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In the majority of human cancer cells, cellular immortali-
zation depends on the maintenance of telomere length by
telomerase. An essential step required for telomerase function
is its recruitment to telomeres, which is regulated by the
interaction of the telomere protein, TPP1, with the telomerase
essential N-terminal (TEN) domain of the human telomerase
reverse transcriptase, hTERT. We previously reported that the
hTERT ‘insertion in fingers domain’ (IFD) recruits telomerase
to telomeres in a TPP1-dependent manner. Here, we use
hTERT truncations and the IFD domain containing mutations
in conserved residues or premature aging disease-associated
mutations to map the interactions between the IFD and
TPP1. We find that the hTERT-IFD domain can interact with
TPP1. However, deletion of the IFD motif in hTERT lacking
the N-terminus and the C-terminal extension does not abolish
interaction with TPP1, suggesting the IFD is not essential for
hTERT interaction with TPP1. Several conserved residues in
the central IFD-TRAP region that we reported regulate telo-
merase recruitment to telomeres, and cell immortalization
compromise interaction of the hTERT-IFD domain with TPP1
when mutated. Using a similar approach, we find that the IFD
domain interacts with the TEN domain but is not essential for
intramolecular hTERT interactions with the TEN domain.
IFD-TEN interactions are not disrupted by multiple amino
acid changes in the IFD or TEN, thus highlighting a complex
regulation of IFD-TEN interactions as suggested by recent
cryo-EM structures of human telomerase.

Telomere maintenance is essential for the replicative
immortality characteristic of cancer cells (1). Moreover,
defective telomere maintenance due to mutations in telome-
rase or telomere proteins is characteristic of a collection of
Mendelian disorders, referred to as telomeropathies, including
the premature aging syndrome, dyskeratosis congenita (2—4).
Telomeres are maintained by telomerase, a ribonucleoprotein
with reverse transcriptase (RT) activity that minimally consists
of a core catalytic subunit, hTERT (human telomerase RT),
and an integral RNA component, hTR (human telomerase
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RNA) that provides the template for telomere synthesis (5, 6).
hTERT expression is tightly regulated at the transcriptional
level (1). However, one essential step required for telomerase
function is its recruitment and activation at the telomere (7).
Identifying the mechanisms regulating telomerase recruitment
to telomeres will help to uncover novel potential targets for the
treatment of cancers and telomeropathies.

Telomerase recruitment to telomeres is regulated by the
interaction of the telomere shelterin protein, TPP1, with the
telomerase essential N-terminal (TEN) domain of hTERT
(8-10). Human TEN and the hTERT finsertion in fingers
domain’ (IFD) regulate the unique property of telomerase to
repeatedly synthesize the short G-rich telomere repeats using
hTR as a template without dissociating from the DNA sub-
strate (11-13). The IFD is located between RT motifs A and B’
and consists of two helices (a and ¢) and a central region
identified as IFDb consisting of three [B-sheets later named
IFD-TRAP (14, 15). We and others reported that IFD recruits
telomerase to telomeres in a TPP1-dependent manner (11, 16).
The result of these latter studies and another similar study
from our group, examining premature aging disease-associated
hTERT variants located in the IFD motif, were suggestive of an
indirect or direct interaction of the IFD with TPP1 (17). In
support for a TPP1-dependent role of the IFD in telomerase
recruitment, cryo-EM structures of Tetrahymena telomerase
revealed interactions between the TPP1 paralog, p50, and the
IFD (14, 18) and interestingly also showed interactions be-
tween the TEN domain and the IFD-TRAP for the first time
(14). How TPP1 and the hTERT TEN and IFD domains
intersect to regulate telomerase recruitment to telomeres and
cell immortalization is unknown. Moreover, a structural
homology-based mutagenesis screen focused on surface resi-
dues of the TEN, and IFD regions identified hTERT residues
that are critical for contacting TPP1 but dispensable for other
aspects of telomerase structure or function (16). In this latter
study, hTERT-TPP1 contacts and binding were inferred based
on TEN and IFD-TRAP mutants specifically defective in
telomerase recruitment and stimulation by human TPP1.

In the present study, we expressed truncated hTERT
enzymes and domains containing mutations in conserved
residues or premature aging disease-associated mutations
within IFD to map the interactions between the IFD, TEN, and
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Telomerase IFD interactions

TPP1 and relate the role of these interactions in the recruit-
ment of telomerase to telomeres and cell immortalization. We
found that hTERT lacking the TEN domain and the C-ter-
minal extension (W\TERTATENACTE) can immunoprecipitate
TPP1 and TEN. We show that the IFD fragment alone can also
coimmunoprecipitate TPP1 and TEN, suggesting that the IFD
can interact with TPP1 and TEN. However, deletion of the IFD
motif in hTERTATENACTE does not abolish interaction with
TPP1 or TEN, suggesting that the IFD is not essential for the
interaction of hTERT with TPP1 or TEN. Several residues in
the IFD region that we reported regulate telomerase recruit-
ment to telomeres, and cell immortalization also compromise
interaction of the IFD domain with TPP1, when mutated. We
further characterized IFD and TEN interactions revealed in
recent human telomerase cryo-EM structures (19-22). How-
ever, IFD-TEN interactions are not disrupted by multiple
amino acid substitutions predicted to disrupt those in-
teractions, highlighting the complex regulation of IFD-TEN
interactions.

Results and discussion

The IFD domain interacts with TPP1 but is not essential for the
interaction of hTERT with TPP1

Several hTERT regions are known to interact with TPP1
and/or DNA to mediate telomerase recruitment, including the
TEN domain and the C-terminal extension (CTE) (8-10, 23,
24). To reveal a possibly weaker TPP1-IFD interaction inde-
pendent of the TEN or C-terminus, we first generated hTERT
deletion variants lacking N-terminal residues 1-316 that
comprise the TEN domain (residues 1-200) (25) and linker
between TEN and the RNA-binding domain, TRBD (thereafter
referred to as ATEN) or lacking both the N-terminus and
C-terminal residues 936-1132 (ATENACTE) (Fig. 14). We also
created a variant consisting of the hTERT-IFD region alone
(residues 721-814). The deletion variants were fused in frame
to a FLAG epitope and c-myc nuclear localization signal
(NLS). To gain insight into the possible folding of the IFD
domain alone, we used an AlphaFold prediction (26-29).
Folding of the IFD domain alone predicted by AlphaFold was
similar to the structures revealed by cryo-EM (Fig. 1B), and
inclusion of the FLAG and NLS did not change the predicted
IFD structure (not shown). We coexpressed the FLAG-tagged
hTERT deletion variants along with C-terminally HA-tagged
TPP1 (TPP1-HA) in HEK293 cells and confirmed by West-
ern blotting analysis that TPP1 was expressed and that all the
hTERT variants were expressed at the expected molecular
weights (Fig. 1C) and localized to the nucleus (Fig. 1D). To
note, we have previously demonstrated that transient trans-
fection of FLAG-tagged hTERT leads to levels of expression
above low endogenous hTERT levels, as exogenously
expressed hTERT, but not endogenous hTERT, can be
detected by Western blot using an anti-hTERT antibody (11).

