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Cancer-specific hTERT promoter mutations reported in 19% of
cancers result in enhanced telomerase activity. Understanding
the distinctions between transcriptional regulation of wild-type
(WT) and mutant (Mut) hTERT promoters may open up avenues
for development of inhibitors which specially block hTERT expres-
sion in cancer cells. To comprehensively identify physiological
regulators of WT- or Mut-hTERT promoters, we generated several
isogenic reporter cells driven by endogenous hTERT loci. Genome-
wide CRISPR-Cas9 and small interfering RNA screens using these
isogenic reporter lines identified specific regulators of Mut-hTERT
promoters. We validate and characterize one of these hits, namely,
MED12, a kinase subunit of mediator complex. We demonstrate
that MED12 specifically drives expression of hTERT from the Mut-
hTERT promoter by mediating long-range chromatin interaction
between the proximal Mut-hTERT promoter and T-INT1 distal reg-
ulatory region 260 kb upstream. Several hits identified in our
screens could serve as potential therapeutic targets, inhibition of
which may specifically block Mut-hTERT promoter driven telome-
rase reactivation in cancers.
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Telomerase reverse transcriptase (WTERT), the enzymatic com-
ponent of telomerase holoenzyme, is expressed in stem cells
and germ cells to maintain telomere length and chromosome
integrity (1-3). However, A'TERT is transcriptionally repressed in
terminally differentiated somatic cells. Accumulation of driver
mutations during oncogenesis and ensuing replicative stress in
preneoplastic cells lead to reactivation of h”TERT expression for
the maintenance of critically short telomeres (4-6). Both canoni-
cal and noncanonical activities of hTERT are postulated to be
essential drivers of various hallmarks of cancer (7). Reactivation
of hTERT is hence considered the rate-limiting step in transfor-
mation (8). In the last decade, studies have identified that
hTERT reactivation in different cancers may be achieved via dis-
tinct mechanisms which involve amplification of the h/TERT gene
itself, activation or overexpression of cancer cell-specific onco-
genic transcription factors, chromosomal rearrangements, and
cancer-specific promoter mutations (6, 9). Single residue muta-
tions C250T (-124 C > T) and C228T (-146 C > T) in the proxi-
mal promoter of A”TERT gene were first identified in melanomas
(74%) (10, 11), and the cooccurrence of these mutations was
found to predict worse outcomes in patients with concurrent
RAS mutations (12). Subsequently, A”TERT promoter mutations
were shown to be highly prevalent in different cancer types,
including glioblastoma (83%), urothelial bladder carcinoma
(53.5%), and hepatocellular carcinoma (44%) (10, 11). These
point mutations, located in the proximal region of A”TERT pro-
moter, create binding sites for the ETS family of transcription
factors (10, 11, 13). These transcription factors enhance h”TERT
gene expression, and hence telomerase activity (10, 11, 13), by
dimerization within the family or with other transcription factors
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such as NFxB (14, 15). It is now clear that A”TERT reactivation
requires chromatin elements way beyond the proximal promoter,
and at least one long-range chromatin interaction with a distal
region (T-INTI) located 260 kb upstream mediated by dimers
of GA Binding Protein Transcription Factor Alpha (GABPA)
transcription factors is required for productive transcriptional
activation (6). Deletion of this region destabilizes GABPA on the
proximal A”TERT promoter and depletes H3K4Me3 and H3K9Ac
marks, and POLII occupancy, leading to ATERT repression (6).
These observations suggest that a complex three-dimensional
(3D) hierarchy of chromatin organization is essential for function-
ing of at least the Mut-hTERT promoters. Given this new litera-
ture, it is important to ask, have we identified all the physiological
regulators of A”TERT activation?

In light of the observations that 3D chromatin architecture
(16-19), long-range chromatin interactions (6, 19), and several
chromatin modulating enzymes (6) are key for driving A”TERT
reactivation in vivo, a comprehensive discovery of the physio-
logical regulators of ATERT would require high-throughput
methods which truly report the expression of endogenous
hTERT alleles via its proximal and distal regulatory elements. It
is well known that endogenous ATERT messenger RNA
(mRNA) levels are unreliably low for high-throughput quantifi-
cation, and no currently available antibody faithfully reports
endogenous hTERT protein levels (20). Therefore, herein, we
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use GFP and luciferase reporters which could be detected by sen-
sitive methods in a high-throughput manner. These reporters are
driven by endogenous ATERT promoters with or without C250T
and C228T mutations. Unlike the plasmid-based reporter sys-
tems, we aimed to capture 3D regulatory events that might be sig-
nificant for A”TERT regulation in vivo. Previously, a targeted RNA
interference (RNAI) screen in murine embryonic stem cells iden-
tified HIF1a as an important factor for A”TERT expression and
telomerase activity (21). Similarly, an RNAIi screen directed
toward the cellular kinases showed ERKS as a therapeutic target
for inhibiting telomerase activity (22). However, despite the
advancements in small interfering RNA (siRNA) and CRISPR-
Cas9-based genome-wide single guide RNA (sgRNA) screening
methods, a whole-genome screen for regulators of Mut-hTERT
promoter has been long overdue. Here we report genome-wide
screens for factors governing Mut-ATERT expression using
both RNAi and CRISPR libraries in isogenic cell lines. Using
these isogenic reporter cell lines, we identify a cluster of media-
tor complex subunits, specifically MED12, as a key regulator
for Mut-hTERT expression across cancers. Our study repre-
sents a comprehensive genome-wide screening to uncover the
regulatory factors governing Mut-ATERT expression.

