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Abstract

Myelin transcription factor 1 (Myt1) and Myt1l (Myt1-like) are zinc finger transcription factors
that regulate neuronal differentiation. Reduced Myt1l expression has been implicated in
glioblastoma (GBM), and the related St18 was originally identified as a potential tumor suppressor
for breast cancer. We previously analyzed changes in gene expression in a human GBM cell line
with re-expression of either Myt1 or Myt1l. This revealed largely overlapping gene expression
changes, suggesting similar function in these cells. Here we show that re-expression of Myt1 or
Myt1l reduces proliferation in two different GBM cell lines, activates gene expression programs
associated with neuronal differentiation, and limits expression of proliferative and epithelial to
mesenchymal transition gene-sets. Consistent with this, expression of both MYT1 and MYTLL is
lower in more aggressive glioma sub-types. Examination of the gene expression changes in cells
expressing Mytl or Myt1l suggests that both repress expression of the YAP1 transcriptional
coactivator, which functions primarily in the Hippo signaling pathway. Expression of YAP1 and its
target genes is reduced in Mytexpressing cells, and there is an inverse correlation between YAP1
and MYTL/MYTLL expression in human brain cancer datasets. Proliferation of GBM cell lines is
reduced by lowering YAP1 expression and increased with YAP1 over-expression, which
overcomes the anti-proliferative effect of Myt1l/Myt1l expression. Finally we show that reducing
YAP1 expression in a GBM cell line slows the growth of orthotopic tumor xenografts. Together,
our data suggest that Myt1 and Myt1l directly repress expression of YAP1, a protein which
promotes proliferation and GBM growth.
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Glioblastoma (GBM) is a highly aggressive cancer with poor prognosis. GBM is the most
frequent primary malignant brain cancer in adults, yet due to intra-tumor heterogeneity and
its resistance to common therapies, GBM treatment options are relatively limited [1, 2].
Median survival for GBM patients remains below two years, even if patients initially
respond to standard therapies, including surgical resection, radiation and chemotherapies,
such as temozolomide treatment [3]. Recent molecular profiling of GBM has identified
common alterations in known oncogenes and tumor suppressors, including PTEN, EGFR,
and 7P53, among others [4, 5]. In addition, these analyses classified GBMs into various
subtypes that may be more clinically relevant than previous histological grades. However,
despite advances in understanding the underlying nature of GBM and its inherent
heterogeneity, effective treatment options are still quite limited.

Mytl and Mytll (Myelin transcription factor 1 and Myt1-like) are two of the three members
of a small family of zinc finger transcription factors that are characterized by two clusters of
C2HC zinc fingers [6, 7]. The DNA sequence to which these fingers bind has been defined
in vitro[8, 9], and evidence from genome wide analyses supports that this is responsible for
at least part of the targeting of these factors to DNA [10, 11]. Characterization of the
transcriptional activity of the Myt protein family has suggested that they play roles in
repression and activation. Myt1 represses transcription, interacts with Sin3 and histone
deacetylases, and can be incorporated into a neural specific LSD1 containing corepressor
complex [12, 13]. In contrast, Mytll and a Xenopus homolog of Myt1 have been shown to
activate transcription from synthetic reporters based on the known consensus site [6, 8].
However, recent evidence suggests that although there are potential differences in activity,
regulation of direct target gene expression via the consensus site primarily results in
transcriptional repression [11].

Myt family members are relatively widely expressed in neural tissue during embryonic
development, but in the adult, expression is primarily limited to brain [14]. All three
members of the Myt family have been implicated in neuronal differentiation in P19 cells,
with transient overexpression promoting the conversion of undifferentiated P19 cells to
neurons [15]. Mytll, when expressed together with the transcription factors Brn2 and Ascl1,
can reprogram fibroblasts to neurons [16-18]. In this context, Myt1l may function to limit
non-neuronal gene expression programs and non-neuronal cell fate [10]. Thus expression of
Myt family proteins in adult brain may function to maintain neural identify. St18
(Suppressor of tumorigenicity 18), which is the third member of this zinc finger family, was
originally identified as a potential breast cancer tumor suppressor, suggesting that these
proteins may play roles in tumorigenesis [19]. MYT1L has been shown to limit the growth
of glioblastoma in a xenograft model, and was suggested to do so by regulating expression
of the RNA binding protein, Rbfox1 [20]. In addition, there is evidence suggesting that
higher MYT1L expression correlates with better patient survival in neuroblastoma, but
otherwise little is known about potential functional roles of MYT1 and MYTLL in cancer
[21].

The Hippo signaling pathway was first discovered through mutant screens in D,
melanogaster, where mutations in several components resulted in similar overgrowth
phenotypes [22—24]. Signaling via this pathway limits cellular proliferation and promotes
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cell death and differentiation. Although identified in flies, the core components of the
pathway are all conserved in vertebrates, including humans [25]. Signaling via the Hippo
pathway is regulated by inputs from planar cell polarity, apical-basal polarity and other
stress cues, such as mechanical force. In mammalian cells, the MST1/2 kinases
phosphorylate and activate a complex that includes LATS1/2 kinases, which then
phosphorylate the YAP1/TAZ transcriptional co-activators [25]. YAP1 and TAZ (homologs
of the fly Yorkie) are recruited to DNA indirectly via interaction with the TEAD DNA
binding proteins (TEAD1-4, or Scalloped in Drosophila) [26]. While this represents the
canonical Hippo pathway, YAP1/TAZ can also interact with other DNA-binding
transcription factors, such as the SMAD proteins that mediate Transforming Growth Factor
R family signaling [27, 28]. Recruitment of YAPL1/TAZ by TEAD results in activation of
target gene expression, and this is inhibited by the upstream Hippo signaling pathway.
Phosphorylation of YAP1/TAZ promotes interaction with 14-3-3 proteins and cytoplasmic
sequestration [29-31], and can also lead to enhanced degradation of YAP1 and TAZ [32,
33]. Thus in the absence of signaling YAP1/TAZ drive pro-proliferative and anti-
differentiation gene expression programs. Given the effects of Hippo signaling on cell
survival and proliferation, deregulation of this pathway in cancer might be expected. The
NFZ2 gene, which is an upstream activator of the Hippo pathway, has been identified as a
tumor suppressor gene that is mutated in Type 2 neurofibromatosis, an autosomal dominant
syndrome that results in meningioma and schwannoma [34, 35]. However, other pathway
components appear not to be frequently mutated in cancer, although altered expression is
seen, and hyperactivity of YAP1 and TAZ is not uncommon.

