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ABSTRACT
Many cellular hallmarks of cancer are driven by dysregulation of their transcriptional programs.
This work centers on exploring both regulatory elements of transcription and consequences of
aberrant transcriptional activity in cancer cells. The first chapter investigates how the molecular
mechanisms driven by hyperactivation of the transcriptional coactivators, YAP and TAZ, promote
growth and survival of NF2-mutant tumors. We demonstrate that silencing of YAP/TAZ is
sufficient to induce tumor regression in pre-establish NF2-mutant orthotopic kidney tumors.
Through further investigation, we discover that YAP/TAZ depletion alters the cellular metabolic
state controlling cell growth and survival. Furthermore, we identify a lysosome-mediated cAMPPKA/EPAC-dependent activation of RAF-MEK-ERK signaling as a novel resistance mechanism
to YAP/TAZ inhibition. We establish the clinical significance of these findings by correlating the
transcriptomes of metabolic and lysosomal genes with a YAP/TAZ transcriptional signature.
The second chapter builds on the existing concept of super enhancers (SEs), which are
traditionally defined as long stretches of active enhancers with exceptionally high occupancy of
transcription factors (TFs) and co-activators. Using an unbiased approach, we conducted a largescale analysis of available ChIP-seq data to identify true high occupancy SEs in five widelystudied cell lines. We found these actual high occupancy SEs to minimally overlap with classic
SEs. Through additional analyses comparing chromatin binding profiles and intrinsic DNA
sequence characteristics, we conclude our newly-defined SEs are distinct from classic SEs and
iii

regular enhancers due to being broadly accessible, GC-rich regions whose high occupancy of
anchoring TFs, trans TFs, and cofactors regulate highly-expressed genes.
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CHAPTER 1: YAP/TAZ inhibition induces metabolic and signaling rewiring resulting in
new targetable vulnerabilities in NF2-deficient tumor cells

1.1 INTRODUCTION
The Neurofibromatosis Type 2 (NF2) gene, which encodes a protein called Merlin
(Moesin-ezrin-radaxin-like protein), is a bona fide tumor suppressor 1. Deletions or loss-offunction mutations of NF2 underlie Neurofibromatosis Type 2 (NF2), an inherited syndrome
characterized by the development of bilateral vestibular schwannomas, schwannomas from cranial
or peripheral nerves, meningiomas, and/or ependymomas 1. Beyond NF2, somatic NF2 mutations
are frequently detected in sporadic schwannomas, meningiomas, ependymomas and
mesotheliomas, and to a lesser extent in thyroid cancer, colorectal cancer, melanoma, renal cell
carcinomas (RCC) and a host of other solid tumors 1.
Merlin/NF2 is primarily localized to the plasma membrane where it has been shown to
mediate contact-dependent inhibition of proliferation in normal cells 1. Loss of Merlin/NF2
triggers deregulation of numerous signaling pathways including MST1/2-LATS1/2 (Hippo), RACPAK, RAS-RAF-MEK-ERK, PI3K-AKT-mTOR, FAK-SRC, STAT3, and a number of receptor
tyrosine kinases (RTKs)

2–10

. Despite their prevalent activation in NF2-mutant tumors, clinical

trials with drugs targeting mTOR, MEK, and several RTKs have yielded largely disappointing
results in treating NF2 11,12, underscoring the need to fully explore the molecular mechanisms that
govern the growth and survival of NF2-deficient tumors. One of the best-characterized

Adapted from Publication: White, S.M., Avantaggiati, M.L., Nemazanyy, I., Di Poto, C., Yang,
Y., Pende, M., Gibney, G.T., Ressom, H.W., Field, J., Atkins, M.B., et al. (2019). YAP/TAZ
inhibition induces metabolic and signaling rewiring resulting in targetable vulnerabilities in NF2deficient tumor cells. Dev. Cell 49, 425–443.e9.
1

Merlin/NF2-regualted pathways is the Hippo pathway, an evolutionally conserved pathway
that regulates tissue homeostasis

13,14

. As a part of a scaffolding complex also composed of

WW45/SAV1 and KIBRA, Merlin/NF2 facilitates the recruitment of MST1/2 and LATS1/2
kinases to the plasma membrane, where MST1/2 phosphorylate and activate LATS1/2

15–20

.

Activated LATS1/2 kinases in turn phosphorylate two paralogous transcriptional co-activators
YAP and TAZ, resulting in their cytoplasmic sequestration and/or proteosomal degradation 13,21,22.
In addition, Merlin/NF2 has been shown to inhibit LATS1/2 ubiquitination and degradation by the
CRL4DCAF1 E3 ubiquitin ligase within the nucleus

23,24

. In NF2 mutant tumors, due to the

inactivation of LATS1/2, unphosphorylated YAP and TAZ become stabilized and free to enter the
nucleus where they bind to and partner with the TEAD family of transcription factors to regulate
gene expression 13,22,25.
A number of studies have assessed the effects of YAP inhibition in NF2 mutant tumor cells
in vitro and in vivo. Liver-specific YAP deletion was shown to inhibit hyperproliferation of liver
progenitor cells and prevent tumorigenesis induced by NF2 deficiency

20,26

. Similarly, YAP

knockdown inhibited the initiation of NF2-deficient schwannomas in vivo, and reduced the
proliferation of NF2-deficient meningioma and mesothelioma cell lines in vitro

27–30

. However,

the roles of YAP and TAZ in the maintenance of NF2 mutant tumors have not been established.
Moreover, the molecular mechanisms by which YAP and/or TAZ govern the growth and survival
of NF2 mutant tumors remain poorly defined.
A series of recent genomics-based taxonomy studies have identified the Hippo-YAP/TAZ
pathway as one of the top mutated pathways in RCC 31–35. In particular, biallelic inactivation of
NF2 has been identified in significant fractions of the more aggressive RCC subtypes including
clear cell RCC (ccRCC) with sarcomatoid dedifferentiation (19%)

2

36,37

, Type II papillary RCC

(pRCC, 13%)

38–40

and unclassified RCC (uRCC, 18%)

41

, for which there are no standard

therapies. Furthermore, NF2 loss correlated with YAP/TAZ transcriptional signature and reduced
survival in the uRCC and P.CIMP RCC subtypes 31,41.
Here, by employing NF2 deficient RCC and schwannoma cells engineered to inducibly
express shRNAs targeting YAP and TAZ, we have systematically examined the effects and
mechanisms of YAP/TAZ depletion on the growth and survival of NF2 mutant tumor cells in vitro
and in vivo. Our work unravels a complex and intercalated metabolic and signaling circuitry
centered around YAP/TAZ that governs the growth and survival of NF2 mutant tumor cells, laying
the ground work for developing more comprehensive and better informed treatment strategies to
eradicate NF2 tumors.

3

1.2 RESULTS
YAP/TAZ depletion induces tumor regression and prolongs survival in mice bearing NF2
mutant kidney tumors
To investigate the roles of YAP and TAZ in the maintenance of NF2 deficient tumors, we
stably expressed doxycycline (Dox) inducible shRNAs against YAP and TAZ (shY/T) or a vector
control (Ctrl) in SN12C renal cell carcinoma cells which contain homozygous truncating NF2
mutations (Figure S1A)

42

. Luciferase-labeled Ctrl and shY/T SN12C cell lines were injected

orthotopically into the renal capsule of SCID-Beige mice and tumor growth was monitored via
bioluminescent imaging (BLI) (Figure 1A). Once a tumor signal reached a BLI flux in the
magnitude of 108 photons/second corresponding to approximately 100mm3 in tumor size (Figure
S1B), the tumor-bearing mouse was switched to a Dox-containing diet (Figure 1A). Dox-induced
YAP/TAZ depletion led to rapid reduction in BLI signals, which remained stagnant for additional
3 weeks before starting to increase again (Figures 1B-1C). In contrast, BLI signals from Ctrl
tumors continued to rise steadily following Dox treatment, and succumbed to the tumor burden at
a significantly faster rate than shY/T tumors (Figures 1B-1D). Importantly, YAP/TAZ depletion
did not directly alter luciferase activity and final BLI measurements obtained immediately prior to
dissection strongly correlated with the actual sizes of the resected tumors (Figures S1B-S1C),
confirming that BLI signal changes accurately reflected the changes in tumor size in our mouse
model.
Immunohistochemistry (IHC) analysis showed that compared to Ctrl tumors, the
expression levels of YAP and TAZ were significantly decreased in shY/T tumors harvested during
the tumor regression (R) period, which correlated with a dramatic reduction in Ki67-positive cells
and significant increase in pH2AX, a marker of DNA damage (Figures 1B, 1E-1G). In contrast,

4

IHC analysis of shY/T tumors collected at later time points when tumors started to regrow showed
restoration of YAP and/or TAZ expression throughout the tumor despite the continued Dox
treatment, indicating escape (E) from the effects of the YAP/TAZ shRNAs (Figure 1B and 1E).
Interestingly, some regions of shY/T “Escape” tumors regained either YAP or TAZ expression
(Figure S1D), suggesting that re-expression of either protein is sufficient to rescue tumor growth,
as indicated by the increased percentage of Ki67+ cells and reduced numbers of pH2AX+ cells
compared to shY/T tumors harvested during the regression period (Figures 1E-1G).
Together, these results demonstrate that YAP and TAZ are required for the maintenance of
NF2-deficient kidney tumors.

YAP/TAZ depletion causes defects in glucose usage and increases the reliance on glutamine
for survival
As both Ctrl and shY/T cells express RFP, we could track their in vitro proliferation and
survival under different conditions by comparing the percentage changes in RFP fluorescent
signals over time. In contrast to the dramatic tumor regression induced by YAP/TAZ depletion in
vivo (Figures 1B-1C), in vitro depletion of YAP/TAZ are largely cytostatic in SN12C and another
Nf2 deficient SC4 murine schwannoma cell line under the standard cell culture conditions, even in
the absence of serum (Figures S1E-S1G). This apparent difference between in vitro and in vivo
led us to hypothesize that in conjunction with YAP/TAZ loss, additional environmental or nutrient
stress experienced by tumor cells in vivo but not under standard in vitro culture conditions might
be necessary to trigger cell death in NF2 null tumor cells.
Due to a defective vasculature, tumor cells often experience hypoxia and nutrient
deprivation in vivo. Given recent studies implicating YAP/TAZ in HIF1/2a-mediated hypoxia

5

signaling

43–47

, we first investigated whether hypoxia could increase the dependency of SN12C

cells on YAP/TAZ for growth and survival by growing Dox-treated shY/T and Ctrl cells under
normoxic and hypoxic conditions. Unexpectedly, we found that lowering oxygen levels did not
significantly affect the proliferation rates or survival of either shY/T or Ctrl SN12C cells, even
though it did cause the anticipated increase in HIF1a protein levels in vitro (Figures S1H-S1I),
thus excluding hypoxia as a major contributing factor to YAP/TAZ-depletion-induced regression
of NF2 mutant tumors.
Beside hypoxia, tumor cells are often nutrient-stressed in vivo due to heightened demands
and limited availability. We therefore considered whether the drastically different nutrient
availabilities between the in vivo and vitro models could contribute to the divergent effects of
YAP/TAZ depletion on cell survival in vivo and vitro. Given that glucose (Glc) and glutamine
(Gln) are two major suppliers of carbon and energy for tumor cells, we proceeded to test how Ctrl
and shY/T cells respond to deprivation of glucose or glutamine. Highlighting its importance in
cell metabolism, complete glucose withdrawal induced massive cell death as indicated by the drops
in RFP fluorescence in both Ctrl and shY/T SN12C and SC4 cells compared to the start of
treatment (Figures S2A-S2C). In contrast, complete withdrawal of glutamine caused only minor
decrease in proliferation and no significant cell death in Ctrl cells, but extensive cell death in shY/T
cells (Figures S2A-S2C), which could be rescued by restoring TAZ expression (Figure S2D).
Even though knockdown of TAZ had little effects on its own across all conditions, it enhanced the
growth inhibition in nutrient replete conditions and cell death in glutamine-deprived conditions
caused by YAP knockdown (Fig S2E), suggesting YAP and TAZ function redundantly in
promoting the growth and survival of NF2 mutant cells.
To more closely mimic the physiological conditions in tumors, we performed glucose and

6

glutamine titration experiments, which showed that Ctrl cells are generally more sensitive to
reduced levels of glucose, whereas shY/T cells are more sensitive to glutamine reduction (Figures
2A-2B). To further assess the relative dependence of Ctrl and shY/T cells on glucose or glutamine,
we subjected Ctrl and shY/T cells to treatment with a media salt base supplemented with either
glucose or glutamine as the sole nutrient source. While the presence of glucose alone allowed
significant percentage of Ctrl cells to survive, it failed to do so in shY/T cells (Figure S2F), again
pointing to a diminished capacity for shY/T cells in utilizing glucose. On the other hand, despite
the increased dependency of shY/T cells on glutamine (Figure 2B), glutamine alone was not able
to rescue the survival of either Ctrl or shY/T cells (Figure S2F), implying the requirement of
addition nutrients besides glutamine for maintaining the survival of Ctrl and shY/T cells.

The proliferation of NF2 mutant tumor cells is dependent on aerobic glycolysis, which is
maintained by YAP/TAZ-mediated GF-RTK-AKT signaling and expression of glycolytic
enzymes
In order to meet the biosynthetic requirements of constant proliferation, tumor cells
increase glucose consumption and use it primarily as a carbon source for anabolic processes rather
than mitochondrial oxidative phosphorylation as in normal cells, a phenomenon known as the
Warburg effect or aerobic glycolysis. Overexpression of a constitutively active mutant YAP was
recently shown to promote aerobic glycolysis by increasing glucose uptake 48,49. Consistent with
these reports, we found that YAP/TAZ depletion dramatically reduced glucose uptake in SN12C
cells (Figure S2G). Moreover, YAP/TAZ depletion caused a marked reduction in glycolysis rate
as well as total glycolytic capacity in SN12C cells, as demonstrated by the changes in extracellular
acidification rate (ECAR) following the addition of glucose and subsequently mitochondrial ATP

7

synthase inhibitor oligomycin (oligo) (Figure 2C). These glycolytic defects in shY/T SN12C cells
were rescued by re-expression of either YAP or TAZ (Figures S2H-S2I). In further support of the
roles of YAP/TAZ in promoting aerobic glycolysis, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) metabolic profiling of Ctrl and shY/T SC4 cells showed that
YAP/TAZ depletion downregulated a number of glycolytic metabolites including G6P, G3P, PEP
and lactate (Figure S2J).
To directly assess how aerobic glycolysis contributes to the proliferation of NF2 mutant
cells, we replaced glucose in the culture medium of SN12C cells with galactose (Gal), a glucose
isomer that is processed through glycolysis but does not yield any net glycolytic-ATP 50. While
galactose substitution had very little effect on shY/T cells with already compromised glycolysis,
it completely blocked the proliferation of Ctrl cells (Figure S2K), underscoring the importance of
high aerobic glycolysis in sustaining the proliferation of NF2 mutant tumor cells.
We next investigated the molecular mechanisms underlying the role of YAP/TAZ in
maintaining glycolysis. YAP was recently shown to increase glucose uptake in part by transcribing
GLUT3, HK2 and PFKFB3

48,49,51

. Consistent with these reports, we found that YAP/TAZ

depletion specifically reduced the mRNA levels of GLUT3 and HK2 as well as other glycolytic
enzymes including HK1, PFKFB4, PFKP, GAPDH, PGK1, PGAM1, LDHA, PDHA1 and PDHB
(Figures 2D-2E). We then proceeded to test whether GLUT3 downregulation and the resulting
defects in glucose uptake were the main cause of the glycolytic defects in YAP/TAZ-depleted
cells. Unexpectedly, ectopic expression of GLUT3 only minimally increased proliferation in
nutrient replete conditions and did not rescue cell death under nutrient deprived conditions (Figures
2F and S2L), suggesting additional mechanisms may mediate the regulation of glycolysis by
YAP/TAZ.

8

AKT is a well-established master metabolic regulator that promotes glycolysis by inducing
GLUT1 membrane localization and the activities of hexokinase and phosphofructokinase

52–58

.

YAP/TAZ have been previously implicated in regulation of AKT signaling, although how AKT
signaling contributes to the oncogenic functions of YAP/TAZ remain poorly understood

59–63

.