Results

Generation of hTERT Reporter Cell Lines. To comprehensively iden-
tify physiological regulators of wild-type (WT) and mutant (Mut)
hTERT promoters, using CRISPR-Cas9-mediated genome
editing, we generated several isogenic reporter cells that carry
either WT or C228T/C250T Mut promoters in the endogenous
hTERT locus (Fig. 14). In these isogenic cells with three differ-
ent versions of A”TERT promoters (WT/C250T/C228T), we also
knocked in either GFP or luciferase reporter genes to utilize
them in genome-wide loss of function screens (Fig. 1B). Both
reporter genes (GFP or luciferase) were inserted downstream
of the A”TERT transcription start site (TSS) (SI Appendix, Fig. S14).
To identify bona fide regulators of WT and Mut-hTERT pro-
moters, irrespective of cancer type, we attempted to generate
several colon cancer and glioblastoma lines as representatives
of cancers that are from the opposite spectrum of ATERT pro-
moter mutation frequencies (23). We could obtain viable engi-
neered cells from four different cell lines representing these
two cancer types (Fig. 1B). It is important to note that GFP and
luciferase reporter genes were introduced only in one of the
alleles, as it has been reported that 5’ tagging of A”TERT gene
results in decreased ATERT expression (24). It was evident that
the remaining unedited copy was sufficient to maintain A”TERT
expression (SI Appendix, Fig. S1 B and C). Appropriate editing
of the promoter mutations in the engineered lines was con-
firmed by Sanger sequencing (SI Appendix, Fig. S1D). In addi-
tion to confirming the precise editing of the sites, we also
sequence verified the in-frame insertion of GFP and Nano lucif-
erase genes in ATERT loci downstream of the promoter using
Sanger sequencing (SI Appendix, Fig. S1E). We next checked
for GFP and luciferase expression and found significant and
detectable levels of GFP (Fig. 24) or luciferase (Fig. 2B) in the
reporter lines, indicating that in-frame inserted reporter genes
are faithfully driven by the endogenous A/TERT promoter. From
here onward, we represent our engineered cell lines based on the
following nomenclature that is, cell line (original name)-WT/Mut
(hTERT promoter)-GFP/NLuc (reporter gene). To evaluate
whether the reporter genes are functionally driven by the endoge-
nous hTERT promoter and its relevant chromatin context, we
transfected these reporter lines with siRNAs targeting known reg-
ulators of A”TERT such as Myc and GABPA (6, 25-27). Myc binds
to the two E-box sequences in ATERT proximal promoter and
positively regulates ATERT (28). Cancer-specific mutations in the
proximal ATERT promoter create binding sites for GABPA,
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Fig. 1. Study design. (A) Schematic of the reporter cell lines created by CRISPR
genome editing. Either GFP or NanoLuc gene is inserted under the control of
endogenous hTERT promoter in exon 1 with in-frame fusion. GFP/NanoLuc
insertion and promoter mutation corrections were done using a single
homologous recombination (HR) template designed to span homology arms
in hTERT promoter and downstream of exon 1. (B) Workflow of the genome-
wide screens. The reporter lines and the algorithms that are used to identify
hits from the CRISPR and siRNA screens are indicated. Hits from siRNA and
CRISPR knockout screen were overlapped to identify commonality factors
and were then chosen for the validation study.

binding of which enhances ATERT transcription (10, 11, 13, 29).
Depletion of GABPA in the GFP reporter lines led to a signifi-
cant reduction in GFP expression (Fig. 2C). Similarly, transient
knockdown of Myc in luciferase reporter cell lines led to a signifi-
cant reduction of luciferase signal (Fig. 2D). Furthermore, we
also observed a significant reduction in the mRNA levels of Myc
and luciferase genes upon Myc knockdown (Fig. 2F). Similarly,
we also evaluated the functionality of GFP reporter cell lines, by
transient knockdown of GABPA. Both reporter cells with sSiRNAs
targeting GABPA showed reduced levels of GABPA and GFP
(Fig. 2F). Collectively, these observations indicate the functional-
ity and usability of our engineered reporter lines with promoter
mutations for genome-wide loss/gain of function screens. These
unique resources could be used for many chemical and genomic
screens in the future.