We found that immunoprecipitation (IP) of full length (FL)
FLAG-hTERT WT and FLAG-hTERTATEN coimmunoprecipitated
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coexpressed TPP1-HA, consistent with a previous study
reporting that interaction of telomerase with TPP1 is not
abolished upon TEN domain deletion (8). We also observed
co-IP of TPP1-HA with FLAG-hTERTATENACTE that
contains the IFD domain and with the FLAG-hTERT-IFD
region alone, suggesting that the IFD interacts with TPPI,
in support of a TPP1-dependent role of the IFD in telome-
rase recruitment and cryo-EM structures of Tetrahymena
and human telomerase (11, 14, 17, 18, 20, 21). However,
FLAG-hTERTATENACTE also lacking the IFD domain
(ATENACTEAIFD) (Fig. 1A) was still able to coimmuno-
precipitate TPP1-HA (Fig. 1E), suggesting that the IFD is not
essential for the interaction with TPP1. In addition, these
results imply that there may be additional contacts between
hTERT and TPP1 that fall outside of the TEN and IFD
domains, consistent with results from other studies (9, 10).

IFD-TRAP variants, but not the IFDa or IFDc variants, are
compromised in interactions with TPP1 that correlate with
severe or TPP1-dependent telomere recruitment and cell
immortalization phenotypes

Our previous findings suggesting a TPP1-dependent role for
the IFD domain in telomerase recruitment to telomeres were
based on the analysis of hTERT variants mutated in conserved
and disease-associated residues within the IFDa (P721R,
T726M), IFD-TRAP (V763S, P785L, V791Y), or IFDc (L805A,
R811C) regions (11, 17, 30) (Fig. 2A). In addition to enzyme
activity and processivity of these variants, we previously
analyzed their localization to telomeres by hTR-fluorescence
in-situ hybridization in the absence or presence of TPP1 and
POT1. Additionally, we analyzed cell growth, short telomeres
(signal-free ends), telomeric DNA damage, and immortaliza-
tion in limited lifespan cells (11, 17). We observed a number of
defects for hTERT IFD variants, including the inability to
immortalize limited lifespan cells (hTERT-V791Y), and
impaired telomere association, which could be partially
rescued by TPP1-POT1 overexpression (WTERT-L805A) (11,
30). To better understand if the observed defects correlate with
altered IFD-TPP1 interactions, we introduced mutations in
these conserved and disease-associated IFD residues in the
hTERTATENACTE variant. We coexpressed the FLAG-
hTERTATENACTE IFD variants along with TPP1-HA in
HEK293 cells and confirmed by Western blotting analysis that
TPP1-HA and all the hTERT variants were expressed (Fig. 2B).
However, we found that most of the FLAG-hTERT
ATENACTE IFD WT and variants could similarly coimmu-
noprecipitate coexpressed TPP1-HA (Fig. 2, B and C), sug-
gesting compensating binding sites elsewhere on that
truncation in accordance with our results with hTERT
ATENACTEAIFD or that certain single amino acid changes
are not sufficient to disrupt the interaction between the IFD
and TPP1. However, we observed reduced interaction of
TPP1-HA with FLAG-hTERT ATENACTE-containing muta-
tions V763S and P785L (Fig. 2C).
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Figure 1. The IFD domain interacts with TPP1 but is not essential for the interaction of hTERT with TPP1. A, domain organization of full-length (FL)
hTERT with characteristic domains: telomerase essential N-terminal domain (TEN), telomerase RNA-binding domain (TRBD), reverse transcriptase domain
(RT) containing the insertion in fingers domain (IFD) in purple, and the C-terminal extension (CTE). Engineered deletion constructs are indicated below the
full-length WT hTERT. All constructs were created to include FLAG and NLS sequences at the N-terminus. An N-terminally HA-tagged TEN domain containing
an endogenous NLS is also depicted in blue. B, Alphafold (Colabfold) structural prediction of the isolated hTERT sequence (IFD: 721-815) (Solid opacity)
compared to the cryo-EM structure of hTERT telomerase IFD from the PBD ID 7BG9 (low opacity). C, interactions of FLAG-hTERT WT and the indicated
deletion variants with TPP1-HA were assessed by coimmunoprecipitation from HEK293 cell lysates using an anti-FLAG antibody. Representative immu-
noblots showing input FLAG-hTERT WT and variants and TPP1-HA, and immunoprecipitation of FLAG-hTERT variants and TPP1-HA. Blots were probed using
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Based on our results demonstrating that the IFD region
alone can interact with TPP1 (Fig. 1C), we then introduced the
above mutations in the conserved and disease-associated res-
idues in the hTERT IFD fragment, anticipating that alterations
in binding of IFD variants with TPP1 might be more easily
revealed using this IFD fragment. We coexpressed the FLAG-
hTERT IFD variants along with TPP1-HA in HEK293 cells and
confirmed by Western blotting analysis that TPP1-HA and all
the hTERT variants were expressed (Fig. 2D). In the context of
the IFD fragment, we observed reduced interaction of TPP1-
HA with several IFD variants, including hTERT-IFD V763S,
P785L, V791Y, and L805A, but WT or near WT levels of
coimmunoprecipitated TPP1-HA for hTERT-IFD variants
P721R, T726M and R811C (Fig. 2, D and E). All the variants
with substantial reduction in the levels of coimmunoprecipi-
tated TPP1 are located in the IFD-TRAP region, except for
L805A, which is located in the IFDc region near the IFD-TRAP
region. These results are consistent with Tetrahymena telo-
merase cryo-EM studies which revealed that the TPP1 paralog
p50 interacts with the IFD-TRAP possibly stabilizing the IFD-
TRAP fold (14), and IF-FISH studies showing that the addition
of human IFD-TRAP to human TEN in a mouse TERT
backbone leads to an improvement of telomerase recruitment
to human TPP1 comparable to that observed in hTERT-
reconstituted telomerase (16). Importantly, due to levels of
exogenous hTERT variants greater than endogenous levels, the
existence of hTERT as a monomer and the results that some
IFD-TRAP mutants are defective in interactions with TPP1, it
is unlikely that the lack of interaction defects between certain
hTERT variants and TPP1 examined in Figures 1 and 2 are due
to interactions being bridged by endogenous hTERT or TPP1.