YAP1 expression is relatively high in proliferating cells in fetal brain, with much lower
expression seen in adults [36]. In contrast, YAP1 expression is higher in GBM than in
normal tissue, and inhibition of YAP1 activity has been suggested as a potential therapeutic
approach in glioma [36-38]. In addition, TAZ activity has been implicated both in GBM
tumorigenesis and the progression to high grade mesenchymal gliomas [39]. This role of
YAP1/TAZ fits with the pro-proliferative and anti-differentiation functions of YAP1/TAZ in
neural tissue in both mammals and flies [40-42].

Here we show that the zinc finger transcription factors, Myt1 and Myt1l reduce proliferation
of human GBM cell lines and promote expression of gene sets associated with neural
differentiation. YAP1 is among the genes repressed by expression of Myt1 and Myt1l, and
consistent with this repression of YAP1 expression, Myt1l/Myt1l and YAP1 have inverse
expression patterns in GBM and lower grade glioma (LGG). Reducing YAP1 expression
mimics the effect of Myt1/Myt1l re-expression, and YAP1 over-expression can block the
anti-proliferative effects of Mytl and Myt1l in GBM cell lines. Finally, we show that
reducing YAP1 expression in GBM cells decreases tumor growth in a xenograft model, and
we propose a model in which Myt1/Myt1l directly repress YAP1 expression to limit
proliferation and tumor growth.
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MATERIALS AND METHODS

Cell culture, transfection, lentiviral infection and western blot

HEK?293T, A172, U87 and SKNSH cells were maintained in Eagle’s MEM (U87, SKNSH),
DMEM (A172, HEK293T), or L-15 (SW620) media (Invitrogen), all with 10% Fetal Bovine
Serum (Hyclone). Cells were transfected with PEI or Turbofect (Fisher) according to the
manufacturer’s instructions. Protein expression was analyzed by western blot with
antibodies to the Flag (Sigma, Flag M2) or V5 epitope tag (Cell Signaling, 13202).
Expression of YAP1 was monitored using a YAP/TAZ specific antibody from Santa Cruz
(SC-101119), and HSP90 was detected with an antibody from Cell Signaling (#4874). U87
and A172 cells were transduced with lentiviral vectors under standard conditions using
polybrene, and 72 hours after infection cells were subjected to selection with 1ug/ml
Puromycin or 2ug/ml Blasticidin, or 0.5ug/ml Puromycin plus 2ug/ml Blasticidin. Assays on
infected cells were performed after at least 10 days in selection. A172 and U87 cells were
authenticated by STR profiling, in accordance with ICLAC guidelines, at the University of
Avrizona Genetics Core.

DNA constructs

Mytl and Mytll constructs were generated by PCR from plasmids obtained from Addgene
(pMycMyt1-7zf/IRES-Red, #22652, a gift from Lynn Hudson [43], and Tet-OFUW-Myt1l,
#27152, a gift from Marius Wernig [18]). Lentiviral Mytl and Myt1l expression constructs
were generated in a modified pLenti puro (Addgene #39481, a gift from Le-Ming Shih [44]),
into which we first inserted an amino-terminal triple Flag-tag [11]. YAP1-V5 and LacZ in
pL X304 were gifts from William Hahn (Addgene #42555 and #42560 [45]). 8xGTIIC-luc
was a gift from Stefano Piccolo (Addgene #34615 [46]), and pcDNA Flag Yapl from Yosef
Shaul (Addgene #18881 [47]). The shYAP1 viral plasmid, shYAPL # 1, and the control
shLacz, were gifts from William Hahn (Addgene plasmids # 42540 and # 42559 [45]).

RNA and qRT-PCR

RNA was isolated and purified using Absolutely RNA kit (Agilent). For qRT-PCR, cDNA
was generated using Superscript 111 (Invitrogen), and analyzed in triplicate by real time PCR
using a BioRad MyIQ cycler and Sensimix Plus SYBRgreen plus FITC mix (Bioline).
Intron spanning primers, selected using Primer3 (http://frodo.wi.mit.edu/), were used for all
gRT-PCR. Expression is shown as mean plus standard deviation of triplicate experiments
and was normalized to Rpl4 as described [48].

Proliferation assays

Cells were plated in four well chamber slides (Labtek2, Nunc) and incubated with EdU
(ThermoFisher) for 45 minutes prior to fluorescent detection. pHH3 staining was performed
as described [49], using an antibody from Millipore (#06-570). Long term proliferation
assays were performed by serially plating 3x10° cells from independent quadruplicate
cultures and counting cells after 3 or 4 days. For growth in soft agar, 5,000 or 10,000 cells
per well were seeded into soft agar in 6-well plates [50]. Media on the colonies was changed
every 4th day. After 21-28 days colonies, were stained with 0.005% crystal violet (Sigma-
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Aldrich) and imaged using a Gel Doc XR+ (BioRad). Colony number was counted using
Quantity One 1-D Analysis Software (BioRad).

Luciferase assays

Cells were transfected with the 8xGTIIC-luc firefly luciferase reporter and a phCMVRLuc
control (Promega, Madison, WI), with pcDNA Flag Yapl as indicated, using PEI. After 48
hours, activity was assayed with luciferase assay reagent (Biotium) using a Berthold LB953
luminometer. Results were normalized using Renilla luciferase activity, assayed with
0.09uM coelenterazine (Biosynth, Naperville, IL), as in [51]. Results of replicate
transfections are shown (N=3-6, mean plus standard deviation) normalized to the RLuc
transfection control. The YAP1-luc reporter was a kind gift from Dr. R. Janknecht
(University of Oklahoma) [52], and mutant versions were generated within this plasmid by
PCR.