Whole-Genome siRNA Screen to Identify Regulators of hTERT
Promoter. For the comprehensive and unbiased discovery of reg-
ulators of hTERT, we performed whole-genome siRNA screens
in three cell lines which survived the editing process and could
be expanded for large-scale screening. These lines, DLD-1-Mut-
NLuc, LN382-Mut-NLuc, and HCT116-Mut-NLuc (Fig. 1B), are
representative of different cancer types (i.e., DLD-1 vs. LN382)
and different h/TERT promoter mutation status (i.e., DLD-1
harbors the C228T mutations, while HCT116 harbors the C250T
mutations), and we reasoned that common hits from these lines
would likely help us narrow down the genuine regulators of
Mut-ATERT promoter. The workflow for each siRNA screen is
illustrated in Fig. 34. Briefly, on day 0, cells were seeded and
reverse transfected with arrayed siRNAs in 384-well plate format
for 3 d. Signals obtained using PrestoBlue reagent had a poor
correlation between replicates (SI Appendix, Fig. S24). In con-
trast, luminescence-based NanoLuc readings (obtained using
Nano-Glo luciferase assay system) to measure A/TERT promoter
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Fig. 2. Establishment and validation of reporter cell lines. (A) Representative plots of GFP sorting in U251-Mut and HCT116-Mut reporter cells. The x axis
shows increased signal (log) of GFP in clones after CRISPR-mediated insertion of GFP into the endogenous hTERT locus. GFP-positive reporter lines are
enriched using fluorescence-activated cell sorting (FACS) and named as U251-Mut-GFP and HCT116-Mut-GFP. (B) The qPCR data showing increased expres-
sion of the luciferase gene in clones after CRISPR-mediated insertion of NanoLuc into the endogenous hTERT locus (***P < 0.0005; ****P < 0.00005). (C)
U251-Mut-GFP (Left) and HCT116-Mut-GFP (Right) cells were transfected with siRNA against GABPA. Cells were isolated for protein extraction 48, 72, and
96 h posttransfection. Protein expression analysis was performed for the indicated molecules by Western blot. HSP90 was used as a loading control. (D)
HCT116-Mut-NLuc, DLD1-Mut-NLuc, and LN382-Mut-NLuc reporter lines were transfected with siControl (siCTRL) and siMYC. After 48 h, the luminescence
signal of NanoLuc reporter was measured using Luciferase assay. The error bar indicates SD from at least three biological replicates (****P < 0.00005). (E)
HCT116-Mut-NLuc, DLD1-Mut-NLuc, and LN382-Mut-NLuc reporter lines were transfected with siCTRL and siMYC. Gene expression analysis was performed
for MYC and Luciferase by RT-gPCR. Actin was used as a control (**P < 0.01). (F) HCT116-Mut-GFP and U251-Mut-GFP reporter lines were transfected with
siControl (siCTRL) and siGABPA. The gPCR results indicate the expression level of GABPA and GFP after transient knockdown of GABPA by siRNA. The
error bars indicate SD from at least three biological replicates (**P < 0.01).
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Fig. 3. The siRNA screen in NanoLuc reporter cell lines. (A) Workflow of siRNA screen illustrating the performance and selection methods used to identify
the hits. (B) Plots showing the inhibition and toxicity thresholds used in different lines to select hits from each siRNA screen. (C) Table listing the number
of hits identified from each siRNA screen utilizing two different algorithms using threshold level from B. (D) Venn diagram showing the overlap of hits
obtained from two algorithms in different cell lines (DLD-1-Mut-NLuc, Top; LN382-Mut-NLuc, Middle; HCT116-Mut-NLuc, Bottom). (E) Bar plots showing the
enrichment of pathway terms (top 15, adj. P value < 0.05) for the overlapping hits (DLD-1-Mut-NLuc, Top; LN382-Mut-NLuc, Middle; HCT116-Mut-NLuc,
Bottom) identified from D. The dark bars indicate common cell survival-related pathways seen among all the lines; orange bars indicate the pathway terms
related to hTERT regulation seen in specific cell lines. (F) Overlap of hits identified from two different algorithms (Cutoff and SSMD) in DLD-1-Mut-NLuc and
LN382-Mut-NLuc cell lines. The methods of Cutoff and SSMD are described in Methods. (G) Graph shows the pathway terms of the common genes between
DLD-1-Mut-NLuc and LN382-Mut-NLuc reporter cell lines. The pathway terms were obtained from the gProfiler (g:GOst) using its inbuilt default functions.
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activity displayed an excellent correlation between replicates
(8I Appendix, Fig. S2B). Consequently, for the LN382-Mut-NLuc
and HCT116-Mut-NLuc siRNA screens, we switched to using
cytomegalovirus promoter-driven firefly luciferase (FLuc) expres-
sion to quantify and normalize the cell viability. This is also a
luminescence-based readout similar to the NanoLuc reporter,
except that the substrates used are different. Results from the
subsequent screens using LN382-Mut-NLuc and HCT116-Mut-
NLuc cells showed an excellent correlation between replicates
with FLuc activity as a measure of cell viability (SI Appendix,
Fig. S2 C-F). To identify hits, we used a combination of the per-
centage activity scores cutoff (cutoff method) and the strictly
standardized means difference (SSMD) method and overlapped
these results for common hit identification (30, 31). The main
consideration in the selection of hits was that the siRNAs should
have potent inhibition of the ATERT promoter-driven reporter
activity (i.e., NanoLuc) while having minimal effects on the viabil-
ity of the cells (i.e., low toxicity). This is to enable us to identify
specific and direct regulators of ”TERT promoter activity. In the
first approach, we calculated the percentage toxicity (%Toxicity)
and percentage h/TERT promoter inhibition (%Inhibition) scores
for each gene in the siRNA screen by normalizing their signals
against the respective signals obtained from negative control
siRNA-treated cells. A cumulative plot of all the %Inhibition
scores for all the siRNAs investigated was then obtained for each
cell line (Fig. 3B). Based on these cumulative plots, we observed
cell line-specific differences in the effects of siRNA on hTERT
promoter activity. This was expected, as each cell line screened
has inherently different mutational and gene expression profiles
due to their tissue of origin (32, 33). Based on the %Inhibition
cumulative plots, we first decided on a cutoff for each cell line
based on the point of inflection, as this point marks the boundary
between specific and nonspecific effects (Fig. 3B). Genes for
which the siRNAs resulted in %Inhibition scores greater than or
equal to the cutoff (35% for DLD-1-Mut-NLuc, 20% for LN382-
Mut-NLuc, and 85% for HCT116-Mut-NLuc) were plotted on a
second cumulative plot based on their %Toxicity scores (Fig. 3B).
From the second cumulative plot, a cutoff for the %Toxicity
score was determined similarly as for the %Inhibition cutoff.
Genes for which the siRNAs resulted in % Toxicity scores less
than or equal to the cutoff (75% for DLD-1-Mut-NLuc, 50%
for LN382-Mut-NLuc, and 95% for HCT116-Mut-NLuc) were
selected. Consequently, based on this cutoff method, we identified
593, 370, and 894 hits for DLD-1-Mut-NLuc, LN382-Mut-NLuc,
and HCT116-Mut-NLuc cells, respectively (Fig. 3C).
Simultaneously, we also analyzed the siRNA screen results
using GUTItars, a siRNA screen analysis tool based on the SSMD
method (30). For each cell line screened, we obtained two
SSMD scores for each gene investigated: one SSMD score for
toxicity (toxicity SSMD score) and one SSMD score for A”TERT
promoter activity inhibition (inhibition SSMD score). The use of
SSMD as the criteria for hit selection has been reported as a
means to control for false-positive and false-negative rates (34).
The SSMD score obtained is also a measure for the strength of
the effect with SSMD scores > 3, representing very strong activa-
tion or up-regulation effects and SSMD scores < —3, represent-
ing very strong inhibition or down-regulation effects (34). As
mentioned above, our criteria for hit selection was that the siR-
NAs should have potent A”TERT promoter activity inhibition
with minimal toxicity. Since a toxicity SSMD score < —3 indicated
strong toxic effects, we set a cutoff of >—3 for toxicity SSMD score.
Conversely, for A”TERT promoter activity inhibition, we selected
siRNAs for which their inhibition SSMD score was <—3 (Fig. 34).
Based on these criteria, we identified 1,666, 1,878, and 2,410 hits
for DLD-1-Mut-NLuc, LN382-Mut-NLuc, and HCT116-Mut-NLuc
cells, respectively (Fig. 3D). Combining the hits identified from
the cutoff method and the SSMD method, we found 556, 236,
and 111 common hits for DLD-1-Mut-NLuc, LN382-Mut-NLuc,
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and HCT116-Mut-NLuc cells, respectively (Fig. 3D). Pathway
enrichment analysis of the common hits for each cell line
revealed similarities across the cell lines investigated. Among the
top 15 enriched pathways for each cell line, pathways involved in
transcription and development biology (Fig. 3E, black bars) are
common across all three cell lines. Interestingly, in the LN382-
Mut-NLuc cell line, we also identified chromatin organization
and modification pathways (Fig. 3 E, Middle, red bars). Pathway
enrichment of the hits identified in the HCT116-Mut-NLuc cell
line also identified hematopoietic stem cell (HSC) gene regulation
by GABPA/B (Fig. 3 E, Bottom, red bar) as one of the significantly
enriched pathways. This was particularly reassuring, as this cor-
roborates previous findings on the importance of GABPA in the
regulation of hTERT expression specifically by Mut-hTERT pro-
moters (5, 6). We also compared the hits identified from DLD-1-
Mut-NLuc and LN382-Mut-NLuc siRNA screens and found 64
common hits (Fig. 3F). Pathway enrichment of the 64 common
genes also identified HSC gene regulation by GABPA/B as one of
the enriched pathways, as well as the interactome of the polycomb
repressive complex 2 (Fig. 3G, red bars).