These results are also consistent with our functional studies
where alterations in residues in the IFD-TRAP region (V763S,
P785L, V791Y) or flanking the IFD-TRAP region (L805A) lead
to more severe and/or TPP1-dependent phenotypes than al-
terations in other tested residues in the IFDa or IFDc regions
(P721R, T726M, and R811C) (11, 17, 30). For example, hTERT
V791Y could not immortalize limited lifespan cells, be
recruited to telomeres or elongate telomeres when overex-
pressed in HeLa cells, possibly due to a defect in binding TPP1
(11, 30) (Fig. 2, D and E). hTERT-L805A had impaired telo-
mere association which could be partially rescued by TPP1-
POT1 overexpression, suggesting that excess TPP1 can
possibly compensate for defects in TPP1 binding (11). Inter-
estingly, despite growth defects in limited lifespan cells and
accumulation of short telomeres and telomere DNA damage,
hTERT-V763S could be recruited to telomeres (11), but our
current results suggests that mutating this residue interferes

with TPP1 binding. Further analysis of this residue will be
necessary to understand its function and relationship with
TPP1. Lastly, hTERT-P785L’s enzyme activity and recruitment
to telomeres were stimulated by TPP1-POT1 overexpression,
though cells expressing this variant did not display growth
defects or telomeric DNA damage in limited lifespan cells (17).
Of note, however, recent cryo-EM structures of human telo-
merase revealed that V763, P785, V791, and L805 are not
directly interacting with TPP1 but rather facing away from
TPP1 (20, 21) (Fig. 2F), suggesting that effects of mutating
these residues may indirectly contribute to a defect in TPP1-
IFD interactions. It is also important to consider the potential
contributions of the missing domains of TPP1 in the currently
available structures to the interactions between IFD and TPP1.
Of importance, V791 is part of a highly conserved 790VVIE793
motif within the IFD B-sheet—TEN [B-sheet interface (18 in
IFD-TRAP and 6 in TEN) and close to TEN and IFD residues
that bind to DNA and are implicated in anchor site function. A
protein-based anchor site was proposed in the early 1990’s to
rationalize the repeated addition of telomeric sequences by
telomerase on the same DNA substrate without dissociation of
telomerase from the DNA during RNA-DNA unpairing
(repeat addition processivity), and the TEN domain was later
identified as the anchor site (31-36). TPP1 and POT1 help to
stabilize the TEN domain and the DNA-TEN interaction that
constitute the anchor site, and alterations of V791 could be
impacting the regulation of the anchor site by TPP1 and
POT1. Interestingly, both V763 and L805 are in proximity to
motif 3 within a hydrophobic patch. Motif 3 regulates repeat
addition processivity and influences template conformation
(15, 37). Importantly, the DNA path to the active site and the
RNA-DNA duplex link a number of TERT domains, including
TEN, IFD, CTE, and motif 3 (20-22), and alterations in V763
and L805 could impact the coordinated roles of motif 3, [FD,
and CTE to facilitate binding of the RNA-DNA duplex during
template translocation that was initially proposed by Xie et al.
(15).

hTERT-IFED variants P721R, T726M, and R811C, which
contain patient-associated mutations in the IFDa and IFDc,
coimmunoprecipitate similar levels of TPP1-HA as WT
hTERT-IED. These results are consistent with the recent cryo-
EM structures of human telomerase with TPP1 and POT], in
which these residues are located far from TPP1. In our func-
tional studies, alterations at these residues in FL hTERT led to
a variety of mild defects in telomerase activity, processivity,
and telomere association that could not be rescued by TPP1
(17), and coupled with results from the current study, is
consistent with a possible TPP1-independent function of these

antibodies against FLAG or HA or the loading control actin (in the input). EV represents HEK293 cells expressing TPP1-HA but transfected with an empty
vector not expressing any hTERT variant. Mock represents untransfected HEK293 cells expressing neither hTERT nor TPP1. n = 4. D, full length FLAG-hTERT
WT (FL) and the indicated deletion variants or IFD fragment were expressed in HEK293 cells, and localization was assessed in fixed cells by indirect
immunofluorescence. Images were acquired using Infinity Capture software and camera (40x%; Leica DM2000 fluorescence microscope; Lumenera). The
nucleus is indicated by DAPI staining. Nuclear localization of all the variants was confirmed by colocalization of FLAG with DAPI signals (merge). £, in-
teractions of FLAG-hTERTATENACTE and FLAG-hTERTATENACTEAIFD with TPP1-HA were assessed by coimmunoprecipitation from HEK293 cell lysates using
an anti-FLAG antibody. Representative immunoblots showing input FLAG-hTERTATENACTE, FLAG-hTERTATENACTEAIFD, and TPP1-HA, and immunopre-
cipitation of FLAG-hTERTATENACTE, FLAG-hTERTATENACTEAIFD, and TPP1-HA. Blots were probed using antibodies against FLAG or HA or the loading
control actin (in the input). EV represents HEK293 cells expressing TPP1-HA but transfected with an empty vector not expressing hTERT. Mock represents
untransfected HEK293 cells expressing neither hTERT nor TPP1. n = 2. hTERT, human telomerase RT; NLS, nuclear localization signal.
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Figure 2. IFD-TRAP variants, but not the IFDa or IFDc variants, are compromised in interactions with TPP1. A, sequence alignment of TERT IFDs from
selected organisms, Homo sapiens (Hs), Mus musculus (Mm), Bos taurus (Bt), Saccharomyces cerevisiae (Sc), Tetrahymena thermophila (Tt) was performed using
Clustal W2. Labels above the alignment indicate the conserved and disease-associated residues P721, 7726, V763, P785, V791, L805, and R811 located in the
IFDa, IFD-TRAP, or IFDc, and the corresponding residues at equivalent positions with the other TERTs. Human TERT residues 767-783 and equivalent residues
in other organisms are not included in the alignment and are shown as a black vertical bar. B, interactions of FLAG-hTERTATENACTE and the indicated IFD
variants within FLAG-hTERTATENACTE with TPP1-HA were assessed by coimmunoprecipitation from HEK293 cell lysates using an anti-FLAG antibody.
Representative immunoblots showing input FLAG-hTERTATENACTE, the indicated IFD variants and TPP1-HA, and immunoprecipitation of FLAG-hTERT
variants and TPP1-HA. Blots were probed using antibodies against FLAG or HA or the loading control actin (in the input). EV represents HEK293 cells
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residues. Nonetheless, limited lifespan cells expressing these
disease-associated hTERT IFD variants displayed mild growth
defects and higher levels of apoptosis, short telomeres, and
telomere DNA damage compared to cells expressing WT
hTERT. Defects may result from effects on interactions be-
tween paired IFD residues (P721 with R724; T726 with Q722)
that might compromise IFD structure and function and
interaction between IFD residues and residues in RT motifs
(R811 with D807) or DNA as seen in the cryo-EM structures
(20, 21).

