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Abstract

Pooled genetic screens represent a powerful approach to identify vulnerabilities in cancer. Here we
used pooled CRISPR/Cas9-based approaches to identify vulnerabilities associated with telomerase
reverse transcriptase (TERT) promoter mutations (TPMs) found in >80% of glioblastomas. We
first developed a platform to detect perturbations that cause long-term growth defects in a TPM-
mutated glioblastoma cell line. However, we could not detect dependencies on either TERT itself
or on an E-twenty six transcription (ETS) factor known to activate TPMs. To explore this finding,
we cataloged TPM status for 441 cell lines and correlated this with genome-wide screening data.
We found that TPM status was not associated with differential dependency on 7ERT, but that
E-twenty six (ETS) transcription factors represent key dependencies in both TPM+ and TPM-
lines. Further, we found that TPMs are associated with expression of gene programs regulated

by a wide array of ETS-factors in both cell lines and primary glioblastoma tissues. This work
contributes a unique TPM cell line reagent, establishes TPM status for many deeply-profiled cell
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lines, and catalogs TPM-associated vulnerabilities. The results highlight challenges in executing
genetic screens to detect TPM-specific vulnerabilities, and suggest redundancy in the genetic
network that regulates TPM function with therapeutic implications.

Introduction

Glioblastomas (GBM) are the most common primary malignant brain tumor, with a median
overall survival of less than 2 years (1). Telomerase reverse transcriptase ( 7TERT) gene
promoter mutations are the most frequent somatic genetic alterations in GBMs (2,3).

TERT promoter mutations (TPMs) are early somatic mutations (4,5) that occur in >80%

of glioblastomas and in ~23% of all cancers (6-9). The two most frequent TPMs are
heterozygous somatic point mutations that cause C>T transitions at 124 and 146 base pairs
(bp), respectively, upstream of the 7TERT ATG start site (7). These are commonly referred to
as C228T and C250T, respectively, based on their genomic coordinates.

TPMs function by reactivating TERT expression, which immortalizes GBM cells by
facilitating indefinite telomere maintenance (10,11). Both C228T and C250T create a
neomorphic 11-bp E-twenty six (ETS) transcription factor binding site which aberrantly
recruits ETS-factors, including the transcription factor GA binding protein (GABP), to
upregulate TERT expression (10).

Given their frequency and necessity for tumor cell immortalization, recent interest

has focused on identifying methods to therapeutically target TPMs (2,3,12). Efforts to
therapeutically target genetic alterations such as EGFR amplifications found in GBM have
failed to extend patient survival (13-15), which may be due to intratumoral heterogeneity
of those targets in GBM (16). However, TPMs are early clonal alterations found in GBM
precursor cells that selectively sweep through the tumor cell population, suggesting that
targeting TPMs could overcome the limitations seen with other targeted therapy approaches
(4,5). Targeting telomerase itself is one attractive therapeutic concept for TPM+ GBM

(17). Work in preclinical TPM+ GBM models suggests that targeting telomerase may be
effective in low-volume disease states, but that resistance caused by tumor evolution may
be a challenge (12). Further, clinical trials of anti-telomerase therapies such as imetelstat
have so far shown limited efficacy in solid tumors (18), and considerable toxicities (19). This
experience raises concerns that anti-telomerase therapies will be limited in their therapeutic
window because normal stem cells rely heavily on telomerase function. Another approach
under investigation is disruption of factors that regulate the mutant TERT promoter. For
instance, disrupting the specific GABP isoform that regulates TPMs reverses the unlimited
replication potential of TPM+ cell lines in the long-term (weeks to months) and sensitizes
GBM cells to DNA damage in the short-term (days) (2,20). Unfortunately, therapeutically
targeting transcription factors has historically presented a significant challenge (21).

The challenges with targeting telomerase itself or GABP inspired the current work to
identify additional vulnerabilities associated with TPMs that could be therapeutically
targeted. We generated a cell line to read out perturbations that specifically disrupt the
ability for TPMs to drive TERT expression through a pooled genetic screen. We then

used computational methods to conduct comparative analyses between the dependency and
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expression data of >400 cell lines and nearly 500 primary GBM tumors with known TPM
status. Our results have important implications for therapeutic vulnerabilities in TPM+
GBM, and our experience provides guidance for future efforts to examine and target TPMs.