Chromatin immunoprecipitation (ChIP)

ChIP was performed on U87 cells following lentiviral transduction with Flag-tagged Myt1
or Mytll, or with a control lentiviral vector. Chromatin was cross-linked for 20 minutes in
1% formaldehyde and sonicated to 200-1000bp using a Branson digital sonifier, with
microtip as described [53]. Immunoprecipitation was carried out using 10pl of anti-Flag
agarose or anti-GluGlu agarose as a negative control. Bound and input fractions were
analyzed by gPCR on a BioRad MyIQ cycler using Sensimix Plus SYBRgreen plus FITC
mix (Bioline).

Statistics and analysis of gene expression datasets

Comparison of qRT-PCR, proliferation and luciferase data was performed by Student’s T-
test, with multiple correction testing where appropriate. Overlaps between RNA-seq data
and GBM datasets were analyzed using a 2x2 contingency table and Chi-squared test. For
comparison of gene expression data to expression correlations in GBM and LGG, we
overlapped genes that were significantly increased or decreased (p-adj < 0.0001, log2 fc +/
-0.5) in both Myt1 and Myt1l expressing U87 compared to control, with the top ~1000
negatively and positively correlated genes (using the minimum Spearman cut-off that
yielded >1000 genes) from TCGA data. Relative expression in GBM and LGG datasets was
compared relative to mean expression for all samples, and was plotted as median, with upper
and lower quartiles (box) and 5™ and 95! percentiles (whiskers). p-values were generated
using a Student’s T-test. TCGA data for GBM and LGG is from [4, 54], and other gene
expression data was from GEO datasets GSE4290 and GSE7696. RNA-seq data for Myt1
and Mytll expressing U87 cells is from GSE103790 [11]. RNA-seq data was analyzed for
GO enrichment (david.ncifcrf.gov; [55, 56]), and by GSEA (broadinstitute.org; [57, 58]).
Survival analyses (Kaplan-Meier curves and log rank p-values) were performed at
cBioPortal (cbioportal.org) or REMBRANDT (betastasis.com). Correlation between YAP1
and Myt expression was performed on expression z-scores using the full data-sets to
determine the R squared coefficient of determination. For the combined Myt1+Myt1l, we
averaged the z-score for each.
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Xenograft assays

All animal procedures were approved by the Animal Care and Use Committee of the
University of Virginia, which is fully accredited by the AAALAC. U87 cells infected with a
lentiviral shYAP1 or control lentivirus were used after 14 days of Puromycin selection. Six
week old athymic Foxnl nude mice (Envigo) were used for orthotopic implantation with
3x10° cells per animal to generate xenografts, using eight animals per group. Three weeks
after injection, mice were euthanized and analyzed by contrast enhanced T1-weighted MRI
using a 7 Tesla Bruker/Siemens ClinScan small animal MRI at the UVA Molecular Imaging
Core.

RESULTS
Mytl and Myt1l limit proliferation of GBM cell lines.

We have previously examined gene expression changes in U87 glioblastoma cells in which
we stably re-expressed either Mytl or Myt1l [11]. This analysis suggested that both proteins
have largely similar effects on gene expression, despite the potential for Myt1l but not Mytl
to activate transcription from synthetic reporters. While analyzing these U87 cells, we
noticed that, compared to the control cells those expressing either Myt1 or Myt1l appeared
to proliferate more slowly. Analysis of the gene expression changes in common between the
Mytl and Mytll expressing cells compared to controls suggested a significant enrichment
for GO terms associated with proliferation among the genes that decreased compared to
control (Supplementary Fig 1A). In contrast, neuron development and differentiation GO
terms were enriched in the gene set that increased in the Myt1 and Myt1l expressing cells
(Supplementary Fig 1B). GSEA analysis supported this, with enrichment for chromosome
segregation and E2F target genes in the control cells (Supplementary Fig 1C). In contrast,
the Myt1 and Myt1l expressing cells were enriched for gene sets associated with synaptic
signaling and neuronal function (Supplementary Fig 1D). In addition, there was an
enrichment for an EMT signature in the control cells and cell adhesion in Myt expressing
cells, suggesting effects on both proliferation and cell-cell contact.

To test effects on proliferation, we first analyzed incorporation of EAU and examined the
proportion of cells in late G2 or mitosis by staining for phospho-histone H3 (pHH3). As
shown in Figure 1 (A-C), U87 cells expressing either Myt1 or Mytl1l had small but
significant reductions in the number of EdU and pHH3 positive cells. Serially passaging
cells with 300,000 cells re-plated every 3 or 4 days resulted in a significant reduction in
cumulative cell number by the second passage, with relative cell numbers below 40% of the
control by the fourth passage (Fig 1D). Introduction of Myt1 or Myt1l into a second GBM
cell line, A172, similarly reduced proliferation when assayed in a serial re-plating assay (Fig
1E, F). Analysis of U87 cells by gRT-PCR indicated that they do not express detectable
levels of MYT1 or MYTLL, but have some expression of the related ST18 (Fig 1G). A172
cells expressed low levels of MYT1, but did not have detectable MYT1L or ST18
expression. In contrast, both MYT1 and MYT1L were readily detectable in the SKNSH
neuroblastoma cell line, and ST18 expression was present in SW620 colon cancer cells.
Thus U87 and A172 are good models for analyzing the function of reintroduced MY T
proteins. This analysis suggests that reintroduction of either Myt1 or Myt1l can limit
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proliferation of glioblastoma cells /n vitro and is consistent with a previous report that
MYTLL inhibits GBM [20].

Expression of MYT1 or MYTLL correlates with survival in brain cancer.

Since expression of either Myt1 or Myt1l in U87 GBM cells results in similar changes in
gene expression and reduced proliferation, we examined whether MYT1 as well as MYT1L
expression levels correlated with tumor progression in human gene expression datasets.
Comparison of RNA-seq data from Myt1 and Myt1l expressing U87 cells [11] with gene
expression datasets from GBM patients [59, 60] revealed that among the genes that showed
differences in our analysis and were different between normal and tumor tissue, the majority
were increased by Mytl or Mytll expression and decreased in GBM tumors compared to
normal (Supplementary Fig 2). This is consistent with the hypothesis that reduced
expression of both MYT1 and MYTLL correlates with GBM progression.