TPP1-IFD-interacting residues

Recruitment of telomerase to telomeres is mediated by
amino acids in the TPP1 N-terminus known as the TEL patch
(TPP1 glutamate [E] and leucine [L] rich) within the
oligonucleotide/oligosaccharide-binding (OB) fold and sup-
ported by the recent cryo-EM structures (8—10, 20, 21). More
recently, another region in the extreme N terminus of the
TPP1-OB region (NOB) was also reported to be part of the
telomerase interaction surface on TPP1 (38) (Fig. 3A4). A pre-
vious structural homology-based mutagenesis screen
described doubly mutated IFD residues V790/1792 and E793/
Q794 as important for the localization of hTERT to TPP1 (16).
Our current results also support a role for V791 in binding
TPP1 (Fig. 2, D and E). A human TERT-TPP1 homology
model was proposed which places the TPP1 NOB domain in
close proximity to IFD-TRAP, specifically NOB residues 91-
GRLVL-95 and IFD-TRAP residues 790-VVIEQ-794 (16). To
determine if the IFD-TRAP residues 790-VVIEQ-794 interact
with TPP1 NOB residues 91-GRLVL-95, we introduced the
following mutations within the FLAG-hTERT IFD fragment,
IFD 790-AAAAA-794 (IFD-5A) and the following mutations
within the TPP1-HA NOB region 91-AAAAA-95 (TPP1-5A).
We coexpressed either the WT FLAG-hTERT IFD domain or
FLAG-hTERT-IFD-5A variant along with either WT TPP1-
HA or TPP1-5A-HA in HEK293 cells and confirmed by
Western blotting analysis that all the hTERT and TPP1 vari-
ants were expressed (Fig. 3B). We observed similar levels of
coimmunoprecipitated WT TPP1 or TPP1-5A upon IP of
either WT IFD or IFD-5A, indicating that disrupting these
amino acids in either IFD or TPP1 does not abolish the
interaction of IFD with TPP1 (Fig. 3, B and C). Recent struc-
tural studies revealed that TPP1 NOB residues L93 and V94
interact with IFD residues L798 and N799 (Fig. 3D) (21). While
L93 and V94 are mutated in the TPP1-5A variant that we
tested, TPP1 NOB residues S90 and R92, which the structures

reveal are interacting with TEN residues L123 and P124
(Fig. 3D), were not mutated.

The IFD is not essential for the interaction of the core hTERT
domain with the TEN domain

The cryo-EM structure of Tetrahymena telomerase reveals
that both the TPP1 ortholog p50 and the TEN domain can
interact with the IFD-TRAP (14). The authors suggested that
p50 may stabilize the IFD-TRAP fold and/or the IFD-TRAP
interaction with TEN. To investigate the interaction of the
IFD with TEN, we used a transcomplementation approach that
has shown that coexpression of an N-terminal hTERT frag-
ment containing TEN (or the TEN domain alone) and another
fragment containing the remainder of the hTERT (core) can
reconstitute telomerase activity and function (12, 39-41).
Based on the Tetrahymena telomerase structural data, we
expected that deletion variants that lack the TEN domain but
contain the IFD (Fig. 1A) would interact with the TEN domain.
We coexpressed FLAG-hTERT variants ATEN, ATENACTE
or IFD region alone with an HA-tagged TEN domain alone
(HA-TEN) (residues 1-316) in HEK293 cells and confirmed by
Western blotting analysis that all the FLAG-hTERT variants
and HA-TEN domain were expressed (Fig. 4A4). We found that
IP of the FLAG-hTERTATEN core domain, the ATENACTE
and the IFD domain alone coimmunoprecipitate coexpressed
HA-TEN, demonstrating that the IFD interacts with TEN,
consistent with the cryo-EM structures of Tetrahymena and
human telomerase (14, 20-22). However, FLAG-hTERTA-
TENACTE lacking the IFD (ATENACTEAIFD) was still able
to coimmunoprecipitate HA-TEN (Fig. 4A), suggesting that
the IFD is not essential for the interaction with TEN. In
addition, these results imply that there may be additional
contacts between hTERT and TEN that fall outside of the IFD
domain, possibly indirectly mediated through TEN contacts
with the telomerase RNA as shown by the cryo-EM structures
(14, 20-22). To address this latter possibility, we expressed FL
FLAG-hTERT, FLAG-hTERTATENACTE lacking the IFD
(ATENACTEAIFD), and FLAG-IFD in HEK293 cells and
confirmed by Western blot analysis that all the FLAG-hTERT
WT and variants were expressed (Fig. 4B). We found that IP of
FLAG-hTERT and FLAG-hTERTATENACTEAIFD, but not
the IFD domain alone, could coimmunoprecipitate hTR as
detected by qRT-PCR (Fig. 4, B and C), though the low binding
of the IFD to hTR similar to the EV control did not reach
statistical significance. These results are consistent with the
idea that additional contacts between hTERT and TEN that

expressing TPP1-HA but transfected with an empty vector not expressing any hTERT variant. Mock represents untransfected HEK293 cells expressing neither
hTERT nor TPP1. n = 2. C, the mean ratio of (HA/FLAG)e signal over ((HA/FLAG)/actin),p.: Obtained from quantification with ImageQuant of two inde-
pendent experiments from panel B. D, interactions of FLAG-hTERT-IFD and the indicated IFD variants within FLAG-hTERT-IFD with TPP1-HA were assessed by
coimmunoprecipitation from HEK293 cell lysates using an anti-FLAG antibody. Representative immunoblots showing input FLAG-hTERT-IFD, the indicated
IFD variants and TPP1-HA, and immunoprecipitation of FLAG-hTERT-IFD variants and TPP1-HA. Blots were probed using antibodies against FLAG or HA or
the loading control actin (in the input). EV represents HEK293 cells expressing TPP1-HA but transfected with an empty vector not expressing any hTERT
variant. Mock represents untransfected HEK293 cells expressing neither hTERT nor TPP1. n = 3. E, the mean ratio of (HA/FLAG)r signal over ((HA/FLAG)/
actin)npt Obtained from quantification with ImageQuant of three independent experiments from panel D; error bars represent SD. ANOVA with a Dunnet’s
multiple comparison with WT as reference: *p < 0.05; ****p < 0.0001. No p value indicates quantification was statistically not significant. F, human telo-
merase structure showing where V791, L805, V763, and P785 (represented as gray spheres) in the IFD (purple) are in relation to TPP1 (light purple). hnTERT
motif 3 in red and hTERT TEN in light blue are also indicated. Based on PDB: 7QXS. hTERT, human telomerase RT; IFD, insertion in fingers domain; IP,