Interestingly, we found that even though the expression of GLUT1 was not affected by YAP/TAZ
silencing, it became predominantly localized to the cytoplasm in shY/T tumors in contrast to the
typical membrane localization displayed in Ctrl tumors (Figures 2D and 2G). To test whether
YAP/TAZ could act through AKT to promote GLUT1 membrane translocation and glycolysis, we
compared the levels of pAKT in Ctrl and shY/T SN12C cells. As shown in Figure 2H, YAP/TAZ
silencing caused substantial decrease in AKT phosphorylation, which correlated with reduced
pEGFR and increased PTEN levels, implying downregulation of RTK signaling as the likely cause
of AKT inactivation. Microarray analysis showed that a number of growth factors (GFs), including
canonical YAP/TAZ targets CYR61 and CTGF, EGF-family GFs HBEGF and NRG1, and GAS6,
were downregulated in shY/T cells compared to Ctrl cells (Figure 2E). Moreover, treatment of
shY/T cells with EGF or conditioned medium (CM) collected from Ctrl cells partially rescued
AKT phosphorylation (Figures S2M-S2N). These results suggest that reduction in GF-RTK
signaling is at least partially responsible for AKT inactivation and growth arrest in shY/T cells.
To assess how downregulation of AKT signaling contributes the phenotypes induced by
YAP/TAZ knockdown, we generated a shY/T cell line stably expressing a constitutively active
AKT1 (shY/T+MyrAKT1) (Figure S2O). Immunofluorescence (IF) and glycolysis stress test
showed that restoration of AKT signaling rescued GLUT1 membrane localization in shY/T cells,
and partially reversed the suppression of glycolysis and glycolytic capacity caused by YAP/TAZ
depletion (Figures 2I-2K). Correspondingly, reactivation of AKT signaling by either expression
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of MyrAKT or EGF treatment allowed shY/T cells to regain the ability to proliferate in nutrient
replete conditions (Figures 2L and S2P).
Together, these findings reconciled previous reported functions of YAP/TAZ in glycolysis
and regulation of RTK-AKT signaling, establishing YAP/TAZ as master regulators that coordinate
the expression of glycolytic enzymes and GFs and RTK-AKT signaling to promote glycolysis,
thereby sustaining the proliferation of NF2 mutant tumor cells (Figure 2M).

YAP/TAZ depletion increases mitochondrial respiration and ROS buildup, causing
oxidative-stress-induced cell death under nutrient-deprived conditions
Although restoration of AKT signaling, either by expression of constitutively active AKT
or treatment with EGF, rescued the shY/T cell proliferation in nutrient replete conditions, it did
not prevent cell death induced by glucose or glutamine withdrawal (Figures 2L, S2P and S3A). In
agreement, treatment of Ctrl SN12C cells with various RTK inhibitors readily blocked cell
proliferation but did not cause any cell death even when glutamine was removed (Figure S3B).
These results indicate that while GF-RTK-AKT signaling is important for maintaining glycolysisdependent proliferation, other mechanisms govern their survival.
Despite the profound downregulation in glycolysis, shY/T cells remained mostly viable in
nutrient replete conditions (Figures S2A-S2C) and only showed slight reduction in ATP levels
relative to Ctrl cells (Figures S3C-S3D). We postulated that shY/T cells might compensate for the
deficit in glycolysis by up-regulating mitochondrial oxidative phosphorylation.

To assess

mitochondrial respiration in Ctrl and shY/T cells, we measured their basal oxygen consumption
rates (OCR) as well as changes in OCR following sequential injections of oligomycin, carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone

(FCCP,
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ATP

synthesis

uncoupler),

and

rotenone/antimycin A (Rot/AMA, Complex I/III inhibitors). Corresponding to downregulation in
glycolysis, both basal respiration rates as reflected by basal OCRs and mitochondrial respiratory
capacity as measured by increase in OCR induced by FCCP were significantly increased in shY/T
cells compared to Ctrl cells (Figures 2C and 3A).
Mitochondrial respiration is the primary source of reactive oxygen species (ROS) in the
cell. To remove excess ROS and repair oxidative damages, cells have developed an anti-oxidant
network that heavily relies on glucose and glutamine metabolism to generate NADH, NADPH and
GSH to maintain its reducing capacity. We hypothesized that the increase in mitochondrial
respiration induced by YAP/TAZ depletion might lead to elevated ROS production, which when
compounded by reduced anti-oxidant capacity caused by glucose or glutamine starvation, might
cause oxidative-stress-induced cell death. To test this, we stained shY/T SN12C cells with
fluorescent probes that specifically measure intracellular ROS levels (CellROX) and
mitochondrial mass (MitoTracker) prior to (day 0) or after different days of Dox treatment. We
found that YAP/TAZ depletion induced gradual increases in both ROS levels and mitochondrial
mass (Figure 3B), both of which were reversed upon TAZ re-expression (Figures S3E-S3F).
Similarly, YAP/TAZ depletion also increased ROS levels and mitochondrial mass in SC4 cells
(Figure S3G). The increase in mitochondrial mass was also confirmed by IF analysis with a
mitochondria-specific antibody and by electron microscopy (EM) analysis (Figures 3C-3D). In
contrast, the total numbers of mitochondria per cell appeared to be unchanged based on analyses
of EM images and the mitochondrial DNA copy numbers (Figure S3H). Corresponding to
increases in mitochondrial mass and intracellular ROS levels, shY/T cells exhibited increased
expression of key subunits of all five OXPHOS complexes (Figure 3E), elevated mitochondrialderived ROS as measured by Mitosox and a significant rise in the ratio of MitoSox to Mitotracker
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staining (Figures 3F).
The citric acid (TCA) cycle produces NADH and succinate, which serve as the substrates
for OXPHOS complex I and complex II, respectively. Given the increase in mitochondrial mass
and OXPHOS in shY/T cells, we analyzed the steady-state levels of TCA metabolites in Ctrl and
shY/T cells using LC-MS/MS analysis. Unexpectedly, with the exception of pyruvate and citrate,
the majority of TCA intermediates were significantly downregulated following YAP/TAZ
depletion (Figure S2J). To test whether this could be caused by increased TCA flux stemming
from increased OXPHOS in YAP/TAZ-depleted cells, we performed OXPHOS complex I and
complex II activity assays in Ctrl and shY/T SN12C cells. To measure complex I activity, pyruvate
(Pyr) and malate (Mal) were added to permeabilized Ctrl and shY/T cells to drive the production
of the complex I substrate NADH, followed by injections of Rot, Atpenin A5 (AA5) and AMA to
sequentially block complex I, II and III, respectively (Figures 3G-3H). To determine complex II
activity, Rot was added to block any complex I-mediated respiration prior to treatment with the
complex II substrate succinate, followed by injections of AA5 and AMA to inactivate complexes
II and III, respectively (Figures 3G-3H). These experiments showed that YAP/TAZ depletion
dramatically boosted the activities of both complex I and complex II, suggesting that increased
OXPHOS and TCA flux likely contributes to the downregulation of TCA intermediates in shY/T
cells.
To assess whether decreased glycolysis caused a compensatory upregulation of
mitochondrial respiration in YAP/TAZ knockdown cells, we compared the mitochondrial
activities and ROS levels in shY/T cells reconstituted with vector control or Myr-AKT. Although
expression of Myr-AKT largely rescued glycolysis and proliferation in shY/T cells, it did not
reduce mitochondrial mass, only partially reversed the increase in intracellular ROS levels, and
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failed to prevent cell death caused by Gln withdrawal in shY/T cells (Figures 2J-2L and S3I-S3J).
Next, we used Pyr or Gln to directly stimulate TCA cycle and OXPHOS in Ctrl and shY/T
cells, bypassing glycolysis. As shown in Figure S3K, both Pyr and Gln increased mitochondrial
respiration to a significantly higher extent in YAP/TAZ-depleted cells, suggesting that YAP/TAZ
suppress mitochondrial respiratory capacity and ROS production independent of their regulation
of glycolysis.
Indicative of increased oxidative stress, H2AX was activated both in vitro and in vivo
following YAP/TAZ knockdown (Figures 1E, 1G and S4A), which correlated with significant
increase in the NAD+/NADH, NADP+/NADPH and GSSG/GSH ratios (Figure 3I). To determine
whether oxidative stress was the cause of cell death in glucose or glutamine deprived shY/T cells,
we first measured ROS levels in Ctrl and shY/T SN12C cells in the presence or absence of glucose
or glutamine. As expected, withdrawal of glucose or glutamine raised ROS levels in both Ctrl and
shY/T cells (Figure 3J). However, the levels of ROS were substantially higher in shY/T cells than
Ctrl cells across all conditions (Figure 3J). We next treated Ctrl and shY/T cells with GSH under
the different nutrient conditions. While GSH treatment did not affect the proliferation of either
Ctrl or shY/T cells under nutrient replete conditions (Figure S2P), it significantly inhibited both
glucose and glutamine starvation-induced cell death in shY/T cells but had no effect on Ctrl cells
(Figure 3K), confirming that additional oxidative stress induced by nutrient deprivation triggers
cell death in shY/T cells.
Together, our findings expose a novel function for YAP/TAZ in limiting mitochondrial
respiratory capacity and ROS production, which is necessary for maintaining redox balance and
survival of NF2 mutant tumor cells under nutrient-deprived conditions.

13

NF2 mutant tumor cells adapt to YAP/TAZ depletion through activation of a non-canonical
cAMP-PKA/EPAC-RAF-MEK-ERK signaling cascade
Our in vitro and in vivo data so far indicate that although NF2 mutant tumor cells require
YAP/TAZ for proliferation, they are capable of surviving YAP/TAZ loss and the resulting rise in
ROS levels and oxidative stress when both glucose and glutamine are readily available. This led
us to investigate whether NF2 mutant tumor cells could activate certain stress response pathways
to counter the redox imbalance caused by YAP/TAZ loss. Indeed, western blot analysis showed
that multiple stress response pathways including ERK, AMPK and p38 were activated in response
to YAP/TAZ knockdown (Figures S4A-S4B). To test how these pathways contribute to the
survival of YAP/TAZ-depleted cells, we treated Ctrl and shY/T SN12C and SC4 cells with
selective inhibitors targeting each of these pathways.

Out of the inhibitors screened, the

RAF/MEK/ERK inhibitors exhibited the strongest selective killing of YAP/TAZ-depleted cells
compared to Ctrl cells (Figures 4A-4B and S4C). Consistent with this finding, western blot
analysis showed robust increase in c-RAF, MEK, and ERK phosphorylation levels in shY/T cells
relative to Ctrl cells across all nutrient conditions (Figure 4C). Furthermore, we found that
multiple inhibitors against the group I PAKs, which directly phosphorylate and are required for
the activation of RAF and MEK 64–67, also showed some degrees of selective killing of shY/T cells
compared to Ctrl cells (Figure S4D). These results demonstrate that activation of the RAF-MEKERK pathway is necessary for the survival of YAP/TAZ-depleted NF2 mutant cells.
The RAF-MEK-ERK pathway is canonically activated by RTK-RAS signaling. However,
treatment with various RTK inhibitors at concentrations that caused robust inhibition of pAKT in
Ctrl cells failed to reduce pERK levels in shY/T cells (Figures 4D and S4E). In contrast, the MEK
inhibitor Trametinib and pan-RAF inhibitors LY3009120 and Sorafenib inhibited pERK levels in
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shY/T cells, but did not reduce pAKT levels in Ctrl cells (Figures 4D and S4E). These findings
indicate a noncanonical, alternative mechanism likely to be responsible for RAF-MEK-ERK
activation in shY/T cells. To identify the pathway(s) responsible, we conducted an inhibitor screen
against a wide array of kinase and non-kinase targets including FAK/SRC, STAT3, CDKs, MLKs,
PKA, PKC, PKD, PKG, and additional MAPKs (Table S1). Of all the inhibitors screened, only
H-89, a PKA inhibitor, specifically inhibited ERK phosphorylation in shY/T cells without also
blocking pAKT in Ctrl cells (Figures S4F-S4I).
PKA is activated by the second messenger cyclic AMP (cAMP), which also directly binds
to and activates EPAC. PKA and EPAC were previously reported to function in parallel to activate
the RAF-MEK-ERK pathway independently of RTK 68–70. Consistent with these reports, we found
that PKA inhibitor H-89 synergizes with EPAC inhibitor HJC in reducing pERK levels in shY/T
cells (Figure 4E). Similarly, an analog and competitive inhibitor of cAMP, Rp-cAMP, also
specifically inhibited ERK phosphorylation in shY/T cells without affecting pAKT in Ctrl cells
(Figure 4F). cAMP is synthesized by either transmembrane adenylyl cyclase (tmAC) or soluble
adenylyl cyclase (sAC). tmAC is activated by G-protein coupled receptor (GPCR) signaling,
whereas sAC, which is dispersed throughout the cytoplasm, is stimulated in response to elevated
bicarbonate (HCO3-) and calcium

71,72

. To determine which of these two mechanisms were

responsible for activation of cAMP-PKA/EPAC signaling upon YAP/TAZ depletion, we treated
shY/T cells with GPCR inhibitors (SCH 202676, GRA-1, or Sotalol) or a sAC inhibitor (KH7).
While none of the GPCR inhibitors reduced ERK phosphorylation, the sAC inhibitor KH7
drastically inhibited pERK levels in shY/T cells but not pAKT in Ctrl cells (Figures 4E and S4J).
To identify the signal that led to sAC activation, we measured the pH and calcium levels in Ctrl
and shY/T cells. Supernatant collected from shY/T cells exhibited significantly higher pH than
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Ctrl cells (Figure 4G). In addition, intracellular calcium concentration was markedly increased in
shY/T cells compared to Ctrl cells (Figure 4H). To test whether the increases in pH and calcium
levels were indeed responsible for the activation of ERK in shY/T cells, we treated these cells with
increasing concentrations of HCl or calcium chelator BAPTA, both of which reduced pERK levels
in a dose-dependent manner (Figures 4I-4J). Conversely, Ctrl cells treated with increasing
concentrations of calcium displayed increased pERK levels (Figure S4K). Bicarbonate treatment
also raised pERK levels in Ctrl cells, which was blocked by KH7 (Figure 4K). In contrast,
treatment with forskolin (tmAC activator) or MDL 12330A (tmAC inhibitor) alone or in
combination had no effect on ERK phosphorylation (Figure 4K).
Together, these results illustrate that NF2-deficient tumor cells survive YAP/TAZ
depletion through noncanonical activation of the RAF-MEK-ERK pathway, which is mediated by
a signaling cascade involving the elevation of intracellular pH and calcium levels and the
subsequent induction of sAC and cAMP-PKA/EPAC signaling (Figure 4L).

Elevated lysosomal activity is responsible for ERK activation and survival of NF2 mutant
tumor cells upon YAP/TAZ depletion
Next, we sought to identify the source(s) of elevated intracellular pH and calcium levels
that caused the noncanonical activation of ERK in shY/T cells. Mitochondria are major calcium
storage sites, and generators of CO2-derived bicarbonate through mitochondrial carbonic
anhydrase

73–75

. We therefore first investigated whether the dramatic increase in mitochondrial

capacity and respiratory activity induced by YAP/TAZ silencing could be the cause of
noncanonical ERK activation. However, we found that multiple mitochondrial inhibitors targeting
the ATP-synthase, ETC complexes, carbonic anhydrase, or beta-oxidation had no effect on ERK
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phosphorylation in shY/T cells (Figures S5A-S5B), suggesting that elevated mitochondrial
capacity and respiratory activity were not the cause of the pH and calcium increase following
YAP/TAZ loss.
Lysosomes are small vesicles characterized by a highly acidic (pH 4.5-5.0) interior
containing numerous hydrolytic enzymes, which function as cellular trafficking stations to
facilitate the breakdown and recycling of a wide range of both endogenous and exogenous cargo
including macromolecules, certain pathogens, and damaged organelles. Gene set enrichment
analysis (GSEA) showed strong enrichment of the KEGG_Lysosome gene set among genes
upregulated in response to YAP/TAZ silencing (Figure 5A and Figure S5C). In line with this
finding, staining of Ctrl and shY/T cells with a LAMP1 antibody or acridine orange (AO, marker
of acidic vesicles) showed that YAP/TAZ knockdown caused markedly increase in the numbers
of lysosomes, which was rescued by re-expression of YAP (Figures 5B and S5D-S5F). In
agreement with these in vitro findings, IHC analysis confirmed that LAMP1 levels were also
significantly elevated in shY/T tumors compared to Ctrl tumors (Figure 5C).
Lysosome biogenesis and autophagy play key roles in salvaging nutrients and degrading
damaged macromolecules/organelles to promote cell survival under stress conditions 76,77. On the
other hand, in the presence of severe and irreversible damages, lysosomal membrane
permeabilization and the consequent leakage of the lysosomal content into the cytosol could lead
to so-called “lysosomal cell death”

78

. Treatment of Ctrl and shY/T cells with two different

lysosome inhibitors (Bafilomycin and Chloroquine) under different nutrient conditions showed
that YAP/TAZ depletion increased the sensitivity of NF2 mutant cells to lysosomal inhibition,
especially under nutrient-deprived conditions (Figures S5G-S5H). These results imply that
increased lysosome biogenesis plays a largely pro-survival role in YAP/TAZ-depleted cells. RAF-
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MEK-ERK signaling was previously reported to regulate lysosomal biogenesis and autophagy
79,80

. However, we did not detect significant change in LAMP1 staining following Trametinib

treatment in shY/T cells (Figure S5I).