Examination of relative expression levels of MYT1 and MYTLL in human brain cancer
datasets revealed significantly lower expression of MYTLL in oligodendroglioma,
astrocytoma (grade 111), and glioblastoma (grade 1V) than in normal brain (Fig 2A). In
contrast, MYT1 levels were higher in oligodendroglioma and astrocytoma than in normal,
but expression in both astrocytoma and glioblastoma was significantly lower than in
oligodendroglioma. Recent detailed molecular analyses of GBM and LGG patient samples
have revealed new ways to classify these diseases that may be more informative than other
histological classifications [4, 54]. Gene expression analysis separated GBMs into classical,
mesenchymal, pro-neural, and neural subtypes, each with differing molecular signatures and
clinical outcomes. Expression of both MYT1 and MYT1L was significantly higher in
proneural tumors than in the more severe classical and mesenchymal tumors (Fig 2B). LGG
has generally been classified by grade (11 or 111) and by histological type (oligodendroglioma
and astrocytoma), but recent analysis suggests that three sub-types defined by mutations in
IDH1/2 and deletion of 1p/19g may be more valuable. Analysis of TCGA data from LGG
revealed higher expression of both MYT1 and MYTLL in the less aggressive subtype,
characterized by the presence of IDH mutations and co-deletion of 1p and 19q chromosome
arms (Fig 2C).

Analysis of survival data (REMBRANDT) revealed a significant association of higher
expression of either MYT1 or MYTL1L with longer survival of glioma patients (Fig 2D).
Similarly, expression of either MYT1 or MYT1L was predictive of overall or diseasefree
survival in the TCGA LGG dataset (Supplementary Fig 3A). Together these analyses
suggest that both MYT1 and MYT1L expression correlates with the aggressiveness of
human brain cancers, with expression being lower in more aggressive tumors and higher
expression correlating with better overall survival.

Mytl and Mytll limit YAP1 expression.

Examination of our gene expression data from U87 cells expressing either Myt1 or Myt1l
suggested effects on the Hippo pathway, which was also the most enriched pathway by
KEGG analysis among genes down-regulated by Myt1 and Myt1l (see Supplementary Fig
1A). This KEGG pathway includes the core components of the Hippo signaling pathway as
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well as target genes and additional regulatory inputs. Examination of expression levels of
only the core components of the Hippo signaling pathway revealed that expression of YAP1
was the most clearly down-regulated in cells expressing either Myt1 or Myt1l, whereas the
majority of rest of the core pathway was unchanged (Fig 3A). We overlapped our gene
expression data with high confidence YAPL1 targets, identified by combining YAP1 and
TEAD1 ChlP-seq data with RNA-seq analysis of YAP1 knockdown from SF268
astrocytoma cells [61]. This revealed that more YAPL targets are repressed than are activated
by expression of Mytl or Mytll (Fig 3B). Additionally, by GSEA we found enrichment for
higher expression of a conserved YAP1 signature [62] in the control data compared to cells
expressing Mytl or Mytll (Fig 3C).

To verify these potential changes in the Hippo pathway, we tested expression of YAP1 and
seven predicted high confidence target genes from the SF268 dataset. We observed
significantly lower expression of all eight genes in cells expressing Myt1 or Myt1l than in
control U87 cells (Fig 3D). Western blot analysis for YAP1 confirmed the reduction in
expression in both U87 and A172 cells expressing Myt1 or Myt1l compared to the control
cells, with little change in the functionally related TAZ (Fig 3E). In A172 we observed
significantly lower expression of the YAP1 mRNA and lower expression the majority of the
predicted target genes identified from U87 RNA-seq analysis (Fig 3F). Expression of CTGF,
a known YAP1 target gene, was not decreased by Myt expression in either U87 or A172
cells, and increased significantly in Mytll expressing U87 cells (Fig 3D), perhaps suggesting
an independent mechanism of regulation. This analysis suggests that expression of either
Mytl or Mytll in GBM cells modulates the activity of the Hippo pathway by repressing
expression of YAPL, and this reduces expression of at least some YAPL1 target genes.

When we analyzed YAP1 expression in GBM subtypes we found an inverse pattern to that
seen with MYT1 or MYTLL, with higher YAP1 expression in the all tumor types than in
normal, and higher expression in the more aggressive classical and mesenchymal sub-types
(Fig 4A, B). Similarly, relative YAP1 expression was lower in the less aggressive IDH
mutant, 1p/19q co-deleted LGG subtype (Fig 4C). In contrast to MYT1 and MTY 1L, high
YAP1 expression was associated with poor survival in human glioma (Fig 4D). Similarly, in
LGG decreased overall and disease-free survival correlated with higher YAP1 expression
(Supplementary Fig 3B). Together with our gene expression analysis, these data suggest a
potential inverse correlation between the expression of YAP1 and either MYT1 or MYT1L.
Examination of expression patterns in normal human tissue using GTEXx (gtexportal.org)
supported this inverse correlation, with YAP1 expression being lower throughout the brain
than in most other tissues, and MYT1L and MYT1 expression being higher in the brain
(Supplementary Fig 4). Analysis of expression in the GBM and LGG datasets revealed a
negative correlation between YAP1 and MYT1 expression (Fig 4E and Supplementary Fig
5). When we combined expression of both MYT1 and MYTLL, the correlation with YAP1
expression improved in one of the GBM datasets and in LGG.

To compare downstream gene expression changes to human cancer data-sets we identified
the genes for which expression best correlated with MYT1, MYTLL, or YAP1 in TCGA
LGG and GBM data-sets, taking approximately 1000 genes each with the best positive and
negative correlation. These were then overlapped with genes that were significantly different
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between control U87 cells and those expressing Mytl and Mytll. As shown in Figure 4F,
there was a preferential enrichment in the overlap for genes that were more highly expressed
in Mytl or Myt1l expressing U87 cells and positively correlated with their expression in
either GBM or LGG. The converse was also true, enrichment for lower expression and a
negative correlation, as might be expected, given that the U87 gene expression data is from
cells expressing Myt1 or Myt1l. More interestingly, we observed the opposite pattern of
enrichment among the overlaps between the Myt1/Myt1l U87 expression data and genes that
correlated with YAP1 expression in GBM data sets (Fig 4F), consistent with decreased
YAP1 mediating part of the effect of Myt1 or Myt1l in glioma. Taken together these
analyses suggest that Myt1 and Myt1l limit YAPL1 expression and that there is an inverse
relationship between MYT1/MYT1L and YAPL expression and function both in normal
human tissue and in brain cancers.

