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Adenovirus transformed cells have a dedifferentiated phenotype. Eliminating E1A in transformed human embryonic
kidney cells derepressed ∼2600 genes, generating a gene expression profile closely resembling mesenchymal stem
cells (MSCs). This was associated with a dramatic change in cell morphology from one with scant cytoplasm and a
globular nucleus to one with increased cytoplasm, extensive actin stress fibers, and actomyosin-dependent flat-
tening against the substratum. E1A-induced hypoacetylation at histone H3 Lys27 and Lys18 (H3K27/18) was
reversed. Most of the increase in H3K27/18ac was in enhancers near TEAD transcription factors bound by Hippo
signaling-regulated coactivators YAP and TAZ. E1A causes YAP/TAZ cytoplasmic sequestration. After eliminating
E1A, YAP/TAZ were transported into nuclei, where they associated with poised enhancers with DNA-bound
TEAD4 and H3K4me1. This activation of YAP/TAZ required RHO family GTPase signaling and caused histone
acetylation by p300/CBP, chromatin remodeling, and cohesin loading to establish MSC-associated enhancers and
then superenhancers. Consistent results were also observed in primary rat embryo kidney cells, human fibroblasts,
and human respiratory tract epithelial cells. These results together with earlier studies suggest that YAP/TAZ
function in a developmental checkpoint controlled by signaling from the actin cytoskeleton that prevents differ-
entiation of a progenitor cell until it is in the correct cellular and tissue environment.

[Keywords: adenovirus E1A; Hippo pathway; YAP/TAZ; dedifferentiation; mesenchymal stem cells; p300/CBP;
superenhancer]

Supplemental material is available for this article.

Received January 28, 2019; revised version accepted April 26, 2019.

Adenovirus E1A, in addition to forcing quiescent cells
into S phase by inhibiting retinoblastoma (Rb) family pro-
teins (DeCaprio 2009) and repressing expression of CDK
inhibitors (Ferrari et al. 2014), also represses cellular dif-
ferentiation of various mammalian cell types (Frisch and
Mymryk 2002). For example, E1A blocks differentiation
of rodent myoblasts by interfering with the function of
developmentally regulated cis-acting transcription con-
trol regions (Webster et al. 1988). However, how E1A re-
presses differentiation of various cell types has not been
fully clarified. While most E1A-induced transcriptional
repression requires its interaction with the closely related
lysine acetyltransferases CBP and p300 (Stein et al. 1990;
Ferrari et al. 2014), it is unclear how particular genes,
mainly cell type-specific genes, are targeted for repression.

A consequence of E1A’s interaction with CBP and p300
is a dramatic reduction in acetylation of total cellular his-
tone H3 Lys27 and Lys18 (H3K27/18ac) (Horwitz et al.
2008; Ferrari et al. 2014). H3K27/18ac are highly enriched

at enhancers and promoters of active genes, and their pres-
ence correlates with enhancer activity (Creyghton et al.
2010). Enhancers are critical for establishing the diversity
between different cell types necessary for the complex
multitissue development of a metazoan (Carey 1998; Le-
vine 2010; Bulger and Groudine 2011). More recently, a
new classification of enhancers, termed superenhancer,
was described that includes ∼1.5%–4% of enhancers in
differentiatedmammalian cells (Whyte et al. 2013). Super-
enhancers are clusters of neighboring enhancers with a
high density of transcription factor (TF) binding, active
chromatin histone marks, and coactivator association
(Whyte et al. 2013). Superenhancers often are controlled
by cell type-specific TFs and regulate key cell identity
genes important for normal mammalian development.

The Hippo pathway regulates organ size across metazo-
ans (Pan 2010; Yu et al. 2015; Zanconato et al. 2016) and is
essential for the first tissue differentiation during mam-
malian embryonic development—the differentiation of
cells on the surface of the 16- to 32-cell embryo (morula)
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into trophectoderm that develops into the early placenta
and cells in the interior of the morula that develop into
the embryo and adult (Sasaki 2017). In mammals, paralo-
gous transcription coactivators YAP (also known asYAP1)
and TAZ (also known as WWTR1) are the terminal effec-
tors for Hippo signaling and activate target genes mainly
through binding to DNA-bound TEAD family TFs (Zhao
et al. 2008). YAP/TAZ are considered oncogenes because
they are frequently overexpressed in a variety of human
cancers and are often amplified in squamous cell carcino-
ma, and overexpression of YAP/TAZ target genes corre-
lates with poor prognosis (Wang et al. 2018). YAP is
indispensable for early embryonic development (Sasaki
2017) and is expressed at some point during the develop-
ment of almost all mammalian cell types as they develop
from the inner cell mass of the early embryo (Varelas
2014). During active Hippo signaling, a kinase cascade re-
sults in phosphorylation and activation of terminal kinas-
es LATS1 and LATS2, which phosphorylate YAP/TAZ,
leading to their cytoplasmic retention and ubiquitin-me-
diated degradation (Yu et al. 2015). Consequently, YAP/
TAZ activities are regulated through control of their nu-
clear import, which occurs when they are not phosphory-
lated by the LATS1/2 terminal protein kinases of the
Hippo pathway versus their retention in the cytoplasm
through binding to 14-3-3 phospho-serine/threonine-
binding proteins anchored in the cytoplasm when YAP/
TAZ are phosphorylated by activated LATS1/2. Crucially,
the Hippo pathway regulates expression of multiple genes
in response to mechanical cues generated by interactions
with neighboring cells and the extracellular matrix (ECM)
(Dupont et al. 2011; Meng et al. 2018). The AMOT family
proteins (AMOTs) enhance Hippo signaling by activating
LATS1/2 at adherens junctions between cells in preim-
plantation embryos (Hirate et al. 2013). Hippo signaling
is suppressed when AMOTs are sequestered away from
adherens junctions by binding to filamentous actin (F-ac-
tin) (Hirate et al. 2013). AMOTs also inhibit YAP/TAZ
through direct interactions (Chan et al. 2011; Zhao et al.
2011). Alternative WNT signaling also regulates YAP/
TAZ (Park et al. 2015).
We began this study pursuing the mechanism of how

adenovirus E1A causes preferential hypoacetylation of
H3K27/18 at enhancers and superenhancers compared
with promoters (transcription start sites [TSSs]) (see be-
low). Unexpectedly, we found that most of this regulation
of H3 acetylation occurs at sites of TEAD TF association,
leading us to the discovery that E1A inactivates the Hippo
pathway-regulated TEAD coactivators YAP and TAZ by
causing their sequestration in the cytoplasm. Further
analyses showed that YAP/TAZ inactivation contributes
greatly to the dedifferentiated phenotype of adenovirus
transformed cells. Despite hundreds of generations of
E1A-induced dedifferentiation, when E1Awas eliminated
from HEK293 cells, they retained the ability to “rediffer-
entiate” into cells resembling normal human mesenchy-
mal stem cells (MSCs), the cell type from which they
were likely derived. This redifferentiation was dependent
on activation by both YAP and TAZ.Mechanistically, fol-
lowing E1A loss, YAP and TAZ translocate from the cyto-

plasm to the nucleus, dependent on F-actin assembly and
Rho family small GTPases. In the nucleus, they associate
with TEAD TFs and establish enhancers and then super-
enhancers that strongly activate MSC-associated genes
necessary for a drastic change in cell morphology. Virtual-
ly all of theMSC-associated gene activation and enhancer
establishment after removal of E1A depend on YAP/TAZ.
These results, together with earlier studies, suggest that
YAP/TAZ operate in a developmental checkpoint regulat-
ed by signals from the actin cytoskeleton generated
through indirect interactions with adherens junctions be-
tween neighboring cells and with the surrounding ECM.
Signaling generated by these cytoskeletal interactions in-
form the cell about its cellular and tissue environment.
Such signaling from the actin cytoskeleton is required
for MSC differentiation because YAP/TAZ associate
with and are required for activation of virtually all MSC-
associated enhancers.