Results

Construction of a TPM+ cell line with inducible TERT

To effectively therapeutically target TPMs, a given perturbation must reverse the selective
advantages conferred by TPMs to tumors (ie. reactivation of TERT expression). So, to

hone in on perturbations specific to TPMs, we sought to develop a cell line with inducible
exogenous TERT to facilitate a counter-screening methodology that could be carried out
over long-term timelines (Figure 1a). For this, we selected the T98G GBM cell line since it
contains a TPM and has previously been shown to be dependent on the TPMs for long-term
growth (2,12,20,22). We found that T98G is homozygous for a C250T TPM (Figure 1b).
TetON expression was detected by gPCR (Figure 1c¢). We next introduced an inducible
cassette to express a codon-optimized TERT. Codon optimization was done to protect this
exogenous TERT construct from CRISPR/Cas9 targeting directed at specific sequences in
endogenous TERT (Figure 1d). To enable robust detection of exogenous TERT, N-terminal
HA and Flag tags were engineered into the open reading frame (Supplementary Table 1).
Notably, while N-terminal tagging may be expected to disrupt TERT function to some
extent, N-terminal Flag tags of TERT have been shown to support near-wild-type telomerase
catalytic activity (23). After selection, a stable cell pool was generated. qPCR revealed
robust induction of TERT mRNA in the presence of doxycycline (dox), and a small amount
of TERT mRNA in the absence of dox (Figure 1e). However, immunoblots for HA and Flag
revealed apparent expression of TERT in the cell pool in both the absence and presence of
dox (Figure 1f). This finding raises the possibility that in the cell pool, cells existed with
leaky expression of TERT in the absence of dox.

Next, we isolated stable TERT-inducible clones. We sought to achieve a low expression
of TERT to mimic physiologic low levels. Four clones were obtained and expanded. HA
and FLAG detected induction of a band after dox treatment in clones C6 and C7 (Figure
1g). These results confirm the construction of a TPM+ GBM cell line with dox-inducible
expression of an epitope-tagged, codon-optimized TERT at physiologic levels. Clone C7
(T98G-TERT-ON) was chosen and used for further experiments described below.

Mini pooled CRISPR/Cas9 screen for TPM-associated vulnerabilities.

We carried out a mini pooled CRISPR screen on T98G-TERT-ON as a preliminary
experiment to gauge the feasibility of a genome-wide screen. We tested if 7ERT knockout
decreased long-term growth of T98G as described previously (1) in a pooled experiment. We
also included gRNAs against the GABPB1L subunit of GABP which has been shown to be
required for GABP to drive TPM function in T98G (20). Since TPMs increase replicative
immortality over a relatively long time-scale, we performed a long-term growth assay to
assess the ability for cells to avoid senescence (Figure 2a). Cells were transduced with
lentiviruses to deliver Cas9 and gRNAs against TERT (3 unique gRNAs) or GABPBI1L (2
unique gRNAS), or control gRNAs (2 unique gRNAs targeting nonfunctional AAVSL). We
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analyzed cells transduced with each single gRNA in parallel. Additionally, we transduced
a parallel pool of cells with equal amounts of each of these seven gRNAs (n=2 replicate
pools). Since previous literature indicates that TERT disruption leads to decreased cell
viability at late time points of >100 days (2), the experiment was carried out over a long
time-scale of 134 days. The culture was split into cultures with and without dox at day 75.

We used next generation sequencing approaches to quantify Cas9 cutting and gRNA barcode
representation. 80-100% of TERT genomic DNA contained expected TERT-directed cutting
by day 33 post-transduction (Figure 2b). A proportionally lower amount of TERT genomic
DNA was disrupted in the pooled screening experiment, in line with the fact that only

1/7t of the gRNAs were directed at each specific locus in the pooled experiment. We

next quantified gRNA representation at three timepoints: after lentiviral transduction and
initial selection, prior to dox induction, and after one month of culture with or without

dox. We could not detect appreciable depletion of TERT or GABPB1L gRNAs over this
timespan (Figure 2c). Similarly, we could not detect any evidence of negative selection
against Cas9 cutting of TERT or GABPB1L over time, or differential selection for TERT

or GABPBLL in the presence or absence of TERT re-expression. Indeed, the percentage of
cells with damaging TERT or GABPBLL alterations induced by specific gRNAs remained
stable and high over time, and was not affected by the addition of dox (Figure 2d). These
results indicate that while TERT was appropriately disrupted by CRISPR/Cas9, there was
no negative selection against TERT or GABPB1L-deficient cells in this system. We also
found that TERT gRNAs were not preferentially targeting a certain allele of TERT, or that

a specific allele of TERT underwent positive or negative selection over time after CRISPR/
Cas9 disruption (Supplemental Note).

TERT is not a dependency in TPM+ GBM lines in genome-wide pooled screens

Since we could not detect a genetic dependency for 7TERT or GABPBIL in our TPM+
GBM cell line, we investigated if other TPM+ GBM cell lines were dependent on TERT

or on GABP complex components. To do so, we compared CRISPR/Cas9 and RNAI
screening data for TPM+ cell lines to TPM~ cell lines in the Cancer Dependency Map
database (DepMap, v22Q2, https://depmap.org/portal/) (24-29). Recent data indicates that
TPM disruption causes near-term anti-growth effects in GBM within less than one month
(20), which would be detected in the DepMap screening format. Dependency scores, which
represent the degree of dependency based on positive or negative selection seen in CRISPR/
Cas9 and RNAI screening experiments, have been calculated for nearly all genes in all lines
(gene effect < —0.50 was considered dependent). Since TPM status is not available in the
DepMap dataset, we established a consensus TPM status for >400 cell lines including n=36
glioblastoma lines by a combination of in-house genotyping and literature review (Figure 3a,
Supplementary Table 2, see Methods).