Direct repression of YAP1 expression by MYTs

The effect of Mytl and Myt1l expression on YAP1 prompted us to examine if the effects of
Mytl and Mytll on proliferation in U87 cells might be due to decreased YAPL levels.
Verteporfin has been used to limit activation of YAP1 target genes by disrupting its
interaction with the TEAD transcription factors, which mediate the majority of YAP1
recruitment to DNA [63]. To test if U87 cells were sensitive to modulation of this pathway,
we treated cells with a range of concentrations of Verteporfin and examined the activity of a
synthetic YAPL1 transcriptional reporter (8xGTIIC-luc; [46]). As shown in Figure 5A,
increasing Verteporfin decreased activation of this reporter in parental U87 cells, and also
reduced total cell number when U87 cells were incubated with increasing concentrations of
Verteporfin for four days (Fig 5B). Similarly, decreased reporter activity and cell number
were seen in A172 cells treated with Verteporfin (Fig 5C).

To test effects of Mytl and Mytll, we tested activity of the 8xGTIIC-luc YAP1 reporter in
Mytl or Mytl1l expressing U87 cells. In both Myt1 and Myt1l expressing cells, YAP1
reporter activity was significantly lower than in the control cells, and this difference was
abolished by overexpression of YAP1 (Fig 5D). Hippo signaling to YAP1 is sensitive to cell
density, with more sparse cells allowing for increased YAP1 activation of target genes [46].
However, the effect of Mytl and Myt1l appeared to be similar at both high and low density
in U87 cells, consistent with decreased YAP1 expression in both cases (Fig 5E). As in U87,
we observed lower 8xGTIIC-luc reporter activity in Mytl and Myt1l expressing A172 cells
that was overcome by YAP1 co-expression (Fig 5F). Examining cell number in cells treated
with Verteporfin suggested that Myt1 or Myt1l expressing U87 cells retained some
sensitivity to YAP1 inhibition, consistent with inhibition of residual YAP1 function by
Verteporfin (Fig 5G). Together these results suggest that GBM cells are sensitive to
inhibition of YAP1 activity, consistent with the hypothesis that reduced YAP1 levels may at
least partly account for the effects of Myt1 and Myt1l reexpression on cell proliferation.

Examination of the YAP1 gene revealed multiple matches to the MYT consensus site within
2kb of sequence upstream of the TSS (Fig 6A). To test if Mytl or Myt1l could bind to these
sites we focused on the proximal promoter, since the potential MYT sites were conserved in
mouse Yapl, and also tested a further upstream region with a closely spaced pair of sites,
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although these were not found in mouse Yapl (Fig 6A). Binding of Mytl or Myt1l from
stably expressing U87 cells was analyzed by ChIP-qPCR. As shown in Fig 6B, we detected
significant enrichment of both Myt1 and Myt1l at the proximal YAP1 promoter region, but
no binding to the upstream region containing the paired sites, or to a control region from
upstream of the CONKZB gene. To determine if the consensus sites within this region of the
YAPI upstream mediated MY T-dependent repression we used a luciferase reporter that
includes sequence to 390bp 5’ of the transcriptional start site [52]. Each of the two
consensus sites present within this reporter was mutated individually (m1 or m2: Fig 6A),
and we also generated the double mutant (m1mz2) lacking both sites. Following transfection
into U87 cells expressing either Myt1 or Myt1l we observed significantly lower activity
from the wild type reporter than seen in control cells (Fig 6C). Mutating either site alone
reduced repression by both Myt1 and Myt1l, and the activity of the double mutant was
further increased, at least relative to the reporter with the m1 mutation alone. Together, these
analyses suggest that YAP1 is a target for direct repression by Mytl and Mytll, and that this
is mediated by binding to two consensus sites within the first 400bp upstream of the TSS.

YAP1 promotes proliferation in GBM cells

We next tested direct manipulation of YAP1 levels, either by overexpression or ShRNA-
mediated knockdown. As shown in Figure 7A, overexpression of YAP1 increased
proliferation in both A172 and U87 cells. In contrast, knocking down YAP1 significantly
reduced cell number in both lines (Fig 7B). In addition, altering YAP1 expression levels
resulted in differing ability of U87 cells to form colonies in soft agar, with more colonies in
the YAP1 overexpressing cells and fewer in cells in which endogenous YAP1 was decreased
by shRNA knockdown (Fig 7C). Thus, expression of YAP1 in U87 or A172 cells has the
opposite effect to that seen with expression of Mytl or Mytll. To test if the reduced
proliferation in Myt1 or Myt1l expressing U87 cells could be reversed by over-expressing
YAP1, we infected U87 cells with lentiviral constructs expressing either lacZ or YAP1,
together with Myt1, Mytll or the control vector. As shown in Figure 7D, expression of the
epitope-tagged YAP1 did not appear to affect expression of Myt1 or Myt1l, compared to the
lacZ expressing cells. Similarly, Myt1 or Myt1l expression did not reduce expression of the
exogenous lentiviral YAP1. To examine effects on proliferation we performed a serial re-
plating assay in which cells were counted after five days and then re-plated for a second
passage. After only a single passage, and when the cumulative effects of both passages were
considered, cells expressing Mytl or Mytll proliferated more slowly than controls, whereas
YAP1 expressing cells proliferated at a significantly faster rate (Fig 7D). The combination of
YAP1 and Mytl or Myt1l largely reversed the anti-proliferative effect of Myt1 and Mytll,
although there was still some reduction compared to cells expressing YAP1 alone after two
passages. These analyses show that Myt1/Myt1l and YAP1 have opposing effects on
proliferation in GBM cell lines and suggest that reduced YAP1 expression in the presence of
Mytl or Mytll may account for part of their anti-proliferative effect.

