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RNA-protein interactions underlie a wide range of cellular pro-
cesses. Improved methods are needed to systematically map RNA-
protein interactions in living cells in an unbiased manner. We used
two approaches to target the engineered peroxidase APEX2 to
specific cellular RNAs for RNA-centered proximity biotinylation of
protein interaction partners. Both an MS2-MCP system and an
engineered CRISPR-Cas13 system were used to deliver APEX2 to
the human telomerase RNA hTR with high specificity. One-minute
proximity biotinylation captured candidate binding partners for
hTR, including more than a dozen proteins not previously linked
to hTR. We validated the interaction between hTR and the N°-
methyladenosine (m°A) demethylase ALKBH5 and showed that
ALKBHS5 is able to erase the m®A modification on endogenous
hTR. ALKBH5 also modulates telomerase complex assembly and
activity. MS2- and Cas13-targeted APEX2 may facilitate the discov-
ery of novel RNA-protein interactions in living cells.
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Mapping networks of RNA-protein interactions in living
cells is necessary to enable a mechanistic understanding of
RNA processing, trafficking, folding, function, and degradation
(1, 2). While many protein-centered approaches, such as cross-
linking immunoprecipitation sequencing (CLIP-seq) and RNA
immunoprecipitation sequencing (RIP-seq), are available for the
identification of RNAs bound to specific proteins of interest, few
robust methods exist for the reverse problem: RNA-centered
identification of protein binding partners of specific cellular
RNAs of interest. Previous approaches that rely on aptamer
(3-5) or antisense probe (6-8) affinity purification of RNA—protein
complexes yield nonspecific hits that bind to denatured RNAs
postlysis, and/or miss weak or transient interactions (9-11). In ad-
dition, identification of RNAs by widely available sequencing
methods is generally easier than unbiased protein detection with
mass spectrometry-based proteomics. To address the challenge of
RNA-centered interactome mapping, recent studies (12-14) have
begun to employ proximity-dependent labeling (15), targeting the
promiscuous biotin ligase BioID (16) to specific MS2- or BoxB
stem-loop-tagged RNA targets. These methods represent an im-
portant technological advance and have yielded biological insights.
However, the long labeling time window of BiolD is not optimal for
the study of dynamic processes (for example, rapid changes in RNA
interactomes in response to cellular stress), while the stem-loop
tags could affect the function of target RNAs.

Here, we present alternative methodologies for mapping
RNA-protein interactions inside living cells, using both MS2 and
CRISPR-Cas13 (17, 18) to target the proximity labeling enzyme
APEX2 (19) to specific RNAs. The rapid 1-min promiscuous
biotinylation catalyzed by APEX enables proteomic identification
(20-24) of endogenous interaction partners with much faster
temporal resolution than BioID and its relatives (BioID2, BASU)
(25). We applied these methods to the human telomerase RNA
(hTR), which plays a critical role in regulating cellular senescence
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and oncogenesis by serving as the template for reverse transcrip-
tion of telomeres (26, 27). While hTR’s interaction with the
telomerase complex has been extensively characterized (28), hTR
is present in stoichiometric excess over telomerase in cancer cells
(29) and is broadly expressed in tissues lacking telomerase protein
(30). These observations suggest that hTR could also function
outside of the telomerase complex (31), and uncharacterized
telomerase-independent hTR interactors may exist to regulate
hTR function (32, 33). We performed APEX labeling on recombi-
nant hTR in HEK293T cells followed by validation of one of the
hits, ALKBHS, on endogenous hTR. Our study highlights the utility
of RNA-targeted APEX for unbiased discovery.

Results

Using MS2-MCP to Target APEX to Tagged hTR. We utilized two
complementary approaches to deliver APEX to the site of hTR
for proximity labeling (Fig. 14). The first entails conjugating hTR
to the bacteriophage MS2 RNA stem loop, which can specifically
bind an MS2 coat protein-fused APEX2 (MCP-APEX?2) with high
affinity (K4 < 1 nM) (34). In the second approach, a catalytically
inactive Cas13-APEX2 fusion (dCas13-APEX2) is programmed
using a guide RNA (gRNA) to target unmodified hTR, but with a
lower binding affinity (K4 ~ 10 nM) (35).