Results

E1AKD in adenovirus transformed cells generates
typical enhancers and superenhancers that activate
MSC-specific gene expression and a dramatic
change in cell morphology

Adenovirus small E1A binds with high affinity to the
TAZ2 domain of CBP and the closely related nuclear ly-
sine acetyltransferase p300 (Ferreon et al. 2009; Stein
et al. 1990). This is associated with a reduction of total
cell H3K27ac and H3K18ac, sites acetylated primarily
by CBP and p300 (Jin et al. 2011), to ∼30% the level in un-
infected cells (Horwitz et al. 2008; Ferrari et al. 2014). To
determine whether this H3K27/18 hypoacetylation is
reversible, we used siRNA to deplete E1A from Ad5
transformed human embryonic kidney cells (HEK293)
(Graham et al. 1977). siRNA knockdown works very effi-
ciently in HEK293 cells, and, by 4 d after siRNA transfec-
tion, E1A proteins were reduced to <1% the level in
untreated HEK293 cells (Fig. 1A). This did indeed reverse
H3K27/18 hypoacetylation so that the amount of acetyla-
tion at these sites was restored to relatively high levels
(Fig. 1B).
E1AKD caused cell cycle arrest, as expected, and a re-

markable change in the morphology of HEK293 cells (Fig.
1C). Proliferating HEK293 cells, like the control siRNA
transfected HEK293 cells, contain scant cytoplasm and
globularnuclei. Incontrast,thearrested“E1AKD293cells”
uniformly had increased cytoplasm with extensive actin
stress fibers. The E1AKD293 cells were also flattened
against the fibronectin-covered glass substratum, making
thenuclei appear largerwhenviewed fromthetop (Fig. 1C).
H3K18/27ac ChIP-seq (chromatin immunoprecipita-

tion [ChIP] combined with high-throughput sequencing)
in these E1AKD293 cells at 1 and 4 d after siRNA transfec-
tion revealed that acetylation at promoters changed sub-
tly (Supplemental Fig. S1A). However, by 4 d after
siRNA transfection, H3K27ac increased fivefold or more
at 3657 peaks, with 90% being >5 kb from a TSS, indica-
tive of enhancers (Fig. 1D). Only 220 H3K27ac peaks
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showedagreater than fivefold reductionandwereassociat-
ed with mostly different genes (<1% overlap) than those
with increasedH3K27ac peaks in their associated enhanc-
er regions.Most of these peaks (53%)werewithin 5 kb of a
TSS (Fig. 1E), and, of these, 85%were in the interval from1
to 5 kb downstream. The peakswhereH3K27ac decreased
are highly enriched for E2F motifs (P= 1 × 10−17). Acetyla-
tion at these sites likely was reduced because of the return
of Rb family protein activity when E1Awas removed. The
resultingRb associationwith E2Fs likely repressed E2F-di-
rected H3 acetylation and increased deacetylation by Rb-
associated histone deacetylases (Dick and Rubin 2013).

To determine how superenhancers in HEK293 cells re-
spond to the loss of E1A, we used the ranking of superen-
hancers (ROSE) algorithm (Hnisz et al. 2013) with
H3K27acChIP-seq data from 4 d after siRNA transfection.
This identified 272 superenhancers inHEK293 transfected
with control siRNA.H3K27/18ac increasedwithin typical
enhancers after 1 d of E1AKD and then remained stable,
while levels in superenhancers continued to increase for

4 d (Fig. 1F,G). Examples of superenhancers gained follow-
ing E1AKD include regions near the COL1A1 and FZD2
genes (Supplemental Fig. S1B,C). Eighty-one of the 272
superenhancers in HEK293 cells were lost when E1A was
removed from the cells, and 477 new superenhancers
were gained (Fig. 1H).

At 8 d after siRNA transfection, E1AKD repressed 2203
genes and activated 2584 genes (Fig. 2A). E1AKD-re-
pressed genes were highly enriched for cell cycle function
(Fig. 2B) and, asmentioned above, were likely repressed by
reactivation of Rb family proteins when E1A was elimi-
nated. In contrast, the genes activated following E1AKD
were enriched for mesodermal cell differentiation, glyco-
proteins, proteins involved in focal adhesion of cells to
the substratum, and ECM receptor interactions (Fig. 2C),
consistent with the flattening of E1AKD cells against
the substratum (Fig. 1C).

Genes activated by E1AKD in HEK293 are repressed by
E1A in normal primary human cells, while genes re-
pressed by E1AKD in HEK293 cells are activated by E1A
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Figure 1. E1A siRNA knockdown in
HEK293 cells reverses oncogenic transfor-
mation-associated gene expression andmor-
phology. (A) Expression of E1A proteins after
1–4dof the indicated siRNAtransfectionsor
mock transfected (−) in HEK293 cells. Nu-
clear protein KU86 served as a loading con-
trol. (B) Levels of total H3K18 and H3K27ac
inHEK293 cells following 1 d of transfection
with siE1A or siCtrl RNA (−). (C ) Confocal
microscopy of HEK293 cells 4 d after siRNA
transfection, fixed and stained with phalloi-
din-iFluor or DAPI. Scale bar, 20 µM. (D,E)
The percentage of significant H3K27ac
ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput se-
quencing) peaks that increased (D) or de-
creased (E) greater than fivefold within the
indicated distance to the nearest TSS. (F,G)
Averages of ChIP-seq read density for
H3K27ac (left) and H3K18ac (right) centered
at all significant peaks of either typical en-
hancers (F ) or within superenhancers (G) fol-
lowing siRNA transfections inHEK293 cells
for 1 or 4 d, as indicated. (H) Venn diagram
of superenhancers in HEK293 cells and
E1AKD293 cells.
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in normal primary human cells (Supplemental Fig. S2A).
Consequently, most genes regulated by E1A in HEK293
cells are bona fide E1A-regulated genes in acutely infected
primary human cells. Since genes repressed by E1A in pri-
mary cells are activated by loss of E1A fromHEK293 cells,
it is probably more accurate to consider these genes to be
repressed by E1A in the transformed HEK293 cells and de-
repressed when E1A is virtually eliminated by E1A
siRNA. Superenhancer-associated genes (assigned by clos-
est TSS of a gene expressed >1 FPKM) were significantly
activated after E1AKD (Fig. 2D). The gene ontologies of
the activated superenhancer-associated genes are en-
riched for focal adhesion, ECM, actin binding, cytoskele-
ton, and cell–cell adherens junctions (Fig. 2E).
RNA sequencing (RNA-seq) data from 8-d E1AKD293

cells were analyzed using the signature visualization
tool (SaVanT) (Lopez et al. 2017). SaVanT compares gene
expression from one data set with molecular signatures
from gene expression profiles of multiple human and mu-
rine cell types and tissues. HEK293 cells did not have a
gene expression profile similar to any normal human
cell type (Fig. 2F). However, SaVanT scored E1AKD293

cells as most similar to mesoderm-derived tissues, with
the closest match to normal MSCs (Fig. 2F). HEK293
were derived by stable transformation of cultured primary
human embryonic kidney cells with fragmented Ad5
DNA (Graham et al. 1977). Consequently, the cell type
originally transformed was likely one of the most abun-
dant cell types in the developing embryonic kidney, in-
cluding MSCs, the most abundant (Little and McMahon
2012). Taken together, the RNA-seq data and morpholog-
ical changes suggest that following loss of E1A, the
E1AKD293 cells redifferentiate into cells with properties
of MSCs.