On the other hand, treatment of shY/T cells with

Bafilomycin, which blocks lysosomal acidification by inhibiting the vacuolar-type H+ ATPase (vATPase), significantly reduced pH and calcium levels (Figures 5D-5E), and inhibited ERK
phosphorylation in a dose dependent manner (Figure 5F). Notably, Bafilomycin-mediated ERK
inhibition was rescued by addition of exogenous HCO3- (Figure 5G), confirming the importance
of lysosome-mediated intracellular pH regulation in modulating ERK activity.
Finally, we tested the efficacy of dual inhibition of Yap/Taz and MAPK signaling in
controlling the growth of SC4 schwannomas in vivo. SC4 cells carrying Dox-inducible shY/T or
vector control were injected subcutaneously into the flanks of SCID-Beige mice. Once the tumors
reached approximately 100mm3, mice bearing shY/T tumors were randomly assigned to one of the
following three treatment arms: Dox + vehicle, Trametinib, or Dox + Trametinib, whereas mice
bearing Ctrl tumors were treated with Dox + vehicle.

While either Yap/Taz-depletion or

Trametinib treatment alone significantly delayed tumor growth compared to Ctrl tumors,
simultaneous Yap/Taz knockdown and Mek inhibition halted tumor growth for several weeks
(Figure 5H).
Taken together, our data demonstrate that NF2 mutant tumor cells compensate for
YAP/TAZ loss by expanding their lysosomal capacity, which raises the cytosolic pH and calcium
concentration, leading to the activation of RAF-MEK-ERK signaling, which represents a novel
vulnerability that could be combined with YAP/TAZ inhibition to achieve more durable control
of NF2 mutant tumors (Figure 5I).
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Correlation of a YAP/TAZ transcription signature with the expression of glycolysis,
OXPHOS and lysosomal genes in human RCC tumors
Even though NF2 mutations are only present ~2.1% of RCC tumors, deregulation of
Hippo-YAP/TAZ signaling is prevalent across multiple subtypes of RCC, including pRCC and
VHL-WT ccRCC

31,36,39

. To assess the clinical relevance of our findings, we first generated a

high-confidence YAP/TAZ signature by filtering genes downregulated by YAP/TAZ knockdown
from our microarray analysis of SN12C cells against a recently published gene list ranked based
on gene expression pattern similarities across 1,037 cancer cell lines from the Cancer Cell Line
Encyclopedia (CCLE) (Figure 6A)

81

. Using this 44-gene YAP/TAZ signature, we performed

unsupervised clustering of all publically available pRCC and VHL-WT ccRCC expression datasets
from The Cancer Genome Atlas (TCGA)

31,39

, and selected the tumor clusters expressing the

highest (Y/T-High) and lowest (Y/T-Low) YAP/TAZ gene signature from each dataset for further
analyses (Figure 6A and Tables S2-S3). Importantly, pRCC and ccRCC tumors with either NF2
mutations or copy number loss where enriched in Y/T-High groups compared to Y/T-Low groups,
further validating our YAP/TAZ signature (Figure S6).
In agreement with our findings in NF2 mutant cells, primary RCC tumors from the Y/THigh groups displayed elevated expression of glycolysis genes and correspondingly decreased
expression of OXPHOS and lysosomal genes compared to the tumors from the Y/T-Low groups
in both pRCC and VHL-WT ccRCC datasets (Figures 6B-6C, and Table S2). Moreover, patients
from the Y/T-High groups had poorer survival rates compared to their Y/T-Low counterparts in
both the pRCC (p<0.0001) and VHL-WT ccRCC (p=0.005) (Figures 6D-6E). Taken together,
these results suggest YAP/TAZ activities may play important roles in determining the metabolic
states of RCC tumors beyond NF2 mutations.
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1.3 DISCUSSION
Tumor cells often face the challenge of surviving and proliferating under conditions of
limited nutrient availability. Inactivation of NF2/Merlin has been shown to elicit deregulation of
a wide array of signaling pathways, but it is unknown how NF2 mutant tumor cells rewire their
metabolic and signaling network to overcome nutrient stress. Here, we identify YAP/TAZ as
master regulators of transcriptional, signaling, metabolic, and organelle responses to nutrient
deprivation in NF2 mutant tumor cells. We show that in the absence of exogenous growth factors,
NF2-deficient tumor cells rely on YAP/TAZ-mediated transcription of growth factors to maintain
RTK-AKT signaling and high levels of aerobic glycolysis that are necessary for continued
proliferation. On the other hand, YAP/TAZ function to limit mitochondrial respiration, preventing
ROS buildup and reducing oxidative stress cell death under further nutrient stress such as
glutamine deprivation. Despite these important functions, YAP/TAZ are not absolutely required
for the survival of NF2 mutant tumor cells, especially under nutrient replete conditions. We find
that NF2 mutant tumor cells adapt to YAP/TAZ depletion by ramping up RAF-MEK-ERK
signaling through a mechanism mediated by upregulation of lysosomes and GPCR-independent
activation of cAMP signaling. These findings demonstrate the built-in redundancy and fluidness
between the different branches of the signaling network that maintains the growth and survival of
NF2 mutant cells and the need to take into account the metabolic and signaling crosstalk in
designing more effective and durable treatments.

YAP/TAZ couple GF-RTK-AKT signaling and aerobic glycolysis to sustain the proliferation
of NF2 mutant tumor cells
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Previous work has implicated YAP as an oncogenic driver of NF2 mutant tumors, but the
underlying molecular mechanisms have not been fully elucidated. On one hand, it is wellestablished that YAP and TAZ drive the transcription of GFs, such as CTGF, CYR61, and AREG,
which in turn promote the activation of several RTK signaling pathways contributing to
YAP/TAZ-mediated cell proliferation 27,60,82–85. On the other hand, a series of recent studies have
linked availability of nutrients such as hormones

86,87

, phospholipids

88,89

and glucose

48,90–93

to

regulation of Hippo-YAP/TAZ signaling. Supportive of a positive feedback mechanism, YAP has
been shown to transcriptionally reprogram glucose and glutamine metabolism, establishing
YAP/TAZ as nutrient sensors that integrate nutrient signals to growth regulation

48,49,51,91,94–96

.

Here we demonstrate that beyond previously reported functions of transcribing glycolytic genes
such as GLUT3, HK2, PFKFB and LDHA, YAP/TAZ also maintain GF-RTK-AKT signaling,
which is necessary for GLUT1 membrane translocation. These findings not only serve to reconcile
the long-standing controversy in the NF2 field regarding the relationship between RTK signaling
and YAP/TAZ in NF2 tumorigenesis, but also shed light on the metabolic consequences of
YAP/TAZ-RTK crosstalk, firmly establishing YAP/TAZ as the master regulators of a
transcriptional, metabolic and signaling network necessary for sustaining the growth of NF2
mutant tumors.

YAP/TAZ maintain redox homeostasis by balancing aerobic glycolysis and mitochondrial
respiration in NF2 mutant tumor cells
Another intriguing aspect of our findings is the importance of YAP/TAZ in maintaining
redox balance in NF2 mutant cells. We show that a metabolic switch from aerobic glycolysis to
OXPHOS is responsible for driving up ROS levels in YAP/TAZ-depleted cells. We show that
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restoration of AKT signaling partially shifts the metabolic balance towards glycolysis but does not
reduce the mitochondrial mass, resulting in only slight reduction in ROS and is unable to prevent
cell death under glutamine-deprived conditions.

On the other hand, addition of pyruvate,

glutamine or TCA intermediates, bypassing glycolysis, stimulates significantly higher levels of
mitochondrial respiration in YAP/TAZ-silenced cells. These results suggest that YAP/TAZ
suppress mitochondrial respiratory capacity independent of their regulation of glycolysis.
Yorkie, the Drosophila ortholog of YAP/TAZ, was previously shown to promote the
transcription of genes involved in mitochondrial fusion 97,98. Conversely, increased mitochondrial
fusion was found to inhibit YAP/TAZ activity through activation of AMPK in breast cancer cells
99

. Despite the substantial increase in mitochondrial mass, our microarray analysis revealed no

changes in the expression of genes involved in mitochondrial fusion or fission following silencing
of YAP/TAZ. We also detected no change in the expression of genes involved in mitochondrial
biogenesis or mtDNA copy numbers following YAP/TAZ depletion. It was recently demonstrated
that mitochondrial status and OXPHOS are linked by a dynamic feedback mechanism 100. Thus,
YAP/TAZ likely regulate mitochondrial dynamics through complex and indirect mechanisms that
may involve their effects on OXPHOS or other metabolic and cellular processes.
We recently reported that in a liver-specific Nf2 knockout model, Nf2-loss-induced
activation of Rac1 elevates cellular ROS levels, which activates p53-mediated DNA damage
response, limiting the proliferation of Nf2 mutant liver epithelial cells

101

. Our current study

showed YAP/TAZ depletion increases mitochondrial respiration and further exacerbates oxidative
stress, rendering NF2 mutant tumor cells even more susceptible to nutrient-stress-induced cell
death. In contrast to the differential sensitivities to nutrient stress, we find that NF2 mutant cells
respond similarly to hypoxia in the presence or absence of YAP/TAZ. Beyond these factors,

22

matrix stiffness and other stromal populations have also been reported to cause metabolic
reprogramming and alter the redox states of tumor epithelial cells by modulating YAP/TAZ
activities

95,102

. Given that NF2 loss leads to constitutive activation of YAP/TAZ, it would be

interesting in future studies to determine whether matrix stiffness would influence how NF2
mutant tumor cells respond to YAP/TAZ inhibition.

YAP/TAZ and lysosome – a balancing act in maintaining NF2 mutant tumor cell survival?
We find that YAP/TAZ depletion increases lysosome-related mRNA transcripts and
lysosomal numbers. Lysosomes are often induced during nutrient starvation and oxidative stress
to replenish key metabolites and to clear damaged, dysfunctional macromolecules and/or
organelles.

Here we show that lysosomes also act as important signaling hubs, which by

modulating the cytosolic calcium and pH levels, control the activity of a cAMP-PKA/EPAC-RAFMEK-ERK signaling cascade that allows NF2 mutant cells to survive the loss of YAP/TAZ.
We and others have previously shown that YAP is targeted for lysosomal degradation in
response to nutrient stress or viral infection

103,104

. In addition, multiple groups have reported

cAMP-PKA-mediated activation of the Hippo pathway, leading to inactivation of YAP 105–107. Our
current finding that YAP/TAZ directly or indirectly inhibit lysosomal biogenesis and consequently
cAMP-PKA/EPAC signaling raises the possibility that YAP/TAZ and lysosomes operate as
opposing nutrient sensors bridged by the cAMP-PKA/EPAC pathway. In nutrient-rich conditions,
YAP/TAZ become fully activated and function to suppress lysosomal biogenesis and cAMPPKA/EPAC signaling while promoting GF-RTK-AKT signaling and aerobic glycolysis,
optimizing the metabolic program to support cell proliferation. Conversely, when cells experience
nutrient deprivation, YAP/TAZ activity decreases
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48,90,92,108

, allowing lysosomes to accumulate,

which in turn further inactivate YAP (and possibly TAZ) through both direct degradation and
indirect cAMP-PKA-mediated upregulation of Hippo signaling, thereby shutting down GF-RTKAKT signaling, aerobic glycolysis, and cell proliferation. We show here that increased cAMPPKA/EPAC signaling induces non-canonical activation of the RAF-MEK-ERK pathway, which
becomes the dominant pro-survival pathway when YAP/TAZ are inactivated. Thus, crosstalk
among Hippo-YAP/TAZ, GF-RTK-AKT, cAMP-PKA/EPAC, and RAF-MEK-ERK signaling
may allow tumor cells to rewire their metabolic network to survive different nutrient conditions.

YAP/TAZ depletion greatly sensitizes NF2 mutant tumor cells to MAPK inhibitors,
revealing new opportunities to improve NF2 therapy
YAP upregulation was previously reported to mediate resistance to RAF and MEK
inhibitors in BRAF and KRAS mutant tumors

109,110

. Here we show that a reciprocal lysosome-

mediated noncanonical activation of RAF-MEK-ERK activation allows NF2 mutant tumor cells
to survive YAP/TAZ inhibition, revealing that inhibition of YAP/TAZ and the RAF-MEK-ERK
pathway also synergize in suppressing the growth of NF2 mutant tumor cells in vitro and in vivo.
This finding is highly significant, because it predicts that co-targeting of these two pathways could
significantly improve the treatment outcomes of NF2 mutant tumors.
Even though there are no clinical inhibitors currently available for YAP/TAZ, significant
efforts are well underway towards developing clinical inhibitors targeting YAP/TAZ or other
components of the Hippo pathway.

Moreover, recent breakthroughs in exosome-mediated

delivery of siRNA could potentially be utilized to silence YAP/TAZ in NF2 mutant tumors

111

.

Alternatively, combination therapies could be designed to target the YAP/TAZ-controlled
metabolic and signaling network to recapitulate the effects of YAP/TAZ inhibition. For example,
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one could theorize combining glycolysis inhibitors, pro-oxidants with RAF, MEK or lysosome
inhibitors could potentially generate a therapeutic regime with efficacy similar to the combined
inhibition of YAP/TAZ-MEK, YAP/TAZ-RAF or YAP/TAZ-lysosome observed in this study.
Our study thus establishes the conceptual framework that could be used to design better
combination treatment strategies and to anticipate and reduce therapy resistance.
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1.4 METHODS
Animal studies
All animal experiments were approved by the Institution Animal Care and Use Committee
(IACUC) at Georgetown University under the protocols #12-021 (3-year re-approval under #15061) and #16-1232.
For the RCC tumor model, 2x105 pathogen-free, luciferase-labeled Ctrl or shY/T SN12C cells
were injected orthotopically into the renal capsule of the right kidneys of 9-10 week old SCIDBeige mice purchased from Charles River Laboratories, Burlington, MA. Mice were randomly
assigned to Ctrl or shY/T groups. BLI was conducted twice per week starting two weeks postinjection. Tumor-bearing mice were switched from regular to Dox-containing diet (TD0.1306;
Envigo, Somerset, NJ) when the tumor BLI flux reached the range of 3-8 x108 photons/second.
shY/T tumors were harvested either during regression period at 3-10 days after initiating Dox
treatment or at the end of life. Ctrl tumors were harvested either approximately 1-2 weeks after
Dox initiation for comparison with shY/T tumors or at the end of life, respectively. Kaplan-Meier
survival analysis was conducted using Prism.
For the schwannoma tumor model, 5x104 pathogen-free, luciferase-labeled Ctrl or shY/T SC4 cells
were injected subcutaneously into the left and right flank of 8-10 week old SCID-Beige mice
purchased from Charles River Laboratories. Tumors were measured using a caliber every 2-3 days
and the tumor volumes were calculated using (l*w2)/2. Once tumor volumes reached 100mm3,
mice bearing Ctrl tumors were switched to a Dox-containing diet and injected daily with 50µl
vehicle (5%DMSO, 1% Tween-80, 30% PEG400) via oral gavage (o.g.), whereas mice bearing
shY/T tumors were randomly assigned to the following three treatment arms: (1) Dox + Vehicle
(o.g.); (2) Trametinib (o.g., 2 mg/kg in vehicle); (3) Dox + Trametinib. Mice were euthanized
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once total tumor burden reached 2cm or after 4 weeks of treatment. Student’s t-test was used to
calculate the difference in average tumor size at indicated time points.

Cell culture
SN12C cell line was obtained from ATCC and maintained in RPMI 1640 supplemented with 2mM
L-Glutamine, 10% fetal bovine serum (FBS) and penicillin/streptomycin. SC4 cell line was
maintained in DMEM containing 1mM glucose, 10% FBS and penicillin/streptomycin 112. Unless
indicated otherwise, all cells were pre-treated for 4 days with 4 µg/ml Dox prior to beginning an
experiment.

Generation of stable cell lines
SN12C and SC4 cells were incubated with lentiviral supernatants collected from HEK293T cells
transfected with lentiviral packaging vectors together with pTripz-shYAP-RFP, pTripz-shTAZRFP

or

pTripz-RFP

empty

vector.

shRNA

sequences

are

as

follows:

YAP

5’

GTGCCACCAAGCTAGATAAAGA 3, and TAZ 5’ GGCATCTTGGTCCAGGAAATGT 3’.
After 24 hours, viral supernatant was removed and cells were selected in puromycin (8μg/ml) to
eliminate uninfected cells. Successful YAP and TAZ knockdown in shY/T lines was confirmed
via western blot and qRT-PCR analyses following 3-4 days of Dox treatment. To allow BLI
imaging, Ctrl and shY/T SN12C cells were further infected with pHAGE-GFP-luciferase virus
(Addgene plasmid #46793) produced in HEK293T as described above and sorted by flow
cytometry to enrich for GFP+ cells. pLenti-CMVtight-Blast-myrAKT-HA and pLenti-CMVtightBlast-WWTR1-HA was generated through Gateway LR reaction combining pLenti-CMVtightBlast-DEST (w762-1) (Addgene plasmid #26434) with either pEntr-myr-AKT-HA (Addgene
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plasmid #31790) or pEntr223-WWTR1 (DNASU, Tempe, AZ). Viral supernatants for pLentiCMVtight-Blast-myrAKT-HA, pLenti-CMVtight-Blast-WWTR1-HA, and FUW-tetO-wtYap
(Addgene plasmid #84009) were generated as described above and used to infect shY/T SN12C
cells, followed by selection with blasticidin (5μg/ml).