Whole-Genome CRISPR Knockout Screen to Identify Regulators of
hTERT Expression. In addition to siRNA screens, which have their
own limitations such as off-target effects and toxicity (35, 36),
we utilized the Toronto v3 CRISPR knockout library containing
a pool of 70,948 sgRNA targeting 18,053 genes in the human
genome (37, 38). The advantage of this library is that it is an all-
in-one system wherein the sgRNA and Cas9 are in the same
plasmid, allowing single antibiotic selection after transduction,
and it is hence superior to other CRISPR knockout libraries
(37). As outlined in Fig. 44, the screening process involves
transducing the lentiviral pool of sgRNA+Cas9 in the target
cells followed by puromycin selection to eliminate nontrans-
duced cells. Sufficient cells were collected on day 1 and day 14
to compare the sgRNA representation of essential genes and
pathways. On day 14, the cells were sorted, based on GFP
expression, into GFP high and GFP low as compared to non-
transduced cells. The sgRNA enrichment scores from each sam-
ple were plotted to identify genes essential for A”TERT regulation
(SI Appendix, Fig. S3 A and B). We observed consistent sgRNA
scores across various samples (SI Appendix, Fig. S3 A and B).
Besides, we also observed, in both HCT116-Mut-GFP and
U251-Mut-GFP cells, from the pathway terms comparing day 14
with day 1, that sgRNA targeting essential pathways like cell
cycle, spliceosome, proteasome and ribosomes were significantly
depleted at day 14 (Fig. 4 B and C). These results uphold the
functionality and usability of our CRISPR knockout screens for
the identification of physiological regulators of Mut-hTERT pro-
moter. We hence further analyzed the sgRNAs among GFP-
high populations of HCT116-WT-GFP vs. HCT116-Mut-GFP
cells and overlapped the hits with GFP-low population of
HCT116-WT-GFP vs. HCT116-Mut-GFP cells (Fig. 4D). The
sgRNAs depleted in GFP-high population most likely represent
specific activators of Mut-ATERT promoter (Fig. 4E). CRISPR-
Cas9-engineered U251 line harboring WT-ATERT promoter
was not viable, due to dramatic loss of telomerase activity.
Therefore, we compared sgRNAs that are enriched in the GFP-
high compared to GFP-low population as activators (Fig. 4E).
We have reported all the activators that are specific to each cell
line, in SI Appendix, Table S1. We plotted the gene rank as indic-
ative of the Mut-2#TERT inhibition against the P value for each
of the two cells lines (Fig. 4 F and G). In HCT116-GFP cells, we
identified Mut-hTERT promoter-specific novel hits including
PLK1, DUSP4, TP53, TRUB2, and PPA1 (Fig. 4F). In addition,
we found previously reported regulators of h/TERT expression,
namely, Myc, GABPA, CPSF4, and hnRNPK, among significant
top hits (P < 0.01) (Fig. 4F). Hits from U251-Mut-GFP cells
identified genes like HIRA, GTF2HS5, and PIN1 among the top
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10 hits, while known regulators of ATERT expression like HIF1a,
GLI2, KLF2, SIRT1, and hnRNPD came along as significant hits
(P < 0.01) (Fig. 4G). We overlapped the hits from each screen
and found varying degrees of overlap, depending on the cell lines
and promoter mutation status (S Appendix, Fig. S3 C and D).