E1AKD induces YAP association with chromatin-bound
TEADs, chromatin remodeling, and activation
of MSC-specific enhancers

We next asked how the E1AKD-established enhancers are
targeted for H3K27/18ac. To determine whether the new-
ly established enhancers following E1AKD are in an
accessible or inaccessible chromatin state prior to gaining
H3 acetylation, we performed ATAC-seq (assay for
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Figure 2. Gene expression in E1AKD293
cells is most similar to normal MSCs.
(A) XY scatter plot of HEK293 genes (dots)
significantly changed (q< 0.05) and more
than twofold activated (yellow) or repressed
(green) by 8 d of E1AKD compared with
siCtrl. (B) Gene ontology (DAVID)-enriched
terms of genes repressed or (C ) activated by
E1AKD in HEK293 cells. (D) Box plots of ex-
pression levels (FPKM) of superenhancer
(SE)-associated genes following the indicat-
ed siRNA transfections in HEK293 cells.
(∗) P<0.001 as compared with siCtrl of the
same transfection length. (E) Gene ontology
(DAVID)-enriched terms of E1AKD293-
activated superenhancer-associated genes.
(F ) Signature visualization tool (SaVanT)
analysis heat map displaying Z-scores for
similarity of expression values of HEK293
siRNA transfected cells to gene signatures
in various cell types. The plot was split be-
tween IMGN_MLP_FL at the bottom of
the left columns andMBA_dorsal_root_gan-
glia at the top of the right columns.Z-scores
for cell types most similar to E1AKD293
were as follows: MSC, 3.9; lymph node
stroma, 3.8; cardiacmyocytes, 3.3; fibroblas-
tic reticular cell, 3.3; skin fibroblasts, 3.1;
smooth muscle, 2.3; and uterus corpus, 2.0.
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transposase-accessible chromatin [ATAC] using sequenc-
ing) (Buenrostro et al. 2013), which uses a bacterial trans-
posase to insert sequencing tags into regions of accessible
chromatin in isolated nuclei. E1AKD greatly increased
ATAC-seq signal at E1AKD-induced enhancers. The in-
crease occurred ∼300 bp upstream of or downstream
from E1AKD-induced H3K27ac peaks (Fig. 3A). This re-
sult suggests that in response to E1AKD, new TFs associ-
ate with these regions, generating increased chromatin
accessibility and stimulating H3K27/18ac by CBP/p300.
To identify the TFs involved in establishing the newly
formed enhancers, we performed HOMER motif analysis
(Heinz et al. 2010) on E1AKD-induced ATAC peaks
(greater than fivefold increase in ATAC signal following
E1AKD) and observed overwhelming enrichment for
TEAD family TF-binding motifs (Fig. 3B). Using ChIP-
seq, TEAD1 and TEAD4 were found to be highly enriched
at the E1AKD-induced ATAC peaks (Fig. 3C,D), implicat-
ing TEAD TFs in establishment of the newly formed en-
hancers in E1AKD293 cells.

For TEAD family TFs to activate gene expression, they
require association with the closely related coactivators
YAP and/or TAZ (Vassilev et al. 2001). Since YAP and
TAZ activity is controlled by their nuclear versus cyto-
plasmic localization (Dong et al. 2007; Zhao et al. 2007),
we determined whether their subcellular localization
changed following E1AKD. Indeed, in control HEK293
cells, YAP/TAZ are restricted mostly to the cytoplasm
(>98% of cells) and, upon E1AKD, became concentrated
in the nucleus of every cell observed (Fig. 3E; Supplemen-
tal Fig. S2B). Plouffe et al. (2018) and earlier reports indicat-
ed that E1A is nuclear in a subline of HEK293 cells called
293Awhen the cells are subconfluent. 293A cells were se-
lected to be flatter and more contact-inhibited than stan-
dard 293 cells (and, consequently, less transformed)
because flat cells show Ad5 plaques more clearly than
standard HEK293 cells that become very dense during
the course of a plaque assay that requires ∼1 wk of culture
of the initially infectedmonolayer. All of our experiments
were performed with HEK293 cells obtained directly from
Graham et al. (1977) and cultured in our laboratory since
then. YAP is primarily cytoplasmic in our HEK293 cells,
which tend to grow in clumps on a standard cell culture
plate or glass coverslip (Fig. 3E). This nuclear localization
of YAP was reversible. HEK293 cells were treated with
E1A targeting siRNA (siE1A) for 4 d, and then themedium
was replaced with medium containing either siE1A or
siCtrl (negative control siRNA) for an additional 4 d. The
E1AKD cells that had the siE1A replaced with siCtrl had
a return of E1Aprotein (Supplemental Fig. S2D), proliferat-
ed, and had mostly cytoplasmic YAP (91% of cells, SD±
2.7%) with a reduction of F-actin filaments and a smaller
surface area, similar to untreated HEK293 cells (Supple-
mental Fig. S2C). Cells that continued incubation inmedi-
um with siE1A remained arrested, had abundant cortical
actin filaments stainedwith phalloidin-iFluor, and contin-
ued to exhibit nuclear YAP (Supplemental Fig. S2C).

E1A also caused cytoplasmic sequestration of YAP and
TAZ in cells other than HEK293. Small E1A (243 amino
acids) expressed from the E1A 12S mRNA (Perricaudet

et al. 1979) contains the regions of the inherently disor-
dered small E1A protein that fold and bind tightly to the
CBP/p300 TAZ2 domain (Ferreon et al. 2009). TheAdmu-
tant dl1500 cannot express the large E1A protein required
to activate transcription from the early viral promoters
(Montell et al. 1984). Consequently, dl1500 expresses
small E1A but only extremely low levels of other viral pro-
teins. When human primary fetal lung fibroblasts (IMR90
cells) were infected with dl1500 at a multiplicity of infec-
tion of 10 such that virtually every cell is expressing small
E1A (Horwitz et al. 2008), it prevented YAP nuclear accu-
mulation (Supplemental Fig. S2E), leading to a decrease in
total cell YAP, since cytoplasmic YAP is subjected to
ubiquitin-mediated proteasomal degradation (Yu et al.
2015). Similarly, primary baby rat kidney (BRK) cells dis-
play mostly nuclear YAP, whereas BRK cells transformed
with Ad2 E1A and E1B (Yew and Berk 1992) have mostly
cytoplasmic YAP (Supplemental Fig. S2F). Taken to-
gether, these results suggest that E1A inactivation of
YAP/TAZ by cytoplasmic sequestration is a general oc-
currence during adenovirus oncogenic transformation
and infection.

Remarkably, YAP ChIP-seq showed that following
E1AKD, YAP peaks coincided with 91% of E1AKD-
induced ATAC peaks (Fig. 3F). Conversely, control
HEK293 cells had much less or no detectable YAP associ-
ation at these sites (Fig. 3G). E1AKD-induced superen-
hancers, such as those close to E1AKD-derepressed genes
IER3 and AMOTL2 (Fig. 3H), had very low H3K27/18ac,
ATAC signal, or YAP association in control HEK293.
However, following E1AKD, ATACpeakswere generated,
all of which coincided with new peaks of YAP (Fig. 3H,I).
H3K27/18ac peaks flanking YAP peaks first appeared after
1 d of E1AKD and continued to increase and spread across
the superenhancers following 4 d of E1AKD (Fig. 3H,I).