Nutrient deprivation experiments
For SN12C cells, all medium in nutrient deprivation studies contained a base of RPMI salt mix
(0.42 mM Ca(NO3)2·4H2O, 0.41 mM MgSO4, 5.4 mM KCl, 23.8 mM NaHCO3, 102.7 mM NaCl,
and 5.6mM Na2HPO4), RPMI 1640 vitamins solution (Millipore Sigma, St. Louis, MO), MEM
amino acids solution (ThermoFisher Scientific), and MEM non-essential amino acids solution
(Sigma). Nutrient replete conditions received 11.1 mM glucose (Millipore Sigma) and 2mM
glutamine (Lonza, Benicia, CA) and deprivation conditions lacked or contain reduced amount of
their respective nutrient as indicated. For SC4 cells, all medium in nutrient deprivation studies
contained a base of DMEM without glucose or glutamine (#D5030, Millipore Sigma) and
supplemented with sodium pyruvate and sodium bicarbonate to levels in standard DMEM
formulation. For conditions with glucose or glutamine, 5.6 mM glucose (Millipore Sigma) and/or
4 mM glutamine (Lonza) were added. Reduced GSH (Alfa Aeasar, Haverhill, MA) and EGF
(Millipore Sigma) were used at final concentrations of 0.3 mM and 1 μg/ml, respectively. Percent
survival was calculated based on the sequential measurements of RFP fluorescence (filter range
553-574 nm) at the initiation and end of treatment using the SynergyTM Hybrid Multi-Mode
Microplate Reader (BioTek, Winooski, VT). A one-way ANOVA with Sidak’s multiple
comparison test was used to calculate significance for all nutrient deprivation experiments.
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Hypoxia treatment
Cells were grown for indicated times in a 37ÕC cell incubator supplied with 2% O2 (Hypoxia) or
21% O2 (Normoxia). For proliferation assay, cells were trypsinized, and counted using the Z1
Coulter Particle Counter (Beckman Coulter Life Sciences, Brea, CA) at the start and end of the
experiment. Percent survival was calculated by comparing the final cell numbers to the initial cell
numbers. For western blot, cells were washed quickly with ice-cold PBS and lysed in urea buffer.

Immunohistochemistry analysis
Mouse kidney tumors were fixed in 10% neutral buffered formalin and paraffin-embedded sections
were used for all IHC analyses. Unstained slides were deparaffinized, rehydrated, and heated in
antigen retrieval buffer (IHC-TekTM Epitope Retrieval Solution, IHC World LLC, Woodstock, MD
or TRIS solution (10mM Tris Base, 1mM EDTA Solution, 0.05% Tween 20, pH 9.0)) for 30 min
at 95°C. Ki67 (1:200, #RM-9106, ThermoFisher Scientific), GLUT1 (1:5000, #07-1401, Millipore
Sigma), PIMO (Hypoxyprobe, 1:500, #HP1, Hypoxyprobe, Inc.) and LAMP1 (1:200, #9091s,
CST) stained tissues received IHC-TekTM antigen retrieval buffer and YAP (1: 25, #4912s, Cell
signaling Technology, CST, Danvers, MA), TAZ (1:200, #4883s, CST), and pH2AX (1:100,
#9718s, CST) received TRIS antigen retrieval solution. Once the slides were cooled to room
temperature, they were washed twice with PBS, treated with 3% H2O2 in H2O for 10 minutes,
washed twice with PBST (PBS with 0.05% Tween 20), and blocked with 2% horse serum in PDT
(PBS + 1% Triton X-100). After removing the blocking solution, primary antibody dilutions (in
PDT + 2% horse serum) were added and the slides were incubated overnight at 4°C. The next day,
the slides were washed 5 times in PBST and then incubated with their corresponding HRPconjugated secondary antibodies (Vector Laboratories, Burlingame, CA) for 1 hour at room
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temperature. Slides were washed 3 times with PBST and staining was visualized using ImmPACT
DAB EqV HRP substrate (Vector Laboratories) according to the manufacturers instructions. The
slides were counterstained with Haematoxylin for 1 minute, washed for 5 minutes with running
H2O, dehydrated, and mounted. Finished IHC slides were scanned using the Leica SCN400 F
whole-slide scanner (NYU OCS Experimental Pathology Histology Core Lab, New York, New
York) and images were analyzed using the Leica Digital Image Hub (Leica, Buffalo Grove, IL).
All quantification was conducted using ImageJ software and data from at least 5 slides or fields
per sample was obtained. For all quantification with 3 sample groups, one-way ANOVA using
Tukey’s multiple comparison test was used to calculate statistical significance.

Annexin V/sytox flow cytometry analysis
Cells were cultured in the indicated conditions, collected after 3 days for analysis. Cells were
stained according to the Annexin V staining protocol (BioLegend) and Sytox Blue (Thermo Fisher
Scientific) was added immediately prior to Flow Cytometry analysis at a final concentration of 1
µM.

Glucose uptake-GloTM and ROS-GloTM H2O2 assays
Cells were cultured in 24-well plates for Glucose Uptake assay or 96-well plates for ROS assay
and the respective experiments were conducted according to the manufacturer’s instructions
(Promega, Madison, WI). Luminescence was normalized using the average crystal violet staining
absorbance of 3 replicates plated in parallel of experimental samples. For crystal violet staining,
cells were fixed in 4% paraformaldehyde, stained overnight with crystal violet solution containing
0.1% crystal violet (Alfa Aesar) in 10% Ethanol, washed with distilled water until excess solution
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was removed, and dried at room temperature. Crystal violet absorbance was measured at 595nm
using SynergyTM Hybrid Multi-Mode Microplate Reader (BioTek). One-way ANOVA using
Sidak’s multiple comparison test was used to calculate significance of ROS measurements in
nutrient deprivation conditions.

Seahorse glycolysis and mitochondrial stress tests
Unless otherwise indicated, 100,000 Ctrl and shY/T cells were plated in regular growth medium
on 2% Geltrex (ThermoFisher Scientific) coated 96-well Seahorse plates (Agilent Santa Clara,
CA) and allowed to attach overnight. After a brief wash with serum-free media, the cells were
incubated for additional 24hrs in serum-free media, at which point the media was replaced for an
hour with glucose/glutamine/NaHCO3-free RPMI or DMEM (for SN12C and SC4, respectively)
prior to initiation of ECAR measurements or with NaHCO3-free RPMI or DMEM prior to
initiation of OCR measurements. All medium was pH adjusted to 7.4 before administering. Tests
were carried out according to manufacturer’s instructions (Agilent) using the Seahorse XFe96
Analyzer. For glycolysis analysis, glucose (Millipore Sigma), oligomycin (Millipore Sigma), and
2-DG (TCI LAB, Riverside, CA) were injected sequentially at final concentrations of 11 mM, 2
μM, and 50 mM, respectively. For standard Mitochondrial Stress test, oligomycin (Millipore
Sigma), FCCP (Millipore Sigma), Rotenone (Millipore Sigma), Antimycin A (Millipore Sigma)
were injected sequentially at final concentrations of 2 μM, 2 μM, 0.5 μM, and 0.5 μM, respectively.
For OCR measurements following injections of either Glutamine or Pyruvate, final concentrations
of 2 mM and 10 mM were used, respectively. For Complex I and Complex II assays, cells were
permeabilized for 1 hour at 37°C in mitochondrial assay buffer (70 mM sucrose, 220 mM mannitol,
10 mM KH2PO4, 1 mM EGTA, and 2% [w/v] fatty acid free BSA, pH=7.4) supplemented with 10
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mM ADP and 50 µg/mL saponin and all injections were dissolved in this buffer 113. To determine
Complex I activities, pyruvate (Thermo Fisher Scientific), malate (Alfa Aesar), Rotenone,
Atpenine A5 (Cayman Chemicals), and Antimycin A were injected sequentially at final
concentrations of 10 mM, 5 mM, 0.5 μM ,1 μM, and 0.5 μM, respectively. To determine Complex
II activities, Rotenone, succinate (Acros Organics), Atpenin A5, and Antimycin A were injected
sequentially at final concentrations of 0.5 μM, 10 mM, 1 μM, and 0.5 μM, respectively. All raw
data were normalized to total protein amounts analyzed using the Pierce BCA Protein Assay Kit
(ThermoFisher Scientific).

Microarray analysis
Ctrl and shY/T SN12C cells grown in serum-free medium for 24 hours were extracted for total
mRNA using the RNAeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Total mRNA were amplified, labeled, and hybridized to the Illumina HumanHT-12
V4 Expression Array at the University of Chicago Genomics Facility, Chicago, IL. Raw intensity
data was background corrected, normalized, and differential expression was calculated using the
Bioconductor limma package in R. The Broad Institute’s GSEA Java-based software was used to
determine enrichment scores, significance of enrichment, and enrichment plots. The heatmap was
generated using excel conditional formatting based on normalized raw expression values.

Western blot analysis
Cells were grown for 24 hours in serum-free medium in the presence of various inhibitors unless
indicated otherwise. After a brief wash with cold PBS, cells were lysed in urea buffer (9.5 M urea,
2% CHAPS), adjusted to similar concentrations, mixed with 6x SDS loading dye, heated at 95°C
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for 10 minutes, and subjected to SDS-polyacrylamide gel electrophoresis and semi-dry transferring
to PVDF membranes. For analysis of OXPHOS complexes, 2x107 Ctrl and shY/T cells were
harvested and either saved as whole cell extract (WCE) or processed using the Mitochondria
Isolation Kit for cultured cells according to the manufacturer’ instructions (Thermo Fisher
Scientific). The WCE and mitochondrial-enriched fraction were resuspended in RIPA buffer for
western blot analysis. Primary antibodies used are listed in Table S2. Inhibitor information can be
found in Table S1.

LC-MS/MS targeted metabolomic analysis
After 5 days of Dox pre-treatment, SC4 cells were washed twice with DMEM and incubated for
additional 24 hours in Dox-containing DMEM. The next day cells were washed with ice-cold
HPLC grade PBS, drained, snap-frozen in liquid nitrogen and stored at -80°C until further
processing. Metabolite extraction was conducted in 50% methanol, 30% ACN, and 20% water at
1 mL/1x106 cells 114. Samples were then vortexed for 5 min at 4°C followed by centrifugation at
16,000 g for 15 minutes at 4°C. The supernatants were collected and separated by liquid
chromatography–mass spectrometry using SeQuant ZIC-pHilic column (Millipore Sigma). The
solvent for aqueous mobile-phase 20 mM ammonium carbonate with 0.1% ammonium hydroxide
solution and the solvent for organic mobile phase was acetonitrile. To separate the metabolites, a
linear gradient from 80% organic to 80% aqueous for 15 minutes with a column temperature of
48°C and a flow rate of 200 μl/min was used. The metabolites were detected across a mass range
of 75–1,000 m/z using the Q-Exactive mass spectrometer at a resolution of 35,000 (at 200 m/z)
with electrospray ionization and polarity switching mode

114

. Lock masses were used to insure

mass accuracy below 5 ppm. The Thermo TraceFinder software was used to determine the peak
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areas of different metabolites using the exact mass of the singly charged ion and known retention
time on the HPLC column.

qRT-PCR analysis
Ctrl and shY/T SN12C cells grown for 24 hours in serum-free medium were harvested for total
mRNA using the RNAeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Reverse transcription was conducted using the iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA) and the resulting cDNA products were amplified with iTaq Universal SYBR Green
Supermix (Bio-Rad) in triplicates. Gene expression fold change was calculated as a unit value of
2-ΔCt=2-[Ct(HPRT)-Ct(Gene

of Interest)]]

. Data is represented by mean, minimum, and maximum of all

replicates.

CellROX analysis
To measure total cell ROS levels, CellROX Deep Red reagent (ThermoFisher Scientific) was
added to culture medium at a final concentration of 5 μM and incubated for 30 minutes at 37°C.
Cells were then trypsinized, resuspended in culture medium, and centrifuged at 500G for 5
minutes. The supernatant was removed and the cell pellet was resuspended in PBS, filtered through
a 35 μm strainer and 30,000 cells were analyzed by flow cytometry. Data were analyzed from three
independent experiments.

MitoTracker analysis
Cells were trypsinized, resuspended in culture medium, and centrifuged at 500G for 5 minutes.
Supernatant was removed and 100 nM MitoTracker Deep Red (Thermo Fisher Scientific) in PBS
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was added to each sample followed by a 30 minute incubation at 37°C. Cells were centrifuged at
500 G for 5 minutes and supernatant was removed. Cells were resuspended in PBS and 30,000
cells were analyzed by flow cytometry.

Immunofluorescence analysis
Cells were plated on coverslips coated with a solution of 2% Geltrex (Thermo Fisher Scientific)
in media and subjected to the indicated nutrient treatments for the specified time periods. Cells
were then fixed in 4% paraformaldehyde for 30 minutes and washed 2 times with PBS. Next, cells
were permeabilized using 0.3% Triton X-100 in PBS for 15 minutes, washed twice with PBST
(PBS + 0.1% Tween-20), and blocked in 5% appropriate serum in PBST. Coverslips were then
incubated with primary anti-GLUT1 (#07-1401, Millipore Sigma), anti-mito (#MAB1273,
Millipore Sigma), or anti-LAMP1 (#9091s, CST) antibodies diluted in PBST for 45 minutes at
37°C. After 5 washes in PBST, fluorescein-conjugated secondary antibodies diluted in PBST
(1:200) were added to the coverslips and incubated for 1 hour at room temperature. Coverslips
were washed again and mounted on glass slides using FluoroshieldTM with Dapi (Millipore Sigma)
mounting medium. Confocal fluorescent images were acquired using Leica SP8 Confocal
microscope and quantification analysis was conducted using ImageJ software.

Electron microscopy
Cells grown to ~80% confluence on 60mm cell culture dishes were fixed with 2.5%
glutaraldehyde, 1% paraformaldehyde in 0.12M sodium cacodylate buffer pH 7.4 for one hour at
room temperature. After buffer washes, cells were fixed in 1% osmium tetroxide for one hour.
Following washes, cells were en bloc stained with 1% uranyl acetate in water overnight. The cells
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were then dehydrated through an ethanol series and infiltrated with epoxy resin (LX112, Ladd
Research Industries, Inc.). Inverted Beem capsules were placed into each tissue culture dish to
create on face blockfaces for sectioning, cured for 48 hr at 60oC. The 70 nm sections were poststained with 1% uranyl acetate and lead citrate before imaging in the FEI ThermoFisher Talos 200
KV TEM operated at 80 KV.

Mitosox, mitotracker, and acridine orange IF analysis
Ctrl and shY/T SN12C cells were plated in normal growth media on coverslips coated with 2%
Geltrex. On the next day, cells on coverslips were washed and incubated in RPMI for additional
24 hours. 5 nM Mitosox (ThermoFisher Scientific) and 50 nM MitoTracker Deep Red FM
(ThermoFisher Scientific) were added to the media and incubated for 25 minutes at 37°C. For
acridine orange staining, 10 μg/ml was added to the media and incubated for 20 minutes at 37°C.
Cells were then washed twice with PBS, mounted on glass slides using FluoroshieldTM and
immediately imaged at 63x on the Leica SP8 Confocal microscope 115,116.

Mitochondrial DNA copy number analysis
2x106 Ctrl and shY/T SN12C cells were harvested and total DNA was extracted using Prepease®
Genomic DNA Isolation Kit (Affymetrix, Santa Clara, CA) and analyzed by RT-PCR using
GoTaq® Green Master Mix (Promega) with primer sets that specifically detect nuclear (nucDNA)
and mitochondrial (mtDNA). Primer sequences are as follows: nucDNA forward 5’
TGCTGTCTCCATGTTTGATGTATCT 3’ and reverse 5’ TCTCTGCTCCCCACCTCTAAGT
3’;

mtDNA

forward

5’

CACCCAAGAACAGGGTTTGT

3’

and

reverse

5’

TGGCCATGGGTATGTTGTTA 3’. PCR conditions and sequences of the nuclear and
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mitochondrial primers were reported previously

117

. The final PCR products were run on 2%

agarose gel and visualized by UV light.