We tested if TPM status was associated with dependency on TERT. We decided a priori

to focus on GBMs, liver cancers (LC), and melanomas (MEL) since these histologies
contained multiple TPM- and TPM+ cell lines necessary for statistical comparisons (Figure
3a). As expected, the presence of a TPM was generally associated with higher TERT
MRNA expression (Figure 3b). However, TERT was not associated with a dependency
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in the CRISPR or RNAIi DepMap database among GBM, LC, or MEL lines (Figure 3c,

d). Very few cell lines scored as a CRISPR dependency on TERT (10/1086), none of
which were TPM+ GBM, LC, or MEL lines. Thus, similar to our /n vitro pooled genetic
screening experiment on T98G, cell lines in the DepMap database did not appear to exhibit
dependency on 7ERT regardless of TPM status.

GABP subunits demonstrate dependencies in both TPM+ and TPM- cell lines

We next sought to test whether TPMs were associated with dependencies on the GABP
transcription factor subunits that are thought to regulate their function (2). First, we
examined GABPB1. Though the DepMap does not contain information specifically on the
previously studied GABPBI1L isoform (2), gRNAs targeted at GABPB1 would be expected
to deplete GABPBLL, in addition to other GABPBL isoforms (Figure 4a). Significant
differences (p<0.05) in GABPB1 dependency were detected between TPM+ and TPM—
GBM lines (Figure 4b), though the gene still seemed to be somewhat dependent in WT
cells. The GABP complex has previously been shown to be needed for TPM function in
liver, urothelial, and melanoma cell lines (10), but we did not detect significant differential
GABPB1 dependency scores between TPM+ and TPM- lines among any of these lineages
(Figure 4c,d). Out of the 690 GABPB1-dependent lines, most are TERT promoter wild type
and from lineages that infrequently harbor TPMs, such as breast and colon lines (Figure
4e). Considering orthogonal data, GBM and LC lines also did not demonstrate a differential
dependency on GABPBL1 in RNAi-based screens (Figure 4b,c). These data suggest that
GABPB1 is especially important in promoting the replication capacity of C228T cells, and
has weaker evidence for dependency in TPM- cells. We conducted similar analyses for
GABPB2 and GABPA. We did not find CRISPR/Cas9 or RNAI dependency for GABPB2 in
GBM lines (Figure 4b). GABPA scored as a strong dependency in C228T GBMs and within
856/1078 of all cancer cell lines; GABPA dependency was also observed in the limited
number of available TPM- GBM lines (Figure 4b).

Comparing all genetic dependencies in DepMap between TPM+ and TPM- lines yielded
relatively few differential dependencies after false discovery rate (FDR) correction
(Supplementary Figure 2, Supplementary Table 3). Our ability to detect differential
dependencies when correcting for multiple hypothesis testing for >10,000 genes was likely
hampered by the small number of lines in the TPM~- group.

TPM+ cell lines differentially express genes that are regulated by ETS-factors

To identify molecular features of the TPM+ and TPM- cell lines in the DepMap dataset

that may explain our inability to detect TPM-specific dependencies, we examined RNA
expression profiles between the two groups. We identified 147 differentially expressed genes
between C228T vs WT cell lines, (DEGs, q<0.05, Figure 5a). Protein interaction network
analysis (PPI) demonstrated a strong network enrichment (p=0.0003) suggesting that the
proteins were biologically connected as a group (Figure 5b). Because transcription factors
tend to regulate genes with similar sets of functions, we hypothesized that the biological
interconnectedness might be explained by transcriptional reprogramming. If true, we would
expect genes downstream of certain transcription factors to be heavily dysregulated.
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To test whether specific transcription factors were linked to the TPM-associated DEGs,
we used gene set enrichment analysis for transcription factor targets as annotated by the
TRANSFAC database (30-32) (Figure 5c¢). Sixteen out of the 24 significantly enriched
transcription factors identified by TRANSFAC analysis were within the ETS family,
indicating enrichment for ETS-factors, such as GABP, above expected levels (chi-square,
p<8.52 x 10739). Though the ETS transcription factors were not differentially expressed
themselves, they are known to be regulated by post-translational modifications (33).
Although there are fewer C250T cell lines in the DepMap dataset, analysis of C250T vs
TPM- cells also demonstrated that ETS-factors are important mediators of DEG in C250T
cell lines (PP1 p<0.00007, chi-square, p=1.44 x 10716, Figure 5d—f).

