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Interplay between p300

and HDAC1 regulate acetylation
and stability of Api5 to requlate cell
proliferation

Virender Kumar Sharma® & Mayurika Lahiri®"

Api5, is a known anti-apoptotic and nuclear protein that is responsible for inhibiting cell death in
serum-starved conditions. The only known post-translational modification of Api5 is acetylation

at lysine 251 (K251). K251 acetylation of Api5 is responsible for maintaining its stability while

the de-acetylated form of Api5 is unstable. This study aimed to find out the enzymes regulating
acetylation and deacetylation of Api5 and the effect of acetylation on its function. Our studies
suggest that acetylation of Api5 at lysine 251 is mediated by p300 histone acetyltransferase while
de-acetylation is carried out by HDACL. Inhibition of acetylation by p300 leads to a reduction in Api5
levels while inhibition of deacetylation by HDAC1 results in increased levels of Api5. This dynamic
switch between acetylation and deacetylation regulates the localisation of Api5 in the cell. This study
also demonstrates that the regulation of acetylation and deacetylation of Api5 is an essential factor
for the progression of the cell cycle.

Apoptosis inhibitor 5 (Api5) is also known as anti-apoptotic clone 11, AAC-11. Api5 was discovered as a nuclear
protein, which was responsible for inhibition of apoptosis under serum starved conditions'. Api5 is a right-
handed superhelix which is composed of all helical repeats. It has 19 a-helices and two 3,, helices®. It has
also been observed that all these helices interact with neighbouring helices to form an antiparallel helix pair.
The N-terminal of Api5 comprises of a-helix from 1 to 11 which shares homology with the Huntingtin, Elon-
gation factor 3 (EF3), protein phosphatase 2A (PP2A), and the yeast kinase TOR1 (HEAT) repeat structures
of other proteins such as Importin . The C-terminal of Api5 is made up of a-helices from residues 12-19 and
share homology with armadillo (ARM)-like repeat structures of other proteins, for example, p120 catenin. The
N-terminal of Api5 contains LxxLL motif which is an amphipathic a-helix that forms nuclear receptor co-factor
interaction regions. This motif is present in the sixth a-helix and is required for maintaining stability of the pro-
tein by forming hydrophobic interactions with neighbouring a-helices and is also the region that interacts with
FGF2?. The C-terminal region of Api5 has a nuclear localisation signal and a putative Leucine Zipper domain
(LZD). LZD is present in the a18 helix, between 371 and 391 amino acid residues. It interacts with Acinus, a
protein which mediates fragmentation of chromatin during apoptosis*. Global mass spectrometric analysis of
Api5 suggests the presence of one conserved acetylation site at lysine 251, which is present in the hinge region
between al3 and al142.

It has been proven that Api5 inhibits the dE2F1-mediated apoptosis in Drosophila cells®. dE2F1 is a well-
known pro-apoptotic gene responsible for apoptosis in the fruit flies. In the Drosophila embryonic cells, SL2,
RNAi-mediated depletion of Api5 was found to be responsible for increased apoptotic cell death as compared
to the dE2F1 over-expressed cells. Similar result was also observed in the human osteosarcoma cell line, Saos-
2, where ectopic expression of Api5 decreased E2F1-mediated apoptosis in E2F1 over-expressing cells without
affecting its transcriptional activity®.

According to the study by Rigou et al., AAC-11 binds to Acinus, a nuclear protein and plays a significant
role in chromatin condensation during apoptosis *. Binding of AAC-11 to Acinus does not allow its cleavage by
caspase-3, thus in turn inhibiting DNA fragmentation and apoptosis®.

Studies performed in melanoma cells, showed Api5 to modulate FGF2 and FGFR1 signalling which acti-
vates ERK. This activated ERK phosphorylates Bim, a pro-apoptotic protein. Phosphorylated Bim is the target
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for proteosomal degradation. Thus ubiquitin-mediated degradation of Bim is a means by which Api5 inhibits
apoptosis in HeLa and 565mel cell lines®.

Mayank and group have reported Api5 to inhibit transcription of APAF1 gene. APAF1 is the main component
of the apoptosome complex. Thus Api5 prevents the formation of the apoptosome, in turn inhibiting apoptosis’.
A recent study suggests Api5 to physically interact with caspase 2, and prevent its activation, thus inhibiting
apoptosis®.

Api5 has also been reported to be involved in the regulation of E2F1, a transcriptional activator of G1/S cell
cycle transition genes, by enhancing the binding affinity of E2F1 to its target promoters. Knockdown of Api5
arrested H1299 cells at the G1 phase of the cell cycle, thus proving that apart from regulating apoptosis, Api5
also plays a critical role in maintaining normal cell cycle progression’.

Navarro et al. demonstrated that the levels of Api5 are regulated in a cyclic manner®. It was observed that
the levels of Api5 was higher in the G1 phase and was stabilised during the G1/S transition. Interestingly, Api5
levels decreased as the cells proceeded further in the cell cycle, from G2 to G2/M phase’. This suggests that Api5
undergoes degradation during cell cycle progression. Knockdown of Api5 arrests H1299 non-small cell lung
carcinoma cells at the G1 phase. This was further supported by Han and his group where they showed acetylation
of Api5 at lysine 251 to be associated with its stability>.

Api5 has been found to be overexpressed in different types of cancers like cervical, urinary bladder, lung,
ovarian and oesophageal cancers®!%-1%. In cervical cancers, Api5 overexpression has been shown to promote
invasion'. Api5 has also been shown to promote the degradation of Bim, a pro-apoptotic protein®. In osteosar-
comas, studies have shown Api5 to inhibit E2F1 as well as Acinus-mediated apoptosis*®. Api5 has been identified
as a biomarker for cervical and ovarian cancers and a prognosis marker for non-small cell lung carcinomas'>"3.
High levels of Api5 provide cancer cells the ability to evade immune response mediated cell death®. In breast
cancers, Api5 interacts with the estrogen receptor to promote proliferation'. It has also been reported that Api5
promotes metastasis in breast cancers'®. Higher levels of Api5 are associated with chemo-resistance'®. It has been
shown that tamoxifen-resistant breast cancer cells show an upregulation of Api5'¢, while cancer cells which are
sensitive to anticancer agents like tocotreinol show reduced levels of Api5'. Reduced and low levels of Api5 are
associated with the increase in cell death in various cancers. Knockdown of Api5 resulted in the reduction in
in vivo tumorogenicity in cancer cells.

Api5 acetylation at lysine 251 is conserved from protists to mammals®. De-acetylated form of Api5 is not
stable and therefore undergoes post-translational degradation. However the mechanism of degradation and the
enzymes involved in the process of acetylation and de-acetylation of Api5 is not yet known.

CBP/p300, GCN5/PCAF and TIP60/MYST1/2/3/4 are the major acetyltransferases involved in acetylation
of most of the cellular proteins. Among this, p300 acetylates proteins involved in a number of diverse biological
functions including proliferation, cell cycle regulation, apoptosis, differentiation and DNA damage response!®-2!.
P300 histone acetyl transferase was initially identified as a transcriptional activator that performs its function
by acetylating histones in eukaryotic cells. p300 is capable of acetylating all the four histones?**. Later it was
discovered that p300 also acetylates non-histone proteins like E2F1, p53, p73, Rb, E2F, myb, myoD, HMG(I)
Y, GATA1 and a-importin®*~*. The role of p300 histone acetyl transferase in the regulation of the cell cycle is
also known?*. Activity of p300 is required for normal transition from G1 to S phase of cell cycle*. Mutations
or abnormality in function of p300 leads to multiple disorders and cancer is most common amongst them?*-%.

Histone de-acetylases (HDAC:s) are the major de-acetylases involved in the de-acetylation of histones that
regulate genetic expression of certain genes as well as non-histone proteins that regulate the processes responsible
for maintaining cellular homeostasis**~*. HDAC de-acetylates proteins involved in almost all the cellular events
like cell cycle, replication, proliferation and apoptosis. It has also been shown that most of the proteins that get
acetylated by p300 histone acetyltransferase also undergo de-acetylation by HDAC1, a member of class] HDACs,
for example p53 and E2F1%%#2. Han and group in their studies have suggested the possibility of involvement of
histone de-acetylases in the de-acetylation of Api5*

AMP-activated protein kinase (AMPK) is an energy sensor kinase that regulates almost all cellular processes
like cell division, DNA replication, transcription activation and apoptosis**~* by sensing AMP to ATP ratio and
thereby regulating cellular homeostasis. It has also been reported that AMPK regulates G1/S transition of cells*.
Mutations in AMPK can lead to multiple disorders including cancer*.

