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Abstract

The hippo pathway and its downstream mediator yes-associated protein 1 (YAPL) regulate
mammalian organ size in part through modulating progenitor cell numbers. YAP1 has also been
implicated as an oncogene in multiple human cancers. Currently, little is known about the
expression of YAP1 either in normal human brain tissue or in central nervous system neoplasms.
We used immunohistochemistry to evaluate nuclear YAP1 expression in the fetal and normal adult
human brains and in 264 brain tumors. YAP1 was expressed in fetal and adult brain regions
known to harbor neural progenitor cells but there was little YAP1 immunoreactivity in the adult
cerebral cortex. YAP1 protein was also readily detected in the nuclei of human brain tumors. In
medulloblastoma, expression varied between histologic subtypes and was most prominent in
nodular/desmoplastic tumors. In gliomas it was frequently expressed in infiltrating astrocytomas
and oligodendrogliomas, but rarely in pilocytic astrocytomas. Using a loss of function approach
we show that YAP1 promoted growth of glioblastoma cell lines in vitro. High levels of YAP1
MRNA expression were associated with aggressive molecular subsets of glioblastoma and with a
non-significant trend toward reduced mean survival in human astrocytoma patients. These findings
suggest that YAP1 may play an important role in normal human brain development and that it
could represent a new target in human brain tumors.

Keywords
Brain tumor; Glioma; Hippo pathway; Medulloblastoma; YAP1

Introduction

The control of progenitor cell fate specification and differentiation during development are
highly conserved processes. Reactivation or dysregulation of the cell signaling pathways
that mediate these programs have been identified in many human disease states, including
cancer. Recent work in Drosophila and mammalian systems has implicated the hippo
pathway in the regulation of progenitor cell fate during development (1-3). The core
components of the hippo pathway in Drosophila include the serine/threonine kinases hippo
(in humans MST1 and MST2) and warts (in humans LATS1 and LATS2) (4). The hippo
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pathway is regulated proximally by several proteins, including the protein product of the
NF2 tumor suppressor gene merlin (5). The hippo pathway distally regulates the nuclear
translocation of yes-associated protein-1 (YAP1) (2). YAP1 in the nucleus acts to co-
activate transcription factors including TEAD family members (6, 7). Because YAP1 works
through the activity of its transcriptional binding partners, it appears to have the ability to
promote proliferation and apoptosis, depending on the cellular context (8-10).

Patients with neurofibromatosis type 1l (NFII) represent a specific patient population with a
defined genetic defect in an upstream mediator of the hippo pathway. However, alterations
in the hippo pathway or upregulation of YAP1 have been identified in many cancers that are
not classically associated with NFII. For example, amplicons, including the YAP1 locus,
have been reported in hepatocellular carcinoma, medulloblastoma, squamous cell carcinoma
and mesothelioma (11-14). Upregulation of YAP1 has been shown to promote
tumorigenesis in most but not all tumor types evaluated (15). YAP protein overexpression
has been shown to be an independent poor prognostic factor in hepatocellular carcinoma
(16).

Apart from the classic NFll-associated lesions, little is known about the role of the hippo
pathway and YAP1 in nervous system tumors. Upregulation of YAP1 mRNA has been
reported in medulloblastoma and ependymoma, both through gene amplification and an
increase in transcription (12, 17), and in animal models of medulloblastoma it acts to
support tumor growth. However, the expression and potential function of YAP1 in the
majority of primary human brain tumors is unknown.

In the current study, we used immunohistochemistry to evaluate YAP1 in normal human
brain tissue and found that it is highly expressed in regions of adult and fetal brain known to
harbor a high concentration of progenitor cells, but at very low levels in adult cerebral
cortex. We also examined the expression of YAPL in a large panel of primary brain tumors
and found that YAP1 upregulation is a common feature of many human brain tumors
including infiltrating gliomas. Finally, we found that YAP1 overexpression promotes growth
of glioblastoma cell lines in vitro.