TEAD4 was found at many of the E1AKD-induced en-
hancers prior to E1AKD (Fig. 3H,I), indicating that these
enhancers were marked with DNA-bound TEAD4 prior
to their activation. However, H3K27/18ac and ATAC ac-
cessibility increased greatly when YAP was associated at
these sites after E1AKD (Fig. 3H,I). H3K4me1 is found at
both active enhancers and inactive poised enhancers
(Heintzman et al. 2009; Creyghton et al. 2010). In control
HEK293 cells, H3K4me1 was enriched directly over
E1AKD-induced ATAC peaks, but, in E1AKD293 cells,
H3K4me1 shifted to ∼200–300 bp upstream of and down-
stream from the center of the ATAC peak (Fig. 4A,B). This
finding suggests that chromatin remodeling occurred
when YAP/TAZ associated with the DNA-bound TEAD
TFs, resulting in nucleosome-depleted chromatin-accessi-
ble regions. Additionally, the level of TEAD4 and
H3K4me1 correlated at E1AKD-induced ATAC peaks in
control HEK293 cells (Fig. 4C), consistent with their co-
occupancy at individual loci. Taken together, these data
suggest that in HEK293 cells, many of the E1AKD-in-
duced enhancers are epigenetically premarked by DNA-
bound TEAD4 and H3K4me1 but undergo chromatin re-
modeling following YAP binding to TEAD4, which induc-
es chromatin accessibility and recruitment of additional
transcriptional activators such as TEAD1.
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Figure 3. Chromatin modification and YAP association with TEAD TFs in E1AKD293 cells. (A) Average ATAC-seq signal centered at
H3K27ac peaks that increased more than fivefold after 4 d of E1AKD. (B) Sequence motif analysis (HOMER) showing the most signifi-
cantly enriched TF motif at all ATAC-seq peaks that increased more than fivefold following E1AKD. (C,D) Average TEAD1 (C ) and
TEAD4 (D) ChIP-seq signal centered at ATAC-seq peaks that increased more than fivefold following 4 d of E1AKD. (E) Confocal micros-
copy of 4-d siRNA transfected HEK293 cells fixed and immunostained with anti-YAP (DH81X) and stained with phalloidin-iFluor and
DAPI. Scale bars, 20 µm. (F ) Venn diagram displaying the number of overlapping or nonoverlapping ATAC-seq and YAP ChIP-seq peaks.
(G) Average YAP ChIP-seq signal centered at ATAC-seq peaks that increased more then fivefold following 4 d of E1AKD. (H) Genome
browser plots (Integrated Genome Browser) displaying the indicated ChIP-seq, ATAC-seq, and mRNA-seq signal at superenhancers
(SE; gold bars) near E1AKD-activated genes IER3 and AMOTL2. (I ) Heat maps representing relative ATAC-seq or ChIP-seq read density
centered at every E1AKD-induced ATAC-seq peak (increased more than fivefold compared with siCtrl) from siRNA transfected HEK293
cells. Peaks are sorted by sum of ATAC-seq peak signal in siE1A. Base pair span is ±3 kb from the center of the peak.
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YAP activation requires F-actin and coincides with
reduced Hippo signaling and AMOT relocalization

To determine whether alterations in Hippo signaling ac-
count for YAP/TAZ activation in E1AKD293 cells, we as-
sayed the levels and phosphorylation status of proteins in
theHippo pathway.NuclearYAPandTAZaremore stable
than cytoplasmic YAP/TAZ (Yu et al. 2015). Consistent
with this, the shift of YAP/TAZ from the cytoplasm
into the nucleus in E1AKD293 cells was associated with
substantial increases in YAP and TAZ (Fig. 4D). Unex-
pectedly, total LATS1 protein decreased considerably in
E1AKD293 cells (Fig. 4D), while there was no significant
decrease in LATS1 mRNA (Supplemental Fig. S3A). This
suggests posttranscriptional down-regulation of LATS1
following loss of E1A. Consistent with this, treatment
with the drugMLN4924, an inhibitorof cullinneddylation
required for activity of cullin-based ubiquitin ligases
(Soucy et al. 2009), prevented the decrease in LATS1 (Fig.
4E). The level of LATS1 in control HEK293 cells was unaf-
fectedbyMLN4924 (Fig. 4E), suggestingubiquitin-mediat-
ed degradation of LATS1 in E1AKD293 but not inHEK293
cells. In contrast, the protein level of LATS2 was un-
changed before and after E1AKD (Fig. 4D). Activation by
YAP/TAZ is promotedwhenLATS1/2 are in their inactive
hypophosphorylated state due to low activity of upstream

Hippo pathway kinases (Yu et al. 2015). The level of T1079
phosphorylated activated LATS1 in E1AKD293 cells was
decreased compared with control siRNA transfected
HEK293 cells (Fig. 4D); however, this may have resulted
from the reduction in total LATS1 and not a change in
the fraction of LATS1 phosphorylated. The decrease in to-
tal LATS1 and phospho-T1079 LATS1 probably contrib-
utes to high YAP/TAZ activity in E1AKD293 cells.

Since signals from the actin cytoskeleton activate YAP/
TAZ (Dupont et al. 2011) and we observed robust F-actin
assembly in E1AKD293 cells, we tested whether F-actin
is necessary for YAP activation by E1AKD by treating
cells with latrunculin B (LatB), an inhibitor of actin
polymerization. A 30-min treatment of E1AKD293 cells
caused actin filament disassembly and YAP export to
the cytoplasm in >90% of observed cells (Fig. 5A). Con-
sistent with a requirement for signaling from the actin
cytoskeleton for YAP activation in E1AKD293 cells,
knockdown of Ras superfamily small GTPases CDC42,
RHOA, and RAC1, known to stimulate actin fiber assem-
bly and dynamics as well as myosin-generated tension on
actin filaments, prevented YAP nuclear accumulation
when E1A was knocked down (Supplemental Fig. S3B).
To determine whether inducing F-actin formation in
HEK293 cells expressing E1A (with hypoacetylation of
H3K27/18) (Fig. 1B) is sufficient to force YAP into the

