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ABSTRACT

Regulation of RNA polymerase Il (RNAPII)-mediated
transcription controls cellular phenotypes such
as cancer. Phosphatase and tensin homologue
deleted on chromosome ten (PTEN), one of the
most commonly altered tumor suppressors in can-
cer, affects transcription via its role in antagoniz-
ing the PI3K/AKT signaling pathway. Using co-
immunoprecipitations and proximal ligation assays
we provide evidence that PTEN interacts with AFF4,
RNAPII, CDKO9, cyclin T1, XPB and CDK?7. Using ChiIP-
seq, we show that PTEN co-localizes with RNAPII
and binds to chromatin in promoter and putative
enhancer regions identified by histone modifica-
tions. Furthermore, we show that loss of PTEN af-
fects RNAPII occupancy in gene bodies and further
correlates with gene expression changes. Interest-
ingly, PTEN binds to promoters and negatively regu-
lates the expression of genes involved in transcrip-
tion including AFF4 and POL2RA, which encodes
a subunit of RNAPII. Loss of PTEN also increased
cells’ sensitivity to transcription inhibition via small
molecules, which could provide a strategy to target
PTEN-deficient cancers. Overall, our work describes
a previously unappreciated role of nuclear PTEN,
which by interacting with the transcription machin-
ery in the context of chromatin exerts an additional
layer of regulatory control on RNAPII-mediated tran-
scription.

INTRODUCTION

Phosphatase and tensin homologue deleted on chromo-
some ten (PTEN) is a dual specificity phosphatase that is

inactivated or lost in a large proportion of human cancers,
making it one of the most commonly mutated tumor sup-
pressors (1,2). PTEN is best known for its function as a
lipid phosphatase at the plasma membrane, where it de-
phosphorylates phosphatidylinositol-(3,4,5)-trisphosphate
(PIP3), thereby antagonizing the phosphoinositide 3-kinase
(PI3K) signaling pathway (3-5). In addition to its essen-
tial role at the membrane, PTEN has been found local-
ized to the nucleus of non-malignant and malignant tis-
sues (6). The loss of nuclear PTEN has been associated
with more aggressive tumors and the malignant transforma-
tion of normal cells (6). Although lipid phosphoinositides
and other components of the PI3K/AKT pathway have
been found in the nucleus, only the cytoplasmic pools of
PIP3 are sensitive to PTEN phosphatase activity (7). Con-
sistent with this, functions of nuclear PTEN, including ho-
mologous recombination-mediated repair of double-strand
DNA breaks (8,9), cell proliferation, and chromatin con-
densation (10,11), are mostly independent of its lipid phos-
phatase activity.

It has been described that loss of PTEN alters gene
expression programs associated with poor prognosis (12—
14). PTEN has been shown to repress RNA polymerase
I (RNAPI)- (15) and RNA polymerase 111 (RNAPIII)-
mediated transcription (16), dependent on PTEN’s in-
hibitory role in the PI3K/AKT/mTOR/S6K signaling
pathway. However, little is known about PTEN’s direct role
in RNA polymerase II (RNAPII)-mediated transcription.

RNAPII-mediated transcription is a tightly regulated
process, which is coupled to phosphorylation events on
the highly conserved heptad repeat (Y;S,;P3;T4SsPsS7) of
the RNAPII subunit RPBl C-terminal domain (CTD)
(17). During initiation, RNAPII Serine 5 and Serine 7 get
phosphorylated (RNAPII Ser5P and Ser7P) by the cyclin-
dependent kinase 7 (CDKY7) (18), which together with cy-
clin H and Matl comprises a trimeric complex that can as-
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sociate with the basal transcription factor IIH (TFIIH) ten
subunit core complex (19). Upon entering productive elon-
gation levels of RNAPII SerSP drop and levels of RNAPII
Ser2P increase. Phosphorylation of Ser2 is thought to be
dependent on the positive elongation factor (P-TEFb) com-
prising the cyclin-dependent kinase 9 (CDKDY) as a catalytic
subunit, and cyclin T1 or cyclin T2 as a regulatory subunit
(20,21), as well as on the cyclin-dependent kinases 12 and
13 (CDK12 and 13) in complex with cyclin K (22). P-TEFb
can be part of several multi-subunit complexes including the
super elongation complex (SEC) (23). The scaffold for as-
sembling the SEC is AF4/FMR2 family member 4 (AFF4),
which belongs to the mammalian AFF family (24). The P-
TEFb complex is also involved in overcoming promoter-
proximal pausing of RNAPII by phosphorylating negative
elongation factor (NELF) and transcription elongation fac-
tor SPTS (25). The activity of the P-TEFb complex can be
positively influenced, for example, by CDK7 (26) and the
bromodomain protein BRD4 (27) and negatively by asso-
ciation with the inhibitory 7SK small nuclear ribonulceo-
protein (7SK snRNP) complex comprising the 7SK snRNA
and hexamethylene bisacetamide-inducible proteins 1 and 2
(HEXIM1 and HEXIM?2) (25).

As transcription is an essential process in normal as well
as malignant cells and tissues, it has long been regarded
a challenging target in cancer therapy. RNAPII-mediated
transcription can be inhibited at different stages during the
transcription cycle, for example during initiation or elonga-
tion. CDK7 kinase activity can be effectively inhibited by
the covalent CDK7 inhibitor THZ1 (28). Transcription ini-
tiation can also be blocked by Triptolide, a drug that targets
the XPB subunit of TFITH and inhibits its DNA-dependent
ATPase activity (29). Elongation can be inhibited by target-
ing CDKO9 activity by Flavopiridol (30) or LCD000067 (31).