Materials and Methods

Construction of Tissue Microarrays and Immunohistochemistry

Human brain tumor samples and normal control tissue from autopsy specimens were
obtained from the archives of the Johns Hopkins Hospital Department of Pathology
following appropriate institutional review board approval. Classification of each tumor by
subtype was performed according to World Health Organization guidelines (18). No
information was obtained with respect to NF2 mutation status for tumor samples and no
patients were known to have NFII. Formalin-fixed, paraffin-embedded tissue was utilized to
construct tissue microarrays according to standard procedures at the Johns Hopkins tissue
microarray core facility (19). Immunohistochemistry for YAP1 was performed using a
polyclonal antibody specific for human YAP1 (Epitomics, Burlingame, CA,; catalog
#2209-1; 1:200 dilution), as previously described (20). Four cores of each tumor were used
per array. Tumors containing less than 2 cores in the array were excluded from analysis.
Each tumor was scored with respect to the percentage of positive tumor nuclei. After
obtaining a value of percentage positive nuclei for each tumor, a 3-tiered scoring system was
constructed as follows: “no staining” corresponded to no nuclear staining in tumor cells;
“low staining” corresponded to 1% to 10% of tumor nuclei positive; and “high staining”
corresponded to greater than 10% of the tumor nuclei positive for YAPL, similar to that
previously described (20). Nuclear positivity for YAP1 was used as a surrogate of the active
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fraction of the protein. Formalin-fixed brain sections from an 18-week female fetus and 8
different adult brains were immunostained for YAP1 as a comparison group

Cell Lines and Cell Culture

The human glioblastoma neurosphere line, HSR-GBM1 was cultured as described (21). The
adherent glioblastoma cell lines U87MG, U373, and A172 were obtained from the American
Type Culture Collection (ATCC) (Manassas, VA, http://www.atcc.org) and maintained in
ATCC's recommended growth medium supplemented with 10% fetal bovine serum
(Invitrogen, Carlsbad, CA).

Viral Vectors and Transduction

Control lentiviral vector pKO.1 was obtained from Addgene (Cambridge, MA). The
lentiviral vector pKO.1-YAP1, which expresses an sShRNA specific for human YAP1, was a
kind gift from Dr. Anirban Maitra (Johns Hopkins University). Viral production and
transduction were performed as described (22). Following transduction, cell lines were
maintained in 2 pg/ml of puromycin (Sigma-Aldrich, St. Louis, MO).

RNA Extraction and Q-PCR

RNA was extracted from cell lines using the Qiagen RNeasy RNA extraction kit (Qiagen,
Valencia, CA). RNA levels were analyzed by real-time PCR performed in triplicate with
SYBR Green reagents (Applied Biosystems, Foster City, CA), using an I-Cycler 1Q5 real-
time detection system (Bio-Rad, Hercules, CA), according to the manufacturer's
instructions. Expression levels were determined using the standard curve method with all
expression levels being normalized to actin. Primers for YAPL1 reverse transcription
polymerase chain reaction were obtained from SABiosciences (Frederick, MD). Primers for
PTCH1B, GLI1, and GLI2 have been previously described (23).

Cell Growth Assay

Cell number and viability were assessed using the Guava PCA and Viacount reagent
according to instructions (Guava Technologies, Hayward, CA). Viable cells were plated at
equal density in a 96-well plate containing appropriate growth media. Cell growth was
measured using CellTiter-96 Non-Radioactive Cell Proliferation Assay (Promega, Madison,
WI). Fold increase in cell mass was calculated as the percentage increase over starting A490
nm.

