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Ambra1 is considered an autophagy and trafficking protein
with roles in neurogenesis and cancer cell invasion. Here, we
report that Ambra1 also localizes to the nucleus of cancer cells,
where it has a novel nuclear scaffolding function that controls
gene expression. Using biochemical fractionation and proteo-
mics, we found that Ambra1 binds tomultiple classes of proteins
in the nucleus, including nuclear pore proteins, adaptor proteins
such as FAK and Akap8, chromatin-modifying proteins, and
transcriptional regulators like Brg1 and Atf2. We identified
biologically important genes, such asAngpt1,Tgfb2,Tgfb3, Itga8,
andItgb7,whosetranscriptionisregulatedbyAmbra1-scaffolded
complexes, likely by altering histone modifications and Atf2
activity. Therefore, in addition to its recognized roles in
autophagy and trafficking, Ambra1 scaffolds protein complexes
at chromatin, regulating transcriptional signaling in thenucleus.
This novel function forAmbra1, and the specific genes impacted,
may help to explain the wider role of Ambra1 in cancer cell
biology.

Ambra1 (activatingmolecule inBeclin1-regulatedautophagy)
is already known to be an important protein in physiology, e.g. in
the development of the central nervous system, vertebrate
embryogenesis, adult neurogenesis, and cancer cell invasion (1–
5). However, the full range of functions of this crucial cellular
regulator is not understood. As an important autophagy
regulator, Ambra1 binds Beclin1 and is involved in the initiation
ofautophagythat isneededforneurogenesis (2). Intheabsenceof
autophagy, theAmbra1–Beclin1–Vps34complexisboundtothe
dynein motor complex; when autophagy is induced, the kinase
ULK1 phosphorylates Ambra1, resulting in its release from the
dynein complex (6, 7). Additionally, the function of Ambra1 is
negatively regulated by mTOR, which suppresses its binding to
the E3-ligase TRAF1 and the ubiquitylation of ULK1, thereby
controlling the stability and function of ULK1 (8). During
apoptosis, caspases and calpains mediate cleavage as well as
degradation of Ambra1 (9). Furthermore, Ambra1 expression is
regulated by RNF2-dependent ubiquitylation, resulting in
degradation (10). Ambra1 is also involved in the regulation of
mitophagy (11).
Ambra1 has been both positively and negatively implicated in

cancer. Thus far, it has been proposed as a tumor suppressor,

supporting the binding of c-Myc to the phosphatase PP2A,
resulting in c-Myc degradation as well as reduced proliferation
andtumorigenesis(12).Ambra1hasbeenpositivelyimplicatedin
cholangiocarcinoma, where overexpression is correlated with
invasion and poor survival (5). In addition, through its ability to
bind PP2A, Ambra1 stabilizes the transcription factor FOXO3,
triggering FOXP3-mediated transcription, and T-cell differen-
tiation and homeostasis (13).
We reported previously that in squamous cell carcinoma

(SCC) cells derived from the mutated oncogenic H-Ras-
driven DMBA/TPA model of carcinogenesis, Ambra1 is a
focal adhesion kinase (FAK)- and Src-binding partner,
regulating cancer cell polarization and chemotactic invasion
(4, 14). In FAK-depleted SCC cells, Ambra1 is involved in the
targeting of active Src to intracellular autophagic puncta,
whereas an Ambra1-binding-impaired FAK mutant retains
more active FAK and Src at focal adhesions, resulting in
increased cell adhesion and invasion. We concluded that
Ambra1 lies at theheartof an intracellular traffickingnetwork
in SCC cells, regulating the localization of active FAK and Src
required for cancer processes (4).
Here,we investigateanuclear functionofAmbra1andshow

that it binds to FAK in the nucleus, as well as to other nuclear
adaptor proteins, nuclear pore components, histone-modify-
ing enzymes, and regulators of transcription, in some cases
regulating their recruitment to chromatin. Specifically,
Ambra1 forms complexes with Akap8, Brg1, and Atf2 and is
responsible for the recruitment of Akap8, Bgr1, theMediator
complex component Cdk9, and p-Atf2 T71 to chromatin.
Both Ambra1 and its binding protein Akap8 regulate the
bindingof transcriptionalproteins tochromatin, especiallyp-
Atf2 T71, and proteins that modulate histone modifications.
The binding of Atf2/p-Atf2 T71 to chromatin is most likely
regulated by the Ambra1-interacting protein Cdk9. There-
fore, Ambra1 acts as a scaffold protein in the nucleus,
recruiting transcriptional regulators to chromatin. This
creates an Ambra1-dependent nuclear microdomain that
regulates gene expression.

Results

Ambra1 localizes to the nucleus

Here, we show that Ambra1 locates not only at focal
adhesions and in intracellular autophagic puncta in SCC cells
but also in the nucleus (Fig. 1A). Staining with only secondary

This article contains supporting information.
* For correspondence: Margaret Frame, m.frame@ed.ac.uk.

J. Biol. Chem. (2020) 295(34) 12045–12057 12045
© 2020 Schoenherr et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

ARTICLE

https://orcid.org/0000-0002-0983-6168
https://orcid.org/0000-0002-0983-6168
https://orcid.org/0000-0002-5939-9883
https://orcid.org/0000-0002-5939-9883
https://www.jbc.org/cgi/content/full/RA120.012565/DC1
mailto:m.frame@ed.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA120.012565&domain=pdf&date_stamp=2020-7-2