Here, we report that nuclear PTEN binds to compo-
nents of the transcription machinery and that its genome-
wide distribution in chromatin correlates with RNAPII,
H3K4me3, and H3K27ac at promoters, and H3K27ac and
H3K4mel in distal regions. Loss of PTEN increases lev-
els of RNAPII Ser2P and Ser5P that in turn leads to a
genome-wide increase in RNAPII Ser2P and Ser5P occu-
pancy in gene bodies and altered gene expression. Changes
in chromatin occupancy and gene expression due to PTEN
mutation correlated most strongly at PTEN-bound genes,
which included components of the transcription machin-
ery and transcriptional regulators. PTEN loss also upregu-
lates a subset of genes, whose expression renders cells more
susceptible to transcription inhibition by small molecule in-
hibitors. In summary, our findings indicate that PTEN func-
tions in the nucleus, where by interacting with the transcrip-
tion machinery it provides an additional layer of regula-
tory control on RNAPII-mediated transcription and gene
expression.

MATERIALS AND METHODS

Plasmids and constructs

Bacterial expression plasmids encoding GST-PTEN do-
mains have been reported previously (32). The MSCVneo-
PTEN vector and the pIRES-FLAG-C2TAIL vector were
previously described (33). The PTEN phosphatase-domain

point mutants were generated using the QuikChange II
XL Site-Directed mutagenesis kit (Agilent) as per man-
ufacturer’s instructions utilizing the MSCVneo-PTEN as
a template. The AFF4 bait-fragment was cloned into the
pcDNAT™3 1/V5-His vector using the TOPO® TA Ex-
pression Kit (Invitrogen) via topoisomerase ligation of Taq-
Polymerase generated PCR purified fragments using full
length AFF4 as a template.

Antibodies

All antibodies are listed in the Supplementary Materials
and Methods.

Cell lines

MycOE Pik3ca Mut cells, MycOE Pten Null cells and
mouse embryonic fibroblasts were cultured in Dulbecco’s
minimal essential medium (Cellgro) supplemented with
10% (vol/vol) fetal bovine serum (FBS), 100 TU penicillin,
100 pg/ml streptomycin (Cellgro) and 2 mM L-glutamine
(total 6 mM L-glutamine) (Cellgro). HEK293 and HeLa
cells were cultured in Dulbecco’s minimal essential medium
(Cellgro) supplemented with 10% (vol/vol) fetal bovine
serum (FBS), 100 IU penicillin, 100 pg/ml streptomycin
(Cellgro). DBTRG-05MG and HCT116 cells were cultured
in RPMI-1640 supplemented with 10% (vol/vol) FBS, 100
IU penicillin and 100 pg/ml streptomycin.

Generation of primary Mouse Embryonic Fibroblasts
(MEFs)

Pten /19X mice (34) in a C57bl/6 background were inter-
bred. Embryos were harvested at E14.5 and cultured in
DMEM (Cellgro) supplemented with 10% (vol/vol) fetal
bovine serum (FBS), 100 TU penicillin, 100 pg/ml strep-
tomycin (Cellgro) and 2 mM L-glutamine (total 6 mM
L-glutamine) (Cellgro). For deletion of Pten, MEFs were
infected with adenovirus Adeno-CMV-Cre-recombinase
(Vector Biolabs) or Adeno-CMV-Null (Vector Biolabs) as
a control.

CRISPR clone generation

The pL-CRISPR.EFS.GFP vector containing the PTEN
targeting guide RNA (ACAGATTGTATATCTTGTAA
NGG) was generated previously (35) (Addgene, plasmid
57818). Lentivirus was produced in HEK-293T cells as pre-
viously described (36). GFP-positive HeLa cells were iso-
lated using fluorescence activated cell sorting, and clonal
cell populations were assessed for PTEN protein levels by
immunoblotting. DNA from single colonies was amplified
and sequenced by Genewiz using the primers listed in the
Supplementary Materials and Methods.

Generation of PTEN overexpressing cell lines

Retrovirus was produced by transfecting MSCVneo-PTEN
WT and point mutation constructs into Phoenix packaging
cells as previously described (37). MycOE Pten Null cells
were infected, selected using G418 selection antibiotic, and
assessed for PTEN protein levels by immunoblotting.



Cell proliferation assays

1500 cells were plated per well in a 96-well plate in triplicate
for each experiment. Proliferation was monitored by ana-
lyzing the occupied area (% confluence) of cell images over
time as recorded by the IncuCyte ZOOM® live-cell imag-
ing and analysis system (Essen BioScience).

Cell fractionation

Cell fractionation was performed as described before (38).
The detailed protocol can be found in the Supplementary
Materials and Methods.

Co-immunoprecipitation of V5- or FLAG-tagged proteins

HEK?293 cells were co-transfected with FLAG-tagged
PTEN-C2TAIL and V5-tagged AFF4 or empty vector
(EV), respectively. Cells were lysed in BC200 buffer (25
mM Tris pH 7.5, 200 mM NaCl, 1 mM EDTA, 0.2% Tri-
ton X-100, 0.2% glycerol), sonicated, centrifuged and pre-
cleared with protein A/G agarose beads. Supernatants were
incubated with anti-V5 agarose beads, beads were washed
with TBS (10 mM Tris pH 7.4, 150 mM NaCl, 15 mM
MgCl,) and proteins were eluted using 0.5 mg/ml V5 pep-
tide (Sigma-Aldrich).

GST fusion protein purification and GST bead pull downs

GST fusion proteins were purified as previously described
(32). In vitro transcribed/translated AFF4, pre-cleared su-
pernatants of HEK293 or DBTRG cells were incubated
with GST-PTEN or indicated GST-PTEN domains loaded
onto glutathione sepharose beads. Beads were washed and
proteins were eluted with elution buffer (25 mM Tris pH 8.0,
150 mM NacCl, 50 mM glutathione). The extended protocol
is provided in the Supplementary Materials and Methods.