Significance

The biogenesis, processing, function, and degradation of cel-
lular RNAs depend critically on their protein interaction part-
ners. Systematic analysis of the protein interactome of specific
RNAs of interest inside living cells can therefore enable a better
understanding of many biological processes. We developed
two complementary methods for tagging endogenous proteins
in the vicinity of specific cellular RNAs, for subsequent identi-
fication by mass spectrometry. When applied to the human
telomerase RNA, our methods recovered known interaction
partners as well as unexpected hits, including an enzyme that
catalyzes RNA posttranscriptional modification to influence
telomerase activity. The technology introduced by our study
should facilitate future investigations into RNA-protein interac-
tions in living cells.
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Fig. 1. Targeting APEX2 to human telomerase RNA with MS2-MCP. (A) Scheme of APEX2-mediated proximity labeling of human telomerase RNA (hTR)
interacting proteins. (Left) APEX2 is targeted to MS2 stem-loop-tagged hTR via fusion to MS2 coat protein (MCP). (Right) APEX2 is targeted to hTR via fusion
to catalytically dead Cas13 protein (dCas13) and a guide RNA (gRNA). To initiate labeling, H,0, was added for 1 min to cells preloaded with biotin-phenol,
which is oxidized by APEX2 into a phenoxyl radical to covalently tag proximal endogenous proteins. Biotinylated proteins are enriched with streptavidin
beads, then identified by LC-MS/MS. (B) Design of MCP-APEX2 and 4xMS2-hTR expression constructs. Genomic 500 bp is the 500-bp genomic sequence at the
3’ end of endogenous hTR. (C) Fluorescence imaging of MCP-APEX2 localization to hTR foci. HEK293T cells are transfected with either 4xMS2-hTR (Top),
untagged hTR (Middle), or no hTR (Bottom). MCP-APEX2 is visualized by anti-V5 staining (Alexa Fluor 647, Middle column). hTR foci are visualized with either
cotransfected 3xFLAG-hTERT (anti-FLAG staining, Alexa Fluor 488, Left image set), cotransfected EGFP-coilin (Middle image set), or cotransfected EGFP-TCAB1
(Right image set). Nuclei are stained with DAPI (Scale bars, 10 pm.) (D) Scheme of RNA immunoprecipitation for validation of MCP-APEX2 targeting to hTR.
HEK293T cells stably expressing MCP-APEX2 are transfected with 4xMS2-hTR or untagged hTR. RNA bound to APEX2 is immunoprecipitated with anti-V5
antibody followed by RT-gPCR quantitation. (E) RT-qPCR of RNA immunoprecipitation following experiment in D. The fold enrichment of hTR in cells
transfected with 4xMS2-hTR is normalized against the untagged hTR control. Data are analyzed using a one-tailed Student’s t test (n = 3). (F) Biochemical
analysis of biotinylated proteins from HEK293T cells stably expressing MCP-APEX2. Lysates were run on SDS/PAGE and analyzed by Ponceau stain (Left) or
streptavidin blotting (Middle). Total eluted protein after streptavidin bead enrichment is visualized by silver staining (Right). A magnified view of the boxed
region is shown on the right. Red arrows point to proteins differentially biotinylated by targeted vs. nontargeted APEX2.
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To validate the MS2-MCP strategy, four tandem MS2 stem
loops were inserted at the 5" end of hTR (4xMS2-hTR, Fig. 1B),
which is known to be flexible and single stranded (28), in contrast
to hTR’s 3’ end. Furthermore, the 5’ end of h'TR (but not 3’ end)
is not processed when expressed from a Pol II promoter (e.g.,
CMV promoter), so that the MS2 tags remain intact in the
mature transcript (36). Of note, a recent study (37) showed that
fusing three or four MS2 stem loops to the 5’ end of hTR,
identical to our approach here, does not impair hTR function in
a telomerase activity assay, while 10 to 20 stem-loop fusions are
perturbative and result in a loss of signal.