Figure1.NuclearAmbra1bindschromatinmodifiersandtranscriptionalregulators.A, representativeimmunofluorescenceimagesofSCCFAK-WTand2/2
cells,whichweregrownonglasscoverslips for24h, fixed,andstainedwithanti-Ambra1,anti-Paxillin,andDAPI.Scalebars, 20mm.B,whole-cell andnuclear lysates
ofSCCFAK-WTand2/2cellsweresubjectedtoWesternblotanalysiswithanti-Ambra1andanti-FAK.Anti-GAPDH,anti-LaminA/C,andanti-H4servedascontrols
for thepurityof thenuclearextractsaswell as loadingcontrols.CandD, interactionnetworkanalysisofnuclearAmbra1-bindingproteins inSCCFAK-WTand2/2
cells associated with the nuclear pore complex (C) and being involved in transcription (D), as determined by gene ontology enrichment analysis of biological
processes.Hitswere filtered for statistically significant (p,0.05) 2-fold enrichment over the IgGcontrol andused tobuild aprotein interactionnetworkbasedon
direct physical interactions (gray lines). Components of various complexes involved in transcription are highlighted: SWI/SNF complex (blue nodes), cAMP-
regulatedtranscriptionfactor (greennodes),andMediatorcomplex(lightrednodes).Ambra1-interactingproteinsselectedforfurther investigationarehighlighted
with a red border.
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antibodies (anti-rabbit 488 and anti-mouse 594) ruled out
unspecific false-positive nuclear staining (Fig. S1A). To
confirmAmbra1 was nuclear biochemically and to investigate
whether this localization depended on FAK, fractions of SCC
FAK-deficient (2/2) cells and the same cells reexpressingWT
FAK to levels similar to those of parental SCC cells (FAK-WT)
were isolated and subjected to Western blotting (Fig. 1B) (15,
16). Biochemical nuclear isolations were checked by blotting
with anti-GAPDH, anti-Lamin A/C, and anti-H4. In the
nuclear fractions of these SCC cells, we could detect Ambra1
as well as FAK, with the latter being in line with our previous
reports (17, 18). The nuclear localization of Ambra1 was not
dependent on FAK, as nuclear Ambra1 was present at
indistinguishable levels in nuclear fractions from both FAK
2/2 and FAK-WT SCC cells and the same cells reexpressing
WT FAK to levels similar to those of parental SCC cells (FAK-
WT) (15, 16). Inmore highly purified cellular fractions of SCC
FAK-WT and 2/2 cell lysates, extracting cytosolic (C),
perinuclear (PN), andnuclear (N) fractions (see the supporting
text and Fig. S1B), Ambra1was present at comparable levels in
the cytosolic and nuclear fractions and at even higher levels in
the perinuclear fraction. Fraction purities were confirmed by
blotting respective fractions with anti-GM130, anti-PDI, anti-
LaminA/C, and anti-GAPDH(Fig. S1B). Ambra1 could also be
detected in the nucleus of a human SCC cell line (Fig. S1C).
Furthermore, in contrast to FAK, Ambra1was also detected in
nuclear extracts from primary mouse keratinocytes (Fig. S1D)
(18).

Nuclear Ambra1 binds proteins involved in transcription

Next,we investigated thenatureofproteinbindingpartnersof
Ambra1 in the nucleus. Highly purified nuclear extracts of SCC
FAK-WT and 2/2 cells were obtained by sucrose gradient
centrifugation and used for Ambra1 immunoprecipitations
(anti-rabbit IgG served as a negative control), and specific
nuclear binding proteinswere determined by quantitative label-
free MS (see Materials and methods) (Table S1). In total, 456
Ambra1-interactingproteinswere identified, amongwhichwere
several proteins that form part of the nuclear pore complex
(interactionnetwork shown inFig. 1C; Table S2). Indeed,wehad
previously observed that the nuclear pore protein Tpr was an
Ambra1-interactingproteinusingwhole-cell lysates(4),together
implying thatAmbra1was associatedwithnuclear pore proteins
either during entry into the nucleus or as part of its nuclear
functions. Gene ontology enrichment analysis of biological
processes attributed to proteins that bind Ambra1 in nuclear
fractions revealed transcription, mRNA processing, histone
modification, aswell as chromatinmodification and remodeling
as the most highly overrepresented categories (Fig. S2A). As a
resultof theseanalyses,we filteredall identifiedAmbra1-binding
proteins for Ambra1 interactors likely to be involved in the
regulation of transcription and used these hits to build a protein
interactionnetworkbasedonknowndirectphysical interactions
(Fig.1DandTableS2).Amongthesewereseveral componentsof
the Mediator complex, a multiprotein complex that functions
as a transcriptional coactivator for RNA polymerase II (high-
lighted in light red inFig. 1D) (19, 20).Alsopresentwere several

components of the SWI/SNF (SWItch/sucrosenonfermentable)
nucleosome remodeling complex that allows transcription factor
binding by opening up the chromatin structure, e.g. the catalytic
subunit SMARCA4 (Brg1), which allows ATP-dependent chro-
matinremodeling(represented inblue inFig.1D) (21–23).Nuclear
Ambra1 was also found to interact with several members of the
cAMP-dependent AP-1 complex, including c-Jun, Fosl2, Atf2 (a
member of the CREB [cAMP response element binding] family of
leucinezipperproteins), andAtf7,whichalsobinds tonuclearFAK
(represented in green in Fig. 1D) (18, 24). As cAMP-regulated
transcription factors were among nuclear Ambra1-binding
proteins, we also noted that nuclear Ambra1 binds to Akap8 (A
kinase anchor protein 8, also known as Akap95), a scaffold that
targetsPKAtocAMP-responsive elements ingenepromoters that
islinkedtochromatinstatusandretentionofp90S6Kinthenucleus
(25–28). Interestingly, bothAtf2 andAkap8werealso identifiedby
proteomicsasAmbra1-bindingproteinsusingwhole-cell lysates in
our previous experiments (4).
We next selected a number of proteins identified by mass

spectrometric analyses, i.e.Nup153, Akap8, Brg1, Atf2, and the
RNApolymerase II Rpb1 (all highlightedwith red borders in Fig.
1,CandD)andconfirmedtheirbindingtoAmbra1 inthenucleus
by coimmunoprecipitation in nuclear fractions (Fig. 2, A–E; in
contrast, we show an example of a nuclear protein, PARP, that
doesnotbindAmbra1incoimmunoprecipitationexperimentsin
Fig. S2B). One question we had, given our previously reported
cofunctioningofAmbra1andFAKinthecytoplasm,waswhether
or not FAK regulates the nuclear translocation of its binding
partners, such as Ambra1, which also locates to the nucleus.We
did not find any significant difference in the nuclear levels of
Ambra1 or its interaction with the nuclear binding partners
examined between SCC cells expressing FAK-WT compared
withFAK-deficient (2/2) cells; therefore,weconcludethatFAK
does not regulate the trafficking of Ambra1 to the nucleus or
Ambra1 interactions there.Therefore, in futureexperiments,we
have generally only presented data from SCC cells expressing
FAK-WT.