immunoprecipitation; TEN, telomerase essential N-terminal domain.
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Figure 3. TPP1-IFD interacting residues. A, domain organization of human TPP1 with characteristic domains: Oligonucleotide/oligosaccharide binding
(OB) fold, shelterin POT1 binding domain (PBD), and a C-terminal domain containing the shelterin TIN2-binding domain (TBD). The sequence of the OB-fold
domain is indicated and includes the TEL patch in orange important for binding the TEN domain and recruitment of telomerase to telomeres, and the NOB
domain in light blue, which is part of the telomerase interaction surface on TPP1. B, interactions of FLAG-hTERT-IFD and the FLAG-hTERT IFD 790-VVIEQ-794
(IFD-5A) variant with TPP1-HA or the TPP1 91-GRLVL-95 (TPP1-5A) variant were assessed by coimmunoprecipitation from HEK293 cell lysates using an anti-
FLAG antibody. Representative immunoblots showing input FLAG-hTERT-IFD, the IFD-5A variant, TPP1-HA, and the TPP1-5A variant, and immunoprecip-
itation of FLAG-IFD and TPP1-HA. Blots were probed using antibodies against FLAG or HA or the loading control actin (in the input). EV represents
HEK293 cells expressing TPP1-HA but transfected with an empty vector not expressing any hTERT variant. Mock represents untransfected HEK293 cells
expressing neither hTERT nor TPP1. n = 3. C, the mean ratio of (HA/FLAG);p signal over ((HA/FLAG)/actin)np.: Obtained from quantification with ImageQuant
of three independent experiments from panel B.; error bars represent SD. ANOVA with a Dunnet’s multiple comparison with WT as reference. No p value
indicates quantification was statistically not significant. D, Human telomerase structure highlighting TPP1 NOB L93 and V94 interacting with IFD L798 and
N799 and NOB S90 and R92 interacting with TEN L123 and P124. IFD is in purple, TPP1 in light purple, and TEN in light blue. Based on PDB: 7QXS. hTERT,
human telomerase RT; IFD, insertion in fingers domain; IP, immunoprecipitation; NOB, N terminus of the TPP1-OB region; TEN, telomerase essential N-

terminal domain.

fall outside the IFD domain may be mediated by the telome-
rase RNA.

Mapping the IFD-TEN interaction

One of the human TEN regions that maps to the TEN-
TRAP interface based on the cryo-EM structure of Tetrahy-
mena telomerase falls within human TEN amino acids
161-171 (14). Integration of bioinformatics analysis data with
the structure of Tetrahymena telomerase allowed the genera-
tion of a pseudoatomic model of the human telomerase cata-
lytic core (42). In this model, an extended B-sheet (f14 in the
IFD-TRAP and p6 in the TEN domains of Tetrahymena
telomerase) is formed such that the human IFD region con-
taining residues 786-799 are predicted to interact with the
human TEN region containing residues 165-173. From the

SASBMB

2021 human telomerase cryo-EM structure, we identified three
potential points of interaction between the human TEN and
IFD domains, IFD R756-TEN Y176, IFD R742-TEN Y168, and
IFD Q781/D788-TEN S165 (Fig. 54) (19). To determine if
these residues are important for the IFD-TEN interaction, we
initially introduced mutations in IFD and TEN that would
affect each of the three predicted interactions independently.
We coexpressed the IFD and TEN variants to test each of the
three interactions independently but found no defects in the
interaction between IFD and TEN, possibly indicative of
compensation from the other points of contact (not shown).
We then introduced the following mutations in the IFD,
R742A/R756A/Q781A/D788A (RRQD/AAAA) and the
following mutations within the TEN region, S165A/Y168A/
Y176A (SYY/AAA) to potentially interfere with all three points
of contact simultaneously. We coexpressed either the WT
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Figure 4. The IFD is not essential for the interaction of the core hTERT domain with the TEN domain. A, interactions of FLAG-hTERT WT and the
indicated deletion variants with HA-TEN were assessed by coimmunoprecipitation from HEK293 cell lysates using an anti-FLAG antibody. Representative
immunoblots showing input FLAG-hTERT WT and variants and HA-TEN, and immunoprecipitation of FLAG-hTERT WT and variants and HA-TEN. Blots were
probed using antibodies against FLAG or HA or the loading control actin (in the input). EV represents HEK293 cells expressing HA-TEN but transfected with
an empty vector not expressing any hTERT variant. Mock represents untransfected HEK293 cells expressing neither hTERT nor TEN. n = 4. B, full length (FL)
FLAG-hTERT WT, FLAG-hTERTATENACTE lacking the IFD (ATENACTEAIFD), and FLAG-IFD were immunoprecipitated from HEK293 cell lysates using an anti-
FLAG antibody. Representative immunoblots showing input and immunoprecipitated FLAG-hTERT WT, FLAG-hTERTATENACTEAIFD, and FLAG-IFD. Blots
were probed using antibodies against FLAG or the loading control actin (in the input). EV represents HEK293 cells transfected with an empty vector not
expressing any hTERT variant. n = 3. C, the mean ratio of RNA enrichment of hTR after FLAG-IP of FLAG-hTERT WT, FLAG-hTERTATENACTEAIFD, and FLAG-IFD
obtained from the quantification by quantitative real-time polymerase chain reaction of three independent experiments from panel B using the
comparative AACt method; error bars represent SD. ANOVA with a Dunnet’s multiple comparison with WT (FL) as reference. *p < 0.05 No p value indicates
quantification was statistically not significant. hTERT, human telomerase RT; hTR, human telomerase RNA; IFD, insertion in fingers domain; IP, immuno-
precipitation; TEN, telomerase essential N-terminal domain.

FLAG-hTERT IFD domain or the FLAG-hTERT-IFD-RRQD/ mutations in the TEN domain abolish interaction with FLAG-
AAAA variant along with either WT HA-TEN or HA-TEN- IFD, as we observed coimmunoprecipitated HA-TEN or HA-
SYY/AAA variant in HEK293 cells and confirmed by West- TEN SYY/AAA with either WT FLAG-IFD or FLAG-IFD
ern blotting analysis that all the IFD and TEN variants were RRQD/AAAA (Fig. 5, B and C), suggesting that these amino
expressed (Fig. 5B). Multiple amino acid mutations in the [FD  acid alterations are not sufficient to abolish the interaction
did not abolish the interaction with HA-TEN nor did multiple between the IFD and TEN. These results also suggest that the
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Figure 5. Mapping the IFD-TEN interaction. A, human telomerase structure highlighting interactions of IFD R756-TEN Y176, IFD R742-TEN Y168, and
IFDQ781/D788-TEN S165. TEN is in light blue and IFD is in purple. Based on PDB: 7BG9. B, interactions of FLAG-hTERT-IFD and the FLAG-hTERT IFD R742A/
R756A/Q781A/D788A (RRQD/AAAA) variant with HA-TEN or the S165A/Y168A/Y176A (SYY/AAA) variant were assessed by coimmunoprecipitation from
HEK293 cell lysates using an anti-FLAG antibody. Representative immunoblots showing input FLAG-hTERT-IFD, the IFD-RRQD/AAAA variant, HA-TEN, and
the TEN-SYY/AAA variant, and immunoprecipitation of FLAG-IFD and HA-TEN. Blots were probed using antibodies against FLAG or HA or the loading control
actin (in the input). EV represents HEK293 cells expressing HA-TEN but transfected with an empty vector not expressing any hTERT variant. Mock represents
untransfected HEK293 cells expressing neither hTERT nor TEN. n = 2. C, the mean ratio of (HA/FLAG),p signal over ((HA/FLAG)/actin);,,. obtained from
quantification with ImageQuant of two independent experiments from panel B. D, human telomerase structure showing interaction of IFD 790VVIE793 and
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interaction between TEN and IFD may be more stable than
between the IFD and TPP1.