Patient Datasets

Microarray and clinical data were acquired from the Repository for Molecular BRAIn
Neoplasia DaTa (REMBRANDT) database (https://caintegrator.nci.nih.gov/rembrant/) on
September 15, 2010. A total of 343 glioma samples were evaluated. Analysis within tumor
grade was performed by evaluating the survival in 181 glioblastomas, 50 grade 11
astrocytomas, and 44 grade 111 astrocytomas. Astrocytomas in which the clinical grade was
not known were excluded from the analysis. For mRNA expression analysis, expression
values derived from Affimetrix U133 Plus 2.0 arrays were obtained from the
REMBRANDT dataset. Mean reporter values were evaluated within each tumor type.
Tumors with no defined tumor grade were excluded. To evaluate the expression of YAP1 in
molecular subsets of glioblastoma, normalized YAP1 expression values from Verhaak et al
(24) were evaluated within the 180 glioblastoma samples most representing the 4 distinct
subsets of glioblastoma. The mean YAP1 expression was calculated for each subset.
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Statistical Analysis

Statistical analyses were performed using the GraphPad Prism 4 software unless otherwise
specified (GraphPad software). Evaluation of immunohistochemistry from tissue
microarrays utilized either chi-square or the Fisher exact test to evaluate the comparison of
negative YAP1 staining vs. positive YAP1 staining (low YAP1 + high YAPL) or low YAP1
vs. high YAP1 staining (negative and low YAPL1 vs. high YAP1). In analysis of MTS assays
an unpaired Student t test was performed at each time point. Graphed data represent the
mean of 3 to 6 replicated samples collected. Error bars represent the standard error of the
mean. For mRNA expression analysis, Student t test was performed. In survival analysis the
percent survival was calculated using the product limit (Kaplan-Meier) method. Curve
comparisons were evaluated using the log rank test (Mantel-Haenszel). For all analyses,
differences were considered significant at p < 0.05.

Results

YAPL1 Protein Expression in Non-neoplastic Human Brain

We first examined the expression of YAP1 in non-neoplastic adult and fetal autopsy
specimens by immunohistochemistry. We hypothesized that, similar to other developmental
pathways such as wnt, notch, and hedgehog, the downstream hippo pathway mediator YAP1
would be expressed during development in the specialized niches known to harbor
multipotent neural progenitor cells. In the fetal brain, nuclear YAP1 immunoreactivity was
found to be enriched in 2 regions known to contain stem and progenitor cells: the forebrain
subventricular zone and the external granular cell layer of the cerebellum (Fig. 1). YAP1
staining was mostly observed in cell nuclei, where it is seen when it is active (25, 26). To
evaluate whether YAP1 was enriched in proliferating cells, we stained the fetal tissue for the
proliferation marker, Ki67. There was substantial overlap between the immunohistochemical
staining for YAP1 and Ki67, suggesting that YAP1 is enriched in proliferating progenitor
cell populations.

In the adult, YAP1 immunoreactivity was more restricted and showed the greatest staining
in the ependyma, choroid plexus, and leptomeninges (Fig. 2). Of note, we did see some
weak staining of reactive astrocytes in 1 specimen. Consistent with the high levels of
expression observed in the fetal progenitor niche, YAP1 showed high expression in the adult
subventricular zone of the lateral ventricle (Fig. 2A). Focal YAP1 positivity was identified
in the adult subgranular zone of the dentate gyrus (Fig. 2B), but this staining was not
identified in all samples. Very little YAP1 immunoreactivity was identified in the adult
cerebral cortex; when present, it was confined to weak vascular staining (Fig. 2E, F). Taken
together, these findings support a role for YAPL in neural development in humans,
particularly in brain areas in which there is expansion of neural progenitor cells.

YAP1 Protein Expression in Embryonal Brain Tumors

To evaluate the expression of YAP1 protein in human embryonal brain tumors we employed
a tissue microarray containing 4 central nervous system primitive neuroectodermal tumors
(CNS PNET), 2 medulloepitheliomas, 3 atypical teratoid rhabdoid tumors (ATRTS), and 57
medulloblastomas of various subtypes (Fig. 3; Table 1). Of the 66 embryonal tumors
examined, 30 (45%) showed some nuclear YAP1 expression, with no nuclear YAP1
expression in the control brain tissue (0/7). Among medulloblastomas, 22 out of 57 (39%)
showed at least some staining for nuclear YAP, with 33% showing high level staining. The
nodular desmoplastic subtype had the highest percentage of positive tumors (67%), whereas
32% of anaplastic medulloblastoma and 20% of classic medulloblastoma showed YAP1
immunoreactivity. This enrichment of nuclear YAP1 in the nodular desmoplastic subtype
was statistically significant when compared to both classical (p = 0.007) and anaplastic
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medulloblastomas (p = 0.05). Interestingly, the nodular desmoplastic subtype had a distinct
distribution of immunostaining such that the highly proliferative internodular areas showed
intense positive staining for YAP1, whereas the intranodular areas had weak or negative
immunoreactivity (Fig. 3C). This staining pattern is identical to those we have observed
previously for hedgehog mediators including GLI1 (27), suggesting that activity of the 2
pathways may be connected in medulloblastoma.