A

C D

E

B Figure 4. E1AKD-induced YAP association with
chromatin-bound TEADs causes chromatin remod-
eling and activation of MSC-specific enhancers.
(A) Average ChIP-seq signal at 4 d after transfection
with the indicated siRNAs centered at ATAC-seq
peaks that increased more than fivefold following
4 d of E1AKD. (B) Heat map of H3K4me1 ChIP-seq
reads from 4-d E1AKD cells at all ATAC-seq peaks
that increased more than fivefold with E1AKD
(new ATAC sites). Base pair span is ±3 kb from the
center of the ATAC peak. (C ) Heat maps of
TEAD4 and H3K4me1 ChIP-seq reads at all new
ATAC sites in HEK293 cells transfected with con-
trol siRNA for 4 d. Peakswere sorted by the amount
ofH3K4me1 signal in siCtrlHEK293 cells. Base pair
span is ±3 kb from the center of the peak. (D) Protein
levels or phosphorylation status of Hippo pathway
proteins from 4-d siRNA transfected HEK293 cells.
KU86 served as a loading control. (E) LATS1 protein
levels fromHEK293 cells transfected for 3 dwith ei-
ther siCtrl or siE1A and then treated with 5 µM
MLN4924 or DMSO control for 8 h.
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nucleus, we transfected cells with an expression vector
for constitutively active myc-tagged RhoA(Q63L), which
promotes F-actin assembly frommonomeric actin (Caron
and Hall 1998). Transfected HEK293 cells had a signifi-
cantly higher percentage of cells with mostly nuclear
YAP (14%; SD±4.9%) than cells transfected with an emp-

ty control vector (<1%). While virtually every cell ex-
pressed the myc-tagged RhoA(Q63L), the select cells
with YAP localized in the nucleus contained a stronger
YAP and phalloidin signal, indicating assembly of actin
filaments (Fig. 5B). These results suggest that F-actin as-
sembly, and not simply RhoA signaling, is required for
YAP nuclear import in the presence of E1A.
During trophectoderm differentiation in the 16- to 32-

cell embryo, the correlation between F-actin assembly
and nuclear YAP/TAZ can be attributed to AMOT family
protein binding to newly formed F-actin in the apical cor-
tex of surface cells (Hirate et al. 2013). F-actin sequesters
AMOTs, preventing them from directly inhibiting YAP/
TAZ or activating LATS1/2 at adherens junctions (Hirate
et al. 2013; Sasaki 2017). To test whether AMOT is relo-
cated similarly in E1AKD293 cells, we performed
AMOT immunostaining. In siCtrl HEK293 cells, AMOT
was observed primarily in puncta often at cell peripheries
or between cells (Fig. 5C), consistent with its association
with adherens junctions, where it binds and activates
LATS1/2, inhibiting YAP/TAZ. Upon E1AKD, most of
the AMOT was colocalized with F-actin (Fig. 5C). Conse-
quently, AMOT sequestration by F-actin in E1AKD293
cells likely contributes to YAP/TAZ nuclear import. In-
deed, siRNAknockdown of all threeAMOTs (Supplemen-
tal Fig. S3E) was sufficient to induce YAP nuclear import,
with 89% (SD±1.7%) of cells having more nuclear than
cytoplasmic YAP even though E1A was still expressed
(Fig. 5D). The association of AMOTswith F-actin is inhib-
ited by their phosphorylation by LATS1 (Chan et al. 2013).
Consequently, both the reduction in active LATS1 phos-
phorylated at T1079 (Fig. 4D) and the great increase in po-
lymerized actin are likely to account for the relocalization
of AMOT with F-actin following E1AKD and likely con-
tribute to YAP/TAZ nuclear accumulation.
YAP/TAZwere shown recently to be downstream effec-

tors for alternative Wnt signaling (Park et al. 2015). To
determine whether YAP/TAZ are being activated by the
alternative Wnt pathway in E1AKD293 cells, we treated
the cells with IWP-2, an inhibitor of Wnt processing/
secretion (Chen et al. 2009). While IWP-2 prevented secre-
tion ofWNT5A/B,major activators of alternativeWnt sig-
naling (Supplemental Fig. S3C; van Amerongen 2012), it
did not prevent nuclear import of YAP (Supplemental
Fig. S3D), suggesting that alternative Wnt signaling is
not necessary for E1AKD-induced YAP nuclear import.

YAP/TAZ are required to establish enhancers for
redifferentiating HEK293 after E1A is eliminated

To determine the extent to which E1AKD-induced gene
derepression is dependent on YAP/TAZ, we used siRNA
to deplete YAP and TAZ simultaneously with E1A deple-
tion (Supplemental Fig. S4A). RNA-seq from triple knock-
downs of E1A, YAP, and TAZ revealed that most of the
gene derepression caused by eliminating E1A is dependent
on YAP and TAZ (Fig. 6A). Out of 1890 E1AKD-
derepressed genes, 1488 (∼80%; FPKM siE1A/siCtrl >2;
q< 0.05) were defective (P> 0.05) for derepression in
E1AKD293 cells when YAP and TAZ were also knocked

BA

DC

Figure 5. YAP nuclear localization in E1AKD293 cells requires
actin polymerization and sequestration of AMOTs. (A) Four-day
E1AKD293 cells treated with either DMSO or LatB for 30 min
were fixed and immunostained with anti-YAP (DH81X) and
stained with phalloidin-iFluor and DAPI. (B) HEK293 cells were
transfected with an empty vector plasmid or plasmid expressing
RhoA(Q63L) for 3 d. Cells were fixed and stained as inA. (C ) Con-
focal microscopy of 4-d E1AKD293 and control HEK293 cells
fixed and immunostained with anti-AMOT and stained with
phalloidin-iFluor and DAPI. (D) HEK293 cells were transfected
with control siRNA or a mixture of siRNAs for AMOT and its
two human paralogs, AMOTL1 and AMOTL2. Cells were fixed
and stained as in A.
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down. Surprisingly, although YAP and TAZ have been
considered to be largely functionally redundant (Nishioka
et al. 2009; Xin et al. 2013), many of the E1AKD-dere-
pressed genes, such as COL1A1, SERPINE1, COL3A1,
CTGF, and MYOF, depend on both YAP and TAZ for der-
epression, indicating that YAP/TAZ have nonredundant
functions required for expression of these genes (Fig. 6B,
top). However, some genes rely more on YAP or TAZ for
expression when E1A is removed. When YAP or TAZ
were individually knocked down at the same time as
E1A, a subset of genes derepressed by E1AKD was more
than fivefold more dependent on TAZ than YAP (Supple-
mental Table S1); e.g. TGM2 (Fig. 6B, bottom left). The
gene ontology of this TAZ-dependent YAP-independent
subset of derepressed genes is highly enriched (P= 1.3 ×
10−15) for genes involved in synthesis of molecules in
the extracellular space (Supplemental Table S1; Supple-
mental Fig. S4B). In contrast, the subset of genes dere-
pressed by E1AKD that were more than fivefold more
dependent on YAP than TAZwas enriched for gene ontol-
ogies “positive regulation of cell proliferation” (P= 1.4 ×

10−06) and “cell growth” (P= 2.7 × 10−05; e.g., FGF18)
(Fig. 6B, bottom right) as well as gene ontologies related
to “extracellular region” and “focal adhesions” (Supple-
mental Fig. S4B).

Our observations that E1AKD in Ad transformed cells
induced an increase in total H3K27/18ac and that the ge-
nomic locations for these increases overlap new YAP
peaks raised the following question: Howmuch of the in-
crease in total cell H3K27/18ac in E1AKD293 cells results
from activation by YAP and TAZ as opposed to all other
activators in the cells? Western blots revealed that
E1AKD-induced H3K27/18ac is entirely prevented when
YAP and TAZ are additionally knocked down (Fig. 6C).
H3K27/18ac ChIP-seq demonstrated that the increases
in H3K18/27ac at E1AKD-induced ATAC sites were al-
most completely lost in E1A/YAP/TAZ triple-knock-
down cells (Fig. 6D). In contrast, sites of E1AKD-induced
H3 hypoacetylation (principally cell cycle gene promot-
ers) were largely unaffected by additional knockdown of
YAP and TAZ (Supplemental Fig. S5A). These data sug-
gest that most of the H3K27/18ac and gene derepression