Hit Comparison and Validation of MED12 as a Mutant-Specific
hTERT Regulator. After creating a list of activators for each cell
line used in our screens utilizing either CRISPR knockout library
or siRNA library, we overlapped the hits to identify whether
there are any common regulators. This analysis revealed 30 genes
that surfaced as common hits between the two different screens
performed in various isogenic cell lines (Fig. 54). Among the
common activators, we focused on genes related to transcription
factors or DNA binding proteins, including mediator complex
subunit (MED) genes, DOCK11, and POLR2I. Mediator com-
plex subunits are important for gene transcription and have been
shown to play a role in controlling expression of cell identity
genes like Sox9 and Nanog. In recent years, the MED complex
has been linked to the pathogenesis of cancer and is frequently
mutated in different cancers (39-41). Particularly, MEDI2 has a
high frequency of mutation in phylloid cancer, and the MEDI2
gene has been reported to play a role in the control of cell identity
genes and superenhancer-associated gene expression (42). How-
ever, the mechanism by which MED12 functions in cancers, in
general, and cancers with Mut-ATERT promoter remains elusive.
With this backdrop on the identified common hits, we further
analyzed three candidates, namely, DOCK11, POLR2I, and
MED12, for their ability to control Mut-#TERT promoters. Tran-
sient knockdown of these candidate genes in parental (nonrep-
orter) T98G and U251 cell lines containing inherent C250T and
C228T mutations, respectively, showed a significant reduction of
telomerase activity upon MED12 knockdown (Fig. 5B). POLR2!
knockdown significantly reduced telomerase activity only in the
T98G line (Fig. 5B). A similar trend was observed in expression
of endogenous ATERT mRNA, indicating that MED12 exerts
control of A”TERT at gene expression level, supporting its reported
role in the control of gene expression (Fig. 5C). As a proof of
concept that our screens can identify bona fide regulators of Mut-
AhTERT promoter, our results prompted us to further validate
MED12 as a candidate. To evaluate the mechanism of action of
MED12, we first analyzed the influence of MED12 on the expres-
sion of well-known activators of Mut-ZTERT promoters such as
ETS1/2 and GABPA. Knocking down MED12 in both T98G and
U251 lines did not show a reduction of either of these positive
regulators of Mut-ZTERT promoters (Fig. 5D and SI Appendix,
Fig. S44). Instead, we observed increased expression of GABPA
in U251 lines with MED12 knockdown. While we have shown
MED12 to regulate Mut-#TERT promoters in two different cell
lines, we questioned its influence on WT-ATERT promoter.
Depletion of MEDI2 by siRNAs in cell lines A549 (lung cancer),
MCEF-7 (breast cancer), and Hep3B (liver cancer), which harbor
WT-ATERT promoter, showed no significant effect on h"TERT
expression and telomerase activity (Fig. 5 E and F). These obser-
vations further reiterate that MED12 is a specific positive regula-
tor of Mut-hTERT promoters.

