of patient samples was approved
under Yale University’s Human Investigations Committee
(approval no. 10425). All studies described abide by the Decla-
ration of Helsinki principles.

EOC cells were maintained at 60 —80% confluence in RPMI
1640 medium (Gibco, catalog no. 2340-021) supplemented
with 10% FBS (Gemini Bio-products, Woodland, CA; catalog
no. 100-106). The confluence of the culture is critical to prevent
differentiation. The primary cultures are maintained at low
number of passages. We are extremely careful to maintain low
passage number for the cells to prevent changes associated with
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long-term cultures. HEK 293T cells were maintained in Dul-
becco’s modified Eagle’s medium (Gibco, catalog no. 119065-
092) supplemented with 10% FBS.

Plasmid transfection

HEK293T cells were seeded at 5 X 10° cells/well in a 6-well
plate or 3 X 10° cells/100-mm dish and incubated overnight.
The media were then changed to fresh RPMI 1640 medium
supplemented with 10% FBS at 4 h prior to transfection. A total
of 2 ug of plasmids were mixed with 6 ug of PEI in 100 ul of
OPTIMEM medium (Gibco) or for 100-mm dish a total of 20
g of plasmids were mixed with 60 ug of PEI in 1 ml of
OPTIMEM medium and incubated for 15 min at room temper-
ature. The plasmid/PEI mix was then added in a dropwise man-
ner. 24-72 h following transfection, cells were collected and
washed with PBS for RNA purification and protein sample
extraction. EOC cells were seeded at 7 X 10° cells/100-mm dish
and then transfected and harvested as described for 293T cells.

Knockout of PKCax using CRISPR/Cas9

PKCa was knocked out in OCSC1-F2 ovarian cancer cells
using CRISPR/Cas9. The guide RNA for PKCa was designed
using the CRISPR design tool from the Zhang Laboratory at
MIT. This guide was introduced to lentiCRISPRv2 plasmid. 10
pg of the resulting plasmid was then co-transfected with 8 ug of
packaging plasmid (pVSVg) and 4 ug of envelope plasmid
(psPAX?2) in the presence of 60 ug of PEI on HEK293T cells in
a 100-mm dish. The packaged plasmids were collected and
transduced into the OCSC1-F2 cells. The cells were then sub-
jected to puromycin selection.

Protein preparation and immunoprecipitation

Whole-cell protein extraction was performed using cell lysis
buffer (1% Triton X-100, 0.05% SDS, 100 mm Na,PO,, and 150
mMm NaCl) supplemented with protease inhibitor mixture
(Roche) and PMSE. Cell pellets were lysed with 50 ul of cell lysis
buffer mixture on ice for 15 min followed by centrifugation at
16,000 X g for 15 min at 4 °C to remove cell debris. The whole
cell lysate was quantified using Pierce BCA reagent (catalog no.
23223, Thermo Scientific).

For IP, 500 g of whole cell protein lysate were incubated
with 1.5 ug of primary antibody at 4 °C overnight. The IP prod-
uct was then incubated with protein A—Sepharose beads for 3 h,
followed by three washes with KLB buffer (20 mm Tris HCL, pH
8.0,137 mm NaCl, 10% glycerol, 1% Nonidet P-40,2 mMm EDTA).
The product was then isolated for Western blotting detection.

SDS-PAGE and Western blots

20 pug of each protein lysate were electrophoresed on a 12%
SDS-polyacrylamide gel. The proteins were then transferred
onto polyvinylidene difluoride membranes (EMD Millipore).
After blocking in PBS with 0.05% Tween 20 (PBS-Tween) and
5% milk, the membranes were probed with primary antibody in
2% milk PBS-Tween at 4 °C overnight. The membranes were
then washed with PBS-Tween three times followed by a sec-
ondary antibody in 2% milk PBS-Tween for 2 h at room tem-
perature. Immunoreactivity was detected by the ECL system
(Bio-Rad).

SASBMB

In vitro kinase assay

Invitro kinase assay was performed using ADP-Glo™™ kinase
assay (Promega Corp., Madison, WI) according to the manufa-
cturer’s instructions. Briefly, the kinase reaction consisted of 5
ng of recombinant human active full-length PKCa protein
(Millipore, catalog no. 14-484), 200 or 300 ng recombinant
human Twistl protein (Abcam, catalog no. ab132349), PKC
lipid activator (0.1 mg/ml phosphatidylserine, 0.01 mg/ml dia-
cylglycerol, 4 mm MOPS, pH 7.2, 5 mm B-glycerol phosphate,
0.2 mm sodium orthovanadate, 0.2 mm DTT, 0.2 mm CaCl,), 20
mwm HEPES, pH 7.4, 20 mm MgCl,, 0.1 mg/ml BSA, 0.1 mm CaCl,,
and 100 um ATP. The kinase reaction was performed at 37 °C for
1 h. The luminescence signal was measured using a desktop
TD20/20 luminometer (Turner Biosystems, Sunnyvale, CA). Per-
centage of increase in ADP conversion from ATP, suggestive of the
occurrence of a kinase reaction was calculated as follows, wherein
LS is luminescence signal: % increase in ADP = (LSpic | rwist
blank) — (LSpkcaione-Plank)/(LSpyc 1 Tywis-blank).

RNA quantification

For measuring Twist gene expression level, the cells were
transfected as described in the plasmid transfection method
section. Following the transfection, the cells were collected and
washed with PBS. RNA was isolated using Qiagen RNasey Mini
Plus kit (catalog no. 74106, Qiagen) according the manufactu-
rer’s instruction with addition of on-column DNase digestion.
c¢DNA was synthesized using iScript cDNA kit (Bio-Rad). qPCR
was performed on CFX96TM PCR detection system (Bio-Rad)
using SYBR Green Supermix (Bio-Rad). The primers used for
detection of Twist gene expression are: forward primer, 5'-
GTCATGGCCAACGTGCGGGA-3', and reverse primer, 5'-
GCCGCCAGCTTGAGGGTCTG-3'. Twist gene expression
was normalized to reference gene GAPDH. The primers used
for detection of GAPDH expression are: forward primer,
5'"-CTCTGCTCCTTCCTGTTCGAC-3', and reverse primer,
5'-ACGACCAAATCCGTTGACTC-3'. Relative expression
was calculated using the comparative AACT method. The
quantifications were performed in triplicate.

Statistical analysis

The data are expressed as means * standard deviation. Sta-
tistical significance (p < 0.05) was determined using either two
tailed unpaired ¢ tests or one-way analysis of variance using
GraphPad Prism?7.

Author contributions—R. T., C. M. R, A.B.A,, C.C,, Y. Y.-H,, S. S,
and M. P. data curation; R. T., C. M. R,, A. B. A,, and G. M. formal
analysis; R. T. validation; R. T. methodology; R. T., C. M. R,, and
A.B. A. writing-original draft; R.T., C. M.R,, A.B. A, and G. M.
writing-review and editing; A. B. A,, G. Y., C. A. G., and G. M. con-
ceptualization; G. M. supervision; G. M. funding acquisition; G. M.
project administration.
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