Endogenous co-immunoprecipitations

HEK?293 cells were lysed in BC200 (25 mM Tris pH 7.5, 200
mM NaCl, 1 mM EDTA, 0.2% Triton X-100, 0.2% Glyc-
erol). Lysates were sonicated, centrifuged, and then pre-
cleared using Pierce™ protein A/G magnetic beads (Ther-
moFisher Scientific). Supernatants were incubated with
PTEN (6H2.1) or mouse IgG crosslinked to Pierce™ pro-
tein A/G magnetic beads using dimethyl adipimidate (Ther-
mokFisher Scientific). Beads were washed four times with
BC200 and proteins were eluted with 0.1 M glycine pH 2.0.

Proximal ligation assay (PLA)

PLA assays were performed according to the manu-
facturer’s protocol (DuoLink® In Situ Red Starter kit
mouse/rabbit or goat/rabbit, Sigma-Aldrich). In brief, 20
000 HeLa cells were plated on gelatin-coated, 16-well cham-
ber slides, fixed with 2% Paraformaldehyde, permeablized in
perm/block solution (10% donkey serum, 0.1% Triton X-
100 in PBS) and incubated with primary antibodies diluted
1:100 overnight at 4°C. PLA detection was performed and
images were taken with a confocal microscope (Zeiss LSM
880 with Airyscan) at a magnification of 63x and analyzed
with the Imagel software.
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mRNA-Seq

1 pg of total RNA per sample from three independent bio-
logical replicates of PTEN WT and CRISPR-PTEN Hela
cells was processed using the TruSeq RNA Sample Prepa-
ration kit V2 (Illumina). Libraries were sequenced using the
NextSeq® 500/550 High output Kit v2 (75 cycles) on a
NextSeq® 500 sequencing system (Illumina). mRNA-seq
analysis was performed as previously described (39).

ChIP experiments, library preparation, sequencing and data
analysis

One-step and two-step crosslinking ChIP experiments were
performed as described before (40,41). One-step crosslink-
ing was performed using 1% formaldehyde for 10 min at RT
and two-step crosslinking was performed using 2 mM dis-
uccinimidyl glutarate (Sigma-Aldrich) for 45 min at RT, fol-
lowed by 1% formaldehyde for 10 min at RT. Chromatin was
sheared with a UCD-400 Bioruptor (Diagenode) for 12-40
cycles (30 s on/30 s off). 2-10 ng of DNA were used to gen-
erate ChIP-seq libraries as described before (42) and sam-
ples were submitted to 75 bp single-end sequencing using
the NextSe@%® 500/550 High output Kit v2 (75 cycles) on
a NextSeq® 500 sequencing system (Illumina). Extended
protocols and the data analysis procedure are provided in
the Supplementary Materials and Methods.

RESULTS
Nuclear PTEN associates with chromatin

Nuclear PTEN has been extensively studied in mouse em-
bryonic fibroblasts (MEFs), where it was shown to be as-
sociated with chromatin (9-11). To further understand the
roles of nuclear PTEN and its function in chromatin reg-
ulation, we used primary MEFs that have loxP sites flank-
ing exon 5 inserted into the endogenous locus of Pten (34).
By immunoblot, as early as one passage post infection with
Adeno-Cre-containing virus, almost 100% of Pten is lost
and is virtually undetectable three passages after infection
(Figure 1A). However, immunofluorescence (IF) revealed
that one passage post infection only cytosolic Pten is lost
while nuclear Pten remained visible in >50% of the cells
(Figure 1B). Nuclear Pten is undetectable three passages
post infection (Figure 1B), suggesting that the nuclear pool
of Pten might be distinct from the cytosolic pool.

To further characterize the Pten nuclear pool, we per-
formed cellular fractionation experiments. As expected the
majority of Pten resided in the cytosolic fraction (Figure
1C). However, under high-salt conditions Pten is also found
at relatively lower levels within the insoluble nuclear frac-
tion that contains the nuclear lamina and chromatin, but
not in the soluble nucleoplasm (Figure 1C). We next per-
formed partial micrococcal nuclease (M Nase) digestion fol-
lowed by high-salt extraction, to differentiate between vari-
ous levels of euchromatin accessibility (i.e. high, intermedi-
ate, and low) (Figure 1D; left). A large fraction of Pten as-
sociated with the soluble nuclear proteins, and with the least
accessible, higher order euchromatin (Figure 1D; right).
However, a small fraction of Pten is associated with chro-
matin with intermediate accessibility (Figure 1D; right).
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Figure 1. Nuclear Pten associates with chromatin. (A) Immunoblot analysis of whole cell lysates of Pten WT and Pten—/~ MEFs for PTEN expression.
Lysates were taken 1 (I+1) or 3 (I+3) passages after infection with Adeno-Cre containing virus. (B) Representative immunofluorescence images of Pten
WT and Pten~/~ MEFs stained for PTEN and DAPI. Cells were fixed 1 (I+1) or 3 (I+3) passages after infection with Adeno-Cre containing virus. (C)
Subcellular fractionation of Pten WT and Pten~/~ MEFs. PTEN, vinculin, EZH2, and H3 protein levels were determined by immunoblotting. (D) (Left)
Schematic representation of the MNase/high-salt fractionation protocol. (Right) Partial MNase digestion followed by high-salt extraction was performed
on nuclei extracted from Pten WT and Pten~/~ MEFs. PTEN, RNAPII, and EZH2 protein levels were determined by immunoblotting. RNAPIIO is
indicated by a red arrow.