Protein kinase B (Akt) has various functions in cells that include proliferation, migration and transcription.
Studies have shown PI3K/Akt pathway to also regulate cell cycle progression by phosphorylating the inhibitors
of cyclin-dependent kinases (CKI) p21 and p27 Cip/Kip proteins*->!. Akt has also been shown to play a role
in regulating different pro-apoptotic molecules in order to enhance survival and proliferation of cancer cells*.

In this study, we report two novel and key regulators of Api5: p300 and HDAC1. We observed p300 to be the
enzyme that interacts with and regulate Api5 levels in cells. p300 mediated acetylation of Api5 at lysine 251 pro-
vided stability to Api5, while the HDAC1-mediated deacetylation led to reduced levels of Api5 in the cells. Both
these regulators also regulated the subcellular localisation of Api5 in cells. We observed that the de-acetylated
protein was transported to the cytoplasm while the acetylated protein was present in the nucleus. The regulation
of acetylation was also observed to regulate cell cycle progression. We also demonstrated AMPK and Akt to be
the players regulating p300 activity, thereby leading to stability of Api5 in cells.

Results

In silico analysis predicts p300 histone acetyltransferase to acetylate Api5 at lysine 251. It
has been reported in previous studies that Api5 undergoes acetylation at lysine 251, however, the enzyme that is
required for the acetylation function has not yet been identified. Therefore, to identify the enzyme involved in
the acetylation of Api5 we performed in silico analysis using the acetylation set enrichment based (ASEB) web
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Figure 1. Api5 interacts with p300 in silico. (a) Various acetyl transferases and their probability to acetylate
lysine 251 of Api5 represented as p value using ASEB webserver, where lower p value corresponds to a higher
probability. (b) The lowest-energy docking position of Api5 and p300 analysed using HADDOCK webserver
and output analysed using PIZSA represented as a cartoon diagram. (c) Interaction between Lysine 251 of Api5
with p300. (d) Various amino acid interactions between Api5 and p300.

server tool®*** to predict the site as well as the enzyme which may be responsible for acetylation of Api5 at lysine
251. ASEB predicts the site of acetylation as well as the acetyl transferases involved in the acetylation of target
proteins by analysing sequence similarity and protein-protein interaction related information of other known
proteins. The prediction score is represented as p value wherein, lower p value corresponds to higher probability
of the protein to be acetylated by the acetyl transferases®. It was observed that amongst CBP/p300, GCN5/PCAF
and TIP60/MYST1/2/3/4, CBP/ p300 had a lower p value suggesting a higher possibility of acetylating Api5 at
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lysine 251 (Fig. 1a). Active site residues of p300 histone acetyltransferase were obtained from the literature®.
Docking was performed between p300 and Api5 using the High Ambiguity Driven protein-protein DOCKing
(HADDOCK) webserver®. HADDOCK server utilises the biochemical and biophysical properties of known
proteins and predicts the interaction between two proteins along with the identification of amino acid residues
involved in the interaction. The output was analysed using Protein Interaction Z Score Assessment (PIZSA)
*7 and the best scoring model was chosen as shown in Fig. 1b-d. Interestingly the acetylating domain of p300
showed interaction with three amino acid residues of Api5 including lysine 251 (Fig. 1¢,d).

p300 interacts with and regulates Api5. Acetylation of Api5 at K251 is responsible for maintaining
its stability®. To prove whether p300 histone acetyltransferase can regulate Api5 acetylation and thus stability,
cells were treated with different concentrations of a small molecule chemical inhibitor of CBP/p300 (C646) and
levels of Api5 were analysed. E2F1 and p53 are proteins which are stabilised upon acetylation by p300. Reduced
levels of E2F1 and acetyl p53 confirmed the inhibition of CBP/p300 activity (Fig. 2a,c,d). Api5 protein expres-
sion was reduced upon p300 inhibition (Fig. 2a,b) without affecting the transcript expression of Api5 (Fig. 2e,f),
thus demonstrating that CBP/p300 might be regulating Api5 at the post-translational level. In order to acetylate
Apib5, the interaction between CBP/p300 and Api5 is essential. Thus, to find out whether p300 and Api5 physi-
cally interact or not, stable cells expressing mCherry-tagged Api5 were immunoprecipitated using GFP-specific
antibody (Fig. 2g). The presence of p300 histone acetyltransferase in the GFP pull down lysate confirmed the
interaction between Api5 with p300. This interaction was further corroborated by reverse immunoprecipitation
using p300 antibody and the presence of Api5 was confirmed using GFP specific antibody (Fig. 2h). However,
immunoprecipitation of Api5 with GFP specific antibody did not show interaction with CBP (data not shown).
These results conclusively demonstrate p300 to interact with Api5 and thus regulate Api5 protein expression
without affecting the transcript levels.

HDAC1 interacts with and regulates levels of Api5. From the previous results, we discovered p300
to be the histone acetyltransferase to regulate Api5 protein levels. Next, we were interested in identifying the de-
acetylase enzyme which might be involved in regulating the stability of Api5.

HDACI1 is one of the member of the large family of histone de-acetylases. HDACI belongs to class 1 HDAC
proteins along with HDAC2. De-acetylation activity of HDACI is coupled with the acetylation activity of p300.
Interestingly, HDACI1 has also been reported to be a part of the Api5 interactome®. To investigate whether
HDACI regulates Api5, cells were treated with different concentrations of romidepsin, a HDAC class 1 inhibitor
and Api5 protein levels were analysed. Api5 protein levels increased upon treatment with romidepsin suggest-
ing that HDAC1 may be involved in regulating the stability of Api5 (Fig. 3a,b). Levels of p21, a protein known
to be degraded upon de-acetylation by HDACI, also accumulated confirming the inhibition of HDAC1 activ-
ity (Fig. 3a and c). The accumulation of Api5 upon inhibition of HDACI could also be the result of increased
transcription of Api5. To rule out this possibility, Api5 transcript levels were analysed upon HDACI inhibition.
Api5 transcript levels remained unaltered upon romidepsin treatment as shown in Fig. 3d,e. These results sug-
gest HDACI to play a role in regulating the stability of Api5 at the post translational level. In order to decipher
whether HDACI interacted with Api5 to bring about the regulation, immunoprecipitation studies were con-
ducted. To demonstrate the interaction of Api5 with HDACI, whole cell lysates of mCherry-Api5 overexpressing
stable cells were immunoprecipitated using GFP-specific antibody (Fig. 3f). Presence of HDACI in the GFP pull
down lysates confirmed the interaction between HDACI1 and Api5. This interaction was further corroborated by
reverse immuno-precipitation and pull down was performed using HDAC1 specific antibody. Api5 was found
to be present in the HDAC1 pull down lysates (Fig. 3g). These studies thus validate that HDACI interacts with
and regulates Api5 at the protein level. However, since romidepsin has been shown to inhibit both HDACI and
HDAC?2, we do not rule out the possibility of HDAC2 in the regulation of Api5.

Api5 is acetylated by p300 and de-acetylated by HDAC1 at lysine 251 residue.  Previous experi-
ments suggested p300 histone acetyltransferase and HDACI as the acetylating and de-acetylating enzymes
respectively that regulate the levels of Api5. It was hypothesised that these two enzymes might also regulate the
dynamics of acetylation and de-acetylation of Api5. Therefore, the acetylation status of Api5 was investigated
upon inhibition of both p300 and HDACI.