MED12 Specifically Regulates Mut-hTERT Promoter via Long-Range
Chromatin Interaction. Having identified MED12 as a positive
regulator that specifically activates Mut-hTERT promoters in
parental lines with inherent C228T and C250T promoter muta-
tions, we further evaluated the precise mechanism by which
MED12 regulates Mut-hTERT promoter using nonreporter iso-
genic T98G (glioma) and BLM (melanoma) lines with WT or
Mut-AhTERT promoters. These isogenic lines had been instru-
mental in demonstrating the importance of the 7-INT1 region in
regulation of Mut-hTERT expression (6, 15). In these lines,
depletion of MED12 using siRNAs inhibited telomerase activity
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specifically in Mut-hTERT promoter isogenic variants of both
T98G and BLM cells (Fig. 6 A and D). We also observed a sig-
nificant decrease of ATERT expression in these isogenic lines
only with the Mut-hTERT promoter (Fig. 6 B and E). It is
important to note that this specific effect of MED12 knockdown
on the isogenic mutant line is not simply due to differences in
knockdown efficiency of MED12 in the isogenic lines (Fig. 6 C
and F). It is also not related to the immediate effect of MED12
knockdown on cell cycle (SI Appendix, Fig. S3E). Interestingly,
this effect is attributed to reduced telomere length specifically in
Mut-hTERT promoter cells (SI Appendix, Fig. S3F). Colony for-
mation assays also showed that, upon MED12 knockdown, sig-
nificant reduction in colony formation is observed, particularly
in Mut-hTERT promoter cells, and this was rescued by resto-
ration of hTERT activity by ectopic expression of MED12
(81 Appendix, Fig. S4 C-E). We next analyzed the role of MED12
in epigenetic control of mutant ATERT promoter by chromatin
occupancy and chromatin interaction analyses. GABPA has been
shown to bind to the de novo C250T and C228T sites to drive
hTERT expression (29). GABPA dimers on the proximal A”TERT
promoter have been shown to interact with GABPA dimers
located in a distal region (~260 kb upstream of ATERT pro-
moter) and form a long-range chromatin interaction to make a
stable transcriptional hub (6). Therefore, we first tested whether
MED12 influences GABPA occupancy on the proximal h”TERT
promoter in isogenic T98G and BLM cells. Chromatin immuno-
precipitation (ChIP)-gPCR results demonstrated a significant
reduction of GABPA occupancy on the proximal ATERT pro-
moter upon MED12 depletion in both T98G-Mut and BLM-Mut
cells (Fig. 6 G and H and SI Appendix, Fig. S5 A and B). Given
that MED12 regulates GABPA occupancy, we checked for bio-
chemical interaction between them by coimmunoprecipitation
analysis. Using isogenic T98G cells, we showed that GABPA and
MED12 interact irrespective of A”TERT promoter status, suggest-
ing that this complex might regulate other genes in the genome
(SI Appendix, Fig. S5C). As these proteins interact, we tested the
MED12 occupancy after siGABPA in T98G-Mut and BLM-Mut
lines. MED12 occupancy is reduced in these lines after siGABPA
treatment (SI Appendix, Fig. S5 D and E). Interestingly, we identi-
fied that MED12 binds to the proximal A”TERT promoter, and its
occupancy was reduced upon MED12 depletion (Fig. 6 G and H
and SI Appendix, Fig. S5 A and B). Further, we observed that
depletion of MED12 reduces interaction between the Mut-
hTERT proximal promoter and the T-INT1 chromatin interaction
region measured by chromatin conformation capture (3C) assay, as
reduction of MED12 causes dissociation of GABPA subunits from
the proximal A”TERT promoter (Fig. 6/ and SI Appendix, Fig. SS5F).
In the absence of GABPA recruitment to proximal Mut-ZTERT
promoter, the long-range interaction with the T-INT1 region is
disrupted, and hence the productive 3D chromatin architecture
along with the necessary chromatin modifiers required for activa-
tion of ATERT do not occur. Together, results from this study
identify MED12 as a novel and specific regulator of Mut-hTERT
promoter (Fig. 6/). These results also suggest that the isogenic
reporter lines described here could serve as wonderful resources
for discovering context and stimuli-specific genetic and chemical
regulators of A”TERT in cancers.

Discussion

Cancer-specific mutations are unique features that help us under-
stand tumorigenesis and also serve as tools for making cancer-
specific therapeutic targets. As cancer cells continuously divide,
they gain additional mutations that provide growth advantages
and enable them to bypass host surveillance mechanisms. In
general, these mutations alter protein structure or RNA stability,
or rewire transcriptional regulation by creating de novo transcrip-
tion binding sites. Cancer-specific recurrent hTERT promoter
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measured in nonreporter T98G and U251 cell lines after transient knockdown (with two siRNAs) of three selected hits from the overlap of screen data.
(C) The gPCR data showing the expression of hTERT in nonreporter T98G and U251 cell lines after transient knockdown (with two siRNAs) of DOCK11,
POLR2L, and MED12. Actin was used as a control. (D) Nonreporter T98G and U251 cell lines were transfected with siControl (siCTRL) and siMED12 (#1 and
#2). Western blot image shows the protein levels of GABPA and ETS1-2 in T98G and U251 cell lines after transient knockdown of MED12 (with two siR-
NAs). HSP90 was used as a loading control. (E) The qPCR data showing the expression of hTERT and MED12 in different cell lines (A549, MCF-7, and
Hep3B) with WT-hTERT promoter after transient knockdown (with two siRNAs) of MED12. (F) Telomerase activity assay was measured in WT-hTERT pro-
moter lines after transient knockdown (with two siRNAs) of MED12. Error bars indicate mean + SD of three independent experiments. P values were cal-

culated by Student's t test method ( **P < 0.01; ***P < 0.001).