This fraction also displayed high levels of RNAPIIO, the domain, which is thought to facilitate most of PTEN’s
highly phosphorylated form of RNAPII that is associated known interactions with other proteins (43), as the bait-
with transcriptional activity (Figure 1D; right, red arrow) fragment against a library of prey-fragments of the hu-
(17). These results suggest that nuclear PTEN can associate man fetal brain. The screen identified AFF4, the scaffold-

with transcriptionally active chromatin. ing protein of the SEC (23), as a potential interaction
partner of PTEN (Supplementary Table S1). This inter-
Nuclear PTEN interacts with components of the transcrip- ~ action was confirmed by co-immunoprecipitation exper-

iments from HEK?293 cell lysates expressing the PTEN
C2TAIL and V5-tagged AFF4 fragments (Figure 2A and

To reveal novel functions of nuclear PTEN, we performed Supplementary Figure S1A) and by pull-down experiments
a yeast-2-hybrid (Y2H) screen using the PTEN C2TAIL-

tion machinery
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Figure 2. Recombinant and endogenous PTEN can bind to proteins of the transcription machinery. (A) HEK293 cell lysates co-expressing the V5-tagged
prey-fragment (AFF4) and the FLAG-tagged bait-fragment (PTEN) were incubated with anti-V5 agarose beads. V5 (AFF4) and PTEN (C2TAIL) protein
levels were determined by immunoblotting. (B) In vitro translated /transcribed full-length AFF4 was incubated with GST-PTEN or GST sepharose beads.
AFF4 protein levels were determined by immunoblotting. (C) HEK?293 cell lysates were incubated with GST-PTEN, GST-PDC2, GST-PD, GST-C2,
GST-TAIL or GST sepharose beads. Pulled-down protein complexes were analyzed for RNAPII, AFF4, cyclin T1, CDK9 and CDK?7 protein levels by
immunoblotting. (D) HEK293 cell lysates were incubated with PTEN (6H2.1) or mouse IgG. Pulled-down protein complexes were analyzed for PTEN,
RNAPIIL, AFF4, cyclin T1, XPB and CDK7 protein levels by immunoblotting. (E) Immunoblot analysis of whole cell lysates of PTEN WT and CRISPR-
PTEN HelLa cells for PTEN expression. (F-I) Representative images of proximal ligation assays performed in PTEN WT and CRISPR-PTEN HeLa cells.
For each condition the PTEN antibody (Cat #9559, Cell Signaling) was incubated with a (F) RNAPII, (G) CDKO9, (H) cyclin T1 or (I) CDK7 antibody.
As a control each antibody was incubated individually. The quantification for each condition is shown below each panel. Tukey boxplots, n = 40, Student’s

t-test, ¥*** P < (0.0001.
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using full-length GST-PTEN or the phosphatase-dead mu-
tant GST-PTEN C124S purified from bacteria and in vitro
transcribed/translated full-length AFF4 (Figure 2B, Sup-
plementary Figure S1B and C). GST-PTEN also interacted
with endogenous AFF4 from PTEN-deficient DBTRG-
05MG glioblastoma (33) and HEK?293 cell lysates (Sup-
plementary Figure S1D), indicating that PTEN can bind
to a component of the transcription machinery. More-
over, GST-PTEN and GST-PTEN fragments containing
the phosphatase (PD) and C2 domain interacted with
AFF4 interactors and P-TEFb components cyclin T1 and
CDKO9 (Figure 2C, Supplementary Figure S1E and S1F)
(23). PTEN and the same fragments also interacted with
RNAPII, which binds to P-TEFb, and to CDK?7, which
phosphorylates the RNAPII CTD (Figure 2C) (17), in-
dicating that PTEN can interact with additional compo-
nents of the transcription machinery. The PTEN Tail-
region seems dispensable for these interactions as several
GST-PTEN deletion constructs, which are missing the tail
still bind to these proteins, whereas the Tail-domain by it-
self only weakly interacts with cyclin Tl and CDK?7 and
very weakly interacts with AFF4 (Figure 2C). Further, the
phosphatase activity of PTEN was not required for inter-
actions of PTEN with the transcription machinery, as both
GST-PTEN and the phosphatase-dead mutant GST-PTEN
C124S interacted with AFF4, SPTS5, HEXIM1, CDKO,
XPB and CDK?7 (Supplementary Figure S1G).

In addition, immunoprecipitations revealed endogenous
interactions between PTEN and AFF4, as well as RNAPII,
cyclin T1, XPB and CDK?7 (Figure 2D). The endogenous
interactions were confirmed using proximity ligation assays
(PLA), in which positive interactions are represented by dis-
tinct fluorescent spots. We created clonal HeLa cell lines
in which PTEN was deleted employing the CRISPR /Cas9
system using a guide RNA targeting exon 3 and a small
part of the downstream intron of the endogenous PTEN lo-
cus (CRISPR-PTEN) (Figure 2E and Supplementary Fig-
ure S2) (35). We find significantly more fluorescent spots in
PTEN WT compared to CRISPR-PTEN HeLa cells, when
using two antibodies directed against PTEN and RNAPII,
cyclin T1, CDK9, or CDK7 (Figure 2F-I). Using either an-
tibody alone resulted in unspecific background signals, as
expected (Figure 2F-TI). Collectively, these data suggest that
PTEN can bind to components of the transcription machin-
ery in the nucleus.

Moreover, we analyzed nuclear extracts from PTEN WT
HeLa cells by size exclusion chromatography, which is a
useful tool to isolate large multi-subunit complexes (i.e.
transcription complexes) and to identify potential inter-
actors (23). These studies indicate that while most PTEN
elutes around 75 kDa corresponding to unbound PTEN,
a small fraction of PTEN, elutes in fractions correspond-
ing to 669 and 2 MDa (Supplementary Figure S3). We fur-
ther found components of the transcription machinery such
as RNAPII, RNAPII Ser2P and Ser5P, BRD4, SPT5, and
HEXIMI1 as well as components of the TFIIH complex
(CDKY7 and cyclin H) and the SEC (AFF4 and P-TEFDb
components CDK9 and cyclin T1), to elute within this size
range (Supplementary Figure S3) suggesting that nuclear
PTEN migrates with large multi-subunit complexes con-
taining components of the transcription machinery.