Loss of Ambra1 causes reduced association of interacting
partners with chromatin

BecauseAmbra1haspredominantly beendefinedas a scaffold
protein involved in intracellular trafficking/autophagy thus far,
we hypothesized that Ambra1 also serves as a scaffold protein in
thenucleus.Using efficient siRNApool-mediateddepletion that
we have used previously (4), we found that reducing Ambra1
levels only modestly altered levels of its binding proteins in the
nucleus (Brg1, Cdk9, and p-Atf2 T71) (Fig. 3,A and B).We next
isolated chromatin from SCC FAK-WT cells after Ambra1
depletion and probed for FAK, Brg1, Akap8, Atf2, and its
phosphorylated (and activated) form, p-Atf2 T71 (Fig. 3, C and
D). Reduced expression of Ambra1 suppressed the binding of
FAK, Brg1, Akap8, and p-Atf2 (but not visibly total Atf2) to
chromatin to a greater or lesser extent. This suggests that, in
addition toAmbra1-mediated chromatin recruitment, there are
likely other routes by which binding partners are recruited to
chromatinbecause their recruitment is reduced, butnot ablated,
upon Ambra1 loss. In these analyses, we also included the Cdk8
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andCdk9 components of theMediator complex that modulates
RNApolymerase II-mediated transcription (29–31). Thesewere
included because theywere 1) identified as binding toAmbra1 in
MS experiments (highlighted with a red border [for Cdk8] in Fig.
1D; Cdk9 was inferred from a single peptide identification, Fig.
S2C and Table S2) and 2) predicted to be enzymes with the
potential to phosphorylate Atf2 at residue T71 on chromatin,
whichweobserved in thepresence ofAmbra1 (Fig. 3; predictions
via the Biocuckoo phosphorylation prediction site for Cdk8
[score, 40.329; cutoff, 29.727] and Cdk9 [score, 7.393; cutoff,
2.931]). In keeping with other Ambra1-binding proteins studied
here,wefoundthatCdk9,butnotCdk8,bindingtochromatinwas
reducedupondepletionofAmbra1(Fig.3,CandD).Inthisregard,
Cdk9 has been reported to bind another SWI/SNF complex
component, SMARCB1, which has also been identified as a
nuclear Ambra1 binding protein (32), implying there are other
components of Ambra1 complexes that link to chromatin
remodeling. Taken together, our data imply that Ambra1 forms
complexes in thenucleuswithother protein scaffolds, suchas the
PKA scaffold Akap8, chromatin modifiers, and transcription
factors, including Atf2.

Akap8 also regulates the level of p-Atf2 at chromatin
Ambra1 binds the PKA scaffold Akap8 and is required for its

optimal binding to chromatin. Upon depletion of Akap8 by
pooled siRNA, we found that while neither Ambra1 nor FAK
bindingtochromatinwasaffected,showingitwasdownstreamof
FAK/Ambra1, the level of p-Atf2T71 associatedwith chromatin
was reduced (Fig. 4, A and B). This implies a model (Fig. 4E)
whereby Ambra1 is upstream of recruitment of Akap8 to
chromatin,andAkap8, in turn, is required foroptimal chromatin
associationofactivep-Atf2 that is alsoAmbra1dependent.Total
Atf2 recruitment was not reduced by depletion of Akap8,
suggesting that a specific function of Akap8 is to recruit the
enzyme that phosphorylates Atf2 at chromatin. We noted that
the activity of Atf2 is proposed to be regulated by phosphoryla-
tion at several residues, including T71, by kinases such as ERK,
JNK, p38, and PLK3, promoting Atf2 heterodimerization and
increased transcription and histone acetyl transferase activity
(24, 33–39). However, using inhibitors of the kinases proposed
above tophosphorylateAtf2onT71,wedidnot findevidence for
an obvious key role for any of these in regulating Atf2
phosphorylation at chromatin in SCC cells used here (not

Figure2. NuclearAmbra1binding toMS-identified interactionpartners.Ambra1was immunoprecipitated fromwhole-cell andnuclear lysates of SCCFAK-
WTand2/2cellsusinganti-Ambra1, followedbyWesternblotanalysiswithanti-Ambra1andanti-Nup153(A), anti-Akap8(B), anti-Brg1 (C), anti-Atf2 (D), andanti-
Rpb1 (E). Anti-Lamin A/C and anti-GAPDHwere used as a control for the purity of the nuclear lysates as well as a loading control.
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shown). Therefore, we examined theMediator complex kinases
Cdk8andCdk9,which, asmentionedpreviouslyaccordingto the
Biocuckoo phosphorylation prediction site, potentially phos-
phorylateAtf2 atT71.Therefore,wedepletedCdk8 andCdk9 in
SCC FAK-WT cells and prepared nuclear and chromatin
fractions to probe for p-Atf2 T71. We found that depletion of
Cdk9 resulted in reduced chromatin-associated p-Atf2T71 (Fig.
4,CandD)thatisalsoAmbra1andAkap8dependent;however,in
this case, total Atf2 recruited to chromatin was also reduced.
These findings imply that the Mediator complex component
Cdk9, which binds to Ambra1 in the nucleus, controls
recruitment of Atf2 to chromatin downstream of Ambra1 and
also Atf2 phosphorylation/activation.
Thus, Ambra1 and Akap8, which form a complex in the

nucleusofSCCcells, bothcontribute to therecruitmentof active
Atf2 (p-Atf2 T71) to chromatin, likely, at least in part, via the
MediatorcomplexcomponentCdk9downstream(see themodel

inFig.4E).Therefore,anobviousquestionthat followsiswhether
Ambra1,Akap8, andAtf2coregulate theexpressionofa subsetof
genes.