NAD/NADH-GloTM, NADP/NADPH-GloTM, and GSH/GSSG-GloTM assays
Cells grown for 24hrs in serum-free medium were processed for the NAD/NADH-GloTM,
NADP/NADPH-GloTM, or GSH/GSSG-GloTM assays (Promega) according to the manufacturer’s
instructions. At the time of the assay, the cell numbers of 3 replicates plated in parallel with
experimental samples were counted using the Z1 Coulter Particle Counter (Beckman Coulter Life
Sciences) and the average cell number was used to normalize luciferase readings.

Drug IC-50 studies
Cells were plated at optimized seeding densities to reach 60-70% confluence on the next day, at
which point the media were replaced with serum-free medium containing Dox and serially diluted
compounds or vehicle control. SC4 cells in Figure 3B were plated on 384-well plates using a
MicrodropTM Combi Reagent Dispenser (Thermo Fisher) and the next day serial dilutions were
prepared in DMSO and added to the wells using the Janus Automated Workstation (Perkin Elmer).
After incubation for indicated time, cell viability was measured using the CellTiter-Glo
Luminescence Cell Viability assay (Promega) or ATPlite Luminescence Assay (Perkin Elmer) for
Figure 3B. Percent viability for each cell lines was calculated based on vehicle control.

pH measurements
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Cells were plated at the same time with optimized seeding densities that ensure all cell lines to
reach 80% confluence at the time of measurement. Medium supernatant was collected and
measured using the Thermo Scientific™ Orion™ 3-Star Benchtop pH Meter after calibration.

Intracellular calcium assay
Cells were grown for indicated time in serum-free medium, washed with ice-cold PBS, collected
in 100mM Tris pH7.5 buffer using cell scraper, and processed using the Calcium Assay Kit
(Cayman Chemicals) according to the manufacturer’s instructions. The calcium concentrations
were normalized to the protein concentrations determined using Bradford Protein Assay (BioRad).

LysoBrite blue analysis
Cells were treated with 1x Lysobrite Blue (Cayman Chemical) for 45 minutes at 37°C. Cells were
then trypsinized, resuspended in culture medium, and centrifuged at 500G for 5 minutes and
analyzed by flow cytometry.

Correlation analysis in primary RCC tumors
First, we used a published ranked genelist whose order is reflective of each gene’s relative
similarity across CCLE cell lines
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to identify groups of gene whose expression correlates with

YAP/TAZ expression by summing the log2FC of Ctrl vs shY/T determined by our microarray
analysis in SN12C cells for each gene across 20-gene increments. Once we determined the
placement on the ranked genelist where the ålog2FC was the greatest, we broadened the 20-gene
window to include adjacent genes with similar log2FC values. This list of 44 genes was identified
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as the YAP/TAZ transcription signature geneset (Table S3), which was used to stratify RNAseq
data from primary ccRCC (TCGA-KIRC) and pRCC (TCGA-KIRP) tumors downloaded from the
GDC Data Portal (https://portal.gdc.cancer.gov/).
For analysis of TCGA-KIRC dataset, samples were first classified as VHL-mutant or VHL-WT
based on their corresponding mutation, copy number and RNAseq data, yielding 96/446 (21.5%)
VHL-WT ccRCC tumors for the subsequent analyses (Table S4). Unsupervised hierarchical
clustering was conducted using the above-described YAP/TAZ transcription signature (Table S4)
against 97 VHL-WT ccRCC tumors or all 287 TCGA-KIRP pRCC tumors with RNAseq data. We
designated the groups with the highest and lowest expression of YAP/TAZ transcription signature
from each tumor dataset as YAP/TAZ-High and YAP/TAZ-Low groups, respectively. Assessment
of the relative expression of glycolysis, OXPHOS, and lysosomal genes between the YAP/TAZHigh and YAP/TAZ-Low groups was conducted by calculating the Z score for each gene within
the geneset and then averaging the Z scores for each sample. Kaplan-Meier survival analysis was
conducted using the TCGA_biolinks package in R.

Quantification and statistical analysis
Graphpad Prism was used to conduct all statistical analysis unless otherwise stated. Statistical tests
are indicated in figure legends for the respective experiments. Kaplan-Meier survival curve was
used to analyze the survival differences between experimental groups. Significance was
determined as a p-value of 0.05 or less. Error bars on all graphs indicate standard deviation unless
stated otherwise in the figure legend. Unless stated otherwise, data for each method were analyzed
from three independent experiments.
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Data and software availability
Microarray datasets have been deposited to NCBI’s Gene Expression Omnibus. They are
accessible through the accession number GEO: GSE125408.
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1.5 FIGURES
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Figure 1. YAP/TAZ are required for the maintenance of NF2 mutant kidney tumors.
(A) Schematic of the experimental design. Mice bearing orthotopic Ctrl or shY/T SN12C kidney
tumors were switched to a Dox-containing diet once their tumor luminescence flux reached ~108
photons/second via Bioluminescent Imaging (BLI).
(B) Log2 fold change (FC) in BLI signal from the start of Dox treatment (top) and absolute FC in
BLI signal over indicated time periods (bottom) of individual Ctrl (n=5) and shY/T (n=6) tumors.
Note that the growth trajectories of Ctrl tumors remained largely steady, whereas shY/T tumors
regressed initially (shY/T Regress), followed by a period of stagnant growth (shY/T Stagnant) but
eventually resumed growth despite continued Dox treatment (shY/T Escape).
(C) Representative sequential BLI images of two mice bearing Ctrl or shY/T SN12C orthotopic
kidney tumors prior to (Pre) or after 2 weeks of Dox treatment (Post). Scale is in photons/second.
(D) Kaplan-Meier survival analysis of mice bearing Ctrl (n=5) or shY/T (n=6) SN12C tumors from
the start of Dox treatment. **P<0.005.
(E) Representative images of IHC staining with indicated antibodies in Ctrl and shY/T tumors
harvested during tumor regression (R) or escape (E). Scale bar = 100 μm.
(F, G) Quantification of Ki67 (F) and pH2AX (G) IHC staining as depicted in (E). ns = not
significant; *P<0.05; **P<0.005; ***P<0.0005.
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Figure

2.

YAP/TAZ

activate

RTK-PI3K-AKT

to

promote

glycolysis-dependent

proliferation.
(A, B) Percent change in fluorescence of Ctrl and shY/T SN12C cells cultured for 3 days in
medium containing indicated concentrations of Glc (A) or Gln (B) (n=3). Dashed-line indicates
no change in fluorescent signals post to prior to treatment. ns: not significant; *P<0.05; **P<0.005;
***P<0.0005.
(C) Extracellular acidification rates (ECAR) of Ctrl and shY/T SN12C cells before or after
indicated treatments (n=6). Glc: glucose; Oligo: Oligomycin; 2-DG: 2-Deoxy-D-glucose.
***P<0.0005.
(D) Relative mRNA levels of GLUT1-3 in Ctrl and shY/T SN12C cells as measured by qRT-PCR
analysis (n=4). ns: not significant; **P<0.005; ***P<0.0005.
(E) Log2FC of indicated glycolytic enzymes (red) and growth factors (blue) transcript levels from
microarray analysis of Ctrl and shY/T SN12C cells (n=3). *P<0.05; **P<0.005; ***P<0.0005.
Data represent mean ± SD.
(F) Percent change in fluorescence of Ctrl, shY/T, and shY/T SN12C cells stably expressing
GLUT3 (shY/T+GLUT3) SN12C cells after grown for 3 days in medium containing both glucose
and glutamine (++), or deprived of either glucose (-Glc) or glutamine (-Gln) (n=3). ns = not
significant; **P<0.005; ***P<0.0005.
(G) Representative images of GLUT1 IHC staining in Ctrl and shY/T SN12C tumors. Scale bar =
50 μm.
(H) Western Blot (WB) analysis of Ctrl and shY/T SN12C cells after grown for 24 hours in
medium containing both glucose and glutamine (++), or deprived of either glucose (-Glc) or
glutamine (-Gln) with indicated antibodies. ACTIN was used as loading control.
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(I) Representative IF images of GLUT1 in shY/T and shY/T+MyrAKT SN12C cells. Scale = 25
μm.
(J, K) Change from baseline ECAR following injections of glucose (J) or oligomycin (K) of Ctrl,
shY/T, and shY/T SN12C cells stably expressing MyrAKT1 (shY/T+MyrAKT1) (n=6). *P<0.05;
**P<0.005; ***P<0.0005.
(L) Percent change in fluorescence of Ctrl, shY/T, and shY/T+MyrAKT1 SN12C cells after grown
for 3 days in medium containing both glucose and glutamine (++), or deprived of either glucose (Glc) or glutamine (-Gln) (n=3). ns = not significant; ***P<0.0005.
(M) Schematic illustrating a working model based on the results so far of how YAP/TAZ promote
glycolysis.
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Figure 3. YAP/TAZ maintain redox balance and prevent oxidative stress-induced cell death
by promoting glycolysis while reducing mitochondrial respiratory capacity.
(A) Oxidative consumption rates (OCR) of Ctrl and shY/T SN12C cells before or after indicated
treatments (n=6). Rot: Rotenone; AMA: Antimycin A. ***P<0.0005. Data represent mean ± SD.
(B) Representative flow cytometry profiles of shY/T SN12C cells treated with Dox for indicated
time periods followed by staining with CellROX Deep Red or MitoTracker Deep Red FM.
(C) Representative images of mitochondria IF staining (left) and electron microscopy (EM)
analysis (right) of GFP-labeled Ctrl and shY/T SN12C cells. Asterisks mark the mitochondria.
Scale bars = 20 μm (left) and 1 μm (right).
(D) Quantification of the length of individual mitochondria captured in EM images. ***P<0.0005.
(E) WB analysis of indicated subunits of oxidative phosphorylation (OXPHOS) complexes I-V in
Ctrl and shY/T whole cell extract (WCE) and mitochondrial-enriched subcellular fractions.
TUBULIN was used as loading control.
(F) Representative images (left) and quantification (right) of Ctrl and shY/T SN12C cells costained with Mitosox Red and MitoTracker green. *P<0.05. Scale = 25 μm.
(G) Simplified schematic illustrating TCA cycle and OXPHOS with metabolites of interest
highlighted in blue and OXPHOS inhibitors highlighted in red. Gln: glutamine; Pyr: pyruvate;
Mal: malate; Succ: succinate; AA5: Atpenin A5.
(H) OCR of permeabilized Ctrl and shY/T SN12C cells before or after indicated treatments (n=5).
***P<0.0005.
(I) NAD+/NADH, NADP+/NADPH and GSH/GSSG ratios in Ctrl and shY/T SN12C cells as
measured by NAD/NADH-Glo, NADP/NADPH-Glo and GSH/GSSG-Glo Assays (n=3).
**P<0.005; ***P<0.0005.
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(J) Luminescence readings (RLU) from ROS-Glo H2O2 Assay of Ctrl and shY/T SN12C cells after
grown for 24 hours in medium containing both glucose and glutamine (++), or deprived of either
glucose (-Glc) or glutamine (-Gln) (n=4). ***P<0.0005.
(K) Percent change in fluorescence of Ctrl and shY/T SN12C cells after grown for 3 days with
glutathione (GSH) in medium deprived of either glucose (-Glc) or glutamine (-Gln) (n=3). ns =
not significant; **P<0.005. Data represent mean ± SEM.
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Figure 4. YAP/TAZ silencing upregulates cytosolic pH and calcium levels and cAMPPKA/EPAC signaling, leading to non-canonical activation and increased dependency on the
RAF-MEK-ERK pathway.
(A) Percent of viability of Ctrl and shY/T SN12C cells treated for 3 days with the increasing
concentrations of MEK inhibitor Trametinib (left) or pan-RAF inhibitor LY3009120 (right)
compared to vehicle control (n=4).
(B) Heat map depicting IC50 values of Ctrl and shY/T SC4 cells treated for 3 days with the
indicated inhibitors.
(C) WB analysis of Ctrl and shY/T SN12C cells after grown for 24 hours in medium containing
both glucose and glutamine (++), or deprived of either glucose (-Glc) or glutamine (-Gln) using
antibodies as indicated. ACTIN was used as loading control.
(D) WB analysis of pERK or pAKT levels in Ctrl and shY/T SN12C cells treated overnight with
DMSO control or indicated inhibitors. Samples separated by dashed-lines were run on the same
blots. VINCULIN (VINC) was used as loading control.
(E) WB analysis of pERK levels in shY/T SN12C cells treated overnight with DMSO control (-),
Trametinib, or inhibitors targeting GPCRs (lanes 3-6), soluble Adenyl Cyclase (lane 7), or
PKA/EPAC (lanes 8-10). VINC was used as loading control. SCH: SCH 2020676; Sot: Sotalol;
GRA-1: Glucagon Receptor Agonist 1.
(F) WB analysis of pERK or pAKT levels in Ctrl and shY/T SN12C cells treated overnight with
Rp-cAMP (+) or vehicle control (-). VINC was used as loading control.
(G) Media pH from Ctrl and shY/T SN12C cells grown for 2 days without NaHCO3 supplement.
***P<0.0005.
(H) Intracellular calcium concentration (con) in Ctrl and shY/T SN12C cells. ***P<0.0005.
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(I-K) WB analysis of pERK levels in shY/T SN12C cells treated for 1 hour with 0, 3, 6, or 12 mM
HCl (I), or for 3 hours with 0, 1.6, 6.5, or 13 μM calcium chelator BAPTA (J), or overnight with
vehicle control or indicated compounds (K). VINC was used as loading control.
(L) Schematic illustrating the signaling cascade induced by YAP/TAZ knockdown (KD) that
causes non-canonical activation of the pro-survival RAF-MEK-ERK pathway. Compounds in
purple indicate the inhibitors used to delineate this signaling pathway.
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Figure 5. NF2 mutant tumor cells adapt to YAP/TAZ depletion through lysosomal biogenesis
and ERK activation.
(A) Heatmap depicting the relative mRNA expression of indicated lysosomal genes in Ctrl and
shY/T SN12C cells as determined by microarray analysis (n=3).
(B) Representative images (left) and quantification (right) of IF staining for LAMP1 (green) and
DAPI (blue) in Ctrl and shY/T SN12C cells after 2, 4, 5, or 8 days of Dox treatment. ns: not
significant; **P<0.005. Scale = 25 μm.
(C) Representative images (left) and quantification (right) of LAMP1 IHC staining in Ctrl and
shY/T SN12C tumors. *P<0.05. Scale = 25 μm.
(D, E) Media pH (D) or intracellular calcium concentration (E) from shY/T SN12C cell after
grown overnight with 0 or 0.3 μM Bafilomycin (Baf). ***P<0.0005.
(F) WB analysis of pERK levels in shY/T SN12C cells treated for 3 hours with 0, 0.1, 0.2, 0.3,
0.4, or 0.5 μM Baf. VINC used as loading control.
(G) WB analysis of pERK levels in shY/T SN12C cells treated for 3 hours with 0.3 μM Baf and/or
25mM NaHCO3 as indicated. VINC was used as loading control.
(H) Growth curves of subcutaneously implanted Ctrl (n=4) and shY/T (n=6 per group) SC4
schwannomas treated with vehicle control, Trametinib, and/or Dox diet. **P<0.0005;
***P<0.0005.
(I) Schematic illustrating a working model based on our results of how YAP/TAZ silencing
elevates lysosomal biogenesis, which in turn upregulates cytosolic pH and calcium levels,
initiating the sAC-cAMP-PKA/EPAC-RAF-MEK-ERK signaling cascade that promotes cell
survival.
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Figure 6. YAP/TAZ transcription signature correlates with the metabolic states of primary
RCC tumors.
(A) Schematic illustrating the method used to generate a YAP/TAZ transcription signature geneset
(left) and heatmaps depicting results from unsupervised clustering of TCGA pRCC tumors
(n=287) and VHL-WT ccRCC tumors (n=96) using YAP/TAZ transcription signature (right).
Log2FC in mRNA levels between Ctrl and shY/T SN12C cells were filtered through a published
ranked gene list based on their expression similarities across 1,037 cell lines from Cancer Cell
Line Encyclopedia (CCLE) to identify a high confidence YAP/TAZ transcription signature
containing 44 genes whose expression is regulated by YAP/TAZ and most closely associated with
YAP/TAZ across CCLE cell lines. Dotted boxes indicate YAP/TAZ-High (Y/T-High) and
YAP/TAZ-Low (Y/T-Low) sample groups used for subsequent analyses.
(B, C) Average Z scores of glycolysis, OXPHOS, and lysosome genesets in Y/T-High and Y/Tlow pRCC (B) and VHL-WT ccRCC (C) tumors from (A). **P<0.005; ***P<0.0005.
(D, E) Kaplan Meier survival analysis of pRCC (D) and VHL-WT ccRCC (E) patients from
Y/T-High and Y/T-low groups from (A).