The mature hTR sequence is followed by 500 bp of down-
stream genomic sequence to ensure proper processing of the 3’
end (36). Because fully processed hTR accumulates in the evo-
lutionarily conserved subnuclear compartment Cajal body (CB)
(38, 39), we used fluorescence imaging with CB markers to check
for both functional hTR and recruitment of MCP-APEX2 to
hTR foci. We coexpressed 4xMS2-hTR with nuclear-localized
MCP-APEX2 (Fig. 1B) in HEK293T cells and performed
immunostaining (Fig. 1C). We found that MCP-APEX2 specif-
ically colocalizes with the core CB component coilin (40) when
MS2-tagged hTR is coexpressed, but not in controls with un-
tagged hTR or no hTR (Fig. 1C). In addition, colocalization of
MCP-APEX2 to hTR foci was confirmed by costaining against
the telomerase proteins hTERT (human telomerase reverse tran-
scriptase) (41) and TCABI (telomerase Cajal body protein 1) (42)
(Fig. 1C0).

As a separate readout of MCP-APEX?2 targeting to 4xMS2-
hTR, we performed RIP followed by quantitative RT-PCR (Fig.
1D). Consistent with the imaging data, 3.7-fold greater hTR
transcripts were enriched by MCP-APEX2 anti-V5 pulldown in
cells expressing 4xMS2-hTR compared to cells expressing the
untagged hTR control (Fig. 1E). Together, the imaging and RIP
experiments demonstrate the efficient targeting of MCP-APEX2
to hTR.

We assessed the promiscuous labeling activity of MCP-APEX2,
targeted to hTR, by Western blot. Fig. 1F shows H,O,-dependent
biotinylation in HEK293T cells. Interestingly, biotinylated proteins
enriched from cells expressing 4xMS2-hTR vs. untagged hTR
showed subtle differences in banding patterns, or “fingerprints,” on
the silver-stained gel, consistent with the expectation that hTR-
targeted APEX2 tags a different cohort of proteins than untar-
geted MCP-APEX2, which distributes throughout the nucleus.

To probe the generality of MS2/MCP-based APEX2 targeting,
we tested two additional RNA targets. The mRNAs ATP5B and
ACTB were each tagged with 2xMS2 stem loops on their 3’
UTRs. These RNAs are known to rapidly localize to stress
granules upon 30-min treatment with NaAsO, (43). SI Appendix,
Fig. S1 shows that MCP-APEX? colocalizes with the stress granule
marker G3BP1 (44) specifically in the presence of the MS2-tagged
ATPSB but not in omit transcript or unstressed controls. Similar
targeting was achieved for ACTB (SI Appendix, Fig. S2), indicating
that the MS2/MCP approach is also potentially useful for the study
of mRNA interaction partners by APEX2 proximity labeling.

Development of a CRISPR-Cas13 Strategy to Target APEX to Untagged
hTR. The discovery of RNA-directed CRISPR systems (35, 45)
offers the exciting opportunity to target unmodified, native cel-
lular RNAs, in contrast to MS2-based approaches. Thus, we next
explored the use of Cas13 to deliver APEX to untagged telo-
merase RNA. In comparison to the small size of MCP (14 kDa),
the bulk of Casl3 enzymes (~120 kDa) poses a potential steric
challenge to identifying accessible sites on the highly structured
hTR RNA. Previous studies have established several Casl3
orthologs that are catalytically active inside mammalian cells,
including LwaCas13a (139 kDa) (17), PspCas13b (128 kDa) (46),
and RfxCas13d (112 kDa) (18). We selected the smallest and
most active of these, RfxCas13d (18), for testing. We first designed
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a total of six gRNAs (gRNA_1-6, SI Appendix, Fig. S3) targeting
different regions of hTR and validated their targeting by knock-
down with an active RfxCas13d. All six gRNAs significantly re-
duced hTR levels in HEK293T cells, with efficiency ranging from
20 to 75% (SI Appendix, Fig. S4). However, coexpressing the
gRNAs with a catalytically dead RfxCas13d (dRfxCas13d, Fig. 24)
did not result in observable enrichment of dRfxCas13d at hTR
foci by imaging (Fig. 2B and SI Appendix, Fig. S5), consistent with
observations in literature for other target RNAs (47, 48). A similar
test with the catalytically dead PspCas13b (46, 48) using position-
matched gRNAs also failed to give enrichment at hTR foci (S
Appendix, Fig. S6). Based on these negative results, we hypothe-
sized that dRfxCas13d binding to h'TR may require further opti-
mization to enhance its stability and targeting.