More recent 2022 cryo-EM structures of human telomerase
with TPP1 and POT1 revealed an IFD B-sheet-TEN [-sheet
interface (6 in TEN and 18 in IFD-TRAP) with interactions
between IFD 790VVIE793 and TEN 167AYQ169. Interactions
between IFD residues D788 and TEN S165 and between IFD
residues Q781 and TEN C166 were also observed (Fig. 5D). To
disrupt the B-sheet interface and investigate if the TEN S165
and C166 residues are important for the IFD-TEN interaction,
we introduced the following mutations in the IFD 790-VVIE-
793 to 790-GGGG-793 (IFD-4G) and the following mutations
within the TEN region, 165-SCAYQ-169 to 165-AAGGG-169
(TEN-2A3G@). In an effort to better disrupt the -sheet interface,
we mutated those residues to glycine rather than alanine (43).
We coexpressed either the WT FLAG-hTERT IFD domain or
the FLAG-hTERT-IFD-4G variant along with either WT HA-
TEN or HA-TEN-2A3G variant in HEK293 cells and
confirmed by Western blotting analysis that all the IFD and
TEN variants were expressed (Fig. 5E). Multiple amino acid
mutations in the IFD and in the TEN domain did not abolish the
interaction between the IFD and TEN as we observed coim-
munoprecipitated HA-TEN-2A3G with FLAG-IFD-4G (Fig. 5,
E and F), suggesting that these amino acid alterations are not
sufficient to abolish the interaction between the IFD and TEN.

In conclusion, our data suggest that the IFD interacts with
both TPP1 and the TEN domain, but the IFD is not essential for
hTERT’s interaction with either TPP1 or TEN. Several
conserved residues in the central IFD-TRAP region that we
reported regulate telomerase recruitment to telomeres and, cell
immortalization compromise interaction of the hTERT-IFD
domain with TPP1 when mutated. The recent cryo-EM struc-
tures provide context to published biochemical and functional
data. However, the published structures also reveal networks of
complex interactions between the IFD, TEN, and TPP1 that
may be necessary to provide flexibility in coordinating nucleic
acid—protein interactions. Our results suggest that these
extensive, multiple and coordinated interactions may
compensate for the disruption of certain pairwise interactions
that possibly occur during telomere synthesis. Further struc-
tural studies examining intermediate stages in telomere syn-
thesis may help to understand the biochemical and molecular
defects of mutant telomerase enzymes and would be of primary
importance for the design of therapeutic treatments.

Experimental procedures
Cell culture and transfection

HEK293 cells were maintained in Dulbecco’s modified Ea-
gle’s Medium (Wisent) supplemented with 10% fetal bovine

serum (Wisent) and antibiotics/antimycotics (Gibco). Trans-
fection was performed with Lipofectamine 2000 (Invitrogen)
according to manufacturer’s instructions. Transfection reagent
and DNA were mixed in Opti-MEM media (Gibco) and
overlaid on cells in Dulbecco’s modified Eagle’s Medium with
10% fetal bovine serum, then changed to regular media 5 h
posttransfection.

Plasmid constructs and cloning

N-terminal 3xFLAG-c-myc-NLS-hTERT truncations were
cloned downstream and in-frame of a FLAG tag between Nhel
and HindIII of pcDNA3.1-N3xFLAG. c-myc-NLS refers to the
c-myc NLS previously used to target proteins to the nucleus
(44). C-terminal HA-tagged TPP1 and N-terminal HA-tagged
hTERT (TEN) were cloned into pcDNA3.1(+) Hygro between
Nhel and HindIIl. TPP1 was C-terminally tagged since
N-terminally tagging TPP1 has been reported to impair TPP1
regulation of telomerase function (45). For truncations with
the deleted IFD motif, the full plasmid was amplified with
5'-phosphorylated (T4 PNK; NEB) primers omitting the IFD
sequence and purified on a G-25 column (GE). The amplified
fragment was ligated with T4 ligase (Life Technologies) over-
night at room temperature and then transformed into DH5a
Escherichia coli cells. To generate IFD variants, site-directed
mutagenesis was conducted on hTERT truncation plasmids
with the Pfu Turbo polymerase (Agilent) according to manu-
facturer instructions (all primers used for cloning and muta-
genesis are listed in Table 1).

Coimmunoprecipitation

A previously published protocol (8) was adapted for FLAG
co-IP of FLAG-NLS-hTERT truncations and TPP1-HA.
Briefly, transfected HEK293 cells were washed with ice-cold
PBS 1x and then suspended in 250 pl of 2x lysis buffer
(50 mM Tris pH 7.4, 20% glycerol, 1 mM EDTA, 150 mM
NaCl, 0.5% Triton X-100, 0.02% SDS, 1 mM DTT + 1 mM
PMSF + 2x protease inhibitor cocktail (Sigma)). After 5 min
on ice, 12.5 pl of 5 M NaCl was added and further incubated
on ice for 5 min. Lysate was centrifuged at max speed (13,000
RPM) after addition of 263 ul of ice-cold water. Cell lysate was
precleared with 40 pl of prewashed slurry Sepharose protein G
beads (GE) for 1 h on rotator at 4 °C. Beads were pelleted at
2400 RPM, and cell lysate was quantified with Bradford re-
agent (Bio-Rad). Input was prepared using 50 pg of protein
mixed with Laemmli. Immunoprecipitation was performed
with an equal amount of protein between samples and FLAG
antibody (Sigma #F7425) was added. After 2 h of incubation at
4 °C on rotator, 40 pl of prewashed slurry Sepharose protein G
beads was added and incubated for 1 h. Three 5-min wash

TEN 167AYQ169 within the IFD B-sheet-TEN p-sheet interface (318 in IFD-TRAP and 36 in TEN) and interactions between IFD residues D788 and TEN S165,
and between IFD residues Q781 and TEN C166. Based on PDB: 7QXS. E, interactions of FLAG-hTERT-IFD and the FLAG-hTERT IFD 790VVIE/4G variant with HA-
TEN or the TEN 167SCAYQ/2A3G variant were assessed by coimmunoprecipitation from HEK293 cell lysates using an anti-FLAG antibody. Representative
immunoblots showing input FLAG-hTERT-IFD, the IFD-VVIE/4G variant, HA-TEN, and the TEN-167SCAYQ/2A3G variant, and immunoprecipitation of FLAG-IFD
and HA-TEN. Blots were probed using antibodies against FLAG or HA or the loading control actin (in the input). EV represents HEK293 cells expressing HA-
TEN but transfected with an empty vector not expressing any hTERT variant. Mock represents untransfected HEK293 cells expressing neither hTERT nor TEN.
n = 2. F, the mean ratio of (HA/FLAG)p signal over ((HA/FLAG)/actin)n,: Obtained from quantification with ImageQuant of two independent experiments
from panel E. hTERT, human telomerase RT; IFD, insertion in fingers domain; IP, immunoprecipitation; TEN, telomerase essential N-terminal domain.
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Table 1