55

Figure S1. The in vitro and in vivo effects of YAP/TAZ depletion on NF2 mutant tumor cells.
Related to Figure 1.
(A) WB analysis of YAP and TAZ levels in shY/T SN12C cells grown for 4 days in the presence
or absence of Dox. ACTIN was used as loading control.
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(B) Correlation between final BLI measurements prior to dissection and volume of resected
tumors.
(C) Luminescence signal of increasing cell numbers of shY/T SN12C cells grown for 3 days with
or without Dox.
(D) Representative IHC images of YAP or TAZ in a matched region of shY/T Escape and Ctrl
SN12C tumors. Scale bar = 1 mm.
(E) Percent change in fluorescence of Ctrl and shY/T SN12C cells after grown for 3 days in
medium with or without FBS (n=3). ***P<0.0005. Data represent mean ± SD.
(F) WB analysis of YAP and TAZ levels in Ctrl and shY/T SC4 cells after 4 days of Dox treatment.
ACTIN was used as loading control.
(G) Percent change in fluorescence of Ctrl and shY/T SC4 cells after grown for 3 days in medium
with or without FBS (n=3). Dashed-line indicates no change in fluorescence. ***P<0.0005. Data
represent mean ± SD.
(H) Percent change in fluorescence of Ctrl and shY/T SN12C cells after grown for 3 days in
Normoxia (21% O2) or Hypoxia (2% O2) (n=3). ns = not significant. Data represent mean ± SD.
(I) WB analysis of HIF1a, YAP and TAZ levels in Ctrl and shY/T SN12C cells after grown for 6
hours in Normoxia (21% O2) or Hypoxia (2% O2). ACTIN was used as loading control.

57

58

Figure S2. YAP/TAZ promote glycolysis and reduce glutamine dependence in NF2 mutant
cells. Related to Figure 2.
(A) Percent change in fluorescence of Ctrl and shY/T SN12C cells after grown for 3 days in
medium containing both glucose and glutamine (++), or deprived of either glucose (-Glc) or
glutamine (-Gln) (n=3). ns: not significant; *P<0.05; ***P<0.0005. Data represent mean ± SD.
(B) Percentage of AnnexinV/Sytox double positive cells of Ctrl and shY/T SN12C cells after
grown for 3 days in medium containing both glucose and glutamine (++), or deprived of either
glucose (-Glc) or glutamine (-Gln) (n=3). ns: not significant; **P<0.005; ***P<0.0005. Data
represent mean ± SD.
(C) Percent change in fluorescence of Ctrl and shY/T SC4 cells after grown for 3 days in medium
containing both glucose and glutamine (++), or deprived of either glucose (-Glc) or glutamine (Gln) (n=3). ns: not significant; *P<0.05; ***P<0.0005. Data represent mean mean ± SD.
(D) Percent change in fluorescence of shY/T cells stably expressing TAZ (shY/T+TAZ), shY/T,
or Ctrl SN12C cells after grown for 3 days in medium containing both glucose and glutamine (++),
or deprived of either glucose (-Glc) or glutamine (-Gln) (n=3). ns: not significant; ***P<0.0005.
Data represent mean ± SD.
(E) Percent change in fluorescence of SN12C cells with single knockdown of YAP (shY), TAZ
(shT), both (shY/T), or Ctrl after grown for 3 days in medium containing both glucose and
glutamine (++), or deprived of either glucose (-Glc) or glutamine (-Gln) (n=3). ns: not significant;
*P<0.05; ***P<0.0005. Data represent mean ± SD.
(F) Percent change in fluorescence of Ctrl and shY/T SN12C cells after grown for 3 days in media
salt base alone or salt base supplemented with either glucose (+Glc) or glutamine (+Gln) (n=3). ns
= not significant; **P<0.005. Data represent mean ± SD.

59

(G) Luminescence readings (RLU) from Glucose Uptake-Glo Assay of Ctrl and shY/T SN12C
cells (n=3). ***P<0.0005. Data represent mean ± SD.
(H-I) ECARs of shY/T and shY/T+TAZ (H) or shY/T+YAP (I) SN12C cells before or after
indicated treatments (n=6). ***P<0.0005. Data represent mean ± SD.
(J) Log2 FC in the levels of indicated glycolysis and TCA cycle intermediates in shY/T relative
to Ctrl SC4 cells as measured by targeted LC-MS/MS analysis (n=6). ns = not significant;
**P<0.005; ***P<0.0005.
(K) Percent change in fluorescence of Ctrl and shY/T SN12C cells after grown for 3 days in
presence or absence of glucose and/or galactose (Gal) as indicated (n=3). ns = not significant;
*P<0.05; ***P<0.0005. Data represent mean ± SD.
(L) Relative mRNA levels of GLUT3 in shY/T cells stably expressing GLUT3 (shY/T+GLUT3)
and shY/T SN12C cells as measured by qRT-PCR analysis (n=4). ***P<0.0005.
(M) WB analysis of pAKT levels in Ctrl and shY/T SN12C cells treated for 30 minutes with RPMI
conditioned medium (CM) collected after a 3-day incubation with a cell-free plate (RPMI), Ctrl
(Ctrl CM) or shY/T (shY/T CM) SN12C cells. ERK was used as loading control.
(N) WB analysis of pAKT and p4EBP1 levels in Ctrl and shY/T SN12C cells at indicated times
after addition of EGF. ACTIN was used as loading control.
(O) WB analysis of pAKT and pS6 levels in shY/T and shY/T+MyrAKT SN12C cells. ERK was
used as loading control.
(P) Percent growth of Ctrl and shY/T SN12C cells after grown for 3 days in medium without
(++) or with either GSH or EGF supplement (n=3). Dashed-line indicates no growth. ns: not
significant; **P<0.005. Data represent mean ± SD.
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Figure S3. YAP/TAZ inhibit mitochondria respiratory capacity and ROS production
independent of RTK-AKT signaling and mitochondrial biogenesis. Related to Figure 3.
(A) Percent change in fluorescence of Ctrl and shY/T SN12C cells after grown for 3 days with or
without EGF supplement in medium deprived of either glucose (-Glc) or glutamine (-Gln) (n=3).
ns: not significant. Data represent mean ± SD.
(B) Percent change in fluorescence of Ctrl SN12C cells after 3 days of treatment with indicated
RTK inhibitors in medium with (++) or without glutamine (-Gln) (n=3). ns: not significant;
*P<0.05; **P<0.005; ***P<0.0005. Data represent mean ± SD.
(C) Luminescence readings (RLU) from ATP-Glo Assay of Ctrl and shY/T SN12C cells (n=3).
***P<0.0005. Data represent mean ± SD.
(D) ATP levels in Ctrl and shY/T SC4 cells as measured by LC-MS/MS (n=6). ***P<0.0005. Data
represent mean ± SD.
(E-F) Representative flow cytometry profiles and quantification of Ctrl, shY/T, and shY/T+TAZ
SN12C cells stained with CellROX Deep Red (E) or MitoTracker Deep Red FM (F). ns = not
significant; ***P<0.0005.
(G) Median fluorescence (Fluor) intensity of Ctrl and shY/T SC4 cells (n=3) stained with CellROX
Deep Red or MitoTracker Deep Red FM. *P<0.05.
(H) PCR analysis of total DNA extracted from Ctrl and shY/T SN12C cells with primers
specifically targeting mitochondrial (mt) or genomic (nuc) DNA.
(I-J) Representative flow cytometry profiles and quantification of Ctrl, shY/T, and shY/T+AKT1
SN12C cells stained with MitoTracker Deep Red FM (I) or CellROX Deep Red (J). ns = not
significant; **P<0.005; ***P<0.0005.
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(K) OCRs of Ctrl and shY/T SN12C cells before or after indicated treatments (n=6).
***P<0.0005. Data represent mean ± SD.
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Figure S4. YAP/TAZ-depleted NF2 mutant tumor cells rely on non-canonical activation of
the RAF-MEK-ERK pathway for survival. Related to Figure 4.
(A) WB analysis with indicated antibodies of shY/T SN12C cells treated with Dox for indicated
days. VINC was used as loading control.
(B) WB analysis with indicated antibodies of Ctrl and shY/T SC4 cells after 4 days of Dox
treatment. VINC was used as loading control.
(C) Percent change in fluorescence of Ctrl and shY/T SN12C cells after grown for 3 days with or
without Trametinib in medium containing both glucose and glutamine (++), or deprived of either
glucose (-Glc) or glutamine (-Gln) (n=3). ns: not significant; *P<0.05; **P<0.005; ***P<0.0005.
Data represent mean ± SD.
(D) Heat map depicting IC50 values of Ctrl and shY/T SC4 cells treated for 3 days with the
indicated inhibitors.
(E-G) WB analysis of pERK and pAKT levels in Ctrl and shY/T SN12C cells treated overnight
with the indicated inhibitors. VINC was used as loading control. Compounds that inhibited pERK
but not pAKT were highlighted in Red; Compounds that inhibited pAKT but not pERK was
highlighted in Blue; Compounds that inhibited both was highlighted in Purple.
(H) WB analysis of pERK and pAKT levels in Ctrl and shY/T SN12C cells treated overnight with
DMSO (-) or 0.1, 1, or 2 mM PKC412. VINC used as loading control.
(I) WB analysis of pERK and pAKT levels in Ctrl and shY/T SN12C cells treated overnight with
DMSO control (-), or 1, 10, or 20 μM H-89. Samples separated by dashed-lines were run on the
same blots. VINC was used as loading control.
(J) WB analysis of pERK and pAKT levels in Ctrl and shY/T SN12C cells treated overnight with
DMSO (-) or KH7 (+). VINC used as loading control.
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(K) WB analysis of of pERK and pAKT levels in Ctrl SN12C cells treated for 2 hours with 0, 0.5,
1, or 2 mM CaCl2. VINC was used as loading control.
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Figure S5. YAP/TAZ knockdown induces lysosomal biogenesis, which is necessary for
survival under nutrient deprived conditions. Related to Figure 5.
(A, B) WB analysis of pERK levels in shY/T SN12C cells treated for 3 hours with mitochondrial
inhibitors targeting different components of the electron transport chain (A) or β-oxidation (B).
VINC was used as loading control.
(C) Gene set enrichment analysis comparing genes downregulated in Ctrl relative to shY/T SN12C
cells with the KEGG_Lysosome gene set.
(D) Representative images (left) and quantification (right) of Lamp1 IF staining in RFP-labeled
Ctrl and shY/T SC4 cells. **P<0.005. Scale = 10 μm. Data represent mean ± SD.
(E) Representative images (left) and quantification (right) of acridine orange (AO) staining of Ctrl
and shY/T SN12C cells following >8 days of Dox treatment. ***P<0.0005. Scale = 25 μm. Data
represent mean ± SD.
(F) Representative flow cytometry profiles of shY/T and shY/T+YAP SN12C cells stained with
LysoBrite Blue.
(G) Percent viability of Ctrl and shY/T SN12C cells after grown for 24 hours in medium containing
increasing concentrations of Bafilomycin compared to vehicle control (n=3). ns: not significant;
***P<0.0005. Data represent mean ± SD.
(H) Percent change in fluorescence of Ctrl and shY/T SN12C cells after grown for 3 days with or
without chloroquine (CQ) in medium containing both glucose and glutamine (++), or deprived of
either glucose (-Glc) or glutamine (-Gln) (n=3). ns: not significant; *P<0.05; **P<0.005;
***P<0.0005; Data represent mean ± SD.
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(I) Representative images (left) and quantification (right) of LAMP1 IF staining in RFP-labeled
shY/T SN12C cells treated with Trametinib or vehicle control. ns: not significant. Scale = 12.5
μm. Data represent mean ± SD.
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Figure S6. Correlation of the YAP/TAZ transcription signature with the NF2 genomic
alternation profiles in pRCC and VHL-WT ccRCC. Related to Figure 6.
NF2 mutations and copy number alterations (CNA) in pRCC and VHL-WT ccRCC Y/T-High and
Y/T- low groups.
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CHAPTER 2: High factor occupancy defines a new class of trans-acting super enhancers

2.1 INTRODUCTION
Enhancers are short stretches of non-coding genomic loci that transcriptionally regulate
distally located target genes (in some cases hundreds of kilobases away)1. A myriad of TFs bind
enhancers and recruit additional transcriptional coactivators and RNA polymerase II (RNA Pol II),
forming physical contacts with proximal promoters and the transcription start sites (TSS) of target
genes1. Genome-wide studies utilizing chromatin immunoprecipitation coupled to massively
parallel sequencing (ChIP-seq) and profiling of accessible chromatin through sequencing DNase I
hypersensitivity sites (DNase-seq) or transposable-accessible chromatin (ATAC-seq) have
identified distinct chromatin profiles at enhancer sites, including acetylation of histone H3 at lysine
27 (H3K27ac)2, monomethylation of histone H3 lysine 4 (H3K4me1)3,4, p300 binding5, and
nucleosome depletion1,6. Highlighting the importance of enhancer elements in gene regulation,
disease-associated genetic variants are frequently enriched within enhancer regions7,8.
There are estimated thousands of active enhancers in a given mammalian cell, many of
which function cooperatively in regulating target gene expression4,9. Earlier chromatin profiling
studies described the existence of stretches of closely located enhancers with similar chromatin
accessibility, which were termed clusters of regulatory elements (COREs)10,11. Subsequent studies
showed that certain large clusters of enhancers, often spanning tens of thousands of kilobases,
collectively drive high-level expression of lineage-specific genes, and proposed to classify these
groups of enhancers as super-enhancers (SEs)7,12. Compared to regular enhancers (rEh), SEs
exhibit disproportionately higher binding signals of the mediator complex subunit MED1, the
histone acetyltransferase p300, and the bromodomain and extra-terminal motif (BET) family
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member BRD4, as well as increased levels of H3K27ac, H3K4me1, and DNase I
hypersensitivity7,12,13. Based on these characteristics, a simple and highly effective method was
devised to identify SEs using the ChIP-seq data from one of the above-described coactivators or
histone marks. First, enhancer regions within 12.5 kbp are stitched together and the stitched regions
are ranked based on the background-normalized ChIP-seq signals. A Ranking Of Super Enhancer
(ROSE) plot is then generated by plotting the rankings against the actual ChIP-seq signals of the
stitched enhancer regions and a cutoff value for SEs is calculated using the ROSE plot14.
The SE concept has been widely adopted by the scientific community, despite some
remaining skepticism regarding their true functional distinction from regular enhancers (rEhs)15.
A number of studies have found that SEs drive the expression of master TFs, which in turn
preferentially bind to and activate SEs, forming positive feedback loops or so-called core
transcriptional networks in a broad range of normal and cancer cells7,12,16,17. During tumorigenesis,
the SE landscape is known to undergo extensive remodeling, which has been shown to be further
altered following therapeutic treatments18,19. In line with this, several studies have used SE
classification as a tool to identify candidate master oncogenic TFs13,20.
Based on the observations of exceptionally high concentrations of macro-molecules at SEs
and their spatial proximity, a model of the formation of phase-separated transcriptional
condensates has been proposed to explain the activity and kinetics associated with SE-driven
transcription20,21. This conceptual framework has been supported by recent studies demonstrating
the multivalent properties of SE-enriched cofactors and TFs, including BRD417,21, MED121, RNA
Pol II22, and several oncogenic TFs22–24. In particular, BRD4 has been shown to play a dominant
role in initiating and stabilizing phase-separated super transcriptional complexes at SE sites,
providing an explanation for the heightened sensitivity of SEs to BET inhibitors observed in an
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array of cancer types13,17,18. These encouraging results have provided conceptual support for
therapeutic strategies targeting SEs, which are undergoing active investigation.
To better understand the mechanisms underlying the formation of SEs and mega
transcriptional complexes, we conducted a large-scale meta-analysis of existing functional
genomics data from five commonly used cancer cell lines. By mining hundreds of ChIP-seq and
chromatin accessibility data, we identified active enhancer elements that are occupied by tens to
hundreds of TFs and cofactors and engage in the regulation of highly expressed genes, presumably
through the formation of phase-separated super transcriptional complexes. Surprising, we found
that the majority of these high occupancy enhancer elements did not fall within the traditionallydefined SE regions and exhibit a number of distinct characteristics from the classic SEs. We
propose that the SE classification should be expanded to include this novel type of enhancers,
which could be identified by ranking the signals from DNase-seq or ChIP-seq with several
commonly studied cofactors.
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2.2 RESULTS
Re-defining super enhancers based on the actual occupancy by TFs and regulatory proteins
Conceptually, SEs are supposed to represent clusters of enhancers that are occupied by an
unusually high density of TFs and co-activators, which form phase-separated mega-complexes and
drive higher levels of transcription than most rEhs. In practice, SEs are commonly identified by
the ROSE method developed by Hnisz et al7, which stitches and ranks long stretches of enhancers
based on the ChIP-seq signal intensities from one of the active enhancer markers (i.e. H3K27ac,
H3K4m1, BRD4, p300, or MED1). To test how well this method performs in capturing true SEs,
we sought to identify SEs according to the actual genomic occupancy by TFs and cofactors using
existing high-quality DNase-seq and ChIP-seq data from ENCODE and GEO. Based on the
numbers of available datasets, five widely-studied human cancer cell lines representing five
different types of solid cancers were selected: HEPG2 (hepatocellular carcinoma cells), HCT116
(colorectal adenocarcinoma cells), A549 (non-small cell lung cancer adenocarcinoma cells), SKN-SH (bone-marrow metastatic cells from a patient with neuroblastoma), and MCF7 (luminal
breast cancer cells). All the DNase-seq and ChIP-seq data were processed according to the pipeline
established by ENCODE (see methods). We called DNase-seq peaks demarcated by H3K27ac
and located more than 2.5kb from TSS as active enhancers, and examined the occupancy of other
factors at these sites (Figure 7A). To quantify the co-occupancy level, we developed the occupancy
score (OS), which multiplies the number (N) of factors bound at each active enhancer (E) by the
sum of normalized peak signals of these factors (f). By ranking the active enhancers by their OS
values, we identified a subset of enhancers with exceptionally high levels of factor occupancy,
which represent between 5.7-11.3% of all active enhancers in the five cell lines examined (Figure
7B, Figure S7A).
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We next investigated whether these super-high-occupancy enhancers were located within
the classically defined SE regions. To our surprise, SEs derived from using the standard ROSE
method7 only recovered 14-34% of super-high-occupancy enhancers (Figure 7C). In light of these
findings, we re-categorized the active enhancers into four classes. We termed super-highoccupancy enhancers captured by our method but not the standard ROSE method as trans SEs
(tSE). For comparison, SEs classified by the ROSE method but not our current method were
renamed as cis SE (cSE), given that the constituent enhancers are proximally located and
cooperatively regulate transcription. We referred to SEs called by both methods as dual SEs (dSE),
and the remaining enhancers as rEhs.