Expression of multiple ETS-factors correlate with TERT expression in TPM+ GBM tissues

To extend our findings from TPM+ cell lines to patient data, we examined GBM expression
data from a dataset of nearly 500 primary GBM tissues. We identified 659 DEGs
(adjP<0.05, |Log2(FC)| < 1) when comparing C228T vs WT (Figure 6a) and 892 DEGs
when comparing C250T vs WT (Figure 6b). There were few DEGs when comparing
C228T vs C250T, suggesting that the two groups were biologically more similar to each
other than to the TPM- group (Figure 6¢). Indeed, there were 505 DEGs that overlapped
between the C228T vs TPM- and C250T vs TPM~- comparisons (Figure 6d). K-means
clustering (k=3, based on the three TPM alleles) of GBM samples according to the

top 50 most variable genes (Figure 6e) differentiated between TPM- and TPM status.
Specifically, cluster 2 (p=7.0E-04) and cluster 3 (p=1.7E-03) were significantly enriched
with the TPM genotype, whereas cluster 1 is significantly enriched with the WT genotype
(p=6.09E-05) (Supplementary Table 4). Thus, the TPMs delineate transcriptionally distinct
subsets of primary GBMs in this dataset. However, clusters 2 and 3 did not differentiate
between C228T and C250T, suggesting that the biologies underlying these two TPMs were
comparable. The differences between clusters 2 and 3 were likely driven by differences

in underlying transcriptional heterogeneity due to clinical, cellular composition, and other
genetic factors. For instance, the two groups demonstrated differential expression of a

set of seven genes including ATRX, PRRCZA, C4B, UTY, HLA-B, LTF, and RPS4Y1.
Computation of overlaps between this 7-gene and the Molecular Signatures Database
(MSigDB) (34) revealed significant overlap with an infection-related gene set (ATRX, HLA-
B, C4B, HP_Unusual_infection_by_anatomical_site, q = 0.014). ATRX has been linked
with immunomodulatory functions in IDH-mutated gliomas (35). The current data link
ATRX expression to immunomodulatory functions among 7ERT promoter mutant, IDH WT
gliomas. (36)

We next explored the biological interactions that may underlie the expression patterns we
found to be enriched in TPM+ GBM tissues. We used the 505 consensus DEGs shared by
C228T and C250T tumors to construct a PPI (37). K-means clusters within the network
(k=3) (Figure 6f) demonstrated enrichment in ontologies related to differentiation and
development (Figure 6g), intercellular communication (Figure 6h), and immune response
signaling (Figure 6i). Overall, these analyses suggest that TPM+ GBMs are associated with
lineage-, stemness-, and immune-related transcriptional programs.
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We then explored the relationship between ETS transcription factor expression and TERT
expression in our primary GBM tissues. TERT expression is upregulated by a variety of
ETS- factors, including GABP, in a dose-dependent fashion (10). We therefore hypothesized
that the expression of specific ETS-factors responsible for driving TERT expression from
the TPM+ promoter should correlate with TERT expression among TPM+ tumors, but

not among TPM- tumors. We correlated TERT expression with the expression of every
ETS transcription factor, respectively (Supplementary Figure 3). Several correlations are
highlighted in Figure 6j. GABPB1 expression was correlated with TERT expression among
TPM+ tumors (C228T p=0.009, C250T p=0.018), but not among TPM- tumors (TPM-,
p=0.8). However, GABPA and GABPB2 expression were not significantly correlated with
TERT expression among any groups. Interestingly, even stronger associations were observed
in TPM+ tumors for ETV5 (C228T p=0.007, C250T p<0.001). We also found significant
negative associations between 7ERT expression and SPI1 and ETS2. There were also very
strong associations with ETV1, ETV2, and ETV4 (Supplementary Figure 3). The group

of TPM- tumors exhibited very few significant correlations between TERT expression and
ETS transcription factor expression. These results suggest that multiple ETS-factors may
drive TERT expression via interactions with the mutant promoter in TPM+ GBM.

Discussion

Here, we leveraged pooled genetic screening approaches to identify vulnerabilities
associated with TPMs. We developed T98G-TERT-ON, a GBM cell line platform harboring
an endogenous TPM in which exogenous 7ERT can be induced by the addition of
doxycycline to the culture media. We used this system to screen for dependencies that could
be rescued by exogenous TERT expression. Surprisingly, we found that 7ERT itself and
GABPBLL, a transcription factor previously shown to regulate TERT expression (2), were
not dependencies in this platform. This discrepancy compared to prior studies (2,12) could
potentially be due to differences in cellular contexts such as time scale of the experiments,
clonality or pooled nature of the system, and/or /n vivovs. in vitro nature of the experiments.
Similarly, we could not detect an association between TPMs and 7ERT dependency in a
large number of cell lines within the DepMap dataset (Supplementary Table 2). GABPB1
and GABPA were strong dependencies in TPM+ GBMs, and also in TPM- GBM s as well
as in the majority of cancer cell lines. Expression profiles between TPM+ and TPM- cell
lines and GBM tumors support the deregulation of several ETS-factors. Together, these
results support a model in which multiple ETS-factors may play an interchangeable and/or
redundant role in regulating TERT expression in TPM+ GBM cells in a highly cellular
context-dependent manner.

Our work provides important lessons to guide ongoing efforts to target TPMs. While our
data supports previous results demonstrating a differential dependency to GABPBL in

TPM cells as well as increased ETS-like signaling (2), it also offers insights regarding

the essentiality of GABPB1 in WT lines as well as the potential redundancy of ETS activity
driving TERT expression, which has implications in therapeutic development. Such a finding
has also been noted before in thyroid cancer (38). Our study extends upon previous studies
by highlighting specific members within the ETS family that may play crucial roles in
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glioblastoma with TPM, offers valuable lessons for the use of genetic screens in cancer
research, and provides valuable insights into the underlying regulators of TERT biology.