Telomerase IFD interactions

Primers (P) used for cloning the different TEN, IFD, TPP1 sequences encoding variant domains and proteins

hTERT variant

P

Primer sequence

ATEN F GGGGCTAGCACCTGCTGCCAAGAGGGTCAAGTTGGACTGGGACACGCCTTGT
R CCCAAGCTTTCAGTCCAGGATGGTC
ATENACTE F GGGGCTAGCACCTGCTGCCAAGAGGGTCAAGTTGGACTGGGACACGCCTTGT
R CCCAAGCTTTTACAGCAGCAGGCCG
IFD fragment F GGGGCTAGCACCTGCTGCCAAGAGGGTCAAGTTGGACCCCCAGGACAGGC
R CCCAAGCTTTTAGCACATGAAGCGTAGG
ATENACTEAIFD F CACCACGCCGTGC
R GATGGTGTCGTACGCG
P721R F GGTCAAGTTGGACCTAGCTCGCCAGGACAGGCTCACGGAGG
R CCTCCGTGAGCCTGTCCTGGCGAGCTAGGT CCAACTTGACC
T726M F CCAGGACAGGCTCATGGAGGTCATCGCCAG
R CTGGCGATGACCTCCATGAGCCTGTCCTGG
V763S F GGCCTTCAAGAGCCACAGCTCTACCTTGACAGAC
R GTCTGTCAAGGTAGAGCTGTGGCTCTTGAAGGCC
P785L F GGAGACCAGCCTGCTGAGGGATGCCG
R CGGCATCCCTCAGCAGGCTGGTCTCC
V791Y F CTGAGGGATGCCGTCTACATCGAGCAGAGCTC
R GAGCTCTGCTCGATGTAGACGGCATCCCTC
L805A F CAGCAGTGGCGCCTTCGACGTCTTCCTACG
R GACGTCGAAGGCGCCACTGCTGGCCTCATTC
R811C F CTTCGACGTCTTCCTATGCTTCATGTGCCACC
R GGTGGCACATGAAGCATAGGAAGACGTCGAAG
IFD(5A) F GACCAGCCCGCTGAGGGATGCCGCTGCTGCTGCTGCTAGCTCCTCCCTGAATGAGGCC
R GGCCTCATTCAGGGAGGAGCTAGCAGCAGCAGCAGCGGCATCCCTCAGCGGGCTGGTC
IFD(R742A) F CAGAACACGTACTGCGTGGCTCGGTATGCCGTGGTCCAG
R CTGGACCACGGCATACCGAGCCACGCAGTACGTGTTCTG
IFD(R756A) F GCCGCCCATGGGCACGTCGCCAAGGCCTTCAAGAGCCAC
R GTGGCTCTTGAAGGCCTTGGCGACGTGCCCATGGGCGGC
Q781A F CAGTTCGTGGCTCACCTGGCGGAGACCAGCCCGCTGAG
R CTCAGCGGGCTGGTCTCCGCCAGGTGAGCCACGAACTG
D788A F GAGACCAGCCCGCTGAGGGCTGCCGTCGTCATCGAGCAG
R CTGCTCGATGACGACGGCAGCCCTCAGCGGGCTGGTCTC
IFD(4G) F CTGCAGGAGACCAGCCCGCTGAGGGATGCCGGGGGAGGA
GGGCAGAGCTCCTCCCTGAATGAGGCCAGCAGT
R ACTGCTGGCCTCATTCAGGGAGGAGCTCTGCCCTCCTCCC
CCGGCATCCCTCAGCGGGCTGGTCTCCTGCAG
TPP1-HA F GTAAGCTAGCATGGCAGGTTCGGGG
R CCCAAGCTTTTAAGCGTAATCTGGAACATCGTATGGGTACATCGGAGTTGGCTCAGA
TPP1(5A) F CAAGCTGGCTAGCATGGCAGGTTCGGCTGCTGCTGCTGCTCGGCCCTGGATTCGGGAG
R GAATCAGCTCCCGAATCCAGGGCCGAGCAGCAGCAGCAGCCGAACCTGCCATGCTAGC
HA-TEN F GGGGCTAGCATGTACCCATACGATGTTCCAGATTACGCTCCGCGCGCTCC
R CCCAAGCTTTTAACGTGGTGGCCG
TEN(S165A) F CTTTGTGCTGGTGGCTCCCGCCTGCGCCTACCAGGTGTGC
R GCACACCTGGTAGGCGCAGGCGGGAGCCACCAGCACAAAG
TEN(Y168A) F GTGGCTCCCGCCTGCGCCGCCCAGGTGTGCGGGCCGCCG
R CGGCGGCCCGCACACCTGGGCGGCGCAGGCGGGAGCCAC
TEN(Y176A) F GTGTGCGGGCCGCCGCTGGCCCAGCTCGGCGCTGCCACTC
R GAGTGGCAGCGCCGAGCTGGGCCAGCGGCGGCCCGCACAC
TEN(2A3QG) F GCACGCTGCGCGCTCTTTGTGCTGGTGGCTCCCGCTGCC
GGGGGAGGGGTGTGCGGGCCGCCGCTGTACCAGCTCGGCGCT
R AGCGCCGAGCTGGTACAGCGGCGGCCCGCACACCCCTCCCCC

GGCAGCGGGAGCCACCAGCACAAAGAGCGCGCAGCGTGC

Underline indicates the sequence of the HA tag.
F, forward primer. R, reverse primer.

cycles were performed with 1x lysis buffer on rotator at 4 °C.
Pelleted beads were suspended in 60 pl Laemmli 1x prior to
boiling, and 30 ul was loaded on gel for analysis. Co-IP of
FLAG-NLS-hTERT(IFD) variants and TPP1-HA was per-
formed the same way.