To test if YAP1 expression was required for tumor growth /n vivo, we performed xenograft
assays using U87 cells expressing a YAP1 shRNA, or a control vector. Cells were injected
orthotopically into nude mice, and after three weeks, the tumors were imaged by MRI. As
shown in Figure 7E, there was a significant reduction in tumor volume in mice injected with
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the shYAP1 cells compared to the control U87 cells (see also Supplementary Fig 6). This is
clearly consistent with the model that YAP1 expression promotes glioma progression, and
together with previous analyses, suggests that repression of YAP1 expression by Myt1 or
Mytll mediates at least part of their antitumorigenic effect.

DISCUSSION

Here we demonstrate that re-expression of Mytl or Mytll in GBM cell lines slows
proliferation, that expression of both is lower in more aggressive sub-types of glioma, and
that reduced expression correlates with poor prognosis in both GBM and LGG. Analysis of
gene expression data suggests that Myts alter the output of the Hippo signaling pathway by
directly repressing expression of the YAP1 coactivator. We show that compared to YAP1,
Myt proteins have an opposing effect on proliferation of GBM cells, and that YAP1
promotes tumor growth /n vivo.

Mytll is perhaps best known as one of a cocktail of three transcription factors, together with
Brn2 and Ascl1, that can reprogram fibroblasts to neurons [16-18]. In addition, Myt1, as
well as the third family member, St18, can promote neuronal differentiation of P19 cells /n
vitro, suggesting similar roles for all three family members [15]. More recent analysis has
suggested that Myt1l limits both non-neuronal gene expression programs and non-neuronal
cell fate [10], consistent with the gene expression differences we observed between U87
cells and those with Myt1 or Myt1l reexpression. Analysis of gene expression patterns in
adult human tissues (gtexportal.org) suggests that all three members of the family are
primarily expressed in brain, with essentially no expression in other tissues, other than
pituitary. In the developing mouse embryo, Mytl and Mytl1l are broadly expressed in neural
tissues during the latter half of embryogenesis, with St18 expression being lower, but
following a similar pattern [14]. Despite their neural-restricted expression, gene knock-out
studies in mice suggest a role for Myt1, and possibly also St18, in the differentiation of
endocrine islet cells and pancreatic function [64-66]. The similar expression patterns and
function in neural development for Myt1 and Myt1l might predict similar mechanisms of
transcriptional regulation, which is supported by the highly related DNA-binding zinc
fingers, overall domain structure, and their preference for binding to the same DNA element
[7-9, 67]. Initial analyses suggested that Myt1 and Myt1l might in fact have opposing
effects on transcription when targeted to DNA via their cognate binding site [6, 8, 9, 12, 13].
However, direct comparison of the transcriptional consequences of re-expressing either
Mytl or Mytll in U87 cells suggests that they perform largely overlapping functions [11].
This is further supported by our analysis here, showing similar effects on proliferation and
the Hippo signaling pathway in two GBM cell lines.

Although the St18 member of this family was originally identified as a potential breast
cancer tumor suppressor [19], the functions of this family of proteins have not been
extensively studied in cancer. However, a role for MYT1L in GBM has been examined, with
knock-down of MYT1L in neural stem cells resulting in increased tumorigenesis in an
orthotopic tumor model [20]. Our data showing reduced proliferation with re-introduction of
either Mytl or Myt1l clearly support this, although we were unable to maintain expression
of Myt1/Mytll in U87 cells without selection, making testing in xenograft models
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problematic. Surprisingly, knock-down of Myt1 in the Neuro2a neuroblastoma cell line
resulted in reduced proliferation, an effect that was also seen with knock-down of the Myt1-
interacting LSD1 lysine demethylase [13]. Comparison of gene expression changes between
Myt1 knock-down Neuro2a and Mytl-expressing U87 cells suggested that direct effects on
gene expression were similar [11]. Thus it is possible that even in neural cells, the effects of
this family of proteins on tumorigenesis may differ among tumor types, despite similar
effects on target genes. In this context, it is of interest that cell line expression data from
CCLE (betastasis.org) suggests that MYT1 and MY TLL expression is extremely low or
absent in all CNS and neural derived tumor cell lines, other than in some neuroblastoma and
medulloblastoma lines. Our analysis of MYT1 and MYTLL expression in human cancer
data-sets supports a tumor-suppressive role in both LGG and GBM, with lower expression
being seen in more aggressive tumor types. This is supported by /n situ analysis for MYT1L
transcripts, showing higher expression in normal brain and oligodendroglioma with 1p loss
than in oligodendroglioma without LOH at 1p or in GBM [68]. One exception is that
compared to normal tissue, MYT1 expression was higher in the less aggressive subtypes of
GBM. However, expression of both MYT1 and MYTLL clearly decreases with increasing
severity in both GBM and LGG, and low expression correlates with poor patient survival.

Examination of our gene expression data revealed reduced expression of the YAP1
coactivator that functions in the Hippo pathway, and a YAP1 expression signature was
enriched in control cells compared to Mytl or Mytll expressing U87. In support of this we
show that Myt1 and Myt1l regulate expression of YAP1 in both U87 and A172 cells, and
that several YAP1 target genes are also suppressed in the presence of Mytl/Myt1l.
Importantly, we show that repression of YAP1 by Myt1/Myt1l is mediated by direct binding
to the proximal human YAP1 promoter, via two consensus MYT sites that also are
conserved in mouse. /n vitro analyses suggest binding of Myts to a closely spaced pair of
sites and a so called DR9 element (direct repeat with 9bp spacing) has been widely used for
functional analyses [9, 67]. Our previous analysis of gene expression changes with Myt1 or
Myt1l expression suggested that the most repressed genes had multiple copies of the MYT
consensus site close to the TSS [11]. However, we did not determine which sites were
functional. Here we show that the Myt-responsive region of YAP1 contains two MYT
consensus sites, separated by 99bp, both of which contribute to repression. However, we do
not know if they are bound by a single Myt protein or each by distinct molecules, and it is
possible that additional partial matches to the consensus may aid binding to each of these
sites.