We speculated that the interaction between dRfxCas13d and
target RNA might be specifically enhanced by introducing a
sequence-independent double-stranded RNA binding domain
(dsRBD) (49) to recognize the gRNA-target RNA duplex (Fig.
2A4) that forms only when the cognate target is bound. Such an
interaction might help to cooperatively stabilize the dRfxCas13d-
gRNA-target RNA ternary complex, whose structure (50) fea-
tures a solvent-exposed dsRNA backbone accessible for addi-
tional binding. To test this strategy, we selected the dsRBD from
human protein kinase R (PKR), which binds indiscriminately to
dsRNA > 16 bp (51-53) during viral infection, and fused it
to dRfxCas13d to stabilize the 22-bp gRNA-target duplex. We
found that, indeed, the addition of the dsRBD produced de-
tectable enrichment of dRfxCas13d at nuclear foci by imaging
(SI Appendix, Fig. S5). We then optimized the site of dSRBD
fusion, nuclear localization sequence (NLS), and length of
the linker before arriving at the final design (dCas13d-dsRBD,
SI Appendix, Fig. S5). Remarkably, clear localization of dCas13d-
dsRBD to the expected hTR foci was only observed with
gRNA_S (SI Appendix, Fig. S7), which targets nucleotides 148 to
169 in the single-stranded J2a/3 region of hTR. This region is
highly variable in length and sequence across vertebrates (54),
suggesting that it might play less of an important structural role
than other conserved regions and serve as an accessible binding
site for dCas13d. In a side-by-side comparison with the starting
template dRfxCas13d (18), the optimized dCas13d-dsRBD formed
nuclear foci that tightly overlapped with hTR foci marked by
hTERT in the presence of gRNA_5, whereas nontargeting gRNA
or original dRfxCas13d only yielded diffuse nuclear signal (Fig. 2B).
The greater binding capability of dCas13d-dsRBD was also shown
by RIP using another noncoding RNA, MALAT]I, as target
(SI Appendix, Fig. S9). dCas13d-dsRBD, but not original dCas13d,
enriched endogenous MALAT]1 transcript in the presence of a
matched gRNA. Finally, we tested an endogenous mRNA target,
ACTB, which encodes the beta-actin protein, but failed to observe
enrichment in stress granules by imaging (SI Appendix, Fig. S10).
Further optimization of binding affinity, dCas13d localization (e.g.,
different NLS), and reduction of background pools of untargeted
dCas13 may be necessary to achieve specific targeting to cytosolic
mRNAs.

Building upon the successful targeting of dCas13d-dsRBD to
untagged hTR, we then generated an APEX2 fusion (dCas13d-
dsRBD-APEX2, Fig. 2C) for proximity labeling. hTR binding to
dCas13d-dsRBD-APEX2 was quantified by RIP-qPCR (Fig.
2D). We found that pulldown of dCas13d-dsRBD-APEX2 with
target gRNA resulted in more than fourfold greater enrichment
of hTR compared to a control using nontarget gRNA (Fig. 2E).
The expected targeting of dCas13d-dsRBD-APEX2 fusion
to foci was additionally confirmed by fluorescence microscopy
(SI Appendix, Fig. S11).