All SE classes display chromatin profiles associated with increased transcriptional activity
compared to rEh
As expected, tSE and dSE sites exhibited elevated TF occupancy compared to cSEs and rEhs
(Figures 7D-F and Figure S7B-E). In HEPG2 cells with the most available ChIP-seq data, over
50% of tSE and dSE peaks are bound by more than 92 different TFs (Figure 7F). In contrast, 50%
of cSEs and rEh are bound by fewer than 22 TFs (Figure 7F). Among sites occupied by individual
TFs, the average signal values for most factors are also significantly higher at tSEs and dSEs
compared to cSEs and rEhs (Figure 7E), suggesting that tSEs and dSEs are bound by more copies
of individual TFs and/or with increased affinity.
SEs typically associate with high levels of p300, H3K27ac, BRD4, the mediator complex,
and RNA Pol II7,13,14. Indeed, we found MED1, p300, BRD4, H3K27ac, and RNA Pol II signals
to be significantly elevated in all three types of SEs compared to rEh across all five cell lines
(Figure 8A and Figure S8A). Additionally, classic SEs have been shown to stabilize enhancer-
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promoter interactions by forming multivalent, phase-separated transcriptional condensates21. We
therefore utilized 3D chromatin interaction data to investigate the frequencies of interactions
between individual enhancer subtypes and other genomic loci. Analysis of an existing HCT116
POL2RA ChIA-PET data from ENCODE revealed that all SE subtypes exhibited substantially
more POL2RA-associated interactions compared to rEh sites (Figure 8B). Correspondingly, genes
associated with cSEs, dSEs, or tSEs are expressed at significantly higher levels than genes
associated with rEh in all the cell lines examined (Figure S8B). Together, these results suggest that
similar to the classic cSEs, the newly-defined tSEs and dSEs are able to assemble large
transcriptional complexes that recruit key co-activators, mediate frequent enhancer-promoter
contacts and high levels of transcription, and therefore represent bona fide SEs.

tSEs possess distinct characteristics from the classic cSEs
The model of classic cSEs proposes the coordinated actions of multiple adjacent enhancers
to establish phase-separated transcriptional complexes21,25. In contrast, tSEs are capable of
recruiting a large, diverse set of TFs and co-factors to individual sites (Figures 7D, 8C and Figures
S7B, 9A). Supporting the notion that tSEs orchestrate long-range genomic interactions primarily
through trans-occupancy as opposed to adjacent enhancer cooperation required for cSEs, POL2RA
interaction profiles involving tSEs were enriched at their peak centers in contrast to the broad
contact regions extending well beyond the peak boundaries at cSEs and dSEs (Figure 8B).
To gain further insights into the differences between the newly defined tSEs and the classic
cSEs, we analyzed the binding frequency and strength of a broad spectrum of transcriptional
cofactors and chromatin remodelers. Compared to cSEs, tSEs and dSEs exhibited significantly
higher percentages and strength of binding by MED1, p300 and other transcriptional co-activators
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(Figures 9A, 8C and Figure S9A). In HEPG2 cells, the coactivators H3K27 demethylase KDM6A,
H3K16 acetyltransferase KAT7, H4K16 acetyltransferase KAT8, and H3K4 methyltransferase
complex subunit ASH2L bound over 89%, 60%, 90%, and 95% of tSE and dSE regions compared
to less than 22%, 19%, 32%, and 38% of cSEs, respectively (Figure 8C). Similarly, in HCT116
cells the H3K4 methyltransferase KMT2D bound 90% of tSE and 93% of dSE versus 49% of cSEs
(Figure S9A). Interestingly, transcriptional corepressors, including components of the SIN3A and
NCoR co-repressor complexes, are also enriched at tSEs and dSEs relative to cSEs and rEhs in all
five cell lines (Figure 8C and Figure S9A). The heightened co-occupancy by both transcriptional
coactivators and corepressors at tSEs and dSEs indicate that their transcriptional activities are
subjected to constant fine-tuning. In agreement with this theory, despite the clear increase in
occupancy by multiple acetyltransferases and H3K4 methyltransferases at tSEs and dSEs
compared to cSEs (Figure 8C and Figure S9A), all three SE classes displayed similar signal values
for activating histone marks such as H3K4me1, H3K9ac, H3K4me2, and H3K27ac (Figure S9B).
These results highlight the importance of dissecting how the dynamic interactions between
individual coactivator and corepressor complexes modulate overall SE activity.

tSEs and dSEs are enriched at cohesin-loading sites
Long-range gene regulation is facilitated by DNA looping, which brings widely-separated
DNA regions into close proximity. Chromatin spatial organization is most notably governed by
CTCF and the cohesin complex, which bind the boundaries of loop domains forming insulation
barriers of high-interacting domains, or topologically associating domains (TADs)26–28. Cohesin is
a conserved, ring-like complex whose core components consist of SMC1A, SMC3, RAD21, and
STAG1/2, and is recruited to accessible genomic loci by the NIPBL-MAU2 cohesin-loading
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complex29–32. Through interactions with mediator and master TFs at non-CTCF sites, cohesin has
also been shown to stabilize enhancer-promoter contacts at highly transcribed genes7,33–35. As tSEs
and dSEs are enriched for TFs and mediator and involved in frequent long-distance interactions
(Figures 7D, 8A-C, and Figure S8A), we investigated the colocalization between cohesinassociated proteins and each SE class. In all the cell lines with cohesin data available, tSEs and
dSEs were preferentially bound by the cohesin-loading factor NIPBL and to variable degrees by
the cohesin complex core subunits RAD21, SMC1A, and SMC3, while simultaneously replete of
CTCF (Figure 8D and Figure S9A). In contrast, cSEs and rEhs displayed much less binding by
NIBPL and other cohesion subunits (Figure 8D and Figure S9C). SMC1A showed inconsistent
enrichment patterns among different cell lines, present at most tSEs and dSEs in HEPG2 and A549
cells but minimally present in all four enhancer subtypes in HCT116 cells (Figure 8D and Figure
S9C). While the rationale is unclear, this may reflect the dynamic nature of cohesin, which is
known to slide along DNA to regulate loop domain interactions26–28. Taken together, these results
reveal that tSE and dSE regions are distinct from cSEs and rEhs through their strong association
with cohesin-loading factor, NIPBL, and high occupancy of cohesin-subunits.

tSEs and dSEs are highly accessible GC-rich genomic regions containing densely located,
high-affinity TF-binding sites
Our analysis thus far has showed tSE and dSE regions are unique loci densely occupied by
numerous TFs, cofactors, chromatin remodeling components, and cohesin-related proteins. To test
whether intrinsic DNA sequence properties contribute to the high recruitment of proteins at tSE
and dSE peaks, we compared the GC content, CpG density, sequence conservation scores,
chromatin accessibility and the distribution of TF-binding motifs at each enhancer class in HEPG2
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and A549 cells. tSE and dSE peaks were significantly more GC-rich and contained more CpG
islands compared to cSEs and rEhs (Figure 9A-B and Figure S10A-B). Importantly, high DNA
GC-content has been shown to enhance protein–DNA binding specificity by forming increased
numbers of hydrogen bonds and stronger electrostatic interactions36, potentially increasing the
retention time of TFs bound to tSEs and dSEs relative to cSEs and rEhs. Interestingly, the average
conservation scores (phastCons) for tSEs and dSEs was also significantly higher than cSEs and
rEhs (Figure 9C and Figure S10C), suggesting that tSEs and dSEs represent functionally important,
evolutionally conserved genomic loci. GC-rich enhancers have been shown to exhibit drastically
low levels of nucleosome occupancy37. To determine if tSE and dSE regions are positioned at more
accessible chromatin regions compared to cSEs and rEhs, we re-called DNase-seq peaks to permit
peak ranges of variable widths. Indeed, DNase-seq peaks at tSEs and dSEs span significantly larger
genomic ranges with heightened signal intensity compared to cSEs and rEhs (Figures 8A, 9D and
Figures S8A and 10D). Through HINT motif matching38, we assessed the abundance, distribution
and certainty of all of the identified TF motifs within the enhancer class peaks. Even though there
was no distinct difference in the overall number of motifs per peak among the four enhancer classes
(Figure S10E), the distances between adjacent motifs were significantly smaller within tSE and
dSE peaks compared to within cSE and rEh peaks (Figure S10F). The motifs within tSEs and dSEs
also matched better to the canonical TF-binding sequences than the motifs at cSEs and rEhs (Figure
S9G), which may contribute to the increased binding affinity of many TFs at these sites as observed
by ChIP-seq (Figure 7E). Finally, given that the short stretches of DNA occupied by TFs are known
to be protected from DNase I cleavage, leaving so-called TF footprints within individual DNase
peaks38,39, we quantified the number of footprints present within all the enhancer DNase peaks. As
shown in Figure 9E and Figure S10H, tSE and dSE peaks on average contained more footprints

91

than cSEs and rEhs, suggesting that more TFs bind directly to tSEs and dSEs compared to cSEs
and rEhs.
Together, these results support a model that highly-accessible and densely-located highaffinity TF binding sites within tSEs and dSE may simultaneously retain multiple TFs to the same
genomic regions, which provide the anchors for recruiting additional TF and co-factors in trans,
leading to the formation of multivalent, mega transcriptional complexes.

tSEs and dSEs are occupied by lineage-specific anchoring TFs
The prevalence of TF footprints at tSE and dSE peaks predict that these sites would contain
more TFs binding directly to their consensus motifs (anchoring TFs). To test whether this is indeed
the case, we calculated the percentages of TF ChIP-seq peaks that contain footprints matching to
their own consensus motifs for each enhancer subgroup in HepG2 cells, which have the most
available TF ChIP-seq data. Footprint motif enrichment was conducted using JASPAR motif
clusters, as opposed to individual motifs which are often indistinguishable amongst TF families.
With a cut-off of 10%, tSE and dSE peaks exhibited a large number of anchoring TFs that spanned
several JASPAR motif clusters, including RXR-related nuclear receptors (cluster_4) and CEBP
(cluster_5) (Figure 9F-H). In contrast, cSE and rEh peaks contained only two TFs that passed the
10% threshold (Figure 9F). Not only do tSE and dSE peaks contain more anchoring TFs, they are
also bound by higher numbers of indirectly-bound TFs (trans TFs). In fact, among the 49 TFs
present at >80% of tSE and dSE peaks, 14 bind more than 95% of the time in trans (Figures 7D
and 3F). In contrast, not a single TF is associated either directly or indirectly with > 80% of cSEs
or rEhs (Figures 7D and 9F). Together, these results clearly show that the high protein occupancy
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at tSE and dSE regions is likely initiated by densely-bound anchoring TFs, which subsequently
recruit a large number of additional TFs and cofactors in trans (Figure 9I).
We conducted additional motif enrichment analysis against footprints detected at each
enhancer subtype in A549 and HCT116 cells, both of which carry KRAS mutations. In both cell
lines, AP-1 family motifs (cluster_1) were both the most prevalent motifs and differentially
enriched footprints at tSEs and dSEs (Figure S10I-J). Consistent with this finding, available A549
ChIP-seq data for several AP-1 TFs showed that together they occupy > 99% of tSEs and dSEs,
but only bind to 44 % of cSEs or rEhs (Figure S10K). Given the well-established role of the AP-1
transcriptional machinery as a core downstream effector of MAPK signaling40,41, our results
highlight the potential key involvement of tSEs and dSEs in KRAS-driven tumorigenesis.
In light of these cell-specific footprint signatures, we investigated the specificity of
enhancer classification across cell lines. Consistent with previous reports7,42–44, large fractions of
enhancers that met the criteria of cSE in one cell line were either found inactive or located outside
the classic SE regions in other cell lines (Figure S10L-M). In contrast, enhancers qualified as tSEs
or dSEs in one cell line were generally also active enhancers in other cell lines, although most did
not reach the cutoff of tSE or dSE (Figure S10L-M). Together these results show that while tSEs
and dSEs are more conserved enhancer loci, their factor occupancy levels and presumably
activities are highly variable between cell lines similar to cSEs. Thus, all SEs, regardless of
subtypes, likely operate in a very lineage-specific manner.