PTEN binds to chromatin in promoter regions and affects ex-
pression of a subset of genes

To further explore the relationship between chromatin-
bound PTEN and the transcription machinery genome-
wide, we conducted chromatin immunoprecipitation cou-
pled to high-throughput sequencing (ChIP-seq) in PTEN
WT and CRISPR-PTEN HeLa cells using two different an-
tibodies against PTEN (Figure 3A) (41). By overlapping
the peaks yielded by the two PTEN antibodies, we identi-
fied 3,433 significant peaks (significance cut-off of —logo(g-
value) > 5), in the PTEN WT cells (Figure 3A; blue, B and
C) and PTEN deletion led to a complete loss of these peaks
(Figure 3A; red, B and C). 73% of PTEN peaks were located
within 1 kb of a transcription start site (TSS) and coincided
with RNAPII (44,45), H3K4me3 and H3K27ac, but not
H3K4mel (46,47) (Figure 3B and C; top). PTEN peaks in
distal regions coincided predominantly with H3K27ac and
H3K4mel, which are markers of active enhancers (48) (Fig-
ure 3C; bottom). HOMER de novo motif analysis revealed
that PTEN peaks in promoter regions coincide preferen-
tially with GC-rich motifs, and this preference was less pro-
nounced in distal regions (Supplementary Figure S4A). As
TSSs are often GC-rich, enriched for RNAPII, H3K27ac
and H3K4me3, but not H3K4mel (49) this is consistent
with the majority of PTEN being bound to promoters.

To examine the functions of all PTEN-bound genes, we
performed gene ontology (GO) analysis. This identified
gene sets involved in important cellular processes includ-
ing cellular metabolism, cell cycle, as well as gene expression
(50,51) (Figure 3D), suggesting that PTEN can bind to pro-
moters or distal regions of genes that have functions in key
cellular processes including the regulation of transcription.

We next wanted to examine PTEN-bound genes and
their gene expression levels and generated RNA-sequencing
(RNA-seq) data from PTEN WT and CRISPR-PTEN
HeLa cell lines. Notably, PTEN-bound genes are expressed
at higher than median levels (Figure 3E) and loss of PTEN
affects the expression levels of a significant number of
these genes in both the up and down direction in roughly
equal proportions (Figure 3F and Supplementary Figure
S4B). Genes with PTEN bound at the promoter, which
were significantly upregulated after PTEN loss included
a number of transcription machinery components, most
notably, AFF4, POLR2A, which encodes the RPBI1 sub-
unit of RNAPII, HEXIM1, MED22 and BRD2 (Supple-
mentary Figure S4B, left). Moreover, GO analysis of genes
with PTEN bound at the promoters, which were signifi-
cantly downregulated after PTEN loss revealed enrichment
of gene sets, including ‘regulation of gene expression’ and
‘negative regulation of gene expression’ (Figure 3G and
Supplementary Figure S4B; right), further suggesting that
PTEN plays a role in transcription regulation.

PTEN loss increases RNAPII Ser2 and Ser5 phosphoryla-
tion and genome-wide occupancy in gene bodies, and alters
gene expression

Transcription regulation is highly complex and can be ac-
complished through a multitude of mechanisms including
the phosphorylation of the RNAPII CTD (17). Inspection
of whole cell lysates revealed increased levels of RNAPII
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Ser2P and Ser5P in CRISPR-PTEN Hel a cells, as well as in
Pten~/~ MEFs and a Pten~/~ mouse breast tumor cell line
(MycOE Pten Null) (52) (Figure 4A—C) when compared to
PTEN WT HelLa cells.

Elevated levels of RNAPII Ser2P and Ser5P could in-
dicate an increase in chromatin-bound RNAPII. To test
this hypothesis, we conducted ChIP-seq for total RNAPII,
RNAPII Ser2P and Ser5SP, and SPTS in PTEN WT and
CRISPR-PTEN HelLa cells (41). As expected, we found
these proteins enriched at promoters, and to a lesser extent
at gene bodies in PTEN WT cells (Figure 4D). Upon loss
of PTEN, we observed a significant increase in their aver-
age enrichment (Figure 4D), suggesting that PTEN loss af-
fects levels of RNAPII in chromatin. In addition, genome-
wide changes in chromatin occupancy of RNAPII, RNAPII
Ser2P and Ser5P and SPTS5 correlated with gene expression
changes due to PTEN loss (Supplementary Figure S5A).
An increase of RNAPII on TSS could stem from a decrease
in the promoter clearance rate (PRR). However, the PRR
was not significantly different in PTEN WT and CRISPR-
PTEN HelLa cells (Supplementary Figure S5B), indicating
that PTEN loss does not affect the promoter clearance of
RNAPII.

Further RNAPII ChIP-seq experiments revealed signifi-
cantly higher RNAPII levels at TSS in Pten/~ versus Pten
WT MEFs (Supplementary Figure S6A), and at TSS and
throughout the entire gene body in MycOE Pten Null ver-
sus MycOE Pik3caMut mouse breast tumor cells (Supple-
mentary Figure S6B) (40). RNA microarray expression data
from isogenic pairs of primary Pten WT and Pten~/~ MEFs
was available and showed that PTEN loss induced changes
in RNAPII occupancy were correlated with gene expression
changes (Supplementary Figure S6C). Overall, these data
suggest that in 3 different cell line systems, PTEN loss in-
creases RNAPII occupancy in chromatin, which in turn af-
fects gene expression.