We then performed a 1-min proximity labeling reaction in
HEK293T cells expressing dCas13d-dsRBD-APEX2, followed by
streptavidin bead enrichment of biotinylated proteins. The streptavidin-
HREP blot in Fig. 2F shows that dCas13d-dsRBD-APEX2 exhibits
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Fig. 2. Targeting APEX2 to human telomerase RNA with CRISPR-Cas13. (A) Design of dCas13d-dsRBD for improved hTR targeting. A sequence-independent
double-stranded RNA binding domain (dsRBD) from the human protein kinase R (PKR) is fused to the C terminus of dRfxCas13d protein to further stabilize the
hTR-gRNA RNA duplex. A bipartite nuclear localization sequence (BPNLS) is used in place of the SV40 NLS for improved nuclear localization. S/ Appendix, Fig.
S5 shows details of the optimization process. (B) Fluorescence imaging of dCas13d-dsRBD localization. HEK293T cells expressing the constructs shown in A
along with hTR marker 3xFLAG-hTERT were fixed and stained with anti-HA antibody to visualize dCas13d (Alexa Fluor 488, green), anti-FLAG antibody to
visualize hTR foci (Alexa Fluor 647, red), and DAPI (nuclei). Pixel intensity plots of the dashed lines are shown at Right (Scale bar, 10 um.) S/ Appendix, Fig. S8
shows additional fields of view. (C) Design of dCas13d-dsRBD-APEX2, hTR, and gRNA expression constructs used in this study. (D) Scheme of RNA immuno-
precipitation for validation of dCas13d-dsRBD-APEX2 targeting to hTR. HEK293T cells stably expressing dCas13d-dsRBD-APEX2 are transfected with hTR and
the indicated gRNA. RNA bound to APEX2 is immunoprecipitated with anti-V5 antibody followed by RT-qPCR quantitation. (E) RT-qPCR results from the
experiment in D. The fold enrichment of hTR in cells transfected with hTR gRNA is normalized against the nontargeting (NT) gRNA control. Data are analyzed
using a one-tailed Student’s t test (n = 3). (F) Biochemical analysis of biotinylated proteins from HEK293T cells stably expressing dCas13d-dsRBD-APEX2. hTR
was overexpressed by transfection in all samples. Lysates were run on SDS/PAGE and analyzed by Ponceau stain (Left) or streptavidin blotting (Middle). Total
eluted protein after streptavidin bead enrichment is visualized by silver staining (Right). Red arrows point to proteins differentially biotinylated by targeted
vs. nontargeted APEX2.
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robust H,O,-dependent biotinylation activity. In addition, the
silver-stained gel of biotinylated proteins enriched from hTR-
overexpressing cells with hTR gRNA vs. nontarget gRNA shows
noticeable differences in banding patterns, consistent with the
expectation that APEX2 is targeted to distinct neighborhoods
using the two different gRNAs.

Proteomic Mapping of hTR Interacting Partners via APEX Proximity
Labeling. Previous studies (31-33) have suggested that hTR may
have roles beyond serving as the RNA template for telomerase.
However, the hTR interactome has not been systematically ex-
amined due to the shortage of methods for RNA-centered inter-
actome mapping. Therefore, we performed a proteomic analysis
of hTR-interacting proteins in living HEK293T cells, using the
APEX RNA-targeting strategies developed above. For both
strategies, we overexpressed hTR by ~30-fold compared to en-
dogenous levels of ~750 hTR molecules per HEK293T cell (29)
(ST Appendix, Fig. S12). Even with this overexpression, our hTR
copy number of ~2 x 10*/cell is much lower than the endogenous
levels of many other well-characterized noncoding RNAs such as
U1, U2 (~10%cell), and 7SK, RNaseP (~10°/cell) (29). Because
our hTR is present in stoichiometric excess over telomerase pro-
tein components, our experiment would be expected to yield an
interactome that goes beyond just the assembled telomerase com-
plex and possibly identifies factors involved in the biogenesis, pro-
cessing, modification, function, and degradation of hTR.

We designed a 10-plex tandem mass tag (TMT)-based quan-
titative proteomic experiment, in which half the samples used the
MS2-MCP-based targeting strategy, and the other half used
CRISPR-Casl13 to target APEX to h'TR. Within each sample set,
we performed two biological replicates of targeted APEX la-
beling (Fig. 34, red/blue) and two biological replicates of the
negative control with untargeted APEX (Fig. 34, black). We also
included negative control samples (Fig. 34, gray) that omitted
H,O0; in order to identify endogenously biotinylated proteins and
nonspecific binders to the streptavidin beads. Clonal HEK293T
cells stably expressing the indicated APEX fusion constructs
were incubated with the biotin-phenol probe for 30 min prior to
the 1-min H,O, labeling reaction. All 10 samples were inde-
pendently lysed, and their biotinylated proteomes enriched using
streptavidin magnetic beads. Proteins were digested on-bead to
peptides with trypsin, chemically labeled with TMT reagents,
pooled, and then analyzed by liquid chromatography-tandem
mass spectrometry analysis (LC-MS/MS) (55).