To investigate whether Api5 is acetylated by p300, mCherry-Api5 overexpressing stable cells were treated
with and without C646 and immunoprecipitation studies were performed. Acetylated Api5 was detected using
L-acetyl lysine specific antibody. Api5 acetylation was observed to be reduced upon inhibition of p300 when
compared to the untreated control as shown in Fig. 4a. To check for the effect of HDACI inhibition on the acety-
lation status of Api5 similar immunoprecipitation experiments were performed with and without romidepsin.
Acetylated levels of Api5 increased upon inhibition of HDACI (Fig. 4b). This, thus confirmed that Api5 under-
goes acetylation and de-acetylation by p300 and HDACI, respectively. Earlier studies by Han and group have
shown that Api5 is acetylated at lysine 2512. To identify whether Api5 acetylation and deacetylation by p300 and
HDACI1 respectively occurs at the lysine 251 residue, K251 mutants of Api5 were generated using site-directed
mutagenesis. mVenus-tagged wild type, K251 A (acetylation-deficient mutant), K251R (charge-mimic mutant)
and K251Q (constitutive acetylation mimic) mutants of Api5 were ectopically expressed in cells. The expression
levels of mVenus, which is a proxy for ectopic expression of Api5 K251 mutants were analysed in the presence
and absence of C646 and romidepsin using GFP-specific antibody. We expected K251 A mutant of Api5 to be
unstable and thus observed its expression to be low. However, to investigate the molecular function of p300 and
HDACI during acetylation and deacetylation of Api5, cells were transfected with a higher amount of K251A
plasmid in order to obtain comparable protein expression to that of the other mutants. It was observed that levels
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Figure 2. Interaction between p300 and Api5 stabilises Api5. (a) MCF?7 cells treated with varying
concentrations of CBP/p300 inhibitor C646 for 4 h were lysed and Api5 levels were analysed using western
blotting. (b) Quantification showing the fold change in Api5 protein levels after normalisation with GAPDH. (a—
d) Acetyl p53 and E2F1 were used as positive control for p300 inhibition. (e) API5 transcript levels upon C646
treatment was analysed using semi-quantitative PCR. (f) Quantification of transcript levels after normalising to
GAPDH. MCF7 cells stably expressing mCherry-Api5 were lysed and immunoprecipitations were performed
using (g) GFP and (h) p300-specfic antibodies.
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Figure 3. HDACI interaction destabilises Api5. (a) MCF?7 cells treated with varying concentrations of the
HDAC class 1 inhibitor, romidepsin for 16 h were lysed and Api5 levels were analysed using western blotting.
(b) Quantification showing the fold change in Api5 protein levels after normalisation with GAPDH. (a,c) p21
levels were analysed to confirm the HDAC1/2 inhibition. (d) API5 transcript levels upon romidepsin treatment
was analysed using semi-quantitative PCR and (e) quantified after normalising with GAPDH. MCF?7 cells stably
expressing mCherry-Api5 were lysed and immunoprecipitation was carried out using (f) GFP and (g) HDACI1-
specfic antibodies.

of wild-type Api5 were reduced while the levels of K251A, K251Q and K251R mutants of Api5 remained unaf-
fected upon p300 inhibition (Fig. 4c,d). However, levels of wild-type Api5 increased upon inhibition of HDAC1
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Figure 4. p300 and HDACI acetylate and deacetylate Api5 at K251, respectively. mCherry-tagged Api5 over-
expressing MCF?7 cells treated with (a) 7.5 uM of C646 for 4 h and (b) 0.1 nM of romidepsin for 16 h were lysed
and immunoprecipitation was performed using RFP-specific antibody. Western blotting analysis was performed
to ascertain the acetylation status of Api5 using acetyl lysine specific antibody. MCF?7 cells were transfected with
2 ug each of WT, K251Q and K251R and 4 pg of K251A plasmids and treated with (c) 7.5 uM of C646 and (e)
0.1 nM of romidepsin post 24 h of transfection for 4 and 16 h, respectively. Western blotting was performed to
check for the levels of mutant Api5 using GFP specific antibody. (d,f) Quantification showing the fold change in
Api5 protein levels after GAPDH normalisation and represented as mean + SEM.

by romidepsin whereas that of the other mutants remained unchanged (Fig. 4e,f). Therefore, it was established
that p300 acetylates while HDAC1 de-acetylates Api5 at the lysine 251 residue.

Acetylation of Api5 by p300 is the signal for its nuclear localisation while de-acetylation leads
to the translocation of Api5 to the cytoplasm.. From the previous results, it can be inferred that p300
acetylates Api5 at lysine 251, thereby maintaining its stability. It has earlier been reported that Api5 is a nuclear
protein. To investigate the role of acetylation on Api5 function, cells were treated with the acetylation and dea-
cetylation inhibitors and immunofluorescence was performed. In control cells, Api5 was observed to be present
in the nucleus while upon inhibition of p300, the percentage of cells showing Api5 to be present in the nucleus
was negligible. Moreover, most cells showed nuclear and cytoplasmic localisation of Api5 (Fig. 5a,b). Interest-
ingly, 24% of cells showed only cytoplasmic presence of Api5 upon p300 inhibition which was not observed in
the control cells (Fig. 5b). Api5 localisation was also investigated upon inhibition of HDAC1. We found that,
upon HDACI inhibition, majority of the cells (67%) showed both nuclear and cytoplasmic localisation of Api5,
whereas 29% of cells showed only nuclear localisation of Api5 (Fig. 5¢,d). Only 4% of cells showed cytoplasmic
localization of Api5 which is negligible. To follow the compartmentalisation switch of Api5, both p300 and
HDACI1 were inhibited. The cytoplasmic localisation of Api5 that was observed upon p300 inhibition as well
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Figure 5. p300 and HDACI1 regulate Api5 localisation. MCF?7 cells were treated with (a,b) 7.5 uM C646,

(c,d) 0.1 nM romidepsin and (e,f) 7.5 uM C646 and 0.1 nM romidepsin for 4 h and 16 h, respectively.
Immunofluorescence assay was performed using Api5 specific antibody and cells with different Api5 staining
pattern were manually counted and analysed. The bar graph represents the percentage of cells with Api5 staining
only in the nucleus (red), only in the cytoplasm (yellow) or in both (blue). (g) CTCF value of Api5 intensity in
the nucleus and the cytoplasm was measured in the same experimental set up and the values are represented

as box plots. Here, red corresponds to nuclear intensity and yellow corresponds to the cytoplasmic intensity of
Api5. (h) Cells exhibiting Api5 nuclear foci following different inhibitor treatments were manually counted and
represented as bar graphs showing percentage of cells with nuclear foci.
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as the nuclear localisation observed upon HDACI inhibition was reduced upon inhibition of both p300 and
HDACI. 92% of cells showed both nuclear and cytoplasmic localisation of Api5 (Fig. 5e,f). To further confirm
the role of p300 and HDACI in the translocation of Api5 from the nucleus to cytoplasm, the intensity of Api5
was measured in the nucleus and the cytoplasm. We observed the intensity of Api5 to increase in the cytoplasm
upon treatment with C646 while the nuclear intensity increased upon romidepsin treatment when compared to
control cells (Fig. 5g). Interestingly it was observed that upon inhibition of HDACI, 73% of cells showed Api5
nuclear foci while the foci were reduced to 46% when both p300 and HDACI inhibitors were added in concert
(Fig. 5h). These results were further confirmed in mCherry-tagged Api5 over-expressing cells (Supplementary
Fig. S1 online). Therefore, it was concluded that Api5 acetylation at lysine 251 by p300 stabilises Api5 inside the
nucleus while de-acetylation by HDACI at the same lysine residue directs Api5 to locate to the cytoplasm.

Acetylation of Api5 is critical for normal cell cycle progression.  Lacazette and group have reported
Api5 protein levels to peak during the G1 and S phases of the cell cycle while the transcript levels remained
unaltered®. Our data as well as data from Han’s group® have shown acetylation to be responsible for maintaining
the stability of Api5. It may be hypothesised that the stability of Api5 during the G1 and S phases of the cell cycle
may be due to acetylation of Api5. To demonstrate whether Api5 acetylation affected cell cycle profile, cells were
transfected with the K251 mutants of Api5 in an Api5 knock down background and then analysed. During our
studies we observed that cells with ectopic expression of K251A in an Api5 knockdown background were not
able to survive in the culture. Hence, we conducted our further studies with WT, K251Q and K251R constructs.
Interestingly, cells transfected with the K251R mutant of Api5 were observed to be arrested at the S phase of
the cell cycle (Fig. 6a). PCNA, a S-phase cell cycle marker was also found to be upregulated in the Api5-K251R
transfected cells (Fig. 6b,d) while the other cell cycle markers remained unaffected (Fig. 6b,e,f). This result was
further corroborated with the observation that the Api5-K251R mutant expressing cells showed higher prolifera-
tion when compared to the other Api5 acetylation mutants (Fig. 6g). This increase in proliferation may possibly
be due to an alteration in the cell cycle functioning resulting from the change in acetylation status of Api5. There-
fore it was confirmed that the acetylation status of Api5 also regulated proliferation and cell cycle progression.