Ambra1, Akap8, CDK9, and Atf2 coregulate a subset of genes

Thedatapresentedtothispoint showedthatAmbra1 localizes
to the nucleus, associates with chromatin, and interacts with
nuclearproteinsthatregulatetranscription.BothAmbra1andits
bindingpartner,Akap8, recruit transcription factors, such as the
active form of Atf2, p-Atf2 T71, which is proposed to result in
histone modifications and altered chromatin accessibility,
leading to transcriptional changes (40). To address whether
there were genes whose transcription was coregulated by
Ambra1, Akap8, andAtf2, SCC FAK-WT cells were transfected
with siControl, siAmbra1, siAkap8, or siAtf2 siRNA.A subset of
genes whose expression was changed by all three protein
depletions was identified using the nCounter PanCancer Path-
waysPanel. In total,we identified94genes thatwere significantly
(p , 0.05) at least 2-fold up- or downregulated compared with
controlsiRNA(Fig.5,AandB, andFig.S3,A–F).Ambra1,Atf2,or
Akap8 depletion significantly altered the expression of 18 genes
from this panel (Fig. 5,A andB). To validate the gene expression
changes, we performed qRT-PCR for the coregulated genes
Angpt1, Tgfb2, Tgfb3, Itga8, and Itgb7 (Fig. 5, D and E). For
Angpt1, Tgfb2, Tgfb3, and Itga8, we confirmed the down-
regulationupon siRNAtransfection (Fig. 5E),whereas upregula-
tion of Itgb7 was also confirmed (Fig. 5E). In addition, pathway
analysis of Ambra1-, Akap8-, andAtf2-regulated genes revealed
the top enriched signaling pathway gene sets, “PI3K-Akt
signaling pathway,” “pathways in cancer,” “focal adhesion,” and
“MAPK signaling pathway,” were in common (Fig. 5C; for a full
list, seeFig. S4), strongly suggestinganoverlap in the functionsof
the genes regulated by Ambra1, Akap8, and Atf2 complexes.
Because we found the nuclear Ambra1-binding Mediator

complex protein Cdk9 to be part of the regulation of p-Atf2 at
chromatin in SCC cells (Fig. 4, C and D), we next addressed
whether Cdk9 was also implicated in the transcriptional
regulation of the above coregulated genes. Depletion of Cdk9
by siRNA resulted in gene expression changes broadly similar to
that observed upon depletion of Ambra1, Akap8, or Atf2, e.g.
expression of Angpt1, Tgfb2, Tgfb3, and Itga8 was reduced (Fig.
5F), whereas Itgb7 expression was increased, in qualitative
agreement with the effects of depleting Ambra1, Akap8, or Atf2
(Fig.5F), suggestingthatAmbra1,Akap8,Atf2, andCdk9bindto,
and regulate, these same gene promoters.
Taken together, these results imply thatAmbra1,Akap8,Atf2,

and, most likely, Cdk9 are in the same chromatin complexes,
likelyat thepromotersofcoregulatedgenesdescribedabove, and
potentially many more are not represented in the mouse
nCounter PanCancer Pathways Panel used here. The presence
of chromatin modifiers in the nuclear Ambra1 interactome,
validated in the case of Brg1 (Fig. 1 and 2C), suggested the
intriguing possibility that the novel transcriptional regulatory
pathway we describe is, at least in part, regulated by chromatin
accessibility. In keepingwith this, the functioning ofAtf2, which
is phosphorylated at T71 downstream of Ambra1 and Akap8, is

Figure 3. Loss of Ambra1 leads to reduced association of interacting
proteinswithchromatin.A, SCCFAK-WTcellswere transfectedwith siControl
andsiAmbra1 (siGENOMEpool).After48h,whole-cell andnuclear lysateswere
analyzed by Western blotting using anti-Ambra1, anti-FAK, anti-Brg1, anti-
Akap8,anti-Cdk8,anti-Cdk9,anti-p-Atf2T71,andanti-Atf2.Anti-LaminA/Cand
anti-GAPDHwereusedascontrols for thepurityof thenuclear lysatesaswell as
loading controls.B, thegraph shows relative nuclearprotein levels normalized
toLaminA/C.ErrorbarsrepresentS.D.*,p,0.01;#,p,0.05.C,SCCFAK-WTcells
weretransfectedwithsiControlandsiAmbra1.After48h,whole-cell lysatesand
chromatinextractswereanalyzedbyWesternblottingusinganti-Ambra1,anti-
FAK,anti-Brg1,anti-Akap8,anti-Cdk8,anti-Cdk9,anti-p-Atf2T71,andanti-Atf2.
Anti-histoneH4servedasamarker forchromatinaswell asa loadingcontrol.D,
the graph shows relative chromatin protein levels normalized to histone H4.
Error bars represent S.D. *, p, 0.01; #, p, 0.05.

The trafficking protein Ambra1 regulates transcription

J. Biol. Chem. (2020) 295(34) 12045–12057 12049

https://www.jbc.org/cgi/content/full/RA120.012565/DC1
https://www.jbc.org/cgi/content/full/RA120.012565/DC1


known to promote histone acetyl transferase activity and
transcription (35, 38).