Another key insight is that pooled screens as executed here and by the DepMap do not find
TERT as a dependency in TPM+ GBM lines. One possibility is that tumor cells have enough
plasticity to activate other telomere-elongating processes in response to TERT knockout,
such as activation of the ALT mechanism (39). Because the cell lines were not found to

be dependent upon TERT, perhaps the cellular dependency upon pathways “upstream” of
TERT formed as a result of its regulation of other tumorigenic processes. Thus, pooled
knockout screens have proven a challenging approach for the identification of negative
genetic interactions with TPMs.

Our study has several limitations. While we hypothesized that gRNAs directed at TERT

or GABPBL1L would be depleted in a mini pooled CRISPR/Cas9 screen, this was not
observed. Several explanations could underlie this finding. Even though we confirmed
efficient CRISPR/Cas9-mediated gene disruption activity, T98G has been reported to be

a hyperdiploid line with substantial chromosomal instability (22). Therefore, even with a
majority of TERT alleles disrupted, the possibility remains that there would still be at

least one intact TERT allele in the cells. However, this is unable to explain the results in
their entirety; for example, TERT-2 gRNA-guided cutting ultimately resulted in frameshifts
in >90% of 7ERT by day 134. In addition, prior studies showed TERT dependency in
subclones with TERT or GABPBL1L disruption (2). Thus, it is possible that the pooled
screening format allowed the emergence of cellular adaptations that were unable to develop
in clonal populations. Yet another possibility is that the described clones themselves had
cellular changes not present in the entire T98G population that caused TERT and/or
GABPBLL to be non-essential. Another limitation in this study was the leakiness of TERT
expression from the exogenous TERT promoter in the absence of doxycycline. Since even
small amounts of TERT expression can fulfill its physiological functions in cells, this may
explain why the cellular model did not demonstrate TERT dependency in the absence of
doxycycline. This could be strengthened in future studies by an additional control group
where the TERT overexpression cassette is absent.

A potential limitation of the computational analysis was that we did not consider telomeric
content within our analysis. The time period the DepMap CRISPR screen was conducted
over may be insufficient to observe telomere crisis in cell lines with high telomere content.
Interestingly, a previous study used genome sequencing data within the DepMap to estimate
telomere content within the cell lines to further annotate the C228T/C250T status of the

cell lines (40). Such analysis of telomeric content found context-dependent dependencies

on telomere maintenance and shelterin genes. Whereas our approach was more focused

on targeting TPM status rather than telomeric abundance, this additional data may also be
useful for better understanding in which contexts TPM vulnerabilities appear. For instance,
examination of telomere content and dependency datasets for 344 cell lines (40) showed that
dependencies on the ETS transcription factors ELF1 and ETV4 were significantly correlated
with telomere content (P=6.0E-03 and P=8.9E-04, respectively), while this was not the

case for GABPB1 (P>0.05). ELF1 and ETV4 expression were also strongly associated with
TERT expression in our dataset (Supplementary Figure 3). These findings suggest that there
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may be complex interactions between various ETS transcription factors and telomere content
maintenance, highlighting the need for comprehensive investigations into the regulation of
telomerase expression in future studies. Further experiments focusing on the direct effects of
the ETS factors nominated here on TERT expression may help define the TERT regulatory
network as well as the contexts in which they are activated.

The time frames for the current experiments are critical considerations for interpreting the
results. Since a primary mechanism of TPMs relates to cellular immortality, we initially
hypothesized that a long-term screen involving >50 cell divisions over >100 days would be
needed to detect dependencies related to the TPM disruption. However, recent data emerged
indicating that TPM disruption can cause short-term growth defects (20), which would

be expected to be detected in the approximately month-long DepMap CRISPR screens.
Therefore, when difficulties arose in establishing a long-term senescence-based screening
system, we turned our attention towards leveraging the DepMap’s publicly-available data. A
drawback of this approach is the lack of an isogenic system to identify dependencies that are
likely to be caused by the presence of a TPM rather than other confounding properties of the
cell lines. Further, given the high frequency of TPMs in GBM, relatively few TPM- GBM
cell lines exist limiting the statistical power for many analyses. In addition, this approach
does not account for differences in baseline cell line proliferation rates and cell death rates
that can alter the rates and degrees of depletion of gRNAs targeting essential genes. Along
the same lines, baseline variability in copy numbers of essential genes between cell lines
can result in apparent differences in gene essentiality. Additionally, the context of examining
short- and long-term experiments needs to be taken into account for future analyses given
the different mechanisms of action of TPM disruption on cell growth at different time scales
(20).