mutations (C228T and C250T) in the proximal promoter region
were reported to increase ATERT expression (43). These muta-
tions create a de novo ETS binding motif that drives transcrip-
tion of A”TERT in a unique mechanism compared to cells with
WT-AhTERT promoter. Therefore, in this study, we aimed to
identify transcriptional modulators that specifically drive Mut-
ATERT promoter that could potentially allow targeting of can-
cer cells harboring the mutant promoters. While siRNA screens
have been commonly used for knockdown screens in many
models for decades, the recent emergence of CRISPR technol-
ogy to perform similar large-scale knockout-based loss-of-function
screens allows us to overcome limitations of the siRNA technol-
ogy and identify important regulator mechanisms. Here, we uti-
lized both these complementary genome-scale technologies to
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discover physiological activators of the endogenous h/TERT gene.
We generated isogenic lines including colorectal cancer (DLD-1
and HCT116), glioblastoma (U251 and LN382), and melanoma
(BLM) that differ by only a single nucleotide C250T or C228T to
exclude the effect from other genomic differences. We simulta-
neously inserted GFP or luciferase reporter genes after the
ATG start codon to quantify the activity of WT- and Mut-
hTERT promoter. However, only the isogenic lines from colo-
rectal cancers (edited from WT to mutant) survived the
screening procedure, as other cell lines were highly suscepti-
ble to apoptosis by alteration of hTERT promoter status
(edited from mutant to WT), indicating the essentiality of
hTERT expression via mutant promoter for cell survival. Sec-
ondly, it is important to note that our study using an

Shanmugam et al.
Genome-wide screens identify specific drivers of mutant hTERT promoters



A hTERT C MED12
150 mmT98G-WT _ B TY8G-WT 15 m T98G-WT
s ET98G-Mut % N TGt 3 = TG Mut
= = 015 L9
£ 100 ; > ; o2
© 4 2 xd
b g£G10 £5
@ o el
L) 03 0 505
o 2 20
E BL <
3 2 5
o x 0.0:
CTRL #1 #2 CTRL #1_#2 CTRL #1 #2 CTRL #1 #2 CTRL #1 #2 CTRL #1_#2
SIMED12 SIMED12 SIMED12 SIMED12 SIMED12 slMED12
D E hTERT F MED12
L 3 ° _ 18 = BLM-WT
> = BLM-WT o5 = BLM-WT 3
2 ) 35 = BLMMut
3 = BLM-Mut <) = BLM-Mut <0
© ¥ c Z &
Q €0 X c
o o €0
E o ° o
£ e ¢
5 S~ E=g
g g 5
e [

CTRL #1__ #2 CTRL #1_#2 CTRL #1 #2 CTRL #1_#2 CTRL #1 #2 CTRL #1_#2
SIMED12 SIMED12 SIMED12 SIMED12 SIMED12 SIMED12
T98G-Mut BLM-Mut chr5: Mut hATERT promoter
G hTERT promoter ChIP | hTERT promoter ChiP | - T-INT1
= siCTRL
0.5+ Bl SiCTRL 0.3+ EE SiCTRL 157 = SMED12
B SiIMED12 B siMED12 &
0.4+ &
3
5 5 0.2 g
a 0.3 a =
[=3 ** C
£ = . c
X 0.24 S M g
0.1 8
0.1 » 2
0.0~ 0.0~
MED12  GABPA IgG MED12 GABPA 1gG T98G-Mut BLM-Mut U251-Mut
hTERT 3§ hTERT hTERT Mut hTERT
=1 promoter promoter
Mediator
complex

Mediator
complex

Fig. 6. MED12 regulates Mut-hTERT promoter-driven gene expression. (A) Graph shows the relative telomerase activity of T98G-WT and T98G-Mut cells
with (siMED12 #1 and siMED12 #2) and without (siCTRL) MED12 depletion by RT-qPCR. Relative telomerase activity was quantified as compared to siCon-
trol sample. (B and C) Gene expression analysis was performed for hTERT and MED12 genes by gPCR in T98G-WT and T98G-Mut cells transfected with
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cells transfected with siControl or siMED12. (G and H) ChIP-gPCR was performed for MED12, GABPA, and IgG in T98G-Mut and BLM-Mut cells transfected
with siControl and siMED12. Enrichment in the proximal hTERT promoter was calculated by using the percent input method. (/) Chromatin interaction fre-
quency between Mut-hTERT promoter and T-INT1 region was analyzed by 3C-gPCR in T98G-Mut and BLM-Mut cells transfected with siControl and
SiIMED12. Error bars indicate mean + SD of three independent experiments. P values were calculated by Student's t test method (*P < 0.05; **P < 0.01).
(V) Picture illustrates the hTERT promoter with its distal regulatory elements. In the absence of hTERT promoter mutation (Left), hTERT promoter and
T-INT1 interaction does not form, as GABPA and MED12 are not bound to the WT-hTERT promoter. Upon acquiring cancer-specific h\TERT promoter muta-
tion, GABPA and MED12 bind to the Mut-hTERT promoter and mediate long-range chromatin interaction between Mut-hTERT promoter and the T-INT1
region which recruits Pol Il to the promoter to transcribe hTERT expression.

engineered, endogenous reporter system provides a significant Our CRISPR knockout screen in the isogenic line (HCT116-