FLAG co-IP of FLAG-NLS-hTERT truncations and HA-
hTERT(TEN) was adapted from a previous publication (12).
Briefly, transfected HEK293 cells were washed with ice-cold
PBS 1x and then suspended in 250 pl HLB buffer (20 mM
Hepes pH 8.0, 2 mM MgCl,, 10% glycerol, 0.2 mM EGTA,
0.1% IGEPAL, 1 mM DTT + 1 mM PMSF + 1x protease in-
hibitor cocktail). Cells were lysed with 3 freeze-thaw cycles
followed by addition of 21.7 pl of 5 M NaCl. Cell lysate was
collected after centrifugation at max speed (13,000 RPM) and
then precleared by adding 40 pl of prewashed slurry Sepharose
protein G beads for 1 h at 4 °C on rotator. Beads were pelleted

SASBMB
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and cell lysate was quantified with Bradford reagent. For input,
50 pg of protein was mixed with Laemmli and an equal
amount of protein was immunoprecipitated with FLAG anti-
body (Sigma #F7425). After 2 h incubation on rotor at 4 °C,
40 pl of prewashed slurry Sepharose protein G beads was
added and incubated on rotator for 1 h at 4 °C. Three cycles of
washes were performed with HLB supplemented with 150 mM
NaCl, 0.1% Triton X-100, and 0.2% Chaps on rotator for 5 min
at room temperature. Beads were centrifuged and suspended
in 80 pl Laemmli 1x and then boiled. Forty microliters were
loaded on gel for analysis. Co-IP of FLAG-NLS-hTERT(IFD)
variants and HA-hTERT(TEN) was performed the same way.

Immunoprecipitation and qRT-PCR

FLAG co-IP of FLAG-NLS-hTERT truncations coupled to
quantitative real-time polymerase chain reaction (qPCR) of
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hTR was performed as previously described (46). Briefly,
transfected HEK293 cells were washed with ice-cold PBS 1x
and then suspended in 150 pl low-salt cytosolic lysis buffer
(25 mM Hepes pH 7.9, 0.5 mM MgCl,, 5 mM KCl, 0.5% NP-
40 + 1x protease inhibitor + 0.04 U/ul RNaseOUT (Life
Technologies)). After 10 min on ice, cells were centrifuged at
3000 RPM, and the cytosolic fraction was transferred into a
fresh tube and kept on ice. Pellet was suspended in 150 pl high-
salt nuclear lysis buffer (25 mM Hepes pH 7.9, 10% sucrose,
350 mM NaCl, 0.01% NP-40 + 1x protease inhibitor + 0.04 U/
pl RNaseOUT) and incubated on rotator at 4 °C for 30 min.
Both cytosolic and nuclear fraction were pooled, centrifuged at
max speed (13,000 RPM) for 30 min, and cell lysate was
incubated for 30 min at 4 °C with 40 pl of prewashed slurry
Sepharose protein G beads. Beads were pelleted at 2400 RPM,
and cell lysate was quantified with Bradford reagent. Input for
Western blotting was prepared using 50 pg of protein mixed
with Laemmli, whereas input for qPCR was prepared using a
quantity of protein representing 10% of the IP mixed into
500 pl TRIzol (Life Technologies) and kept at —80 °C until
RNA extraction. IP was performed with an equal amount of
protein between samples and FLAG antibody (Sigma #F3165).
After 2 h on rotator at 4 °C, 40 pl of prewashed Sepharose
protein G beads slurry was added and incubated for 1 h. Beads
were washed 3 times with modified radioimmunoprecipitation
assay buffer (50 mM Tris pH 8.0, 150 mM NaCl, 10 mM
MgCl,, 1% NP-40, 0.5% sodium deoxycholate + 1 mM PMSF +
1x protease inhibitor + 0.02 U/pul RNaseOUT). Half of pelleted
beads were suspended in 60 pl Laemmli 1x, boiled and 30 pl
was loaded on gel for analysis. Rest of pelleted beads were
suspended into 500 pl TRIzol and kept at -80 °C until RNA
extraction which was performed according to reagent in-
structions. Both SuperScript II RT c¢DNA synthesis and
PerfCTa SYBR green FastMix with Low ROX (Quantabio)
qPCR were performed according to manufacturer instructions.
qPCR was performed in a 7500Fast Real-Time PCR system
(Applied Biosystem) and the comparative AACr method was
applied to analyze RNA enrichment between samples.

Immunoblotting

Immunoblot was performed with standard protocol for these
antibodies used at specified dilution: mouse anti-actin (Cell
Signaling Technology #3700, 1:5000), mouse anti-HA (Cell
Signaling Technology #2367, 1:1250), rabbit anti-FLAG (Pro-
teintech #20543-1-AP, 1: 4000). PVDF membrane (Millipore)
was blocked with fat-free skim milk in PBS-Tween 0.1% or
TBS-Tween 0.1% followed by blotting with primary antibody
overnight at 4 °C. Membrane was washed three times and then
blotted with secondary antibody (HRP-conjugated mouse anti-
rabbit (Sigma) or rabbit anti-mouse (Sigma), 1:10,000) for 1 h at
room temperature. Signal was revealed with ECL Plus substrate
(Thermo Fisher Scientific) after 3 washes.

Immunofluorescence

Coverslips from transfected HEK293 cells were transferred
from a 60 mm dish to a 6-well plate for immunofluorescence.
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Remaining cells in dish were lysed on ice in TRAP lysis buffer
(10 mM Tris pH 7.5, 1 mM MgCl,, 1 mM EGTA, 10% glycerol,
150 mM NaCl, 5 pM pB-mercaptoethanol, 0.1% IGEPAL +
1 mM PMSF + protease inhibitor) and analyzed by Western
blotting for protein expression. Coverslips were washed with
PBS 1x and then cells were fixed with 4% formaldehyde in PBS
1x for 10 min at room temperature. After a quick wash with
1x PBS, cells were permeabilized with 0.1% Triton X-100 in 1x
PBS for 5 min at 4 °C. Cells were rehydrated with 50%
formamide in 2x SSC (30 mM NazCsH;0, pH 7.0, 300 mM
NaCl) for 5 min at room temperature and then washed three
times with 1x PBS for 10 min at room temperature on a
rocking platform. Cells were blocked with 3% bovine serum
albumin in PBS-Tween 0.1% for 1 h at room temperature in a
humid chamber and then primary rabbit anti-FLAG antibody
(Sigma #F7425; 1:500 in PBG (1% cold fish gelatin, 0.1% bovine
serum albumin in 1x PBS)) was added and incubated overnight
at 4 °C in a humid chamber. After three washes with PBS-
Tween 0.1% for 5 min on a rocking platform, cells were
incubated with Cy3-labeled donkey anti-rabbit (Jackson
ImmunoResearch Lab Inc., 1:125 in PBG) for 1 h at room
temperature in a humid chamber. Cells were further washed
three times with 1x PBS for 5 min at room temperature on a
rocking platform and then mounted in an anti-fading agent
containing DAPI (Vector Laboratories). Images were captured
by LSM800 confocal microscope provided by the Core Facility
at the Lady Davis Institute, at 63x magnification using the
ZEN Pro software (https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html).

Quantification

The mean ratio of (HA/FLAG)p signal over ((HA/FLAG)/
actin)ypye obtained from quantification with ImageQuant of at
least two independent experiments was performed as in (47).
Statistical analysis was performed using ANOVA with a
Dunnet’s multiple comparison with WT as reference.

Data availability

All data are contained in the article or available on request
by contacting the corresponding author: chantal.autexier@
mcgill.ca.
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