Ambra1 and Akap8 regulate histone modifications

Functional interaction network analysis of nuclear Ambra1
binding partners identified byMS revealed several components
ofhistonemodificationcomplexes, includinghistoneacetylation
complexes NSL (nonspecific lethal complex), NuA4 (nucleo-
some acetyltransferase ofH4), and PCAF (p300/CBP-associated
factor), as well as the histone methylation complex MLL1/MLL
(mixed-lineage leukemia 1) (Fig. 6A). Further, gene ontology

enrichment analysis of biological processes attributed tonuclear
Ambra1 interactors identified covalent chromatin and histone
modifications as well as chromatin remodeling as overrepre-
sented categories (Fig. S2). In addition, Akap8has been reported
to bind to Dpy30, a core subunit of H3K4 histone methyltrans-
ferases (41). Therefore, we next addressedwhetherAmbra1 and
Akap8 influence histone modifications by transfecting SCC
FAK-WTand2/2 cells with siControl, siAmbra1 (Fig. 6, B and
C), or siAkap8 (Fig. 6,D andE) siRNAand examined the histone
modifications H3K4me2, H3K4me3, andH3K27Ac byWestern
blotting. Trimethylation of lysine-4 and acetylation of lysine-27
on histone 3 are generally regarded as positive indicators of

Figure4. DepletionofAkap8andCdk9reducep-Atf2T71bindingtochromatin.A, SCCFAK-WTcellsweretransfectedwithsiControlandsiAkap8(siGENOME
pool). After 48 h, whole-cell lysates and chromatin extracts were analyzed byWestern blotting using anti-Ambra1, anti-FAK, anti-p-Atf2 T71, anti-Atf2, and anti-
Akap8.Anti-histoneH4servedasamarker forchromatinaswell asa loadingcontrol.B, thegraphshowsrelativechromatinprotein levelsnormalizedtohistoneH4.
Error bars represent S.D. *, p, 0.01; #, p, 0.05. C, SCC FAK-WT cells were transfected with siControl, siCdk8, and siCdk9 (siGENOME pool). After 48 h, whole-cell
lysates and nuclear and chromatin extracts were analyzed by Western blotting using anti-pAtf2 T71, anti-Atf2, anti-Cdk8, and anti-Cdk9. Anti-Lamin A/C, anti-
GAPDH, and anti-histoneH4 servedas controls for thepurity of nuclear and chromatin extracts aswell as loading controls.D, the graph shows relative nuclear or
chromatinprotein levelsnormalizedtoLaminA/CorhistoneH4, respectively. Errorbars representS.D. *,p,0.01;#,p,0.05.E, hypothesismodel. In thenucleusof
SCCcells,Ambra1andAkap8 formacomplexandcontribute to the recruitmentof activeAtf2 (p-Atf2T71) tochromatin,most likely downstreamvia theMediator
complex component Cdk9. This strongly suggests that Ambra1 is involved in chromatin remodeling and transcription. Further, together with Akap8 andAtf2, it
might coregulate the expression of a subset of genes.
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Figure 5. Ambra1, Akap8, Cdk9, and Atf2 coregulate a subset of genes. SCC FAK-WT cells were transfected with siControl, siAmbra1, siAkap8, and siAtf2
(siGENOMEpool).RNAwasisolated48hposttransfectionandsubjectedtogeneexpressionanalysisusingthemousenCounterPanCancerPathwayspanel.A,Venn
diagram of significantly altered genes compared with siControl (p, 0.05, 2-fold difference compared with siControl). B, relative gene expression of 18 genes
coregulated byAmbra1, Akap8, and Atf2 knockdown comparedwith siControl. C, table of the top five enriched signaling pathway gene sets according to KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway analysis of Ambra1-, Akap8-, andAtf2-regulated genes.D, Western blotting showingAtf2 knockdownby
siRNAinSCCFAK-WTcells.Anti-GAPDHservedasa loadingcontrol.EandF, validationofAmbra1-,Akap8-,andAtf2-mediatedAngpt1,Tgfb2,Tgfb3, Itga8, and Itgb7
expression changesbyqRT-PCRusingRNA isolated48hposttransfectionof SCCFAK-WTcellswith siControl, siAmbra1, siAkap8, andsiAtf2 (E) aswell as siControl
and siCdk9 (F). Error bars represent S.D. *, p, 0.01; #, p, 0.05.
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transcriptional activation, promoting gene expression (42–
45). Depletion of Ambra1 or Akap8 reduced both di- and
trimethylation of H3K4 as well as acetylation of H3K27
(irrespective of whether FAK was present or not). This
indicates that both Ambra1 and Akap8 can influence histone
modifications, likely as a result of interacting histone-
modifying enzymes, which could result in chromatin remo-
deling and altered accessibility of transcription factors.

Discussion

Here,wedescribe a completelynovel transcriptional signaling
pathway controlled by the scaffold protein Ambra1 in the
nucleus.LikeAmbra1,otherproteins involved inautophagyhave
been reported in the nucleus, e.g. LC3B binds to Lamin B1,
mediating the degradation of the nuclear lamina and Beclin 1,
promotingautophagy-independentDNAdamagerepair(46,47).
No typical nuclear localization sequence is evident for Ambra1;
hence, the mechanism of nuclear translocation is unknown;
however, as nuclear Ambra1 interacts with components of
nuclear pore complexes and importins (Fig. 1C), it is likely that
nuclear import of Ambra1 occurs via binding to these in some
way. Nuclear Ambra1 interacts with chromatin modifiers and
transcriptional regulators in the nucleus, including those also
identified as proteins that bind to FAKand IL33, e.g. SMARCC1,
Ruvbl1, and Ruvbl2 (17), suggesting there is a link between
Ambra1 and FAK functions in the nucleus as well as in the
cytoplasm (4). In this regard, we did find that the proteins
associate in the nucleus and that depletion of Ambra1 leads to
reduced FAK recruitment to chromatin.
ThePKAscaffoldAkap8,whichbinds toAmbra1 in thenucleus,