advantage over previous hTERT screens that were performed
using plasmid-based reporters. Specifically, our reporter mod-
els allow us to capture and functionally interrogate 3D chroma-
tin regulation, which is a key mechanism for the regulation of
Mut-ATERT promoters.
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WT-GFP and HCT116-Mut-GFP) revealed interesting insights.
Similar screens have been conducted in various genomic contexts,
leading to the identification of susceptibility factors (44). Our
screen identified many MED complex subunits in different cell
lines. The mediator complex regulates enhancer—promoter
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interactions to modulate gene expression (45-47). Using WT and
Mut isogenic BLM and T98G (melanoma and glioma) cells
among which the only difference is the single nucleotide
(C250T), we illustrated that depletion of MED12 specifically
represses hTERT expression and inhibits telomerase activity in
cells harboring Mut-ATERT promoter (Fig. 6 A-E). Our results
showed that depletion of MED12 significantly reduced GABPA
occupancy in BLM-Mut and T98G-Mut cells (Fig. 6 G and H).
MEDI12 also interacts with GABPA biochemically and forms a
stable complex on the proximal A/TERT promoter. Previously,
MED12 was shown to regulate transcriptional activation of spe-
cific genes associated with enhancers and superenhancer regions
(42, 48, 49). These regions bind to transcription factors and
bridge the transcription of genes located several kilobases apart
in the genome. It has been shown that Mut-Z#TERT promoter is
regulated by long-range chromatin interaction where GABPA
dimers form between the Mut-ZTERT promoter and the distal
region T-INTI located ~260 kb upstream of the TSS of "”TERT
gene. Our 3C analysis showed that MED12 regulates the forma-
tion of Mut-hTERT promoter-specific long-range chromatin
interaction through stabilizing GABPA on the #/TERT promoter
(Fig. 6I). These results further confirm the efficiency of our
screening and the validity of our reporter lines generated for the
hTERT promoter activity quantification. MED12 gain of function
mutations are observed in human cancers (50, 51). Targeting
MED12 could be an advantage in cancers like phyllodes tumors
where MED12 and ATERT promoter mutations cooccur (52,
53). Additionally, other oncogenic targets of MED12-GABPA
complex should be further investigated, as these genes can be
inhibited by new drugs which can dissociate MED12-GABPA
interaction. Aside from MED12, we identified 29 other candi-
dates which require further validation. Similar to MED12, some
of the hits might inhibit Mut-ATERT promoter across different
cancer types or might be specific to a particular oncogenic signal
that is linked to A”TERT expression regulation.

While there are multiple points to showcase the utility of our
study for any follow-up work, it also has some limitations. For
example, DOCKI11, which was identified as a common hit in
both screens, did not show any influence on Mut-hTERT expres-
sion in validation studies. On the other hand, specific regulators
of Mut-hTERT like GABPA came out as a significant hit only in
the RNAI screen but not in the CRISPR knockout screen. As
CRISPR knockout screens rely on the number of sgRNA and
their targeting efficiency, it could be that sgRNA targeting
GABPA in our CRISPR knockout library is not efficient or the
region of sgRNA incorporation in the genome forms a hetero-
chromatic structure, which therefore does not allow its efficient
expression. It may also be explained by the technicality that
CRISPR editing results in true loss of function in contrast to
RNAI that generally causes hypomorphic effects. Complete dele-
tion of GABPA by CRISPR could be lethal to cells, thereby caus-
ing a dropout of this hit from the screen. Another limitation we
found was the successful establishment of isogenic lines with the
reporter gene. While, previously, we made T98G and BLM cell
lines with an isogenic mutation in the A”TERT promoter locus,
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creating those cell lines with a reporter gene was unsuccessful.
This could be because the insertion of a reporter gene copy
replaces the endogenous ATERT, thereby reducing the copy
numbers of A”TERT gene in the cells. For cell lines like T98G and
BLM, it may be necessary to have a sufficient copy number of
hTERT to survive, and its editing leads to cell death. Despite
these limitations, our study represents one of the few reports
combining large-scale genomic loss of function screens (CRISPR
and RNAI) to uncover essential genes for cancer cell survival.
Previously, two such observations were independently reported
by Evers et al. (54) and Morgens et al. (55) to show the outper-
formance of CRISPR knockout screen over RNAi (56). The
novelty in our study stems from the fact that we used unique
engineered cell lines with a reporter gene under the hTERT
locus to understand Mut-ZTERT promoter-specific regulator,
unlike the other two studies which used cancer cells to perform
the screen for essential genes. Our study also opens up a few
intriguing questions: Do 3D chromatin structure and long-range
interactions drive expression from WT-ATERT promoters? The
hTERT is driven by WT promoters in stem cells and immune
cells. If, indeed, the WT- and Mut-ATERT promoters’ activation
involves a differential mechanistic approach, what are the endog-
enous factors that distinctly drive these promoters in their native
chromatin contexts? In conclusion, future functional validation
and mechanistic dissection of the Mut-hTERT-specific modula-
tors identified in our study could be highly beneficial for the
identification of the next generation of drugs that can inhibit
cancer-specific Mut-hTERT promoter with minimal to no cyto-
toxicity on the stem cell compartment.

Methods

Generation of Reporter Cell Lines. Generation of reporter lines are described
in SI Appendix.

Whole-Genome CRISPR and siRNA Screen. Silencer Select Human whole-
genome siRNA library and Toronto KnockOut Library v3 (TKOv3) were used for
siRNA and CRISPR screens, respectively. Details are described in S/ Appendix.

Telomerase Activity Assay. Telomerase activity assay (TRAP) assay was per-
formed from cells 36 h posttransfection as described previously (20).

The 3C Chromatin Interaction Assay. The 3C assay was performed as described
previously (57). Details are described in S/ Appendix.

Statistical Analysis. The two-tailed Student’s t test was used to analyze
groups for the qPCR, 3C-gPCR, ChIP-qPCR, and TRAP assay. The mean + SD
of each gene expression, ChIP, chromatin interaction, and TRAP assays
were obtained from at least three independent experiments, as indicated
in the figure legends.

Data Availability. All study data are included in the article, S/ Appendix, and/
or Datasets S1 and S2.
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