AMPK and Akt regulate the p300 mediated stability of Api5. It has already been reported that
AMPK can either directly or indirectly regulate G1/S cell cycle transition regulators such as p53 and p21*.
AMPK requires the activity of AKT to regulate other cell cycle regulators®. It has been previously reported that
activated Akt can activate p300 by phosphorylating it at serine 1834 residue®. Therefore to discern whether
this signalling cascade led to the stability of Api5, both AMPK and Akt were inhibited using small molecule
inhibitors. Api5 levels were observed to be reduced upon inhibition of both AMPK (Fig. 7a,b) and Akt (Fig. 7¢,d)
independently. It was also observed that upon inhibition of AMPK, Akt phosphorylation at serine 473 decreased
which is known to be required to activate p300 (Fig. 7e,f). Our experiments suggest that inhibition of AMPK
inhibits the activation of Akt. Akt is the kinase that has been reported to phosphorylate and activate p300 histone
acetyl transferase. E2F1, a transcription factor is known to be acetylated by p300. This p300-mediated acetyla-
tion of E2F1 has been shown to regulate stability of protein. Reduced levels of E2F1 upon inhibition of AMPK
and Akt separately confirms that both AMPK and Akt are involved in regulating the histone acetyl transferase
activity of p300 (Fig. 7e-i). We propose a model where inhibition of activation of Akt and reduction in Api5
protein levels upon inhibition of AMPK confirms that p300-mediated stability of Api5 is achieved through the
AMPK-Akt pathway as illustrated in the schematic in Fig. 8a.

Discussion

In this study we have shown that p300, a histone acetyltransferase to be responsible for acetylating and main-
taining the stability of Api5. p300 is one of the most studied acetyltransferases which not only acetylates histone
proteins but also other non-histone proteins too®. E2F1 is another known protein that is stabilised upon acety-
lation by p300%. E2F1 is a transcription factor that plays a critical role during the G1/S transition of the cell
cycle?. E2F1 levels vary during the different cell cycle phases, similar to that of Api5’. E2F1 protein levels peak
during the G1 phase of cell cycle and starts to degrade as the cell crosses the S phase. p53, the master regulator
of the cell is also acetylated by the p300%. There are a number of studies that show that upon acetylation, p53
stabilises and thus, is able to perform its different functions like activation of DNA damage response and repair
pathway, cell cycle arrest and apoptosis*.

Histone deacetylases are one of the members of the deacetylase family of enzymes that remove the acetyla-
tion from targeted proteins. Initially HDACs were identified and reported to de-acetylate histone proteins*.
But extensive studies have shown that HDACs can also de-acetylate non-histone proteins. Both E2F1 and p53,
which are acetylated by p300, are also de-acetylated by Class 1 HDACs*¢!. E2F1 and p53 upon deacetylation
become unstable and lose their activity. HDAC1 mediated de-acetylation of E2F1 also aids in its localisation
shift from nucleus to cytoplasm.

Earlier studies have shown Api5 acetylation at K251 residue to stabilise Api5 inside the nucleus®. However, the
enzymes involved in the acetylation process were unknown. Our study, is the first to identify p300 and HDAC1
as the acetylating and de-acetylating enzymes of Api5 respectively, that work in concert, thus leading to the
stability or instability of the protein during normal cell functioning. K251 A mutant of Api5 has been reported
to be unstable?. This was further corroborated in our study where we were not able to observe optimum expres-
sion of K251 A comparable to that of wild type Api5. In this study, we report that Api5, a nuclear protein under
normal physiological conditions is acetylated by histone acetyltransferase p300. p300 is an essential regulator
of Api5 as the acetylated protein is localised in the nucleus while the de-acetylated protein switches its localisa-
tion to the cytoplasm. As Api5 levels reduce upon inhibition of p300, it suggests that Api5 might be undergoing
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Figure 6. Acetylation status of Api5 affects cell cycle. MCF7 cells transfected with siRNA-resistant Api5-K251
mutants 24 h post Api5 knock down. Cells were fixed in ethanol and stained with propidium iodide and cell
cycle profile was monitored. (a) Percentage of cells in the different cell cycle phases were analysed in a flow
cytometer and plotted as box plots. (b) Western blotting was performed to check the levels of (b) Api5, PCNA,
Cyclin A and Cyclin B1 and (c-f) quantified after normalising to the loading control GAPDH. (g) MCF?7 cells
transfected with mVenus-tagged Api5 WT and K251 mutants were counted using Sceptar™ to check for cell
proliferation.
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Figure 7. AMPK and AKT regulate Api5 stability. MCF?7 cells were treated with (a) 20 uM AMPKi, and (c)

5 uM AKTi for 4 h and 24 h, respectively. Immunoblotting analysis was performed using Api5 specific antibody
to check for Api5 expression levels. GAPDH was used as loading control. (b,d) Quantification showing the fold
change in Api5 levels after normalisation to GAPDH. (a) p21 and (c) pAkt S473 were used as positive control
to confirm AMPK and Akt inhibition, respectively. (e) pAkt S473 activation upon AMPK inhibition. pAkt, Akt
and GAPDH blots were cropped and the full blot is provided in Supplementary figure S12. (f) Quantification
showing the fold change in pAkt S473 activation after normalisation to GAPDH. (e) E2F1 levels upon AMPK
inhibition and (g) Quantification of E2F1 levels after normalising to GAPDH. (h,i) E2F1 protein levels were
analysed following Akt inhibition using immunoblotting.

Scientific Reports|  (2021) 11:16427 |

https://doi.org/10.1038/s41598-021-95941-4

nature portfolio



www.nature.com/scientificreports/

CYTOPLASM

NUCLEUS

CYTOPLASM !

Translocates
to cytoplasm

HDAC1

Unstable

Stable

NUCLEUS

Figure 8. Schematic representation depicting the regulation of Api5 following acetylation and deacetylation. (a)
Model predicting the regulation of Api5 via the AMPK, Akt and p300 signalling cascade. (b) p300 acetylation

of Api5 at lysine residue 251 stabilises the protein in the nucleus; whereas de-acetylation of Api5 at K251 by
HDACI1 de-stabilises the protein which enables it to get translocated to the cytoplasm. Overall, this leads to
proliferation of the cells.

post-translational degradation in the cytoplasm. As the acetylated Api5 is stable in the nucleus and is not trans-
ported to the cytoplasm, it may also be inferred that acetylation prevents Api5 from binding to translocator/
transporter proteins that are responsible for its translocation/ transportation from the nuclear compartment
to the cytoplasm. However, de-acetylation might be exposing Api5 binding site to transporter protein(s) that
enables the protein to translocate to the cytoplasm.

As mentioned earlier, Api5 levels peak during G1 and S phase of cell cycle and is thereby able to play a role in
the regulation of cell cycle progression as well as proliferation of cells by possibly functioning as a transcription
factor. During G1 and S phases of the cell cycle, Api5 may possibly be interacting with chromatin to transcribe
those genes that regulate progression of the cell cycle. Transcription of those genes may also regulate the prolifera-
tion of cells. Thus it may be inferred that acetylation of Api5 by p300 possibly provides additional functionality
to Api5 that includes transcription of cell cycle regulators.

It has also been reported that Api5 is overexpressed in many cancers. This overexpression of Api5 promotes
angiogenesis and metastasis in cancerous cells. Oncogenic properties of tumor promoting proteins can also be
considered as an outcome of their stability. In this case, Api5 is being stabilised by the action of p300 histone
acetyltransferase. Inhibition of p300 and induction of HDAC1 can reduce the oncogenic potential of Api5. Thus
inhibitors of p300 and inducers of HDACI have therapeutic implications in the treatment of cancers that have
high expression of Api5.