has itself previously been strongly linked to histonemodifications
and chromatin changes. Indeed, by interacting with the MLL1/
MLL complex via Dpy30, Akap8 regulates histone H3K4
methyltransferase complexes and binds to the nuclear matrix,
nucleoporin component Tpr, as well as chromatin; in turn, this
contributes to chromosome condensation and transcription,
effects that are important for the mitotic checkpoint (41, 48–51).
Akap8 also binds the histone deacetylase HDAC3 and influences
mitosis (52). Therefore, existing studies had already suggested a
scaffolding function for Akap8 in assembly of chromatin
modification complexes. Akap8 dissociates from chromatin and
the nuclearmatrix as a result of nuclear tyrosine phosphorylation,
anditmayhavearole inregulationofchromatinstructuralchanges
(53). Finally, a recent study confirmed the scaffold function of
Akap8 in organizing nuclear microdomains, thereby controlling
local cAMPfornuclearPKAregulation (54), although it isnotclear
whether this is a chromatin-associated function of Akap8.
Nuclear envelope and nuclear pore components, like

Nup153, associate with chromatin and regulate genome organi-
zation and gene expression via nuclear pore complexes, acting as
scaffold platforms to allow the assembly and recruitment of
transcription factors to thenuclear periphery (55, 56). Therefore,
Ambra1might serve as amolecular scaffold that links chromatin
to the nuclear pore complex, allowing active transcription factor
binding (such as p-Atf2 T71) and resulting gene expression. The
most likely explanation forourdata is thatAtf2 isphosphorylated
by a kinase associated with chromatin. Therefore, we examined

nuclear kinases interactingwithAmbra1, e.g.Cdk9.However,we
could not detect decreased Atf2 phosphorylation upon Cdk9
knockdown. We note that Cdk9 is also present in additional
complexes besides theMediator complex; therefore, it is possible
that theeffectofCdk9knockdownontherecruitmentofp-Atf2 is
independent of the Mediator complex. When we looked at
potential Atf2-binding sequences in the genes that were altered
after depletion of Ambra1, Akap8, and Atf2, we found that
(according to RRID:SCR_008027) Tgfb2 and Tgfb3 both have
CRE_TATA boxes that might serve as Atf2 binding sites.
Moreover, it is likely that someof thecancer-associated functions
of Ambra1 in SCC cells (such as cancer cell invasion) are
associated with the nuclear transcription signaling effects we
report here, e.g. onTGFb isoforms aswell as its trafficking effects
that we reported previously (4).
Taken together, our data lead us to propose the following

model (depicted inFig. 7).Ambra1wasalreadyknownto localize
to autophagosomes in the cytoplasm and to focal adhesions,
where it regulates the removal of untethered tyrosine kinases via
an autophagymechanism (2, 4).Wenow show thatAmbra1 also
interacts with nuclear pore proteins and locates to the nucleus,
where it is part of a complex network of interlinked chromatin
modifiers and transcriptional regulators, including a set of
interacting proteins whose recruitment to chromatin is influ-
enced by Ambra1. This includes the PKA-scaffold Akap8, the
Mediator complex component Cdk9, and the transcription factor
Atf2 in its active form.Moreover, Ambra1, Akap8,Cdk9, andAtf2
coregulate the expression of a subset of genes. Both Ambra1 and
Akap8 influence cellular histone modifications that could con-
tribute to their transcriptional effects. Therefore, we have
uncovered a completely novel function for the autophagy and
trafficking protein Ambra1, which acts as a nuclear scaffold to
recruitotherscaffoldproteins,chromatinmodifiers,andtranscrip-
tional regulators to elicit gene expression changes via Atf2. A
similar scaffolding mechanism creating nuclear transcription
signaling hubs has been described for FAK, controllingCcl5, Il33,
Tgfb2, and Igfbp3 transcription, as well as for mAKAPb, which
creates nuclear signalosomes and binds the transcriptional
regulators NFAT,MEF2, andHIF1a (18, 57, 58).

Materials and methods

Antibodies

Antibodies used were anti-Paxillin and anti-GM130 antibodies
(BDTransductionLaboratories,NewJersey,USA),anti-Akap8and
anti-Nup153 (Abcam, Cambridge, UK), anti-FAK, anti-PDI, anti-
p-Atf2T71, anti-Atf2, anti-Brg1, anti-Rpb1, anti-Cdk8, anti-Cdk9,
anti-histone H4, anti-H3K4me2, anti-H3K4me3, anti-H3K27Ac,
anti-histoneH3,anti-LaminA/C,andanti-GAPDH(CellSignaling
Technologies, Danvers, MA, USA), as well as anti-Ambra1
antibody (Millipore, Billerica, MA, USA). Anti-rabbit or -mouse
peroxidase-conjugatedsecondaryantibodieswerepurchasedfrom
Cell Signaling Technologies.

Cell culture

FAK-deficient SCC cell lines were generated as described
previously (16). SCC cells were maintained in Glasgow MEM
containing 10%FCS, 2mM L-glutamine, nonessential amino acids,
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sodiumpyruvate, andMEMvitamins at 37 °C, 5%CO2. SCCFAK-
WT cells weremaintained in 1mg/ml hygromycin B.

siRNA

FAK-WTor FAK2/2 SCC cells were transiently transfected
using HiPerFect (Qiagen, Manchester, UK) according to
manufacturer’s protocol, with a final concentration of 80 or 100
nM siRNA, respectively (Table S3). Cells were analyzed at 48 h
posttransfection.

Whole-cell lysates

Cells were washed twice in ice-cold PBS and then lysed in
radioimmune precipitation assay buffer (50mMTris-HCl, pH
8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and 0.5%
sodium deoxycholate), supplemented with PhosSTOP and
cOmplete Ultra phosphatase and protease inhibitor cocktails

(Roche,WelwynGardenCity,UK), and cleared by centrifuga-
tion.