Among the other embryonal tumors examined, YAP1 immunoreactivity was generally
diffuse and intense. High level nuclear YAP1 immunoreactivity was observed in 2 of 2
medulloepitheliomas (Fig. 3D) and 3 of 3 ATRTSs (Fig. 3E); 3 out of 4 CNS PNET also
showed high level nuclear immunoreactivity (Fig. 3F; Table 1).

YAP1 Protein Expression in Glial Brain Tumors

We next evaluated YAP1 expression and cellular localization in 198 astrocytic and
oligodendroglial tumors of various World Health Organization (WHO) grades. In each
glioma type there was at least 1 case that expressed some nuclear YAP1. Pilocytic
astrocytomas (WHO grade I) showed the lowest proportion of YAP1 positivity, with 22/72
tumors (30%) showing some immunoreactivity and only 9/72 (13%) showed high level
nuclear staining. In contrast, very high proportions of WHO grade Il diffuse astrocytomas
(100%), WHO grade 111 anaplastic astrocytomas (100%), and WHO grade IV glioblastomas
(73/91 or 80%) showed at least some nuclear reactivity (Fig. 4). The YAP1 expression (low
or high) in infiltrating astrocytomas of all grades was significantly higher vs. that in
pilocytic astrocytoma (p <0.001 for all comparisons). Within the group of infiltrating
astrocytoma, high-grade tumors, including anaplastic astrocytoma and glioblastoma, showed
greater high level staining (80% and 56%, respectively) than diffuse astrocytoma (22%).
Both anaplastic astrocytoma and adult glioblastoma had significantly greater high-level
nuclear YAP1 expression compared to diffuse astrocytoma (p = 0.01 and 0.02, respectively).

A significantly greater proportion of glioblastomas resected from adults showed high level
staining (66%) vs. pediatric glioblastomas (40%; p = 0.01). Consistent with this observation
is that in a recent study by Paugh et al that identified YAP1 among the genes differentially
expressed in adult glioblastoma compared to pediatric glioblastoma, higher levels were
found in the adult tumors (28).

Nuclear YAP1 was detected in 7/8 oligodendrogliomas including 5/5 grade Il
oligodendrogliomas and 2/3 grade Il oligodendrogliomas. Similarly, 3/3 oligoastrocytomas
showed some nuclear YAPL immunoreactivity (Table 1).

Functional Significance of YAP1 in Glioblastoma

Because YAP1 can have opposite effects on cellular growth depending on the nuclear
binding partner utilized (8), we sought to determine whether YAP1 would promote or inhibit
glioblastoma growth in vitro using both gain and loss of function approaches. To evaluate
the effects of knockdown, we used a lentivirus vector to express an ShRNA specific for
YAPL. The adherent glioblastoma lines U87 and U373 and the neurosphere line HSR-
GBM1 were transduced with virus containing either pLKO.1-shYAP1 or empty pLKO.1
vector. Using quantitative PCR, we documented 25% to 72% reductions in YAP1 mRNA
levels following 1 week of selection with puromycin (Fig. 5A-C). Cultures with decreased
YAP1 levels were evaluated in a MTS assay; in all 3 glioma lines reductions in YAP1
mRNA were associated with significantly reduced growth. In the U87 cell line, significantly
reduced growth was observed at 2 and 6 days (p< 0.001 each) (Fig. 5A), whereas in the
U373 cell line significantly reduced growth was observed at 2 days (p < 0.05), 4 days (p <
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0.05) and 6 days (p < 0.001) (Fig. 5B). The glioblastoma neurosphere cell line HSR-GBM1
(Fig. 5C) showed significantly reduced growth at 2, 4, 6, and 8 days (all p < 0.05) (Fig. 5C).