A B

C D

E

Figure 6. YAP and TAZ are required
for H3K27/18ac and redifferentiation of
HEK293 cells when E1A is removed.
(A) Box plots of expression (FPKM) of
E1AKD-derepressed genes (more than two-
fold FPKM; q< 0.05) following 8 d of the in-
dicated siRNA transfections. (E) E1A; (Y)
YAP; (T) TAZ. (∗) P<1× 10−7 as compared
with siE1A. (B) Bar graphs of FPKM values
of select genes that were defective for
E1AKD-induced derepression when YAP
and TAZ, YAP but not TAZ, or TAZ but
not YAP were knocked down at the same
time as E1A. (C ) Total levels of H3K18ac
and H3K27ac following the indicated
siRNA transfections for 2 d. (YT) YAP and
TAZ; (EYT) E1A, YAP, and TAZ. (D) Aver-
age ChIP-seq signal after transfection with
the indicated siRNAs for 4 d centered at
ATAC-seq peaks that increased more than
fivefold. Base pair span is ±3 kb from the
center of the peak. (E) Confocal microscopy
of siRNA transfected HEK293 cells for 4 d
fixed and stained for phalloidin-iFluor or
DAPI. Scale bar, 20 µM.
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resulting from elimination of E1A from HEK293 cells re-
quires YAP/TAZ nuclear import to establish enhancers
necessary for activating these genes.
Cohesin is necessary for many enhancer–promoter in-

teractions (Kagey et al. 2010). Since YAP/TAZ are primar-
ily regulating enhancers located distally from TSSs, we
tested whether YAP/TAZ induce cohesin association at
E1AKD-induced enhancers. The average association of
cohesin subunit RAD21 with chromatin increased at
E1AKD-inducedATAC sites following E1AKDbut fell be-
low siCtrl levels when YAP and TAZwere knocked down
bothwith andwithout E1AKD (Supplemental Fig. S5B,D).
In contrast, RAD21 association with TSSs in the same
cells was only subtly affected (Supplemental Fig. S5C).
These data suggest that YAP/TAZ are necessary for cohe-
sin association at E1AKD-induced ATAC sites at enhanc-
ers such as those in the superenhancers downstream from
and within AMOTL2 and upstream of COL1A1 (Supple-
mental Fig. S5D).
To determine the extent to which E1AKD-induced

morphological changes are dependent on YAP/TAZ, we
imaged DAPI- and phalloidin-stained HEK293 following
siRNA knockdown. While YAP and TAZ knockdown
did not have a readily apparent morphological conse-
quence when E1A was present (Fig. 6E, si[YAP,TAZ]),
YAP and TAZ knockdown prevented the induced F-actin
formation and cell surface area increase that result from
E1AKD (Fig. 6E, cf. siE1A and si[E1A,YAP,TAZ]). Knock-
down of either YAP or TAZ plus E1A resulted inmorphol-
ogies intermediate between siCtrl and E1AKD293 cells
(Fig. 6E). These experiments show a codependence of the
cell on YAP and TAZ for the striking change to amore dif-
ferentiated morphology upon E1AKD. Consistent with
this, YAP and TAZknockdown in normal primary human
bronchial/tracheal epithelial cells (HBTECs) and IMR90
cells (Supplemental Fig. S6A) caused a reduction of actin
cytoskeletal fibers (Supplemental Fig. S6B). Consequent-
ly, YAP and TAZ are required for E1AKD293 cells to as-
sume a morphology similar to MSCs and are required for
maintenance of the actin cytoskeleton in primary differ-
entiated cells. Furthermore, E1A-repressed cell type-spe-
cific genes in epithelial HBTECs, such as keratins
KRT80 and KRT7 (Supplemental Fig. S6C), are repressed
upon YAP and TAZ knockdown in HBTECs (Supplemen-
tal Fig. S6D). Similarly, E1A-repressed cell type-specific
genes in IMR90 fibroblasts, such as collagens COL1A1
and COL3A1 (Supplemental Fig. S6C), are repressed
upon YAP and TAZ knockdown in IMR90 (Supplemental
Fig. S6D). Taken together, these results indicate that YAP
and TAZ are required for high expression of cell type-spe-
cific genes in alternative types of primary human cells.

E1A represses principally cell type-specific genes in
various cell types

To analyze E1A repression of cell type-specific genes as
opposed to ubiquitously expressed genes, we performed
RNA-seq on three cultured primary human cell types at
24 h after infection with the Ad5 mutant dl1500, which,
as described above, expresses only the small E1A isoforms

that bind the CBP/p300 TAZ2 domain (Montell and Berk
1984; Ferreon et al. 2009). Considering genes repressed to
half the level in controlmock-infected cells with a q-value
of <0.05, 495 genes were repressed by small E1A in prima-
ry human foreskin fibroblasts (HFFs), 755 genes were re-
pressed in primary human fetal lung fibroblasts (IMR90),
and 1869 genes were repressed in primary HBTECs (Fig.
7A). Considerably more genes were repressed in HBTECs
than in the IMR90 and HFFs, possibly because HBTECs
are derived from the natural host tissue for Ad5. The genes
repressed by E1A in the fibroblasts are expressed at higher
level in fibroblasts compared with HBTECs and are en-
riched for fibroblast functions. In contrast, the genes re-
pressed by E1A in HBTECs are expressed at higher levels
in HBTECs than in the fibroblasts (Fig. 7B) and are en-
riched for gene ontologies of epithelial differentiation
and development (Fig. 7C). Therefore, E1A preferentially
represses different highly expressed cell type-specific
genes in IMR90 and HBTECs. E1A also caused H3K27/
18 hypoacetylation to a much greater extent at enhancers
than at promoters in HBTECs (Fig. 7D). Since cell type-
specific genes often rely on enhancers for expression
(Heinz et al. 2015), E1A’s preferential targeting of
H3K27/18 hypoacetylation to enhancers explains why
cell type-specific genes are targeted for repression and
how E1A represses differentiation of multiple cell types
(Frisch and Mymryk 2002). The E1A interaction with
CBP/p300 is required for most E1A repression of cell
type-specific genes (Ferrari et al. 2014) and is likely re-
sponsible for E1A’s inhibition of YAP/TAZ. Out of 1190
derepressed genes in E1AKD293 cells that depend on
YAP/TAZ for activation (by greater than twofold), 188
are also repressed by wild-type E1A in HBTECs (<0.5
mock FPKM) (Supplemental Fig. S6E) but much less so
by an E1A mutant that cannot bind CBP/p300 (Supple-
mental Fig. S6E). These genes are enriched for focal adhe-
sion, cytoskeleton, ECM, and Hippo pathway signaling
(Supplemental Fig. S6F), all of which are functions
involved in cellular differentiation and also regulate
YAP/TAZ activity.

Discussion

Compromised cellular differentiation is generally ob-
served as cancer progresses, contributing to invasion of
surrounding tissues and metastasis. E1A inhibition of dif-
ferentiation has been appreciated for decades (Webster
et al. 1988) and may be a useful model for understanding
molecular mechanisms regulating differentiation and
causing dedifferentiation during oncogenic transforma-
tion. We found that when E1A was knocked down to
<1% the level in transformed HEK293 cells (Graham
et al. 1977), thousands of genes were derepressed, result-
ing in gene expression most similar to MSCs and slightly
less so to fibroblasts, which have gene expression similar
to MSCs (Fig. 2F; Driskell and Watt 2015). This result
demonstrates that HEK293 cells harbor the “memory”
to redifferentiate even after hundreds of generations of
E1A-induced dedifferentiation. It appears that after
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elimination of E1A, the cells revert back to a gene expres-
sion program and morphology similar to the most abun-
dant cell type in the originally transfected embryonic
kidney culture (Graham et al. 1977), an MSC (Little and
McMahon 2012) likely derived from a renal embryonic
pericyte (Crisan et al. 2008).