While one initial goal of this work was to identify therapeutically-actionable upstream
genetic pathways that are requisite for TPM oncogenic function (Figure 1a, Supplementary
Figure 4a,b), our findings indicate that approaches to target other aspects of TPM

biology also merit attention. For instance, our recent preclinical investigation of a 6-thio-
deoxyguanosine drug was shown to specifically induce telomeric DNA damage in a
telomerase-dependent manner in TPM+ GBM s (41). This study highlights that targeting
TPM-associated biology downstream of the TPM may also be of value in therapeutic
approach and development. Further studies are needed to fully understand the underlying
mechanisms of TPM biology and to optimize the clinical application of this approach.

T98G-TERT-ON cell line development

T98G cells (ATCC, authenticated using Sanger sequencing) were cultured in EMEM
(Gibco, 30-2003) 10% FBS (Gibco 10099-141-C) at 37C. All cells were tested routinely
for mycoplasma and found to be negative. Inducible expression was accomplished using
the Tet-On 3G system according to the manufacturer’s instructions (Takara, Cat. No.
631339). Briefly, transfection-grade Lenti-TetON 3G-Neo plasmid was used to generate
lentiviruses to introduce TetOn expression. Cells were cultured in additional 400 ug/ml
geneticin (Gibco) to select for a stable pool with Tet-On expression. Transfection-
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grade Lenti-TRE-hygro-TERT was generated using gene synthesis of an HA-Flag-TERT
construct (Supplementary Table 1, Genscript). Lentiviruses were generated from Lenti-
TRE-hygro-TERT. Stable pools containing the Lenti-TRE-hygro-TERT construct were
selected using an additional 150 ug/ml hygromycin B (Invitrogen). Subcloning of
inducible TERT cell lines was carried out according to the manufacturer’s instructions.
Quantitative reverse transcriptase PCR (qPCR) was carried out using primers for TetON
(forward 5’-GTATTGGAGGAACAGGAG-3’, reverse 5’-ATTGCTTGTTTCAGAAGTG-3%)
and primers for TERT (forward 5’-GGCATGGAACCACTCTGTGA-3’, reverse 5’-
GGTGTTCTCTCTGGCTCAGG-3’). Immunoblot and flow analysis was carried out
with anti-FLAG (A00187-100, Genscript) and anti-HA antibodies (A01244-100) and a
secondary goat-anti-mouse antibody (A00160, Genscript).

LentiCRISPRv2 constructs

Two published gRNAs for GABPB1L were used (5’-GCAGCTCCTAAAGAAAGAAC-3’,
5’-AGAGGCCTACAGACAGAAGT-3) (2). A nontargeting control gRNA (5’-
ATAATAATACGTACAGGCCC-3’) and a control targeting nonfunctional AAVS1 (5’-
GGGGCCACtagggacaggat-3’) were used. TERT-1, TERT-2, and TERT-3 gRNAs

were 5’-TcCTTGAGGAgcaccCCGTAG-3’, 5’-~AGGCCGAGCGTCtCACctcg-3’, and 5°-
CTGCGtGCGTCGgtatgcCG-3’, respectively. Viruses were generated as described (42).

CRISPR/Cas9 mini pooled screen

Cells were seeded in EMEM containing hygromycin and blasticidin as above. Media
was removed and LentiCRISPRV2 lentiviruses were added at multiplicity of infection
of 0.2 in serum-free media. 3 volumes of serum-containing media were added 8 hours
later. Puromycin selection (1 ug/ml, Gibco) was initiated by adding puromycin 2 days
after lentivirus transduction. Cells were split 1:10 when they reached 90% confluency
by removing media, washing 1x with PBS, adding 0.25% prewarmed trypsin to cover
the cells, incubating at 37C for 5 minutes, and then placing 10% of the volume into a
fresh vessel with fresh media. All experiments were done in replicates (n=2). Cells were
passaged before reaching confluency as needed up to 3 times per week to maintain at
least 50,000-fold pooled library coverage throughout the experiment. CRISPR/Cas9 gene
disruption confirmation was completed as described in Supplemental Note 2.

Dependency and expression analysis of DepMap cell lines

Consensus TPM status for CCLE cell lines was determined by examining the status

from (28). In-house Sanger sequencing as described previously (6) and TPM status from
additional sources were used to supplement this list (6,7,41,43-46). Dependency scores from
DepMap (v22Q2) CRISPR knockout screens and RNAI dependency scores from project
Achilles (24-28) were downloaded from DepMap Public 22Q2 CRISPR_gene_effect.csv
and Achilles_gene_effect.csv. Custom R scripts (v4.0.3) were used to generate differential
dependency scores by carrying out pairwise t-tests on two groups (either TPM+ and

TPM-, or C228T vs. C250T). Multiple hypothesis testing was accomplished using the
Benjamini Hochberg method. Common essential genes as defined by DepMap in the
CRISPR_common_essentials.csv file were disregarded as targetable vulnerabilities due to
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the likelihood for off-target effects. A gene effect of —0.50 was considered dependent.
P<0.05 and g<0.05 was considered significant unless otherwise noted.

Expression data from DepMap from project DEMETER2 (v22Q2) (24-28) were
downloaded from DepMap Public 22Q2 CCLE_expression.csv. R (v4.0.3) was used to
identify differential expressed genes (DEG). Gene expression effect size, as defined by
DepMap, was used to compare the expression of two groups (either C228T vs. WT, or
C250T vs. WT).