Because YAPL1 interacts with the hedgehog pathway (12), we next evaluated effects of
YAP1 knockdown on mRNA levels of hedgehog targets in glioblastoma (Fig. 5D-F). By
quantitative PCR there was a significant downregulation of hedgehog target GLI1 in HSR-
GBM1 (p = 0.009) following YAP1 knockdown, whereas downregulation of PTCH1B and
GLI2 (p =0.0008 and 0.004, respectively) were demonstrated following knockdown of
YAP1 in U373. U87 showed no difference in expression of hedgehog targets following
YAP1 knockdown. Although these findings did not show consistent modulation of
individual hedgehog targets, they suggest that (as in medulloblastoma) there may be an
interaction between the hedgehog pathway and YAP1 in glioblastomas.

Survival Analysis of YAP1 Expression in Glioblastoma

We next evaluated whether YAP1 expression was prognostic of survival. The publically
available REMBRANDT database was used to compare glioma patients that overexpress
YAP1 by over 2-fold (high YAP1) to the remaining patient samples (low YAP1). Three
different cohorts of patients were examined, including those with grade 11 astrocytomas (Fig.
6B), grade 111 astrocytomas (Fig. 6C), and glioblastomas (data not shown). Survivals were
evaluated using the log rank test. In each comparison group there were significantly worse
outcomes in the high YAP1 group vs. the low YAP1 group with respect to median survival
(36 vs. 68 months in grade 11 astrocytomas; 17 vs. 34 months in grade 111 astrocytoma; and
13 vs. 17 months in glioblastoma). These trends towards differences in survival were not
statistically significant (p = 0.07, p = 0.08 and p = 0.10, respectively; Table 2).

Discussion

We show that YAPL1 is highly expressed in the developing human fetus and adult brain in
regions known to harbor populations of stem and neural progenitor cells but at relatively low
levels in the adult cerebral cortex. This is consistent with studies in other organisms such as
the chick neural tube (29). Similarly, overexpression of the YAP1 homologue yorkie in
Drosophila neuroepithelia prevents differentiation and promotes neural progenitor cell
expansion (30). Fernandez et al demonstrated YAP1 expression in the external granular cell
layer of the developing murine cerebellum (12) and our data suggest that this also occurs in
humans. We found virtually no YAP1 immunoreactivity in neurons in the adult cerebral
cortex, consistent with recent in vitro studies showing that YAP1 expression in embryonic
stem cells is downregulated following neural differentiation (3).

Previous studies have shown that YAPL1 is regulated downstream of the hippo pathway and
can be modulated by loss of NF2 in mammals (5). Interestingly, we found YAPL1 expressed
at high levels in arachnoid meningothelial cells and in ependymal cells lining the ventricles.
Because patients with NF2 have a predisposition to meningiomas and ependymomas (18),
our findings suggest that high constitutive YAP1 expression might confer a special
vulnerability to these tissues for neoplastic transformation. This expression pattern in normal
tissue also suggests that YAP1 is not merely a surrogate of proliferating cells, as it is present
in some highly proliferative cells (i.e. fetal neural progenitor populations) and some
relatively quiescent populations such as adult ependymal cells.

An interaction between the hedgehog pathway and YAP1 was recently identified in
medulloblastoma by Fernandez et al and validated in murine models (12). Our findings of
enrichment of nuclear YAP1 expression in the nodular/desmoplastic subtype of
medulloblastoma, which is associated with high hedgehog signaling (31), support this
relationship. Furthermore, the distribution of YAP1 staining (high in internodular areas and
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weak or absent within nodules) is identical to the pattern we previously reported for
mediators of the hedgehog pathway including GLI1 (27). The finding of high YAP1
expression in the nodular/desmoplastic subtype of medulloblastoma was also recently
reported by others (32). We also found high levels of nuclear YAP1 protein in ATRT and
PNET, suggesting a potential role in embryonal tumors other than medulloblastoma.