The proteomic experiment identified more than 2,600 proteins
with two or more unique peptides (Fig. 3B). Both MCP-APEX2
and dCas13d-dsRBD-APEX2 samples exhibited a high correla-
tion between biological replicates (SI Appendix, Fig. S13, R* >
0.9 for all). To remove potential contaminants and identify
enriched proteins, we adopted a two-step, ratiometric filtering
strategy used in our previous APEX studies (23, 56, 57). Because
our APEX2 constructs are localized to the nucleus, we first fil-
tered the data by using prior nuclear annotation (possible true
positives) or prior mitochondrial or endoplasmic reticulum an-
notation (possible false positives) as a guide (Fig. 3B, filter 1).
Histograms of detected proteins plotted by 128C/126C or 130C/
127N TMT ratio show preferential biotinylation of nuclear
proteins over false positives (SI Appendix, Fig. S14). We applied
a false discovery rate (FDR) cutoff of 2% to remove potential
contaminants. The remaining proteins were then filtered on the
basis of their preferential biotinylation by targeted vs. untargeted
APEX (Fig. 3B, filter 2). Bona fide hTR-interacting proteins
should show greater enrichment by hTR-targeted APEX2 com-
pared to nontargeted control (log, fold change > 0), as seen for
known hTR-binding partners DKC1 (58) and DGCRS (59) (81
Appendix, Fig. S14). This resulted in the enrichment of 218 and
290 proteins for the two MCP-APEX2 datasets, and 153 and
181 proteins for the two dCas13d-dsRBD-APEX?2 datasets. We
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further intersected the enriched proteins from the two biological
replicates in each experiment to minimize contaminants and
obtained final lists of 129 and 77 proteins in the MCP and
dCas13d experiments, respectively (Fig. 3B and SI Appendix, Fig.
S15). A total of 49 proteins were enriched in more than three
datasets and 11 proteins were identified in all four datasets.

To separately assess the interactomes identified by MCP-
APEX2 and dCas13d-dsRBD-APEX2, we first analyzed the
protein lists using Gene Ontology (GO) (Fig. 3C). Both lists
showed high enrichment of RNA binding and RNA processing
proteins in the nucleus, as expected. Notably, proteins related to
the Cajal body and small nuclear RNA binding, which are key in
regulating hTR biogenesis and processing, were significantly
enriched by both methods. Interestingly, the analysis also revealed
protein groups unique to each dataset. For example, telomere
maintenance and DNA binding terms were only identified by
MCP-APEX2, whereas box H/ACA snoRNA binding and process-
ing terms were selectively enriched by dCasl3d-dsRBD-APEX2.
Such differences may reflect the unique neighborhoods of the
different hTR subregions targeted by each method: the 5’ end of
hTR targeted by MCP-APEX2, compared to the J2a/3 region
(nt 148 to 169 [22 nt] out of a total 451 nt for hTR) targeted by
dCas13d-dsRBD-APEX2. The differences may also reflect the
limitations of each method; for instance, the steric bulk of the
tandem MS2 tags or dCas13d-dsRBD fusion could block certain
interactions but not others. Overall, comparing the two proteomic
datasets, we find that the MCP approach is more sensitive, giving a
larger number of total interactions (129 vs. 77) and Cajal body
proteins (6 vs. 3), while the dCas13d-dsRBD approach is more
specific, giving a higher percentage (66% vs. 36%) of known RNA
binding proteins.

Because of their respective strengths and tradeoffs, we pooled
the data from both MS2-APEX replicates with the data from
both dCas13-dsRBD-APEX replicates. A total of 49 proteins
were enriched in three or more datasets, while 11 proteins were
enriched in all four datasets. The fraction of proteins with prior
literature connection (60) to hTR was 33% and 45% for the
former and latter groups, respectively (Fig. 3D). In comparison,
less than 3% of the human proteome and 7% of the total nuclear
proteome exhibit hTR specificity using the same metrics. Each
list also contained several proteins with no known connection to
hTR (Dataset S1); these could be false positives, or they could be
newly discovered hTR interactors. A literature examination
suggests that the latter may be true for some of the hits. For
example, RPL6, a nucleolar protein enriched in all four datasets
(Fig. 3E), binds directly to nucleolin and NOP2 (60), both of
which regulate telomerase function (61, 62). Another example is
the uncharacterized protein C7ORF50, which was highly enriched
by both biotinylation extent and targeted vs. untargeted APEX
preferential biotinylation (Fig. 3E). Two telomerase components
in yeast, CBF5 and NHP2 (orthologs of human telomerase pro-
teins DKC1 and NHP2), interact genetically (63) and physically
(64, 65) with the yeast ortholog of CTORF50, YCR016W (which is
also uncharacterized) (66). Perhaps C7ORF50/YCR016W is an un-
explored player in hTR biology that is conserved from yeast to human.