Gene set enrichment analysis and protein interaction networks

Transcription factor enrichment analysis was performed with the TRANSFAC database
through g:Profiler (30,31). ETS-factors taxonomy was considered as described in (32).
Chi-squared tests were used to determine if ETS-factors were significantly dysregulated.
P<0.05 was considered significant unless otherwise noted.

Protein interaction networks were constructed through the STRING database (37). We

drew on all active interaction sources within the database and required a strict minimum
interaction score of 0.700. In-house k-means clustering was used to cluster protein
interactions. Gene ontology analysis was performed through ShinyGO (47). We calculated
p-value with students-t-test and FDR with hypergeometric test. FDR<0.05 was defined as
significant. We calculated fold enrichment by dividing the percentage of DEGs belonging to
a GO term by the corresponding percentage in the genome (~20,000 genes).

Primary GBM dataset analysis

The primary glioblastoma tissue data used for this research was made available under a
research use license from American Society of Clinical Oncology, Inc. (ASCO) and Tempus
Labs, Inc. We obtained a dataset of expression and sequencing data from 500 primary GBM
tumors. This project was approved by the Duke IRB (Protocol number 00108183), approved
March 31, 2021. We grouped patients into groups carrying C228T, C250T, or WT TERT
genotypes based on whole genome sequencing reads. Patients carrying TERT missense
mutations (3 patients) or both TPMs (1 patient) were excluded to reduce confounding
factors. Patients with low sequencing coverage (<50) were also excluded (25 patients). This
resulted in 252 patients with C228T TPMs, 108 patients with C250T TPMs, and 111 WT
patients.

We used DESeq? to identify DEGs using raw RNA-seq data (48). We confirmed variance
was similar between the TPM groups. We defined DEGs as adjP<0.05 and |Log2FC|>1.
Dataset quality analyses are included in Supplementary Figure 5. ETS expression given in
the transcripts per million format was linearly regressed separately with the same TERT
expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of TPM+ GBM cell line with inducible, exogenous TERT expression.
(A) Schema of genome-wide screen to identify dependencies associated with TPMs.

gRNAs and Cas9 are introduced to cells at day 0 using lentivirus vectors which are then
continuously passaged in the absence of dox. At a predefined timepoint, cells are divided
into two separate pools. One pool is cultured in the absence of dox allowing for gRNAs to
be depleted from culture. To distinguish TPM specific from non-specific hits, the other pool
is induced with dox to re-express TERT. TERT re-expression will rescue cells containing
gRNAs that disrupt the TPMs from replicative senescence, but gRNAs that nonspecifically
disrupt cell growth will still be depleted.
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(B) Sanger sequencing showing C250T mutation in T98G cell line. TSS, transcription start
site; ATG, ATG start codon.

(C) TET-ON cassette mRNA expression in parental T98G cells and T98G with TetON
cassette (T98G/TetON). Data are for mean +/- S.E.M. for n=3 technical gPCR replicates.
(D) Sequence alignment between the endogenous TERT sequences and the codon optimized
sequence for each sgRNA. Codon optimized TERT was not targeted by sgRNAs. CO =
codon optimized.

(E) TERT mRNA expression as assessed by gPCR for parental T98G cells (no TERT-ON
cassette), and stable T98G/TetON-TERT pool treated with 0-5000 ng/ml dox. Data are for
mean +/— S.E.M. for n=3 technical qPCR replicates.

(F) Immunoblot for HA and FLAG showing Tag-TERT expression in stable cell pool. Lane
1 is the parental T98G cell line. Lanes 2-3 are T98G/TetON-TERT cells with and without
1000 ng/ml dox added.

(G) Immunoblot for HA and FLAG showing Tag-TERT expression in subclones, either with
(+) or without (=) addition of 1000 ng/ml dox.
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Figure 2. Mini pooled screen to identify genetic dependenciesthat can be rescued by exogenous

TERT expression.

(A) Schematic for individual gRNA experiments and mini pooled screens. T98G-TERT-ON
cells were transfected with either individual gRNAs or a pool of all gRNAs as shown.
Antibiotic selection was added and cells were continuously cultured. At day 75, cells were
divided into two parallel cultures to which dox or mock treatment was added. Cells were
collected at multiple time points during the experiment for NGS analysis, including day 134.
(B) Percent Cas9 cutting induced by TERT-2 and TERT-3 gRNASs at 33 days post-
transduction as assessed by targeted NGS of the gRNA target sites in Pool 1 and Pool

2, and in the cells transduced with the TERT-2 and TERT-3 gRNAs.
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(C) Relative abundance of gRNA barcodes in pooled mini screen experiments. Percent
representation determined by NGS sequencing of LentiCRISPRv2 barcodes, ~50,000 reads
per sample. Data are for mean + S.E.M. for n=2 independent pooled screens.