YAP/TAZ inactivation promotes dedifferentiation of Ad
transformed cells

The present study reveals that YAP and its paralog, TAZ,
are inactivated by E1A via cytoplasmic retention in ade-
novirus-infected and transformed mammalian cells. The
requirement for YAP/TAZ for maintenance of the normal
morphology and actin cytoskeleton of both primary
IMR90 fibroblasts and airway epithelial cells (Supplemen-
tal Fig. S6B) and for cell type-specific gene expression in
these distinct cell types (Supplemental Fig. S6D) indicate
that YAP/TAZ are master regulators of the differentiated
state of both of these distinct cell types—one derived from
the embryonicmesoderm (IMR90 fibroblasts) and the oth-
er derived from the endoderm (HBTECs). Consequently,
inactivation of YAP/TAZ by E1A can explain the block
to differentiation in various cell types transformed by ad-
enovirus (Webster et al. 1988; Frisch and Mymryk 2002).

This inhibition of differentiation probably requires the
E1A interaction with CBP/p300 because, as discussed
above (Supplemental Fig. S2A), genes derepressed in
E1AKD293 cells are repressed by E1A in IMR90 fibro-
blasts, which have a gene expression pattern similar to
MSCs (Driskell and Watt 2015). However, these genes
are much less repressed by an E1A mutant that cannot
bind CBP/p300 (Ferrari et al. 2014).

YAP/TAZ association with TEAD TFs establishes
MSC-specific superenhancers

We observed that after release from cytoplasmic anchors
by E1AKD, YAP/TAZ associated with enhancers, as re-
ported previously (Galli et al. 2015; Stein et al. 2015).
However, by comparing sites of H3K27/18ac, chromatin
accessibility, and YAP association together with RNA ex-
pression in response to YAP/TAZ activation by E1AKD in
HEK293 cells, we could discern that >90% ofMSC-associ-
ated enhancers are bound by YAP. YAP/TAZ knockdown
showed that most of the increase in transcription from
these genes in response to elimination of E1A requires ac-
tive YAP/TAZ (Fig. 6A). This activates MSC- and fibro-
blast-specific genes (Fig. 2C,E,F). Upon entry into the
nucleus following E1AKD, YAP associates with DNA-

C
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Figure 7. E1A preferentially represses
CBP/p300 acetylation at enhancers in dif-
ferent cell types. (A) Venn diagram repre-
senting significantly repressed genes in
IMR90 (Ferrari et al. 2014), HFFs, or
HBTECs (Zemke and Berk 2017) 24 h after
infection with an Ad5 vector for small
E1A at multiplicity of infection (MOI)
40 for IMR90 and 60 for HFFs and HBTECs.
(B) Box plots of expression distributions
(FPKM) in mock-infected cells of genes re-
pressed by small E1A only in the cell types
indicated at the top. (C ) Gene ontology
(DAVID)-enriched terms of genes uniquely
repressed by small E1A in IMR90 or
HBTECs. (D) Average ChIP-seq signal cen-
tered at all TSSs (top) or enhancers
(H3K27ac peaks >2.5 kb from a TSS) in
HBTECs 24 h after infection with an Ad5
vector for small E1A.

Zemke et al.

838 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.324814.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.324814.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.324814.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.324814.119/-/DC1


bound TEAD family TFs (initially TEAD4) primarily dis-
tal to promoters and induces H3K27/18ac and chromatin
opening as detected by accessibility to Tn5 transposase
through ATAC-seq (Fig. 3H,I). After 1 d of E1AKD, there
was a large increase in H3K27/18ac neighboring TEAD/
YAP peaks, while, after 4 d, acetylation spread between
closely spaced peaks, establishing superenhancers (Fig.
3H). Interestingly, TEAD4, the most highly expressed
TEAD family TF in HEK293 cells, and H3K4me1were de-
tected at many of these YAP/TAZ-dependent enhancer
sites prior to E1AKD (Figs. 3H, 4A–C). Therefore,
TEAD4 and H3K4me1mark these inactive enhancers pri-
or to YAP association. Furthermore, the association of
TEAD4 at sites of inaccessible chromatin before E1AKD
suggests a possible pioneer function for TEAD4 (Zaret
andMango 2016). The gain in YAP binding and chromatin
accessibility after E1AKD correlated with a shift in the
peak of H3K4me1-marked nucleosomes from centered
over the TEAD4 peak to adjacent sites ∼200–300 bp
away, indicative of chromatin remodeling (Fig. 4A,B).
We also observed YAP/TAZ-dependent cohesin associa-
tion with these newly established superenhancers (Sup-
plemental Fig. S5B,D), suggesting looping of an activated
enhancer to its activated promoter.
While knockdown of E1A causes a dramatic alteration

in the morphology of HEK293 cells (Fig. 1C), this is pre-
vented when YAP and TAZ are additionally knocked
down (Fig. 6E). Since YAP/TAZ are activated through sen-
sors of the cellular physical microenvironment and con-
trol expression of genes necessary for differentiation,
YAP/TAZ form a molecular link between a cell’s spatial
orientation within a tissue and its cellular identity. This
link provides the potential for YAP/TAZ to transduce
the necessary signals for a cell to undergo differentiation
only after it senses a suitable physical environment (Fu
et al. 2017; Sasaki 2017; Totaro et al. 2018). This provides
a developmental checkpoint to prevent differentiation if a
cell is not in the correct cellular and ECM environment.

Indirect regulation of YAP/TAZ nuclear import by E1A

E1A does not appear to interact with YAPor TAZ directly.
We observed >100 proteins that specifically coimmuno-
precipitate with E1A from infected cells; there are so
many because E1A interacts with several cellular multi-
protein complexes. Still, we did not detect an association
between E1A andYAPor TAZ. This is consistent with the
nuclear localization of E1A in HEK293 cells, while YAP is
primarily cytoplasmic. Given the reliance on actin fila-
ments for YAP activation in E1AKD293 cells, we propose
that E1A inactivates YAP/TAZ indirectly by repressing
genes required for assembly of the actin cytoskeleton. Pre-
vious work has reported that E1A disrupts the actin cyto-
skeleton (Bellett et al. 1989; Fischer and Quinlan 2000).
We found that actin genes (ACTA1, ACTA2, ACTG1,
ACTB, and ACTBL2) and CDC42EP3 and CDC42EP5,
which stimulate actin filament assembly, are all repressed
by E1A. Also, stimulation of cortical actin fiber assembly
by dominant-active RhoA(Q63L) induced nuclear YAP in
HEK293 cells without reducing E1A expression (Fig. 5B).