Nuclear fractionation

Cellswerewashed twice in ice-coldPBSand then lysed inDET
buffer (150 mM NaCl, 25 mM Hepes, pH 7.5, 1 mM b-mercap-
toethanol, 0.2 mM CaCl2, 0.5 mM MgCl2, 0.5% NP-40)
supplementedwithPhosSTOPandcOmpleteUltraphosphatase
and protease inhibitor cocktails. Lysates were incubated on ice
for 10 min and centrifuged. The resulting pellets were washed
twice inDETbuffer, resuspended in radioimmune precipitation
assay buffer, and cleared by centrifugation.
For MS, nuclear lysates were prepared using a Nuclei PURE

Prep isolation kit (Sigma, Gillingham, UK).

Chromatin isolation

The protocol was adapted from McAndrew et al. (59). All
bufferswere supplementedwithPhosSTOPandcOmpleteUltra
phosphatase and protease inhibitor cocktails. Briefly, cells were
washed twice in ice-cold PBS, lysed in extraction buffer (10 mM

Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10%
glycerol, 0.2% NP-40), and centrifuged for 5 min at 6500 3 g.
Nuclear pellets were washed in extraction buffer withoutNP-40
andcentrifugedfor5minat65003g.Pelletswereresuspendedin
low-saltbuffer(10mMHepes,pH7.9,3mMEDTA,0.2mMEGTA)
and incubated for 30min at 4 °Cwith rotationbefore centrifuga-
tion for 5min at 65003 g. Pellets were resuspended in high-salt
buffer (50 mM Tris-HCl, pH 8.0, 2.5 M NaCl, 0.05% NP-40) and
incubated for 30 min at 4 °C with rotation. Supernatants
containing chromatin fractions were cleared by centrifugation.
Proteins were precipitated by adding TCA to a final volume of
10%and incubatingon ice for 15min. Precipitated proteinswere
pelleted by centrifugation, washed twice with ice-cold acetone,
and then resuspended in 23 sample buffer prior to analysis by
Western blotting.

Immunoprecipitation

Protein concentration was calculated using a BCA protein
assay kit (Thermo Fisher Scientific, Loughborough, UK). For
analysis byWestern blotting, 1 mg lysates was incubated with 2
mg of unconjugated antibodies at 4 °C overnight with agitation.
Unconjugated antibody samples were incubated with 10 ml of
ProteinAagarosefor1hat4 °C.Beadswerewashedthreetimesin
lysis buffer and once in 0.6 M LiCl, resuspended in 20 ml 23
sample buffer (130 mM Tris, pH 6.8, 20% glycerol, 5% SDS, 8%
b-mercaptoethanol, bromphenol blue), and heated for 5 min at
95 °C. Samples were then subjected to SDS-PAGE analysis as
described elsewhere (4).

Figure 6. Ambra1 or Akap8 depletion decreases histone modifications. A, functional interaction network analysis of nuclear Ambra1 binding partners
identifiedbyMSwere filtered for statistically significant (p,0.05) 2-foldenrichmentover IgGcontrol. Componentsofhistonemodificationcomplexeswereused
tobuild a protein interactionnetworkbasedondirect physical interaction (gray lines). These complexes includehistone acetylation complexes (NSL, nonspecific
lethal; NuA4, nucleosomeacetyltransferaseofH4; PCAF, p300/CBP-associated factor) and ahistonemethylation complex (MLL1/MLL,mixed-lineage leukemia1)
(allhighlightedby lightbluebackground).B–E, SCCFAK-WTand2/2cellsweretransfectedwithsiControlandsiAmbra1(BandC)orsiControlandsiAkap8(DandE)
(siGENOMEpool).After48h,whole-cell lysatesweresubjectedtoWesternblotanalysisusinganti-Ambra1,anti-Akap8,anti-di-H3K4me,anti-tri-H3K4me,andanti-
H3K27Ac. Anti-GAPDHand anti-histoneH3 served as loading controls.C and E, the graphs show relative histonemodification levels normalized to histoneH3or
protein levels normalized to GAPDH upon Ambra1 (C) or Akap8 (E) knockdown. Error bars represent S.D. *, p, 0.01; #, p, 0.05.

Figure 7. Model depicting Ambra1-dependent transcriptional regulation.
InmouseSCCcells,Ambra1 isalreadyknownto localize toautophagosomesand
focal adhesions, where it binds FAK and Src and regulates the removal of
untethered kinases via autophagy. Ambra1 can also interact with nuclear pore
componentsandistranslocatedintothenucleusmostlikelyvianuclearporesand
importins.NuclearAmbra1 ispartofanetworkconsistingofchromatinmodifiers
and transcriptional regulators, some of which are recruited to chromatin in an
Ambra1-mediated manner, including the PKA scaffold Akap8, Cdk9, and active
Atf2 (p-Atf2 T71). Further, Ambra1, Akap8, Cdk9, and Atf2 coregulate the
expression of a subset of genes, like Angpt1, Tgfb2, Tgfb3, Itga8, and Itgb7. Both
Ambra1 and Akap8 influence cellular histone modifications, which could
contributetotheir transcriptionaleffects.Overall, theautophagyproteinAmbra1
also acts as a nuclear platform to recruit key scaffolds, chromatin modifiers, and
transcriptional regulators to elicit gene expression changes via Atf2.
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For MS, Ambra1 was immunoprecipitated from 2 mg
nuclear lysates of SCC FAK-WT and 2/2 cells (samples in
triplicates) using a KingFisher Duo liquid handling station
(Thermo Fisher Scientific). Nuclear lysates were incubated
with 2 mg of antibody and 5 ml Protein GMag-Sepharose (GE
Healthcare) for 2 h at 4 °C. Beads were washed twice in lysis
buffer and three times in TBS and then processed by
proteolytic digestion.