(D) Percent Cas9 cutting induced by TERT-2, TERT-3, GABPB1L-1, and GABPB1L-2
gRNAs as assessed by targeted NGS of the target sites in cells transfected with each
respective gRNA and Cas9.
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Figure 3. TERT dependency scoresin DepMap lines.
(A) Consensus TPM status for 441 cell lines. CNS, liver, and skin lineages (arrows) all

contain at least three TPM+ and at least three TPM- lines, allowing comparative analyses
within these lineages.

(B) Association between TPM status and TERT mRNA expression in DepMap cell lines
in CNS, liver, and skin lineages. Welch’s t-test compared to the TPM-WT group, *p<0.05,
**p<0.01, outliers excluded.
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(C) Dependency scores in CRISPR/Cas9 screens in CNS, liver, and skin DepMap cell lines
with and without TPMs. P-values were calculated with a linear hypothesis test, p<0.05
considered significant.

(D) Dependency scores in RNAI screens in CNS and liver DepMap cell lines with and
without TPMs. Skin lines did not contain sufficient information for analysis in the RNAI
dataset. P-values were calculated with a linear hypothesis test, p<0.05 considered significant.
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Figure 4. GABP subunit dependency scoresin DepMap cell lines.

(A) Schematic showing locations of GABB1L gRNAs on B1S and B1L isoforms. Exons 2-9

are shown, with exon 1 located far upstream of exon 2.
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(B) CRISPR-based dependency scores for GABPB1, GABPB2, and GABPA and RNAI-
based dependency scores for GABPB1 and GABPB?2 are shown for TPM+ and TPM- GBM

cell lines (linear hypothesis test, p<0.05 considered significant).

(C) CRISPR-based dependency scores for GABPB1, GABPB2, and GABPA and RNAI-

based dependency scores for GABPBL1 are shown for TPM+ and TPM- liver cancer cell lines

(linear hypothesis test, p<0.05 considered significant).
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(D) CRISPR-based dependency scores for GABPB1, GABPB2, and GABPA are shown
for TPM+ and TPM- skin cancer cell lines (linear hypothesis test, p<0.05 considered
significant).

(E) Lineage of 742/1086 cell lines for which GABPB1 scored as a dependency based on
CRISPR pooled screening experiments, compared to 344/1086 for which GABPBL1 did not
score as a dependency.

(F) Lineage of 930/1086 cell lines for which GABPA scored as a dependency based on
CRISPR pooled screening experiments, compared to 156/1086 for which GABPA did not
score as a dependency.
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Figure 5. Expression patterns associated with TPM statusin GBM cell lines
(A) Volcano plot showing DEGs between TPM-C228T vs. TPM-WT GBM cell lines. Top

DEGs are labeled.
(B) Protein interaction network of DEGs identified from TPM C228T GBM cell lines. Red
arrow denotes the gene with the highest number of interaction edges.

(C) TRANSFAC analysis of DEGs in TPM C228T GBM cell lines. Transcription factors
whose regulated genes are significantly enriched among the DEGs are shown. ETS-factors
are highlighted in red text.
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(D) Volcano plot showing DEGs between TPM C250T vs. TPM-WT GBM cell lines. Top
DEGs are labeled.

(E) Protein interaction network of DEGs in TERTp.C250TGBM cell lines. Red arrow
denotes the gene with the highest number of interaction edges.

(F) TRANSFAC Analysis of DEGs in TERTp.C250T GBM cell lines. ETS-factors are
highlighted in red text.
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Figure 6. Expression patternsassociated with TPM statusin 500 primary GBM tumors
(A) Volcano plot showing DEGs between TPM-C228T and TPM-WT GBM primary tissues.

(B) Volcano plot showing DEGs between TPM-C250T and TPM-WT GBM primary tissues.
(C) Wolcano plot showing DEGs between TPM-C228T and TPM-C250T GBM primary
tissues.

(D) Shared DEGs between C228T and C250T GBM primary tissues.

(E) Heat map of the z-scores of expression for the top 50 most variable genes (rows) from
GBM primary tissue expression profiles (columns). Rows are grouped by unsupervised
hierarchical clustering and the columns are grouped by k-means clustering. TPM genotype
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and k-means cluster are indicated in the color strip above the heat map. One minus person
correlation with averages linkage was used for all clustering.

(F) Protein interaction analysis of shared DEGs between C228T and C250T GBM primary
tissues. Three clusters (blue, green, red) are developed by k-means clustering.

(G) Gene ontology analysis of genes from blue cluster derived from k-means clustering of
consensus DEGs based on associated protein interaction networks.

(H) Gene ontology analysis of genes from green cluster derived from k-means clustering of
consensus DEGs based on associated protein interaction networks.

(I) Gene ontology analysis of genes from red cluster derived from k-means clustering of
consensus DEGs based on associated protein interaction networks.

(J) Selected pairwise correlations between TERT expression and ETS-factor expression.
Pearson r statistic, associated p-values, and linear regression lines are shown for correlations
between each respective ETS-factor expression and TERT expression. For each pairwise
correlation, statistics were calculated among subgroups of TPM-C228T tumors, TPM-
C250T tumors, and TPM-WT tumors.
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