As K251 acetylation of Api5 is the only known post-translational modification which is conserved from
protists to mammals?, it suggests that conservation of this acetylation may play a key role during normal devel-
opment. AMPK and Akt are important regulators of various cellular processes like cell division, transcription
regulation and apoptosis**~*64>3°, Reduced levels of Api5 upon inhibition of these key regulators also indicates
its role in normal physiological and developmental processes. Although our study suggests that p300 is the
acetylating and stabilising regulator of Api5 while HDACI is the de-acetylating and negative regulator of stabil-
ity, one cannot ignore the possibility of other enzymes playing a role in the regulation of Api5 stability. Also, the
inhibitor Romidepsin, used in our study has also been reported to inhibit HDAC2. Hence, we do not neglect the
plausible role of HDAC2 playing a role in deacetylating Api5.

Thus taken together, our data is the first to demonstrate that p300 and HDAC1 are the novel regulators of Api5
which not only interact but also mediate the localisation and activity of Api5 by acetylating and de-acetylating
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at lysine 251 respectively, leading to cellular proliferation thereby regulating cell cycle progression as illustrated
in Fig. 8b.

Materials and methods

Chemicals and antibodies. Histone Acetyltransferase p300 inhibitor, C646 (382113), protease inhibitor
cocktail (P2714), dimethyl sulfoxide (DMSO, D8418) and propidium iodide (PI, P4170) were purchased from
Sigma-Aldrich, USA and romidepsin (FK228, Depsipeptide) from Seleck Biochem, USA. Lipofectamine 2000
(11668), Alexa fluor 488 goat anti-rabbit (A11034), Phalloidin 568 (A12380), Phalloidin 633 (A22284) and Hoe-
chst 33258 (H3569) were purchased from Thermo Fisher Scientific, USA. GFP (ab290), RFP (ab62341) Cyclin B1
(ab32053), p21 (ab109520) and p300 (ab10485) antibodies were obtained from Abcam, USA, HDACI (sc-8410),
E2F1 (C-20- sc-193) and Cyclin A (sc-271682) from Santacrutz Biotechnology Inc, USA. PCNA (2586), pAkt
Ser437 (9271), Akt (9272) and acetyl p53 Lys382 (2828) from Cell Signaling Technology, USA. Api5 (PAB7951)
from Abnova, Taiwan, acetyl lysine (05-515) from Merck Millipore, USA, Hoechest 3,258 (H3569) was pur-
chased from Molecular Probes, Thermo Fisher Scientific, USA and GAPDH (G9545) from Sigma-Aldrich, USA.

Plasmids. CSII-EF-MCS plasmid was a gift from Dr. Sourav Banerjee, NBRC, Manesar, India. pPCAG-HIVgp
and pCMV-VSV-G-RSV-Rev plasmids were purchased from RIKEN BioResource Centre, Japan. mVenusCl
was gifted by Jennifer Lippincott-Schwartz, NIH, USA in which Api5 was cloned. The Api5 was made siRNA-
resistant and K251 mutants were generated using site directed mutagenesis Details of plasmids used and cloning
protocols are provided in the supplementary information.

Cell culture and drug treatments. MCF7 cells were obtained from the European Collection of Cell Cul-
tures (ECACC). HEK293T cells were a gift from Dr. Jomon Joseph (NCCS, Pune). The cells were maintained in
100 mm dishes (Thermo Fisher Scientific, USA 172931) and were grown in high glucose Dulbecco’s Modified
Eagle Medium (DMEM,; Lonza Group AG, Switzerland, 12-604F) containing 10% heat inactivated FBS (Thermo
Fisher Scientific, USA, 10270106) and 100 units/mL penicillin-streptomycin (Lonza Group AG, Switzerland,
17-602E) and incubated at 37 °C humidified 5% CO, incubators (Eppendorf, GmBH or Thermo Scientific, USA).

For inhibitor studies, 7 x 10° cell were seeded on 35 mm dishes (Thermo Fisher Scientific, USA, 153066) 16 h
prior to treatment of C646 or Romidepsin and incubated for 4 h and 12 h, respectively.

MCEF?7 cells stably expressing mCherry-tagged Api5 were generated using lentiviral-mediated transduction.
Briefly, 7.5 x 10° HEK293T cells were seeded on 35 mm dish and transfected with 1 pg of mCherry-CSII-EF-MCS
or mCherry-CSII-EF-MCS-Api5 plasmid along with 1 pg of pCAG-HIVgp and 0.5 pg pCMV-VSV-G-RSV-Rev
packaging plasmids using Lipofectamine 2000. 1 mL DMEM containing 30% FBS was added to the cells 24 h post
transfection. 5 x 10° MCF7 cells were seeded on a 35 mm dish for transduction. Viral supernatant was collected
48 h post transfection and filtered through a 0.45 pm filter to get rid of the cell debris. Filtered viral supernatant
containing media along with 1 ml fresh media was added to the MCF7 cells. 4 ug polybrene was added to the
cells to increase the transduction efficiency. Cells were replenished with fresh medium 48 h post transduction.
Transduced MCF?7 cells were passaged and used for further experiments.

For transfections, 6 x 10° cells were seeded in 35 mm dishes and incubated at 37 °C overnight. siRNA duplexes
targeting Api5 and LacZ were purchased from Dharmacon (Thermo Fisher Scientific, USA). Sense sequences
of the siRNA are: Api5, 5'-GACCUAGAACAGACCUUCAUU-3', LacZ, 5'-CGUACGCGGAAUA CUUCGA
dTdT-3'". siRNA against LacZ and Api5 were transfected as described earlier®. Api5 K251 mutants which were
generated by site directed mutagenesis were transfected 24 h post knockdown of Api5.

Immunoblotting and immunoprecipitation. mCherry-tagged Api5 over-expressing stable cells with
or without treatments were lysed in cell lysis buffer containing 50 mM Tris-HCI, pH 7.4, 0.1% Triton X-100,
5 mM EDTA, 250 mM NaCl, 50 mM NaF, 0.1 mM Na;VO, and protease inhibitors. Immunoprecipitations were
performed as described® using GFP, RFP, p300, or HDAC1-specific antibodies. 2 pg of antibody (IgG or GFP/
RFP/p300/HDACI1) was used to pull down 800 pug of protein for performing the pull down and 3% of whole cell
extract have been loaded as input. Western blotting was performed with Api5, GFP, acetyl lysine and GAPDH
antibodies as previously mentioned®”. Immunoblots include all the experimental lanes of a said experiment and
there are no composite images where two or more blots were merged together. The blots were processed as hori-
zontal cut strips in the respective antibody dilutions and imaged as individual strips in ImageQuant LAS4000
(GE Healthcare, now Cytiva, USA).

Semi-quantitative PCR. RNA extraction and ¢cDNA synthesis of C646 and Romidepsin treated cells
were performed as described previously®’. Semi-quantitative PCR was performed using API5 specific forward
(5'-CGAGTGGCAGATATACTAACGC-3') and reverse (5'-TCCTCTCCTTGAAGTATTTGGC-3') primers.
GAPDH was used as endogenous control and was amplified using forward (5'-ACCACAGTCCATGCCATC
AC-3') and reverse (5'-TCCACACCCTGTTGCTGTA-3') primers. The following PCR cycle was used for the
amplification: 95 °C for 60 s, 58 °C for 45 s, 72 °C for 60 s and final extension for 3 min. The experiments were
repeated three times to confirm API5 levels.

Immunofluorescence. For immunofluorescence, 6 x 10° cells were seeded on coverslips placed in 35 mm
dishes. After treatment of C646 or romidepsin, cells were fixed in 4% paraformaldehyde and permeabilised using
0.5% Triton X after PBS washes. After PBS-Glycine wash, cells were blocked using 10% FBS for 1 h and incubated
overnight with Api5 antibody at 4 °C. Cells were incubated with secondary antibodies conjugated with Alexa
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Fluor for 1 h at room temperature along with phalloidin. Nuclei were stained with Hoechst 33258 for 5 min and
washed twice using PBS. The cells were mounted using mounting media and imaged under 63x oil immersion
objective of the SP8 confocal microscope (Leica, Germany). Corrected total cell fluorescence (CTCF) was cal-
culated to measure the intensity of Api5 fluorescence in nucleus and cytoplasm of the cells. Briefly, the nuclear
and cytoplasmic boundary was marked manually and measure the area, integrated density and mean grey value
of Api5 fluorescence. Also measure the mean intensity of background to calculate corrected fluorescence. CTCF
was calculated with the formula CFTC=integrated density — (area of selected area x mean fluorescence of back-
ground readings). CTCF of at least 200 cells were calculated per experiment set.