SinceMRTF is also regulated in response to actin fiber as-
sembly and since knockdown of YAP plus TAZ reduces
the actin cytoskeleton in primary cells (Supplemental
Fig. S6B), some of the changes in gene expression observed
in E1AKD293 cells may result from changes in MRTF ac-
tivity as well as YAP/TAZ activity (Foster et al. 2017).
However, YAP associates with TEAD sites at nearly all
HEK293 cell enhancers derepressed by E1AKD (Fig. 3A,
F). This repression of actin fiber assembly can explain
how E1A regulates YAP/TAZ nuclear localization with-
out interacting with them directly.
Recently, Elosegui-Artola et al. (2017) indicated that the

mechanism regulating nuclear import of YAP through
mechanotransduction may involve generation of force by
actomyosin fibers between focal adhesions and the nucle-
us, causing flattening of the nucleus. They propose that
this expands the cytoplasmic side of nuclear pores on the
most curved portion of the flattened nuclei (Fig. 1C) and
that this promotes YAP diffusion through nuclear pore
complexes. Consistent with this, in E1AKD293 cells, we
observed flattened nuclei that coincide with increased
YAP nuclear import (Fig. 1C). Another recent report
(Meng et al. 2018) ascribes regulation of YAP import by
mechanotransduction to the small GTPase RAP2. At
low ECM stiffness, RAP2-GTP activates LATS1/2, which
phosphorylate YAP/TAZ, causing their cytoplasmic
sequestration. RAP2-GTP may be very low in E1AKD293
cells because of the low level of actin filaments, resulting
in very low activated phospho-LATS1 (Fig. 4D) and the re-
sulting YAP/TAZ nuclear localization.

YAP/TAZ activity is required for most H3K27/18ac

It is remarkable that knockdown of YAP and TAZ pre-
vented the increase in total cell H3K27/18ac in HEK293
cells when E1A was knocked down (Fig. 6C). E1A has
been considered to be a direct inhibitor of p300/CBP ace-
tyltransferase activity in part because the in vitro histone
acetyltransferase activity of CBP was inhibited by recom-
binant E1A (Chakravarti et al. 1999). The reduction in to-
tal cell H3K27/18ac caused by E1A to ∼30% the level in
control cells (Ferrari et al. 2014; Horwitz et al. 2008) also
is consistent with the model of direct inhibition of CBP/
p300 acetyltransferase activity by E1A. However, E1A
K285 near the C terminus is acetylated by CBP (Zhang
et al. 2000), so the in vitro inhibition may have been com-
petitive rather than allosteric. Also, E1A binds to the CBP
TAZ2 domain (Ferreon et al. 2009), which is far from the
CBP acetyltransferase domain (Delvecchio et al. 2013).
Consequently, it is unclear how the E1A–CBP TAZ2
domain interaction would inhibit CBP acetyltransferase
activity. We considered the model that E1A binding to
the CBP TAZ2 domain holds the E1A acetylation sites
at high local concentration to the acetyltransferase cata-
lytic domain, increasing competitive inhibition. Howev-
er, mutations of K285 or all three E1A lysines to alanine
or arginine had no effect on E1A’s inhibition of total cell
H3K27/18ac (D Gou and AJ Berk, unpubl.).
Two alternative related possible explanations for E1A-

induced H3K27/18 hypoacetylation are raised by our
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observations: (1) Most H3K27/18ac in primary mammali-
an cells results from coactivator interactions with the
YAPandTAZactivation domains as opposed to activation
domains of all other TFs, or (2) YAP/TAZ are required to
initiate differentiation programs involving additional TFs
that together result in most H3K27/18ac. In either case,
YAP/TAZ appear to bemaster regulators ofMSC differen-
tiation, since they are required for the redifferentiation of
E1AKD293 cells into MSC-like cells and associate with
∼90% of the new ATAC sites and peaks of H3K27/18ac
that appear when redifferentiation of HEK293 cells is in-
duced by depletion of E1A.

Functional differences between YAP and TAZ

YAP and TAZ share 46% identical and 60% similar se-
quence, both interact with DNA-bound TEAD TFs
through similar interfaces (Kristal Kaan et al. 2017), and
both are overexpressed individually (i.e., YAP but not
TAZ or TAZ but not YAP) in a variety of human cancers
(Zanconato et al. 2016). However, the two proteins have
distinctive features and probably activities (Wang et al.
2009). For example, both containWW domains that medi-
ate protein–protein interactions with LATS1/2 and
AMOTs, but YAP contains two tandem WW domains,
whereas TAZ has only one. An important example of
the nonequivalence of YAP and TAZwas reported recent-
ly in a mouse model for basal cell carcinoma (BCC), the
most common human cancer (Maglic et al. 2018). In this
mouse model where BCC is initiated by abnormal Hedge-
hog signaling, YAP becomes overexpressed in the emerg-
ing BCC cells, but not TAZ. Importantly, YAP, but not
TAZ, is required for initiation and progression of BCC in
this model (Maglic et al. 2018).

Plouffe et al. (2018) reported recently on deletion of
YAP, TAZ, and both genes in a subline of 293 cells
(293a). The effects of these gene deletions on the response
to lysophosphatidic acid (LPA) demonstrated that YAP
and TAZ are not completely functionally redundant, as
we observed also in response to elimination of E1A from
HEK293 cells. Although far fewer genes were significantly
activated greater than twofold by LPA in 293a cells (four
genes) than by knockdown of E1A in HEK293 cells (2584
genes) (Fig. 2A), their results showed that LPA activation
of AMOTL2 and FOSL1 was much more dependent on
YAP than TAZ, as we also observed following derepres-
sion by removal of E1A (Supplemental Table S1). More-
over, far more genes (fivefold) were highly dependent on
YAP and/or TAZ during redifferentiation of E1AKD293
cells (336 genes) (Supplemental Fig. S4B) than during the
LPA response in 293a cells (six genes), and the extent of
derepression for many genes was far greater (several hun-
dred-fold). Consequently, the phenomena that we ob-
served in E1AKD293 cells are very different from the
LPA response in 293a cells (Plouffe et al. 2018).

The observation that genes highly dependent on YAP
for their transcription in redifferentiating E1AKD293 cells
and genes highly dependent on TAZ only partially overlap
(Supplemental Fig. S4B) is relevant to the increased tu-
morigenicity of YAP compared with TAZ in the BCC

model (Maglic et al. 2018). Genes strongly dependent on
YAP, but not TAZ, with the gene ontology term “positive
regulation of cell proliferation” include FOSL1, FGF18,
and Endothelin 1, a peptide that regulates cell prolifera-
tion, survival, motility, and angiogenesis (Battistini
et al. 1993). TAZ and YAP likely compete for association
with DNA-bound TEAD TFs, since they bind the same
surface of the TEADs. Consequently, the overexpression
of YAP observed in many human cancers (Pan 2010; Zan-
conato et al. 2016) may contribute to tumor progression
by promoting expression of these genes that stimulate
cell proliferation. Increased expression of these genes is
not sufficient to cause cell cycling in E1AKD293 cells,
probably in part because Rb proteins become active
when E1A is eliminated. However, in tumor cells with in-
active RB1 (Hanahan andWeinberg 2000), overexpression
of these YAP-activated genes may contribute to progres-
sion of the oncogenic phenotype.

Eliminating YAP/TAZ activity often promotes apopto-
sis (Plouffe et al. 2015), complicating observation of cells
with inactive YAP/TAZ. However, in addition to express-
ing Ad5 E1A, HEK293 cells express the neighboring E1B
region, and dl1500-infected primary cells express ∼20%–

30% of the level in HEK293 cells (NR Zemke and AJ
Berk, unpubl.). The resulting potent inhibition of apopto-
sis by both p53-dependent and mitochondrial-dependent
mechanisms (White 2001)may have allowed us to observe
E1A-induced dedifferentiation by promoting survival of
the cells long enough for us to observe and analyze them.

Materials and methods

Cell culture, virus infection, RNA-seq, ChIP-seq, ATAC-seq, im-
munofluorescence microscopy, Western blot, and transfections
were all performed using standard procedures. Detailed methods
are in the Supplemental Material.
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