Levels of RNAPII in chromatin and gene expression correlate
strongly at differentially expressed PTEN-bound genes

We next wanted to examine the changes in chromatin oc-
cupancy of RNAPII, RNAPII Ser2P and Ser5P, and SPTS
at PTEN-bound genes. The correlation between chromatin
occupancy and gene expression was slightly stronger at
PTEN-bound genes than at genes genome-wide (Supple-
mentary Figure S5A and C), indicating that expression lev-
els of PTEN-bound genes are sensitive to PTEN loss.

As changes in chromatin occupancy are not always re-
flected in gene expression changes, we analyzed these re-
lationships at differentially expressed and differentially ex-
pressed PTEN-bound genes. As expected, the correlations
of changes in chromatin occupancy and gene expression
were stronger at differentially expressed genes than at genes
genome-wide (Figure 4E; top). Moreover, differentially ex-
pressed PTEN-bound genes displayed the strongest corre-
lations between changes in chromatin occupancy and gene
expression (Figure 4E; bottom). Notably, this group in-
cludes components of the transcription machinery such
as POLR2A (Figure 4F and Supplementary Figure S4B),
the CTD-containing RPB1 subunit of RNAPII (17). These
data suggest that PTEN can bind to promoters of transcrip-

tion machinery components to regulate their expression,
which in turn could affect transcription and gene expression
globally.

We next over-expressed wild type PTEN (PTEN WT) in
our PTEN-depleted CRISPR-PTEN HelLa cells and per-
formed RT-qPCR to probe for changes in gene expression
before and after PTEN re-expression. As expected loss of
PTEN did increase the expression levels of several of the
PTEN-bound genes examined (Supplementary Figure S7).
Re-expression of PTEN WT in CRISPR-PTEN HelLa cells
decreased the expression of three out of four genes tested
(Supplementary Figure S7), indicating that PTEN WT can
rescue the transcription activation seen in a subset of genes
after loss of PTEN.

PTEN loss sensitizes cells to transcriptional inhibition

Overexpression of genes involved in cell signaling and tran-
scription has been to shown to render cells more suscep-
tible to transcription inhibition with small molecule in-
hibitors such as the CDK?7 inhibitor THZ1 (28,53). No-
tably, the ‘Achilles cluster’ a gene set identified in triple
negative breast cancer (TNBC), which is thought to con-
fer sensitivity to treatment with THZ1 was significantly
over-represented within PTEN-bound genes (Figure 5A)
(28,53). This, combined with PTEN’s interaction with the
transcription machinery and the PTEN loss-induced upreg-
ulation of the transcriptional regulators AFF4, POLR2A,
HEXIM1, MED22 and BRD2 (Figure 5B) led us to inves-
tigate whether total PTEN loss could render cells more sus-
ceptible to transcription inhibition.

We tested the transcription inhibitors THZ1, Triptolide,
Flavopiridol and LCDO000067 in the PTEN WT and
CRISPR-PTEN Hela cells, but did not detect a difference
in the sensitivity of the PTEN deleted cells (Supplementary
Figure S8). However, HelLa cells are genetically aberrant
resulting in an activation of downstream effectors of the
PI3K/AKT pathway, such asmTOR (54). Therefore, we de-
cided to examine isogenic Pten WT and Pten~/~ MEFs for
which we had generated microarray expression data and in
which the ‘Achilles cluster’ gene set (53) was significantly en-
riched in Pten™/~ MEFs (Supplementary Figure S9). In ac-
cordance with these results, treatment of MEFs with THZ1,
Triptolide, Flavopiridol or LCD000067 resulted in lower
GI50s in Pten~/~ MEFs (Figure SC-F; left). We observed a
similar sensitivity in a pair of mouse breast tumor cell lines
(MycOE Pik3ca Mut and MycOE Pten Null) and an iso-
genic pair of PTEN WT and PTEN—/~ HCT116 cell lines
(55), in which the PTEN Null cells were more sensitive to
transcription inhibition than the PTEN WT cells (Figure
5C-F; middle and right), implying that PTEN loss sensi-
tizes cells to transcription inhibition.

CDK?7 is an important CDK-activating kinase (CAK)
during the cell cycle (56), raising the possibility that the
sensitivity of PTEN Null cell lines to CDK7 inhibition is
partly due to the inhibition of the cell cycle. However, there
was no significant difference in the GI50s of Pten WT and
Pten~/~ MEFs, MycOE Pik3ca Mut and MycOE Pten Null
mouse breast tumor cell lines or PTEN WT and PTEN~/~
HCT116 cells after treatment with the cell cycle inhibitor
Palbociclib (Supplementary Figure S10) (57), suggesting
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Figure4. PTEN loss affects RNAPII, RNAPII Ser2P and Ser5P and SPTS occupancy in chromatin and correlates with gene expression. (A-C) Immunoblot
analysis of whole cell lysates from (A) PTEN WT and CRISPR-PTEN HeLa cells, (B) Pten WT and Pten~/- MEFs and (C) MycOE Pik3ca Mut and MycOE
Pten Null mouse breast cells. The ratio of the RNAPII Ser2P and RNAPII SerSP bands over the loading control by densitometry was calculated for each
sample and normalized to the PTEN WT sample. (D) Analysis of RNAPII, RNAPII Ser2P, RNAPII Ser5P and SPT5 ChIP-seq experiments in PTEN
WT (blue) and CRISPR-PTEN (red) HeLa cells. (Top) ChIP-Seq meta-profiles. Gene bodies were scaled to 5 kb. For RNAPII and RNAPII Ser2P 3 kb
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and bottom) Pearson correlation of logy FC FPKM (FC, fold-change; FPKM, fragments per kilobase of transcript per million mapped reads) and log, FC
ChIP-Seq signals for RNAPII, RNAPII Ser2P and Ser5P and SPTS5 at (top) differentially expressed or (bottom) differentially expressed PTEN-bound
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Figure 5. PTEN loss confers sensitivity to transcription inhibition. (A) Hypergeometric gene set enrichment analysis of the ‘Achilles cluster’ gene set (53)
and PTEN-bound genes. P-value and fold-enrichment are given. Calculation was based on 15 330 genes. (B) mRNA expression levels as determined by
mRNA-seq of AFF4, POLR2A, HEXIM1, MED22 and BRD2 in PTEN WT and CRISPR-PTEN HelLa cells. Data are presented as mean + SD (n =
3). Student’s r-test, *P < 0.05. (C-F) GI50 values of Pten WT and Pten~/~ MEFs, MycOE Pik3ca Mut and MycOE Pten Null mouse breast lines and
PTEN WT and PTEN~/~ HCT116 cells treated with dose titrations of (C) THZ1, (D) Triptolide, (E) Flavopiridol or (F) LCD000067. Data are presented
as mean =+ SD (n = 3). Student’s ¢-test, *P < 0.05. (G and H) GI50 values of MycOE Pten Null mouse breast tumor lines expressing EV control, PTEN
WT or PTEN C1248S treated with dose titrations of (G) THZ1 or (H) Flavopiridol. Data are presented as mean + SD (n = 3). Student’s 7-test, *P < 0.05.
(I) Whole cell lysates of MycOE Pten Null mouse breast tumor lines expressing EV control, PTEN WT or PTEN C124S were analyzed for protein levels
of PTEN, RNAPII, RNAPII Ser2P and Ser5P, and p-AKT 473 by immunoblotting. The ratio of the RNAPII Ser2P and Ser5P, or p-AKT 473 bands over
the loading control by densitometry was calculated for each sample and normalized to the MycOE Pten Null EV control sample.