Proteolytic digestion

For MS, immunoprecipitated proteins were digested using 5
mg/ml trypsin in 2M urea, 50mM Tris-HCl, pH 7.5, as reported
previously (60). Digestion was performed for 30 min at 27 °C.
After the initial digestion, the beads were removed using a
KingFisher Duo, and the supernatants were left to continue to
digest at 37 °C for 8 h. After digestion, samples were incubated
with 50 mg/ml iodoacetamide for 30 min in the dark. Samples
weretreatedwith1mlTFAtostopthedigestionandthendesalted
using C18 StageTips. Briefly, the tips were prepared by placing a
smalldiscof3MEmporesolid-phaseextractionmaterial (Sigma-
Aldrich) in an ordinary 200-ml-capacity pipette tip, preparing a
single tip for each sample. Tips were activated with 80%
acetonitrile, 0.1% TFA buffer and washed with 0.1% TFA.
Samples (100 ml) were added to each column and washed twice
with 0.1% TFA. Liquid was passed through the pipette tip
manually with the aid of a syringe or with a light centrifugation
step.Peptideswere thenelutedusing80%acetonitrile, 0.1%TFA.
Samples were evaporated in a SpeedVac vacuum concentrator
(Thermo Fisher Scientific), resuspended in 12 ml 0.1% TFA
buffer, and analyzed byMS.

Mass spectrometric data acquisition

Tryptic peptides were analyzed on a Q Exactive Plus Hybrid
Quadrupole-Orbitrap mass spectrometer connected to an
UltiMate Ultra3000 chromatography system (both from Thermo
FisherScientific) incorporatinganautosampler. Peptides (5ml) for
eachsamplewereloadedonahomemadecolumn(250-mmlength,
75-mm inside diameter) packed with 1.8 mM UChrom C18

(nanoLCMSSolutions) andseparatedbyan increasingacetonitrile
gradient, using a 40-min reverse-phase gradient (from 3%–32%
acetonitrile) at a flow rate of 250 nl/min. The mass spectrometer
was operated in positive ionmode with a capillary temperature of
220 °C,withapotential of 2000Vapplied to thecolumn.Datawere
acquiredwith themass spectrometer operating in automatic data-
dependentswitchingmode,selectingthe12mostintenseionsprior
to tandemmass spectrometric analysis. All spectra were acquired
with 1microscan andwithout lockmass.

Mass spectrometric data analysis

Label-free quantitative analysis of mass spectrometric data
was performed using MaxQuant (version 1.5.7.4). All the
experimental conditions (Ambra1 and IgGcontrol immunopre-
cipitations fromSCCFAK-WTand2/2 cells) were analyzed in
biological triplicate.Eachrawdata filewasconsideredseparate in
the experimental design; the replicates of each experimental
condition were grouped for the subsequent statistical analysis.
Raw data files were searched against the mouse UniProtKB

database (version 2017_05; 86,453 entries) and a common
contaminants database using the Andromeda search engine
(packaged with MaxQuant, version 1.5.7.4). A mass accuracy of
4.5 ppm was applied, and a false discovery rate of 1%, applying a
target-decoy search strategy usingMaxQuant, was set at both the
peptideandprotein levels.EnzymespecificitywassetasCterminal
to arginine and lysine, except when followed by proline, and a
maximum of two missed cleavages were allowed in the database
search. Cysteine carbamidomethylation was specified as a fixed
modification; methionine oxidation and acetylation of protein N
terminiwerespecifiedasvariablemodifications.Minimumpeptide
length was seven amino acids, and at least one peptide ratio was
requiredfor label-freequantification.Peptideidentifications inone
ormore sample runsnot identified inother sampleswerematched
and transferred between runs (0.7-min time window). Proteins
matchingtothereversedorcommoncontaminantsdatabaseswere
omitted, and ribosomal proteins were omitted as putative
contaminants. Missing values were replaced by a constant (1),
and significant protein interactors were determined based on
average ratio (fold change over IgG control) and Student’s t test.
Interaction network analysis was performed using Cytoscape.

Immunofluorescence microscopy and image analysis

Cells were fixed, stained, and imaged as described in
Schoenherr et al. (4).

qRT-PCR

RNAfromcellswasisolatedusingtheRNeasyminikit (Qiagen,
Manchester,UK).500ngtotalRNAwasreversetranscribedusing
the SuperScript first-strand cDNA synthesis kit (Life Technol-
ogy, Paisley, UK). For the PCR amplification in a StepOne Plus
real-time PCR system (Life Technology, Paisley, UK), 25 ng
cDNAwas used in a total reactionmix of 20ml containing 10ml
Sensi Fast SYBR Green Hi-Rox (Bioline, London, UK) as well as
400 nM forward and reverse primers (Table S4).Gapdhwas used
tocontrol fordifferences incDNAinput.Relativeexpressionwas
calculated according to the DDCT quantification method. Each
sample within an experiment was analyzed in triplicate, and the
experiment was carried out three times.

nCounter gene expression analysis

SCC FAK-WT cells were transfected with siControl,
siAmbra1, siAkap8, and siAtf2 siRNA. RNA from cells was
isolated 48 h posttransfection using the RNeasy mini kit
(Qiagen, Manchester, UK) and diluted to 20 ng/ml. Samples
(in triplicates) were subjected to gene expression analysis
using the mouse nCounter PanCancer Pathways panel (Nano-
string,AmershamBiosciences,UK).Analysiswasperformedusing
nSolver analysis software (Nanostring). The cutoff point of
statistically significant relative changes (siRNA/siControl, p ,
0.05) was set to 2-fold.

Statistical tests

For all experiments shown, n = 3–5. Error bars for the graphs
show S.D. Student’s t test was carried out to calculate the
statistical significance.
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Data availability

The MS-based proteomics data have been deposited to the
ProteomeXchangeConsortiumviathePRIDEpartnerrepository
with the data set identifier PXD018745.
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