Chromatin accessibility, Mediator, and P300 are all highly effective predictive marks for
trans-acting super enhancers
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By taking advantage of a large number of existing ChIP-seq datasets for several cell lines,
we were able to define a new class of high occupancy, trans-acting super enhancers (tSEs) that
share all the major hallmarks of classically defined cis-acting super enhancers (cSEs), while also
exhibiting their own distinct characteristics. In particular, we found that tSEs generally contain
extraordinarily high levels of DNase, P300, and MED1 signals across all the cell lines examined
(Figure 8A and Figure S8A). We therefore explored whether these unique chromatin features could
be used either individually or in combination to predict tSEs. To make the prediction, we ranked
the active enhancers according to their DNase or ChIP-seq signals, and identified the cutoff signal
value using a calculated inflection point similar to the classic ROSE method. Highlighting the
robustness of this method, DNase, P300, or MED1 signal alone or in combination all achieved an
AUC greater than 0.89, corresponding to a high predictive value of these features for identifying
tSEs and dSEs (Figure 10A). In contrast, CTCF which has minimal overlap with tSE and dSE
peaks showed a poor predictive value with an AUC of 0.52 (Figure 10A). Additionally, H3K27ac
and H3K4me1 active enhancer histone marks also proved to be poor predictive features for
identifying tSEs and dSE (Figure 10A). Given that the combinatorial predictive power of DNase,
MED1, and P300 (AUC of 0.956) was only marginally better than using individual data (Figure
10A), we conclude that in cells or tissues where the numbers of ChIP-seq data are limited, tSEs
can be reliably identified using either chromatin accessibility data or a single ChIP-seq data against
MED1 or P300.
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2.3 DISCUSSION
First proposed in 2012, the concept of SEs has become widely adopted into the scientific
community, with roughly 400 publications and counting implicating SEs in regulation of many
important biological processes including embryonic development, cell differentiation,
tumorigenesis, and therapy resistance. SEs are classically defined as long stretches of active
(H3K27ac+) enhancers that are physically tethered together by multivalent, phase-separated
transcriptional complexes composed of multiple TFs and high levels of cofactors such as Mediator
and BRD4. Taking advantage of the large number of published ChIP-seq data from 5 commonlyused cancer cell of different lineages, we sought to unbiasedly classify enhancers based on the
actual occupancy levels by TFs and cofactors. Our analysis showed that the widely adopted ROSE
method fails to capture a large set of enhancers with exceptionally high levels of factor binding
and other expected characteristics of SEs. We propose reclassification of super enhancers into
three subtypes: the classic cis-acting SEs, the newly defined trans-acting SEs, and SEs with dual
characteristic of cis-acting and trans-acting SEs (Figure 10B).
Compared to cSEs, enhancer elements classified as tSE and dSEs displayed significantly
higher levels of chromatin accessibility, binding by TFs, MED1, P300 and other coactivators.
Interestingly, relative to cSEs, tSEs and dSEs also exhibited increased binding by transcriptional
corepressors including several HDAC-containing histone deacetylase complexes. A recent study
by Gryder et al. showed that the recruitment of HDACs to SEs is necessary for preventing aberrant
“spreading” of H3K27ac to adjacent loci, which is critical for maintaining proper 3D chromatin
architecture and enhancer-promoter contacts45. Our study further suggests that balanced
recruitment of both transcriptional coactivators and corepressors may be essential for maintaining
proper levels of histone modifications and transcriptional outputs at all SEs. Additionally, we
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observed increased enrichment of chromatin remodeling proteins at tSE and dSE regions. Of note,
multiple components of the cohesin complexes are strongly enriched at tSE and dSE regions. As
cohesin has a well-established role in chromatin organization through DNA loop extrusion, a
process which facilitates enhancer-promoter interactions, it is plausible to assume cohesin plays a
functional role at these SEs. Interestingly, while the cohesion-loading factor NBIPL is consistently
present at most tSEs and dSEs, other core components of the cohesin complex showed variable
levels of enrichment at these sites. Given that cohesin is known for sliding along DNA from the
initial loading sites, the variations in binding by different cohesin subunits could reflect the
dynamic nature of cohesin occupancy. Alternatively, these discrepancies could result from
cohesin-independent functions of individual subunits.
Several genome-wide studies have shown that in response to certain stimuli, a large number
of TFs and co-factors are recruited to specific chromatin ‘hot spot’ regions, forming phaseseparated transcriptional complexes driven by either an anchoring TF or several TFs bound in
tandem1,37,46–49. The phenomenon has been elegantly demonstrated in estrogen-stimulated MCF7
breast cancer cells, where DNA-bound estrogen receptor a (ERa) initiates the assembly of a 1-2
MDa (MegaTrans) complex comprised of a large number of TFs, coactivators, RNA Pol II,
enhancer RNA, and enhancer RNA-dependent ribonucleoproteins, all bound in trans24,50,51. Our
analysis showed that similar to MegaTrans complexes, tSE and dSE regions are occupied by an
extraordinarily high density of factors (Figures 7-8 and Figures S7-9). Therefore, it is reasonable
to assume that concentration-driven phase separation may occur at these sites, similar to what has
been observed at classic SEs and MegaTrans complexes21,24. Indeed several tSE and dSE-enriched
factors with intrinsically disordered domains have been shown to form concentration-dependent
phase separated droplets in vitro or in vivo, including BRD417,21, MED121, RNA Pol II22, TFs22–24,
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and even cohesin52. Models of phase separation propose that the SE transcriptional activity is
directly linked to valency, or the number of residues in each bound molecule with the potential to
interact with other multivalent molecules within the phase-separated transcriptional condensates
formed at these sites53.
Our study has identified regions bound by tens to hundreds of factors, resembling the
previously-described MegaTrans complexes. However, unlike MegaTrans complexes, which are
formed at highly specific sites by a limited set of anchoring TFs in response to specific stimuli, the
tSEs and dSEs peaks are stable, conserved, highly accessible genomic regions typically anchored
by more than three TFs, as shown through DNase footprinting. As ChIP-seq experiments only
capture the average signals of the cell population, further studies using single cell genomics and
other advanced imaging techniques will be necessary to establish the dynamics and regulations of
the mega transcriptional complexes at tSE and dSE.
Similar to cSEs, tSEs are involved in the regulation highly transcribed genes and therefore
may be important for cancer cell survival. Classic cis-acting SEs, which are highly enriched for
BRD4, show heightened sensitivity to BET inhibitors13,42. In contrast to cSEs, tSEs show variable
BRD4 binding and therefore may not exhibit the same levels of sensitivity to BET inhibitors.
Therefore, it could be of high therapeutic relevance to identify means to selectively disrupt
transcription programs driven by tSEs and dSEs.
In summary, this study provides evidentiary support for expanding the classification of SEs
to include high factor occupancy tSEs and exposes a number of unique traits associated with this
newly defined SE subclass. We demonstrate that tSEs can be reliably identified by ranking the
signal levels from chromatin accessibility data such as DNase-seq, or from a single ChIP-seq data
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for MED1 or p300 . Moving forward, we propose to combine this strategy with the classic ROSE
method to better catalogue highly active, functionally dominant enhancers.
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2.4 METHODS
Public ChIP-seq data collection and processing
All ChIP-seq peak files aligned to GRCh38/hg38 were extracted from the ENCODE TF and
Histone databases (see supplementary table 1 for ENCODE experiment references). To expand
the repertoire of ChIP-seq data, Cistrome Data Browser54 was used to identify high quality ChIPseq data for TFs, cofactors, and histone marks that were not included in the ENCODE database.
Any data identified using Cistrome (see supplementary table 1 for Sequence Read Archive (SRA)
references) was processed using the standardized ENCODE-developed processing pipeline
(https://github.com/ENCODE-DCC/chip-seq-pipeline2) according to their suggested guidelines.
All datasets were aligned to GRCh38/hg38. All optimal peak and/or narrowpeak lists were used
from the ChIP-seq pipeline output for future analyses.

Identification of enhancer elements
For each cell line, overlapping regions of DNase-seq and H3K27ac ChIP-seq peaks were
identified. For all overlapping regions, the corresponding DNase-seq start and end locations were
kept to retain narrow peaks resembling chromatin accessibility. Peaks were then annotated using
ChIPseeker R package55 to calculate the proximity of each putative enhancer to a transcription
start site (TSS) and any region within 2.5kbp of the TSS was removed.

Identification of high occupancy enhancers (tSE)
To assess the binding occupancy and strength of all TF, factors, and histone marks at all active
enhancer regions, we used ChIPpeakAnno R package55,56 to overlap all ChIP-seq peaks with the
active enhancer peaks resulting in a final matrix displaying the active enhancer regions (rows) and
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the corresponding signal value of each factor (columns). For all enhancer regions where a factor
did not have an overlapping peak the signal value was assigned to zero. Signal values for each
factor were normalized using min-max normalization so the signal value range for all factors was
between 0 and 1. To calculate the OS only TF and cofactor ChIP-seq data was considered (histone
data was excluded). The OS was calculated using the following formula:
𝑂𝑆(𝐸) = 𝑁! 𝑥 * 𝑆𝑖𝑔𝑛𝑎𝑙!
"

where N is the number of factors, f, bound at enhancer, E. The calculated OS for each enhancer is
dependent on the number of factors bound and the signal strength of each bound factor, as indicated
by

the

sum

of

the

factor

signal

values.

By

adapting

the

ROSE

R

script

(https://bitbucket.org/young_computation/rose/src/master/), enhancers were ranked according to
their OS values and plotted. The OS score at the curve’s inflection point was deemed the cutoff
and all enhancers with an OS score greater than the cutoff were classified as high occupancy
enhancers.

Identification of traditional SEs (cSE) and dSE
The ROSE algorithm12,14 was utilized to identify SEs. For consistency, H3K27ac peaks
corresponding to the active enhancer regions were provided as constituent enhancers in the ROSE
algorithm. For comparisons between enhancer classes, DNase-seq peaks that overlapped these SE
regions were extracted and then further classified depending on being encompassed in the
previously identified high occupancy regions (dSE) or not (cSE).

Annotation of active enhancers to target genes
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All enhancer class peaks were mapped to the corresponding target genes using the InTAD
Bioconductor package57, using the settings to allow genes only within TADs to be reported. RNAseq data was downloaded from the cancer cell line encyclopedia (CCLE)58 and only genes
expressed where log2(TPM) >2 were considered for mapping.

ChIP-seq heatmaps and signal profiles
All ChIP-seq signal heatmaps and profile plots were generated using BedTools2 suite59. Average
ChIP-seq signal was calculated across all enhancer peaks within each enhancer class.

GC, CpG, and conservation score
Homer (v4.11) software was used to calculate GC and CpG percentages for each enhancer classes.
Vertebrate phastCon scores for the hg38 genome were downloaded from UCSC table browser59.

DNase-seq peak width calculation
To calculate the unrestricted peak width for all DNase-seq regions, we re-called DNase-seq peaks
to permit peaks of variable widths using the Homer peak-calling software60. The newly-called
variable-width DNase-seq peaks were overlapped with all enhancer groups and the distribution of
peak widths was plotted.

DNase footprinting and motif discovery
Transcription factor footprints were identified using the Hmm-based IdeNtification of
Transcription factor footprints (HINT) software38 on DNase-seq data. Footprints were matched
with their corresponding Jaspar motifs using the motif matching algorithm from the HINT

101

package. Motifs were aggregated according to their Jaspar CORE motif cluster
(http://jaspar.genereg.net/matrix-clusters/vertebrates/?detail=true).

For

footprint

analysis,

footprints with multiple matched motif clusters were assigned to one motif cluster based on top
motif bitscore value.

Visualization and statistical analysis
We generated boxplots using the ggplots package in R61. P values for all boxplots were calculated
based on the Wilcoxon signed-rank test using the wilcox.test function in R. Graphpad Prism and
BedTools2 were used to generate heatmaps.

Data availability
All GEO and SRA datasets used throughout this paper can be found in supplementary table 1.
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2.5 FIGURES
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Figure 7. Re-defining super enhancers based on the actual occupancy by TFs and regulatory
proteins.
(A) Approach to identify high occupancy enhancers. For each active enhancer, an OS was
calculated corresponding to the number of factors bound multiplied by the sum of factor signal
values.
(B) OSs ranked across all active enhancer in HepG2 cells. A total of 1,883 enhancers contain
super-high levels of factor binding which surpass the inflection point and are classified as tSEs.
(C) Venn diagram comparing the overlap between tSEs and classically-defined cSEs. For
classically-defined SEs, DNase-seq peaks within the SE were used for all comparisons.
(D-E) Heatmap displaying the percent of enhancer class peaks bound (D) or the average
normalized signal value across enhancer class peaks (E) for all TFs in HepG2 cells. TFs are colored
according to JASPAR cluster grouping.
(F) Distribution of the number of TFs bound at each enhancer class peak in HepG2 cells. Median
values: tSE – 92 TFs, dSE – 94 TFs, cSE – 22 TFs, rEh – 18 TFs.
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Figure 8. Chromatin profiles of regulatory elements at all enhancer classes.
(A) Heatmaps and density plots of ChIP-seq data showing the occupancy of DNase-accessible
regions and the indicated transcriptional co-activators at all enhancer class peaks in HepG2 cells.
(B) Density plot of POL2RA ChIA-PET signal at all enhancer class peaks in HCT116 cells.
(C) Heatmap displaying the percent of enhancer class peaks bound (D) or the average normalized
signal value across enhancer class peaks (E) for all cofactors in HepG2 cells.
(D) Density plots of ChIP-seq data for the indicated cohesin-associated factors at all enhancer class
peaks in HepG2 cells.
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Figure 9. tSEs and dSEs are highly accessible, GC-rich genomic regions densely occupied by
lineage-specific anchoring TFs.
(A-C) Box plot showing GC percentage (A), CpG percentage (B), or conservation (PhastCon)
score (C) across all enhancer class peaks in HepG2 cells.
(D) Distribution of peak widths for each enhancer class. DNase-seq peaks were re-called with
variable width setting to observe the naturally occurring differences in chromatin accessibility.
Median widths: tSE – 410bp, dSE – 390bp, cSE – 259bp, rEh – 277bp.
(E) Quantification of the number of footprints identified per enhancer class peak in HepG2 cells.
(F) Plots to identify HepG2 anchoring TFs in each enhancer class. TFs were plotted according to
the total number of peaks bound and the number of peaks containing the matching TF motif. Any
TF whose motif matched more than 10% of peaks was considered an anchoring TF. A TF that
bound over 80% of peaks but less than 10% of peaks contained a match motif (lower right
quadrant) predominantly binds in trans.
(G-H) Average bias-corrected DNase-seq signals for RXRB (G) or CEBPD (H) TF footprints
across all enhancer class peaks in HepG2 cells.
(I) Representative genome track view of a high occupancy tSE region with four identified
footprints. TF tracks and footprint ranges are colored according to their JASPAR cluster.
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Figure 10. Chromatin accessibility, Mediator, and P300 are all highly effective predictive
marks for trans acting super enhancers.
(A) ROC plot displaying the predictive efficacy of the indicated coactivators and histone marks.
(B) Working model displaying the chromatin features associated with tSE and dSE (left) and cSE
(right). We propose tSE and dSE are broad accessible regions whose high occupancy of TF and
cofactors result in phase-separated, mega-transcriptional complex that regulate transcription of
highly-expressed genes. In contrast, cSE are long-range genomic regions with several accessible
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constituent enhancers whose interactions result in phase-separated condensates regulating high
levels of transcriptions. Red and blue shapes represent co-activators and co-repressors,
respectively.
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Figure S7. Re-defining super enhancers based on the actual occupancy by TFs and
regulatory proteins. Related to Figure 7.
(A) OSs ranked across all active enhancer in the indicated cell lines. All enhancers that contain
super-high levels of factor binding which surpass the inflection point and are classified as tSEs,
labeled as red.
(B) Heatmap displaying the percent of enhancer class peaks bound for all TFs in the indicated cell
lines.
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Figure S8. tSE, dSE, and cSE are associated with high levels of co-activator signals and target
gene transcription compared to rEh. Related to Figure 8.
(A) Box plots of the indicated co-activator ChIP-seq signals across enhancer class peaks for the
indicated cell lines. ns: not significant; *P<0.05; **P<0.005; ***P<0.0005. All p-values
determined using Wilcoxon rank sum test.
(B) Box plots of the RNA-seq (transcripts per million (TPM)) expression levels for mapped target
genes in the indicated cell lines. ns: not significant; *P<0.05; **P<0.005; ***P<0.0005. All pvalues determined using Wilcoxon rank sum test.
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Figure S9. Chromatin profiles of regulatory elements at all enhancer classes. Related to
Figure 8.
(A) Heatmap displaying the percent of enhancer class peaks bound (left) or the average normalized
signal value across enhancer class peaks (right) for all cofactors in the indicated cell lines.
Cofactors are labeled in the following manner: red are known co-activators, blue are known corepressors, and bolded names represent factors enriched in tSEs and dSEs in two or more cell lines.
(B) Heatmap displaying the average normalized signal value across enhancer class peaks for
histone marks in the indicated cell lines.
(C) Heatmap displaying the percent of enhancer class peaks bound for the cohesin-associated
factors in the indicated cell lines.
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Figure S10. tSEs and dSEs are highly accessible, GC-rich genomic regions densely occupied
by lineage-specific anchoring TFs. Related to Figure 9.
(A-C) Box plot showing GC percentage (A), CpG percentage (B), or conservation (PhastCon)
score (C) across all enhancer class peaks in A549 cells.
(D) Distribution of peak widths for each enhancer class in the indicated cell lines. DNase-seq peaks
were re-called with variable width setting to observe the naturally occurring differences in
chromatin accessibility. A549 median widths: tSE – 426bp, dSE – 402bp, cSE – 214bp, rEh –
246bp. HCT116 median widths: tSE – 388bp, dSE – 382.5bp, cSE – 233bp, rEh – 229bp. MCF7
median widths: tSE – 427bp, dSE – 416bp, cSE – 267bp, rEh – 291bp.
(E) Distribution of the number of JASPAR cluster motifs identified per peak for each enhancer
class in the indicated cell lines.
(F) Box plot of the distance between JASPAR cluster motifs in all HepG2 enhancer class peaks
containing 2 or more motifs. ns: not significant; **P<0.005; ***P<0.0005. All p-values
determined using Wilcoxon rank sum test.
(G) Box plot of the consensus motif accuracy (bitscore) in all HepG2 enhancer class peaks. ns: not
significant; *P<0.05; **P<0.005; ***P<0.0005. All p-values determined using Wilcoxon rank
sum test.
(H) Quantification of the number of footprints identified per enhancer class peak in A549 cells.
(I) Top 10 most prevalent motifs in all enhancer classes in A549 and HCT116 cells. Note JASPAR
cluster_1 (corresponding to AP-1 TFs) is enriched in tSEs and dSEs compared to cSEs and rEhs.
(J) Average bias-corrected DNase-seq signals for FOSL2 TF footprints across all enhancer class
peaks in A549 cells.
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(K) Percent of peaks overlapping ChIP-seq peaks from at least one member of the AP-1 TF family.
Analysis included FOSL2, ATF3, c-JUN, JUNB, and JUND ChIP-seq data.
(L) Bar graph showing the percent of cell line-specific enhancer class peaks after overlap with the
corresponding enhancer class peaks in the remaining four cell lines.
(M) Bar graph showing the percent of cell line-specific enhancers class peaks after overlap with
the active enhancer peaks in the remaining four cell lines.
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