In glial tumors we identified expression of YAPL protein in tissue derived from multiple
types of astrocytoma and oligodendroglioma. Nuclear YAP1 protein expression was a
common feature in infiltrating astrocytic tumors including glioblastoma, but was less
common in pilocytic astrocytomas. Consistent with our immunohistochemical studies of
YAPL1 protein, analysis of the REMBRANDT database revealed that YAP1 mRNA was
elevated in infiltrating astrocytomas compared to control brain tissue (Figure, Supplemental
Digital Content 1, http://links.lww.com/NEN/A244). High levels of nuclear YAP1 protein
were more common in adult glioblastomas on our arrays as compared to those in pediatric
patients, which is consistent with a recent report that YAP1 mRNA expression is
significantly higher in adult than in pediatric glioblastomas (28). Little else has been
reported to date regarding the expression or role of YAPL in gliomas, although its mMRNA
has been noted in ependymomas (17).

Although in many tumors YAP1 functions as an oncogene (4), previous studies have
demonstrated that YAP1 can act to promote or inhibit tumor growth depending on cellular
context (10). Thus, defining the functional role of YAP1 expression in individual tumor
types is critical. Using a loss of function approach we found that YAP1 promotes
glioblastoma growth in vitro. Moreover, we observed modulation of hedgehog targets GLI1,
GLI2, and PTCH1B in some, but the results were not consistent among the 3 glioblastoma
cell lines examined.

Evaluation of the REMBRANDT database revealed a trend toward YAP1 overexpression
and poor prognosis in glioma patients. Among those with astrocytic tumors grades 11, 111,
and IV, median survival was consistently shorter in the high YAP1 group, although the
differences were not statistically significant. Finally, when we examined the 4 molecular
glioblastoma subtypes recently reported by Verhaak et al (24), our analysis of their dataset
revealed significantly higher YAP1 levels in the “classical” and “mesenchymal” groups that
are associated with the worst median survival. It is unclear why high YAP1 expression
associates with more clinically aggressive glioblastoma subtypes (classical and
mesenchymal) but more favorable medulloblastoma subtypes (WNT- and SHH-tumors) (24,
32). Whether this represents a complex interaction of YAP1 with different treatment
modalities or whether YAP1 acts as a surrogate for other factors that segregate within
different tumor types remains to be determined. The latter appears to be at least partially true
in medulloblastoma as few of the Y AP-positive tumors have c-myc amplification (32).

The mechanism(s) by which YAP1 expression and activity are regulated in gliomas are
unclear. NF2 is known to affect the hippo pathway, but while Lau et al previously
demonstrated that NF2 is decreased in glioblastoma but not anaplastic astrocytoma (33), we
found high nuclear expression of YAP1 in both grade Il and grade 1V astrocytomas,
suggesting that NF2 may not be the key regulator. It is possible that the hippo pathway may
be modulated by other factors upstream of YAP1. For example, Xu et al found that
overexpression of CD44 in glioblastoma inhibited the hippo pathway and allowed YAP1 to
remain in the active, hypophosphorylated state in U87MB and U251 glioblastoma cell lines
(34). Furthermore, Jiang et al evaluated 88 human astrocytoma specimens and found
frequent loss of LATS1 and LATS2 expression due to promoter hypermethylation in
infiltrating astrocytomas (35).
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In summary, this study demonstrates that YAP1 protein is expressed in both human neural
stem and progenitor cells and a number of human brain tumor types. Elevated nuclear
immunoreactivity was prominent in high-grade gliomas, suggesting a potential role in the
pathobiology of the most common malignant brain tumors. Consistent with this concept,
YAP1 promoted glioblastoma growth in vitro and high-level expression was associated with
clinically aggressive glioblastoma subtypes. Taken together, these findings suggest that the
hippo pathway and YAP1 represent a potential new therapeutic target in malignant gliomas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Immunohistochemical analysis of YAP1 in normal fetal brain. (A-F) Sections from the
external granular cell layer of 18-week-old fetal cerebellum (black arrows, A-C) and the
ventricular (arrows) and subventricular zones (D-F) show high levels of YAP1
immunoreactivity (C, F). Areas of YAP1 expression overlap with cells showing high
proliferation identified using Ki67 (B, E). Panels A and D are stained with hematoxylin and
eosin. Original magnification for all: 100x.
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Figure 2.