Cell proliferation assay. For cell proliferation assay, 6 x 10° MCF7 cells were seeded in 35 mm dishes and
incubated at 37 °C overnight. mVenus-tagged WT and K251 mutants of Api5 plasmids were transfected as men-
tioned before. 48 h post transfection, cells were trypsinised and pelleted down by centrifugation at 1000 rpm for
5 min. Cell pellet was suspended in 1x PBS. 1:10 dilution of the suspended cell pellet was prepared in 1X PBS
and the cell count was measured using 60 pm sensor connected to Sceptar™ hand-held automated cell counter
(Millipore, Sigma-Aldrich, USA).

Flow cytometry. MCEF?7 cells after transfection were trypsinised using 1x trypsin and collected in media.
After pelleting, the cells were washed with cold PBS twice to remove excess media. The cells were then fixed in
70% ethanol overnight at 4 °C and stained with 1 mg/ml propidium iodide in the presence of RNase A (20 mg/
ml) at 37 °C for 1 h. Cell cycle profile was analysed on BD Accuri™ C6 flow cytometer (BD Biosciences, USA).

Statistical analysis. All experiments were performed with a minimum of 3 independent biological repli-
cates. Densitometry analysis of western blots were performed using Image] software. Results were analysed from
a minimum of three independent experiments and plotted using GraphPad Prism (GraphPad Software, La Jolla,
CA, USA) represented in bar graphs as Mean + SEM. Student’s t test and Mann Whitney U test was used to test
the significance in difference of Api5 levels between two samples and One-way Anova and Dunnett’s multiple
comparisons test for more than two samples. p value>0.05 was considered non-significant. *, ** and *** cor-
respond to p<0.05, p<0.01, and p <0.001 respectively.

Received: 22 April 2021; Accepted: 2 August 2021
Published online: 12 August 2021

References

1. Tewari, M. et al. AAC-11, a novel cDNA that inhibits apoptosis after growth factor withdrawal. Can. Res. 57, 4063-4069 (1997).

2. Han, B. G. et al. Helical repeat structure of apoptosis inhibitor 5 reveals protein-protein interaction modules. J. Biol. Chem. 287,
10727-10737. https://doi.org/10.1074/jbc.M111.317594 (2012).

3. Van den Berghe, L. et al. FIF [fibroblast growth factor-2 (FGF-2)-interacting-factor], a nuclear putatively antiapoptotic factor,
interacts specifically with FGF-2. Mol. Endocrinol. 14, 1709-1724. https://doi.org/10.1210/mend.14.11.0556 (2000).

4. Rigou, P. et al. The antiapoptotic protein AAC-11 interacts with and regulates Acinus-mediated DNA fragmentation. EMBO J. 28,
1576-1588. https://doi.org/10.1038/emboj.2009.106 (2009).

5. Morris, E. J. et al. Functional identification of Api5 as a suppressor of E2F-dependent apoptosis in vivo. PLoS Genet. 2, e196. https://
doi.org/10.1371/journal.pgen.0020196 (2006).

6. Noh, K. H. et al. API5 confers tumoral immune escape through FGF2-dependent cell survival pathway. Can. Res. 74, 3556-3566.
https://doi.org/10.1158/0008-5472.CAN-13-3225 (2014).

7. Mayank, A. K., Sharma, S., Nailwal, H. & Lal, S. K. Nucleoprotein of influenza A virus negatively impacts antiapoptotic protein
API5 to enhance E2F1-dependent apoptosis and virus replication. Cell Death Dis. 6, €2018. https://doi.org/10.1038/cddis.2015.
360 (2015).

8. Imre, G. et al. Apoptosis inhibitor 5 is an endogenous inhibitor of caspase-2. EMBO Rep. 18, 733-744. https://doi.org/10.15252/
embr.201643744 (2017).

9. Garcia-Jove Navarro, M. et al. Api5 contributes to E2F1 control of the G1/S cell cycle phase transition. PLoS One 8, €71443. https://
doi.org/10.1371/journal.pone.0071443 (2013).

10. Koci, L. et al. Apoptosis inhibitor 5 (API-5; AAC-11; FIF) is upregulated in human carcinomas in vivo. Oncol. Lett. 3, 913-916.
https://doi.org/10.3892/01.2012.593 (2012).

11. Cho, H. et al. Apoptosis inhibitor-5 overexpression is associated with tumor progression and poor prognosis in patients with
cervical cancer. BMC Cancer 14, 545. https://doi.org/10.1186/1471-2407-14-545 (2014).

12. Song, K. H. et al. API5 confers cancer stem cell-like properties through the FGF2-NANOG axis. Oncogenesis 6, €285. https://doi.
org/10.1038/oncsis.2016.87 (2017).

13. Lawrenson, K. et al. Identification of novel candidate biomarkers of epithelial ovarian cancer by profiling the secretomes of three-
dimensional genetic models of ovarian carcinogenesis. Int. J. Cancer 137, 1806-1817. https://doi.org/10.1002/ijc.29197 (2015).

14. Basset, C. et al. Api5 a new cofactor of estrogen receptor alpha involved in breast cancer outcome. Oncotarget 8, 52511-52526.
https://doi.org/10.18632/oncotarget.17281 (2017).

15. Neuweiler, J., Venturini, J. & Balazs, I. Properties of a highly polymorphic locus (D2592) located in the telomeric region of chro-
mosome 2. Nucleic Acids Res. 19, 6971. https://doi.org/10.1093/nar/19.24.6971-a (1991).

16. Jansen, M. P. et al. Molecular classification of tamoxifen-resistant breast carcinomas by gene expression profiling. J. Clin. Oncol.
23, 732-740. https://doi.org/10.1200/JCO.2005.05.145 (2005).

17. Ramdas, P. et al. Tocotrienol-treated MCF-7 human breast cancer cells show down-regulation of API5 and up-regulation of MIG6
genes. Cancer Genom. Proteom. 8, 19-31 (2011).

18. Giles, R. H., Peters, D. J. & Breuning, M. H. Conjunction dysfunction: CBP/p300 in human disease. Trends Genet. 14, 178-183.
https://doi.org/10.1016/s0168-9525(98)01438-3 (1998).

19. Giordano, A. & Avantaggiati, M. L. p300 and CBP: Partners for life and death. J. Cell. Physiol. 181, 218-230. https://doi.org/10.
1002/(SICI)1097-4652(199911)181:2%3c218::AID-JCP4%33.0.CO;2-5 (1999).

Scientific Reports |

(2021) 11:16427 | https://doi.org/10.1038/s41598-021-95941-4 nature portfolio


https://doi.org/10.1074/jbc.M111.317594
https://doi.org/10.1210/mend.14.11.0556
https://doi.org/10.1038/emboj.2009.106
https://doi.org/10.1371/journal.pgen.0020196
https://doi.org/10.1371/journal.pgen.0020196
https://doi.org/10.1158/0008-5472.CAN-13-3225
https://doi.org/10.1038/cddis.2015.360
https://doi.org/10.1038/cddis.2015.360
https://doi.org/10.15252/embr.201643744
https://doi.org/10.15252/embr.201643744
https://doi.org/10.1371/journal.pone.0071443
https://doi.org/10.1371/journal.pone.0071443
https://doi.org/10.3892/ol.2012.593
https://doi.org/10.1186/1471-2407-14-545
https://doi.org/10.1038/oncsis.2016.87
https://doi.org/10.1038/oncsis.2016.87
https://doi.org/10.1002/ijc.29197
https://doi.org/10.18632/oncotarget.17281
https://doi.org/10.1093/nar/19.24.6971-a
https://doi.org/10.1200/JCO.2005.05.145
https://doi.org/10.1016/s0168-9525(98)01438-3
https://doi.org/10.1002/(SICI)1097-4652(199911)181:2%3c218::AID-JCP4%3e3.0.CO;2-5
https://doi.org/10.1002/(SICI)1097-4652(199911)181:2%3c218::AID-JCP4%3e3.0.CO;2-5

www.nature.com/scientificreports/

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.
44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Goodman, R. H. & Smolik, S. CBP/p300 in cell growth, transformation, and development. Genes Dev. 14, 1553-1577 (2000).
Chan, H. M. & La Thangue, N. B. p300/CBP proteins: HATs for transcriptional bridges and scaffolds. J. Cell Sci. 114, 2363-2373
(2001).