that loss of PTEN does not result in an increased sensitivity
to cell cycle inhibition in the cell lines tested.

Next, we over-expressed wild type PTEN (PTEN WT)
or phosphatase-dead PTEN C124S in MycOE Pten Null
cells. While expression of PTEN WT decreased sensitivity
to transcription inhibition by THZ1 or Flavopiridol (Fig-
ure 5G and H), expression of PTEN C124S did not change
cells sensitivity to THZ1 treatment, and slightly increased
cells sensitivity to Flavopiridol treatment (Figure 5G and
H). Moreover, re-expression of PTEN WT, but not PTEN
C124S decreased levels of p-AKT 473 as well as RNAPII
Ser2P and Ser5P (Figure 5I). Overall, these data suggest
that loss of PTEN leads to an increased sensitivity to tran-
scription inhibition and that this effect is dependent on
PTEN’s phosphatase activity.

DISCUSSION

In this study we identified a nuclear pool of PTEN that in-
teracts directly with AFF4 and directly or indirectly with
RNAPII, CDKY, cyclin T1, XPB and CDK?7, which are
components of different transcription complexes. In our
model, PTEN can interact with RNAPII and XPB and
CDK?7 during initiation and with AFF4, RNAPII, CDK9
and cyclin T1 during elongation (Supplementary Figure
S11A; top). Further, we found that nuclear PTEN can
bind to chromatin in overlapping regions with RNAPII,
H3K4me3, and H3K27ac at promoters and with H3K27ac
and H3K4mel at putative enhancers. Notably, PTEN-
bound genes have functions in key cellular processes includ-
ing transcription and its regulation. Interestingly, upon loss
of PTEN, levels of RNAPII Ser2P and Ser5P increase (Sup-
plementary Figure S11A; bottom) and this is accompanied
by an increased occupancy in chromatin. The changes in
chromatin occupancy correlate with gene expression alter-
ations genome-wide and more significantly at PTEN-bound
genes, including for example AFF4, POLR2A, MED?22,
HEXIM1 and BRD2 (Supplementary Figure S11A; bot-
tom). Moreover, loss of PTEN increased the expression
of the ‘Achilles cluster’, a subset of genes, known to al-
ter sensitivity to transcriptional inhibition (Supplementary
Figure S11A; bottom) (53). Accordingly, loss of PTEN
conferred sensitivity to transcription inhibition by small
molecule inhibitors, such as THZ1, Triptolide, Flavopiri-
dol, and LCD000067 in three out of four cell systems tested
(Figure S11B). In summary, our findings unravel a previ-
ously unacknowledged role of nuclear PTEN in regulating
RNAPII-mediated transcription and gene expression.
Despite extensive research, open questions still remain re-
garding the interaction partners and functions of nuclear
PTEN (6). Based on data from a Y2H screen we identi-
fied AFF4, the scaffolding protein of the SEC (24) as a
novel interaction partner of nuclear PTEN. As AFF4 is
a binding partner of RNAPII and the P-TEFb complex
during the elongation step of transcription it was not sur-
prising to discover that RNAPII, and the P-TEFb compo-
nents CDK9 and cyclin T1 (23) can interact with PTEN.
It was, however, unexpected to identify XPB and CDK?7,
components of the TFIIH transcription factor, which is re-
quired for transcription initiation (19) as previously unap-
preciated interaction partners of nuclear PTEN. Based on
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pull down experiments using several GST-PTEN deletion
constructs (full-length GST-PTEN, GST-PDC2, GST-PD,
GST-C2 and GST-TAIL) we propose that the Tail-domain
is dispensable for PTEN’s interactions with the transcrip-
tion machinery as all but the GST-TAIL construct inter-
acted with RNAPII, AFF4, CDKY, cyclin Tl and CDK?7.
This result also suggests more than one interaction inter-
face, as both the C2-domain and the PD-domain constructs
could bind to these proteins independently. However, addi-
tional experiments need to be conducted to determine the
exact amino acid contacts mediating the interaction. More-
over, except for PTEN’s interaction with AFF4, which we
confirmed using in vitro transcribed/translated AFF4, we
can only speculate whether the interactions are direct or in-
direct. As RNAPII is a commonality between these com-
plexes and associates with, for example, TFIIH during ini-
tiation and P-TEFb during elongation (17), we hypothesize
that PTEN can bind to RNAPII throughout the different
stages of the transcription cycle. However, it is also possi-
ble that chromatin or the nascent mRNA are mediators of
some of these interactions and further experiments will have
to be performed to address under which conditions PTEN
can bind to different proteins or complexes of the transcrip-
tion machinery.