Immunohistochemical analysis of YAP1 expression in normal adult brain. (A-F) YAP1
expression is identified in the ependymal subventricular zone (A) and focally in the
subgranular zone of the dentate gyrus (B). Constitutive YAP1 immunoreactivity is also seen
in arachnoid meningothelial cells (C) and choroid plexus (D). In contrast, the cerebral cortex
shows little YAP1 expression. The deep white matter of the frontal cortex (E) and the gray
matter of the temporal lobe (F) show only weak vascular staining. Original magnification
for all: 100x.
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Figure 3.

Variable YAP1 expression in embryonal tumors. (A) A classical medulloblastoma shows no
staining for YAP1. (B) A classical medulloblastoma shows high level YAP1 staining. (C) A
nodular desmoplastic medulloblastoma shows high level staining in internodular areas but
weak or negative staining in the nodule (*). High YAP1 expression is also shown in a
medulloepithelioma (D), an atypical teratoid rhabdoid tumor (E), and a central primitive
neuroectodermal tumor (F). Original magnifications: A, B, D-F, 100x%; C, 64x,
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Figure 4.

YAPL1 expression in glial neoplasms. (A-D) A pilocytic astrocytoma shows high levels of
nuclear YAP1 immunoreactivity (A). High levels of nuclear YAP1 immunoreactivity are
more common in examples of diffuse astrocytoma (B), anaplastic astrocytoma (C), and
glioblastoma (D). Original magnification for all: 100x.

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2012 July 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Orretal.

Figure 5.

Knockdown of YAP1 decreases cell growth in glioblastoma cell lines. (A-C) YAP1 mRNA
expression was knocked down in glioblastoma cell lines U87 (A), U373 (B), and GBML1 (C)
using the lentiviral vector pLKO.1 expressing a shYAPL. The decrease in YAP1 mRNA was
monitored by Q-PCR (left). Cellular growth was evaluated using the MTS assay (right). The
growth relative to starting value was graphed for each cell line transduced with either empty
pLKO.1 vector (solid line) or pLKO.1-shYAP1 (hatched lines). Statistical analysis was
performed using the Student's t test at each time point. (D-F) The ability of YAP1
knockdown to modulate the hedgehog targets PTCH1B (D), GLI1 (E), and GLI2 (F) in
glioblastoma cell lines GBM1, U373, and U87 was assessed by Q-PCR. Statistical analysis
was performed using the Student t-test. Asterisks (*) in all graphs represent significance
below the p = 0.05 level. Error bars represent the standard error of the mean for 3 to 6
replicates.
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Figure 6.

YAPL Expression and survival in glioma patients. (A) Normalized YAP1 expression values
from Verhaak et al (24) were graphed for each subtype of glioblastoma. Significant
difference was analyzed by the Student t-test. Asterisks represent p < 0.0001 for the neural
(N), classic (C), and mesenchymal (M) subtypes compared to the proneural subgroup (P). A
significant increase was also observed in the mesenchymal and classical subtypes compared
to the neural subtype (“a”, p < 0.001). (B, C) Patients with either grade Il astrocytomas (B)
or grade 11 astrocytomas (C) were stratified with respect to YAP1 either greater than 2-fold
overexpression (“high YAP1”, hatched curve) or less than 2-fold overexpression (“low
YAPL”, solid curve). Using the log rank test, significance between groups was not met for
grade Il astrocytoma (p = 0.07) or grade 111 astrocytoma (p = 0.08).
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