Bannister, A. J. & Kouzarides, T. The CBP co-activator is a histone acetyltransferase. Nature 384, 641-643. https://doi.org/10.1038/
38464120 (1996).

Ogryzko, V. V,, Schiltz, R. L., Russanova, V., Howard, B. H. & Nakatani, Y. The transcriptional coactivators p300 and CBP are
histone acetyltransferases. Cell 87, 953-959. https://doi.org/10.1016/s0092-8674(00)82001-2 (1996).

Gu, W. & Roeder, R. G. Activation of p53 sequence-specific DNA binding by acetylation of the p53 C-terminal domain. Cell 90,
595-606. https://doi.org/10.1016/s0092-8674(00)80521-8 (1997).

Boyes, ]., Byfield, P., Nakatani, Y. & Ogryzko, V. Regulation of activity of the transcription factor GATA-1 by acetylation. Nature
396, 594-598. https://doi.org/10.1038/25166 (1998).

Sakaguchi, K. et al. DNA damage activates p53 through a phosphorylation-acetylation cascade. Genes Dev. 12, 2831-2841. https://
doi.org/10.1101/gad.12.18.2831 (1998).

Bannister, A. J., Miska, E. A., Gorlich, D. & Kouzarides, T. Acetylation of importin-alpha nuclear import factors by CBP/p300.
Curr. Boil. 10, 467-470. https://doi.org/10.1016/50960-9822(00)00445-0 (2000).

Martinez-Balbas, M. A., Bauer, U. M., Nielsen, S. J., Brehm, A. & Kouzarides, T. Regulation of E2F1 activity by acetylation. EMBO
J. 19, 662-671. https://doi.org/10.1093/emboj/19.4.662 (2000).

Marzio, G. et al. E2F family members are differentially regulated by reversible acetylation. J. Biol. Chem. 275, 10887-10892. https://
doi.org/10.1074/jbc.275.15.10887 (2000).

Yamamoto, M. et al. Effect of facial affect stimuli on auditory and visual P300 in healthy subjects. Kurume Med. J. 47, 285-290.
https://doi.org/10.2739/kurumemed;j.47.285 (2000).

Chan, W. Y. & Ng, T. B. Comparison of the embryotoxic effects of saporin, agrostin (type 1 ribosome-inactivating proteins) and
ricin (a type 2 ribosome-inactivating protein). Pharmacol. Toxicol. 88, 300-303 (2001).

Polesskaya, A. et al. Interaction between acetylated MyoD and the bromodomain of CBP and/or p300. Mol. Cell. Biol. 21, 5312-
5320. https://doi.org/10.1128/MCB.21.16.5312-5320.2001 (2001).

Costanzo, A. et al. DNA damage-dependent acetylation of p73 dictates the selective activation of apoptotic target genes. Mol. Cell
9, 175-186. https://doi.org/10.1016/s1097-2765(02)00431-8 (2002).

Ait-Si-Ali, S. et al. CBP/p300 histone acetyl-transferase activity is important for the G1/S transition. Oncogene 19, 2430-2437.
https://doi.org/10.1038/sj.0onc.1203562 (2000).

Howe, J. A,, Mymryk, J. S., Egan, C., Branton, P. E. & Bayley, S. T. Retinoblastoma growth suppressor and a 300-kDa protein appear
to regulate cellular DNA synthesis. Proc. Natl. Acad. Sci. USA 87, 5883-5887. https://doi.org/10.1073/pnas.87.15.5883 (1990).
Gayther, S. A. et al. Mutations truncating the EP300 acetylase in human cancers. Nat. Genet. 24, 300-303. https://doi.org/10.1038/
73536 (2000).

Bryan, E. . et al. Mutation analysis of EP300 in colon, breast and ovarian carcinomas. Int. J. Cancer 102, 137-141. https://doi.org/
10.1002/ijc.10682 (2002).

Tillinghast, G. W. et al. Analysis of genetic stability at the EP300 and CREBBP loci in a panel of cancer cell lines. Genes Chromosom.
Cancer 37, 121-131. https://doi.org/10.1002/gcc.10195 (2003).

Koshiishi, N. et al. p300 gene alterations in intestinal and diffuse types of gastric carcinoma. Gastr. Cancer 7, 85-90. https://doi.
0rg/10.1007/s10120-004-0273-8 (2004).

Inoue, A. & Fujimoto, D. Enzymatic deacetylation of histone. Biochem. Biophys. Res. Commun. 36, 146-150. https://doi.org/10.
1016/0006-291x(69)90661-5 (1969).

Marmorstein, R. & Zhou, M. M. Writers and readers of histone acetylation: Structure, mechanism, and inhibition. Cold Spring
Harb. Perspect. Biol. 6, a018762. https://doi.org/10.1101/cshperspect.a018762 (2014).

Luo, J., Su, E, Chen, D,, Shiloh, A. & Gu, W. Deacetylation of p53 modulates its effect on cell growth and apoptosis. Nature 408,
377-381. https://doi.org/10.1038/35042612 (2000).

Hubbert, C. et al. HDACS is a microtubule-associated deacetylase. Nature 417, 455-458. https://doi.org/10.1038/417455a (2002).
Towler, M. C. & Hardie, D. G. AMP-activated protein kinase in metabolic control and insulin signaling. Circ. Res. 100, 328-341.
https://doi.org/10.1161/01.RES.0000256090.42690.05 (2007).

Fogarty, S. & Hardie, D. G. Development of protein kinase activators: AMPK as a target in metabolic disorders and cancer. Biochem.
Biophys. Acta. 1804, 581-591. https://doi.org/10.1016/j.bbapap.2009.09.012 (2010).

Musi, N. & Goodyear, L. J. Targeting the AMP-activated protein kinase for the treatment of type 2 diabetes. Curr. Drug Targets
Immune Endocrine Metab. Disord. 2, 119-127 (2002).

Kong, D. et al. A postsynaptic AMPK->p21-activated kinase pathway drives fasting-induced synaptic plasticity in AgRP neurons.
Neuron 91, 25-33. https://doi.org/10.1016/j.neuron.2016.05.025 (2016).

Rehman, G., Shehzad, A., Khan, A. L. & Hamayun, M. Role of AMP-activated protein kinase in cancer therapy. Arch. Pharm. 347,
457-468. https://doi.org/10.1002/ardp.201300402 (2014).

Jin, J., Jin, L., Lim, S. W. & Yang, C. W. Klotho deficiency aggravates tacrolimus-induced renal injury via the phosphatidylinositol
3-kinase- Akt-forkhead box protein O pathway. Am. J. Nephrol. 43, 357-365. https://doi.org/10.1159/000446447 (2016).

Ouyang, Z. H., Wang, W. ], Yan, Y. G., Wang, B. & Lv, G. H. The PI3K/Akt pathway: A critical player in intervertebral disc degen-
eration. Oncotarget 8, 57870-57881. https://doi.org/10.18632/oncotarget.18628 (2017).

Chang, E et al. Involvement of PI3K/Akt pathway in cell cycle progression, apoptosis, and neoplastic transformation: A target for
cancer chemotherapy. Leukemia 17, 590-603. https://doi.org/10.1038/sj.leu.2402824 (2003).

Liu, P, Cheng, H., Roberts, T. M. & Zhao, J. J. Targeting the phosphoinositide 3-kinase pathway in cancer. Nat. Rev. Drug Discov.
8, 627-644. https://doi.org/10.1038/nrd2926 (2009).