Gene expression changes after loss of PTEN are well doc-
umented (12-14) and several mechanisms of how PTEN
alters gene expression have been proposed (58). In agree-
ment with previous studies, we found significant gene ex-
pression changes after loss of PTEN in HeLa cells as well
as in MEFs. Furthermore, we present evidence to suggest
that part of the expression changes we observed are linked
to PTEN binding to the transcription machinery and chro-
matin. For the first time, we present genome-wide PTEN
ChlIP-seq data, which was validated using two different an-
tibodies. PTEN peaks coincided with RNAPII, H3K27ac
and H3K4me3 in promoter regions and H3K27ac and
H3K4mel in distal regions, indicating that PTEN can bind
to DNA regulatory elements. Moreover, transcript levels
of a significant number of PTEN-bound genes were al-
tered after inactivation of PTEN. This and the overlap
of a large number of PTEN and RNAPII peaks in pro-
moter regions, suggests the binding of PTEN in concert
with transcriptional complexes. Interestingly, loss of PTEN
increased phosphorylation levels of RNAPII Ser2 and SerS5,
and genome-wide occupancy in chromatin. The changes
in chromatin occupancy correlated well with gene expres-
sion changes of differentially expressed genes due to PTEN
loss and the correlation was especially strong at differen-
tially expressed PTEN-bound genes. Notably, the differen-
tially expressed PTEN-bound genes contained transcrip-
tion machinery components as well as transcriptional reg-
ulators, such as AFF4, POLR2A, MED22, HEXIMI1 and
BRD2. We speculate that loss of PTEN from the promot-
ers of these genes increases their transcript levels, which in
turn affects transcription globally. An increase in transcript
levels of, for example POLR2A, the CTD-containing sub-
unit of RNAPII, might also explain the increase of RNAPII
and RNAPII Ser2P and Ser5P in chromatin. Upregulation
of HEXIM1 on the other hand could serve as a negative
feedback loop to counteract the increase of transcriptional
activators. Similarly, it has been described previously that P-
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TEFb can be released from its inactive complex when tran-
scription is dramatically inhibited by UV light, actinomycin
D, or P-TEFD inhibitors (59,60).

Transcription is an important universal process in non-
malignant as well as malignant cells and tissues and has
therefore long been considered a challenging target in can-
cer therapy. However, recent studies using small molecule
transcriptional inhibitors have challenged this paradigm
(28,53). For example, THZ1, a selective covalent inhibitor
of CDK7 has been shown to effectively inhibit the growth
of TNBC cell lines, in which expression of a set of genes,
termed the ‘Achilles cluster’ is thought to confer sensitivity
to THZ1 (53). We found the ‘Achilles cluster’ significantly
enriched within PTEN-bound genes and Pten~/~ MEF ex-
pression data, which led us to investigate the efficacy of
transcription inhibitors in PTEN-deficient cells. PTEN WT
and CRISPR-PTEN HelLa cells were not differentially af-
fected by treatment with transcriptional inhibitors and we
speculate that this is due to additional mutations present in
these cells. HeLa cells are infected with human papilloma
virus (HPV) and are genetically aberrant with a deletion
of the STKI1 gene, encoding the tumor suppressor LKBI
(61). HPV oncogenes and loss of LKB1 affect metabolism,
cell death pathways via p53 inactivation, and growth con-
trol via Rb inactivation and have been shown to activate
downstream effectors of the PI3K/AKT pathway (54).

Moreover, it has been shown that p53 activation in-
duces transcriptional dependency to sensitize cancer cells
to CDK7 inhibition (62). The relationship between PTEN
and p53 is complex as the signaling pathways of p53 and
PTEN are heavily intertwined (63—66). While PTEN was re-
ported to be a downstream transcriptional target of p53 in
mediating apoptosis (63) other studies suggest that PTEN
may act upstream of p53 (65,66). One study found numer-
ous p53 effectors, including p21, GDF15, PIG3, NOXA
and PLK2 upregulated after PTEN deletion (67). In accor-
dance with these results we see the GSEA hallmark gene set
‘pS3_pathway’ enriched (Supplementary Figure S12A) in
our Pten~/~ MEFs, whereas in our CRISPR-PTEN Hela
cells, this gene set was not enriched (Supplementary Fig-
ure S12B). As our Pten™/~ MEFs, but not our CRISPR-
PTEN Hela cells, are sensitive to transcription inhibitors,
this might indicate that p53 activation contributes to the
sensitivity to transcription inhibition we observe in certain
cell lines after loss of PTEN.

In three cell line systems with no prior activation of
the PI3K/AKT pathway we found PTEN deficient cells
to be more sensitive to treatment with THZ1, Triptolide,
Flavopiridol or LCD000067. Interestingly, this sensitivity
could be decreased by ectopic expression of PTEN but not
by phosphatase dead mutant C124S. Together these data
suggest an increased sensitivity of PTEN-deficient cells to
transcription inhibition, and ultimately, this could provide
an effective clinical strategy to target some PTEN-deficient
human cancers.

In summary, our findings indicate that in addition to
its well-known role in cytoplasmic regulatory processes
(58), PTEN can affect transcription in the nucleus, where
through interaction with the transcription machinery in the
context of chromatin, it adds an additional layer of regula-
tory control on RNAPII-mediated transcription.
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