In addition to repression of YAP1 expression by Myt1 and Myt1l, genes with expression
levels that best correlate with YAPL in GBM or LGG are preferentially repressed by
expression of Mytl or Mytll in U87 cells, consistent with decreased expression of YAP1
and its targets. YAP1, and the related TAZ, promote proliferation and survival in many cell
types and have been implicated in a large number of cancers, where they can also contribute
to metastasis and resistance to anti-cancer therapies [35, 69]. Previous work has suggested a
role for YAP1 in promoting GBM [36, 37], and the functionally related TAZ has also been
implicated [70, 71]. However, a link between the Myt transcription factors and expression of
YAP1 has not been investigated. Analysis of human brain cancer data-sets suggests an
inverse expression pattern comparing YAP1 with MYT1 and MYTLL, and survival data
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suggest that high YAP1 expression predicts poor survival in both GBM and LGG. This is
again opposite to the results with MYT1 and MYTLL, further supporting antagonism
between MYTL/MYTLL and YAP1 in glioma.

YAP1 and TAZ are transcriptional coactivators that function primarily via interaction with
the TEAD family of DNA binding transcription factors [61, 72]. Upstream Hippo signaling
exerts a negative regulatory function on YAP1 and TAZ [25]. Activation of this kinase
cascade results in phosphorylation of YAP1/TAZ, which promotes cytoplasmic retention and
degradation. While this regulatory module has been extensively studied, relatively little is
known about transcriptional regulation of YAP1 or TAZ. Recent work has shown a role for
the lysine demethylase, KDM4A, and Ets family DNA binding proteins, such as ETV1 in
directly activating the YAP1 proximal promoter [52]. Activation of YAP1 expression by
KDMA4A and ETV1 promoted prostate cancer progression, suggesting that transcriptional
up-regulation of YAP1 or TAZ can contribute to tumorigenesis. Our data provide a second
example in which loss of transcriptional repression of YAP1 by MYT1/MYTLL may have a
similar outcome, namely increased YAP1 expression driving tumor progression.

In summary, we show that Myt family zinc finger transcription factors directly repress YAP1
expression via two consensus sites close to the TSS, resulting in reduced proliferation in
GBM cells. YAP1 and MYT1/MYTLL expression levels are inversely correlated in GBM
and LGG and are predictive of survival. Decreasing endogenous YAPL1 levels slows GBM
proliferation and reduced tumor growth, suggesting that YAP1 activity might be viable target
for treating glioma patients.
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Highlights
. Myt zinc finger transcription factors directly repress expression of YAP1
. Higher MYT1 and MYTLL expression correlates with better survival in GBM
. High YAP1 expression correlates with poor survival in GBM and LGG

. Reduced YAP1 expression slows GBM cell proliferation and tumor formation
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Figure 1. Decreased proliferation in Mytl and Myt1l expressing cells.
A) Expression of Myt1 and Mytll in U87 cells was analyzed by western blot with a Flag

antibody (to the amino-terminal 3xFlag epitope). Blotting for HSP90 is shown below. B)
U87 cells were incubated with EJU and the percentage of positive cells in quadruplicate
cultures is plotted (mean + sd). C) The percentage of U87 cells in late G2 and M phase
(mean + sd, of quadruplicates) was determined by staining with an antibody against pHH3.
D) Four separate cultures of each U87 cell line were maintained for four serial passages, and
the average cumulative cell number is plotted (left). The right hand panel shows relative cell
number (mean + sd) after four passages. E) A172 cells were infected with control or Myt1 or
Myt1l expressing lentiviral constructs. Expression of Mytl and Myt1l in A172 cells was
analyzed by Flag western blot, and blotting for HSP90 is shown below. F) Four separate
cultures of each A172 line were maintained for four serial passages, and the average
cumulative cell number is plotted (left). The right hand panel shows relative cell number
(mean + sd) after four passages. p-values were determined by Student’s T-test: * p < 0.05, **
p <0.01, *** p < 0.001. Panels B, C, D and F show representative experiments, with
averages of quadruplicate samples from a single experiment. Panels B, C and F were
repeated twice and panel D four times, with similar results. A and E are representative
western blots (of three repeats), which were from the cells used in D and F. G) Relative
expression of Myt family members in U87 and A172 is shown compared to SKNSH and
SW620 as positive controls.
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Figure 2. MYT1 and MYTLL expression in brain cancer datasets.
A) Relative expression of MYT1 and MYTLL in normal tissue, and three classifications of

glioma is shown (data from GSE4290). Expression of MYT1 and MYTLL in the four
subtypes of GBM (B) and in the three LGG subtypes (C) is shown (data from TCGA).
Expression data is plotted as median with upper and lower quartiles (box) and 5t and 95t
percentiles (whiskers). Numbers of samples in each class are indicated below. D) Disease-
free survival is plotted for TCGA GBM data (from Betastasis) for patients with high or low
MYT1 and MYTL1L expression.
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Figure 3. Regulation of YAP1 by Mytl and Myt1l.
A) A heat map (z-score per gene) of RNA-seq data from Myt1 or Myt1l expressing and

control U87 cells is shown for genes encoding components of the Hippo signaling pathway.
B) Comparison of expression of high-confidence YAP1 target genes with changes in
expression in U87 RNA-seq data, either +/- 0.5 log2 fold change (Ifc). Genes with
decreased expression in both Myt1 and Myt1l cells that were tested by qRT-PCR are
indicated by asterisks. C) GSEA analysis of U87 RNA-seq data showing enrichment of a
conserved YAP1 signature in the control cells. Three of the genes tested in D are near the top
of this list (asterisks). D) gRT-PCR expression analysis for YAP1 and putative target genes
(from panel B) in control and Myt1 or Mytll expressing U87 cells. E) Western blot analysis
(representative blot of three repeats) for Myt1, Mytll, and YAP1 in A172 and U87 cells
(control or expressing Myt1 or Myt1l). HSP90 loading control is shown below. F) A172
cells expressing Mytl or Mytll were analyzed by gRT-PCR as in D. p-values were
determined by Student’s Ttest: * p < 0.05, ** p < 0.01. D and F are average and s.d. of
triplicate samples from a single experiment.
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Figure 4. Expression of YAPL in brain cancers.
YAP1 expression was analyzed as in Figure 2, in normal and glioma from GSE4290 (A),