Wang, L., Du, Y., Lu, M. & Li, T. ASEB: A web server for KAT-specific acetylation site prediction. Nucleic Acids Res. 40, W376-379.
https://doi.org/10.1093/nar/gks437 (2012).

van Zundert, G. C. P. et al. The HADDOCK2.2 web server: User-friendly integrative modeling of biomolecular complexes. J. Mol.
Biol. 428, 720-725. https://doi.org/10.1016/j.jmb.2015.09.014 (2016).

Dancy, B. M. & Cole, P. A. Protein lysine acetylation by p300/CBP. Chem. Rev. 115, 2419-2452. https://doi.org/10.1021/cr500452k
(2015).

Dhawanjewar, A. S., Roy, A. A. & Madhusudhan, M. S. A knowledge-based scoring function to assess quaternary associations of
proteins. Bioinformatics 36, 3739-3748. https://doi.org/10.1093/bioinformatics/btaa207 (2020).

Roy, A. A., Dhawanjewar, A. S., Sharma, P, Singh, G. & Madhusudhan, M. S. Protein Interaction Z Score Assessment (PIZSA):
An empirical scoring scheme for evaluation of protein-protein interactions. Nucleic Acids Res. 47, W331-W337. https://doi.org/
10.1093/nar/gkz368 (2019).

Bong, S. M. et al. Regulation of mRNA export through API5 and nuclear FGF2 interaction. Nucleic Acids Res. 48, 6340-6352.
https://doi.org/10.1093/nar/gkaa335 (2020).

Han, E et al. The critical role of AMPK in driving Akt activation under stress, tumorigenesis and drug resistance. Nat. Commun.
9, 4728. https://doi.org/10.1038/s41467-018-07188-9 (2018).

Huang, W. C. & Chen, C. C. Akt phosphorylation of p300 at Ser-1834 is essential for its histone acetyltransferase and transcriptional
activity. Mol. Cell. Biol. 25, 6592-6602. https://doi.org/10.1128/MCB.25.15.6592-6602.2005 (2005).

Scientific Reports |

(2021) 11:16427 | https://doi.org/10.1038/s41598-021-95941-4 nature portfolio


https://doi.org/10.1038/384641a0
https://doi.org/10.1038/384641a0
https://doi.org/10.1016/s0092-8674(00)82001-2
https://doi.org/10.1016/s0092-8674(00)80521-8
https://doi.org/10.1038/25166
https://doi.org/10.1101/gad.12.18.2831
https://doi.org/10.1101/gad.12.18.2831
https://doi.org/10.1016/s0960-9822(00)00445-0
https://doi.org/10.1093/emboj/19.4.662
https://doi.org/10.1074/jbc.275.15.10887
https://doi.org/10.1074/jbc.275.15.10887
https://doi.org/10.2739/kurumemedj.47.285
https://doi.org/10.1128/MCB.21.16.5312-5320.2001
https://doi.org/10.1016/s1097-2765(02)00431-8
https://doi.org/10.1038/sj.onc.1203562
https://doi.org/10.1073/pnas.87.15.5883
https://doi.org/10.1038/73536
https://doi.org/10.1038/73536
https://doi.org/10.1002/ijc.10682
https://doi.org/10.1002/ijc.10682
https://doi.org/10.1002/gcc.10195
https://doi.org/10.1007/s10120-004-0273-8
https://doi.org/10.1007/s10120-004-0273-8
https://doi.org/10.1016/0006-291x(69)90661-5
https://doi.org/10.1016/0006-291x(69)90661-5
https://doi.org/10.1101/cshperspect.a018762
https://doi.org/10.1038/35042612
https://doi.org/10.1038/417455a
https://doi.org/10.1161/01.RES.0000256090.42690.05
https://doi.org/10.1016/j.bbapap.2009.09.012
https://doi.org/10.1016/j.neuron.2016.05.025
https://doi.org/10.1002/ardp.201300402
https://doi.org/10.1159/000446447
https://doi.org/10.18632/oncotarget.18628
https://doi.org/10.1038/sj.leu.2402824
https://doi.org/10.1038/nrd2926
https://doi.org/10.1093/nar/gks437
https://doi.org/10.1016/j.jmb.2015.09.014
https://doi.org/10.1021/cr500452k
https://doi.org/10.1093/bioinformatics/btaa207
https://doi.org/10.1093/nar/gkz368
https://doi.org/10.1093/nar/gkz368
https://doi.org/10.1093/nar/gkaa335
https://doi.org/10.1038/s41467-018-07188-9
https://doi.org/10.1128/MCB.25.15.6592-6602.2005

www.nature.com/scientificreports/

61. Harms, K. L. & Chen, X. Histone deacetylase 2 modulates p53 transcriptional activities through regulation of p53-DNA binding
activity. Can. Res. 67, 3145-3152. https://doi.org/10.1158/0008-5472.CAN-06-4397 (2007).

62. Bodakuntla, S., Libi, A. V,, Sural, S., Trivedi, P. & Lahiri, M. N-nitroso-N-ethylurea activates DNA damage surveillance pathways
and induces transformation in mammalian cells. BMC Cancer 14, 287. https://doi.org/10.1186/1471-2407-14-287 (2014).

63. Santra, M. K., Wajapeyee, N. & Green, M. R. F-box protein FBXO31 mediates cyclin D1 degradation to induce G1 arrest after
DNA damage. Nature 459, 722-725. https://doi.org/10.1038/nature08011 (2009).

64. Anandi, V. L., Ashiq, K. A., Nitheesh, K. & Lahiri, M. Platelet-activating factor promotes motility in breast cancer cells and disrupts
non-transformed breast acinar structures. Oncol. Rep. 35, 179-188. https://doi.org/10.3892/0r.2015.4387 (2016).

Acknowledgements

We thank Drs Richa Rikhy, Nagaraj Balasubramanium (IISER Pune, India) and Dr. Manas Kumar Santra (NCCS,
Pune, India) for their useful suggestions. We also thank Dr. Krishanpal Karmodiya for the HDAC inhibitor
and Dr. Gayathri Pananghat as well as Sanjana Nair (IISER Pune, India) for help with the in-silico analysis.
The authors acknowledge the IISER Pune Microscopy Facility for access to equipment and infrastructure. We
thank Lahiri Lab members Rintu Umesh for help with stable cell line preparation and Aishwarya Venkataravi
for designing the schematics in Fig. 8. We also thank Lahiri lab members for helpful comments and discussions.

Author contributions
V.K.S. and M.L. conceived and conceptualised the project. V.K.S. designed, performed and analysed the experi-
ments. V.K.S. and M.L. wrote the paper.

Funding
This study is supported by a Grant from Science and Engineering Research Board (SERB), Govt. of India
(EMR/2016/001974) and partly by IISER, Pune Core funding. V.K.S. was funded by IISER Pune Core funding.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-95941-4.

Correspondence and requests for materials should be addressed to M.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:16427 | https://doi.org/10.1038/s41598-021-95941-4 nature portfolio


https://doi.org/10.1158/0008-5472.CAN-06-4397
https://doi.org/10.1186/1471-2407-14-287
https://doi.org/10.1038/nature08011
https://doi.org/10.3892/or.2015.4387
https://doi.org/10.1038/s41598-021-95941-4
https://doi.org/10.1038/s41598-021-95941-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Interplay between p300 and HDAC1 regulate acetylation and stability of Api5 to regulate cell proliferation
	Results
	In silico analysis predicts p300 histone acetyltransferase to acetylate Api5 at lysine 251. 
	p300 interacts with and regulates Api5. 
	HDAC1 interacts with and regulates levels of Api5. 
	Api5 is acetylated by p300 and de-acetylated by HDAC1 at lysine 251 residue. 
	Acetylation of Api5 by p300 is the signal for its nuclear localisation while de-acetylation leads to the translocation of Api5 to the cytoplasm.. 
	Acetylation of Api5 is critical for normal cell cycle progression. 
	AMPK and Akt regulate the p300 mediated stability of Api5. 

	Discussion
	Materials and methods
	Chemicals and antibodies. 
	Plasmids. 
	Cell culture and drug treatments. 
	Immunoblotting and immunoprecipitation. 
	Semi-quantitative PCR. 
	Immunofluorescence. 
	Cell proliferation assay. 
	Flow cytometry. 
	Statistical analysis. 

	References
	Acknowledgements