TCGA GBM data (B), and LGG from TCGA (C). Numbers of samples in each class are
indicated below. D) Kaplan-Meier analysis of YAP1 in TCGA GBM data (Betastasis) is
shown. E) Correlation between zscores for expression of YAP1 and MYT1, MYTLL, or both
together was analyzed in the indicated datasets. R-squared values are shown. F) Gene
expression changes (Myt1 and Myt1l-expressing versus control cells) were compared to
genes with expression that best correlated (either positively or negatively) with MYT1,
MYTLL, or YAP1 expression in TCGA LGG, and GBM data-sets. The overlaps are shown
as Venn diagrams, with the p-value (Chi squared test on a 2x2 contingency table) for the
distribution of the overlap. Red outlines indicate the enriched overlap in each case.
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Figure 5. GBM cell lines are sensitive to Hippo pathway modulation.
A) U87 cells were treated with increasing concentrations of Verteporfin (0, 2, 4, and 8 pM)

after transfection with a YAP-TEAD luciferase reporter (8xGTIIC-luc) and assayed 24 hours
later. B) U87 cells were incubated for four days with 0, 2, 4, or 8 uM Verteporfin, and
relative cell number determined by counting quadruplicate cultures. C) A172 cells were
analyzed as in A and B with 0 or 8 uM Verteporfin. D) U87 cells expressing Mytl or Myt1l
or with the control vector were transiently transfected with the 8xGTIIC-luc reporter with or
without a YAP1 expression plasmid, and luciferase activity was determined after 48 hours.
E) Cells transfected with the 8xGTIIC-luc reporter and were split at high and low density
and assayed for luciferase activity 36 hours later. F) A172 cells expressing Myt1 or Myt1l or
with the control vector were transfected with 8xGTIIC-luc with or without a YAP1 plasmid,
and luciferase activity was determined after 48 hours. G) U87 cells expressing either Myt1
or Myt1l and control cells were incubated for four days with 0, 2, or 4 uM Verteporfin and
relative cell number determined by counting quadruplicate cultures. All luciferase data is
presented as mean + sd of triplicate transfections, normalized to a Renilla-luc transfection
control. p-values were determined by Student’s T-test: * p < 0.05, ** p < 0.01, *** p <
0.001. Panels A-F show representative experiments, that were repeated twice with similar
results. Data in panel G is from a single experiment. Averages shown are of triplicate
samples for luciferase assays, and quadruplicates for proliferation assays, from a single
representative experiment.
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Figure 6. Direct regulation of YAP1 by Myts.
A) The human YAPZ upstream region is shown schematically. Above is a screenshot from

the USCS genome browser showing H3K27Ac ChlIP-seq signal (top), vertebrate
conservation (middle) and identity with mouse (lower track). The positions of the MYT
consensus sites are shown, relative to the transcriptional start, together with the four
luciferase constructs generated. Arrowheads indicate the positions of the PCR primer pairs
for ChlP. Below is the region from the mouse YapI gene, with two blocks of high sequence
identity shown as thicker bars. Consensus MYT sites in mYapI are marked. B) Binding of
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Mytl and Myt1l was analyzed by ChIP-qPCR from U87 cells with either Flag-Myt1, Flag-
Mytll or a control vector. Binding to the proximal and distal regions of the YAPI promoter
was analyzed, together with a negative control region from the CODKNZ2B gene. Average plus
sd of quadruplicate IPs. p-values were determined by Student’s T-test: ** p < 0.01, for
comparison to the IP from control cells. C) Luciferase activity of the four constructs shown
in A was analyzed in U87 cells expressing Flag-Myt1, Flag-Myt1l or in control cells. p-
values were determined by Student’s T-test, with correction for multiple testing: *** p <
0.001, for comparison of WT reporter activity to the control cells, # p < 0.05, ## p < 0.01,
### p < 0.001 for comparison of the mutant reporters to the WT in Myt1 or Myt1l
expressing cells. For C, a single representative experiment is shown, from two repeats, with
average and s.d. of six replicates. Data in panel B is from a single experiment, with average
and s.d. of four replicates.
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Figure 7. Analysis of proliferation with altered YAP1 expression.
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A) U87 or A172 cells were infected with a control virus or a YAP1 expressing lentiviral
construct. YAP1 expression was visualized by western blot for the V5 epitope tag.
Quadruplicate cultures were counted after four days, and relative cell number is shown. B)

YAP1 was knocked down by shRNA lentiviral infection in U87 or A172 cells. Endogenous

YAP1 expression is shown by YAP1 western blot together with relative cell number after
four days (quadruplicate cultures as in A). C) U87 cells with YAP1 overexpression or
knockdown were assayed for growth in soft agar: 10,000 cells per well were plated for sh-
lacZ and sh-YAP1, 5,000 cells per well for lacZ and YAP1. Average colony number and
images of representative wells are shown. D) U87 cells were co-infected with lentiviral
vectors expressing YAP1 (V5 epitope tagged) or lacZ and either the control Flag vector or
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one with 3xFlag Mytl or Myt1l. Expression of Myt1, Mytll and YAP1 was analyzed by
western blot for the epitope tags, and HSP90 as a loading control is shown below.
Quadruplicate cultures of each of the U87 lines were maintained for two serial passages and
cell number after the first passage and cumulative cell number after two passages is shown
(mean + sd). p-values were determined by Student’s T test (p < 0.01): # For Mytl or Mytl
expressing lacZ versus control/lacZ, ~ for YAP1 expressing versus equivalent lacZ line. E)
Control or shYAP1 infected U87 cells were injected orthotopically into nude mice and
tumors imaged by MRI after three weeks. Average (+ s.d.) tumor volume is shown, together
with representative images (red lines outline the tumors). For panels A-C and E, p-values
were determined by Student’s T-test: * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.
Panels A, B and D show representative experiments that were repeated twice with similar
results. The average and s.d. shown is based on replicates within a single experiment. Data
for C and E are from single experiment, with average and s.d. shown based on replicates (6
wells each in C, and 8 mice each in E).
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