To further analyze the 49 proteins we enriched in three or
more datasets, we performed clustering based on prior protein—
protein interaction evidence in the STRING database (67) (Fig.
3E). The largest cluster contains almost exclusively RNA binding
proteins (15 out of 18), including the key telomerase component
DKCl1, the hTR degradation complex component DGCRS, and
the core Cajal body component COIL. Other smaller groups that
closely associate with the major cluster also contain numerous
proteins related to hTR, such as the Cajal body component ICE2.

ALKBHS5 Binding to hTR Regulates Telomerase Activity through m°A

Modification. We were intrigued by the RNA binding protein
ALKBHS5 (alkylated DNA repair protein alkB homolog 5),
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Fig. 3. Proteomic analysis of hTR interactome via proximity labeling. (A) Design of the proteomic experiment. HEK293T cells stably expressing the indicated
APEX2 constructs are transfected with corresponding hTR and gRNA and then labeled with biotin-phenol as in Fig. 1A. Tandem mass tags (TMTs) are used for
quantitative proteomic analysis. Each experimental set contains two replicates and negative controls with nontargeted APEX2 or H,0, omitted. The different
TMT channels are represented as 128C, 127C, 129N, 128N, 126C, 130C, 129C, 131N, 130N, and 127N. (B) Filtering of the proteomic data to identify enriched
hTR interacting proteins. The table shows the number of proteins remaining after each filtering step. hTR specificity is calculated from interaction partners of
known hTR binding proteins (S/ Appendix, Table S1) in the BioGRID database (see Methods). Scatterplots in S/ Appendix, Fig. S13 show a correlation between
TMT ratios across replicates. (C) Gene ontology analysis of proteins enriched by MCP-APEX2 (Left) and dCas13d-dsRBD-APEX2 (Right ). Only a subset of
significantly enriched GO terms related to hTR is shown. Node size scales with —log,o (P value). The number of proteins associated with each term is indicated
inside each node. (D) hTR specificity analysis, calculated as in B, for the total human proteome (20,996 proteins), nuclear proteome (7,530 proteins), proteins
enriched in three or more of our proteomic datasets (49 proteins), and proteins enriched in all four datasets (11 proteins). (E) Protein—protein interaction (PPI)
map of proteins enriched in three or more of our proteomic datasets. Known RNA binding proteins are marked with blue stars. Proteins enriched in all four
proteomic datasets are marked with black stars. Node size scales with protein biotinylation extent and node color scales with the ratio of enrichment in
targeting vs. nontargeting control. Markov clustering was performed with PPI scores from the STRING database (see Methods). L2FC, log, fold change.
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which was consistently enriched in all four proteomic datasets
but has no prior connection to h'TR biology nor known interaction
with other hTR-related proteins that we enriched (Fig. 3E).
ALKBHS was recently identified as an RNA N°-methyladenosine
(m®A) demethylase, one of two known to date (68). It catalyzes
the removal of m°A from target RNAs and is implicated in the
regulation of male fertility (68, 69), glioblastoma (70), and breast
cancer (71). m®A is the most abundant internal modification in
eukaryotic mRNA (72, 73), known to influence mRNA metabo-
lism, including export, translation, and degradation (74, 75), but its
existence and regulatory functions on noncoding RNA are much
less explored.

To validate our proteomic identification of ALKBHS as a pos-
sible interaction partner of hTR, we performed an immunoprecip-
itation experiment. We note that published ALKBHS5 CLIP-seq
data (76) exist only for polyadenylated RNAs, not noncoding
RNAs such as hTR. RT-qPCR analysis in Fig. 44 shows that im-
munoprecipitation of FLAG-tagged ALKBHS enriches endoge-
nous hTR but not a different nuclear noncoding RNA, HOTAIR.
We next asked whether endogenous hTR is directly modified by
m°A. A RIP experiment using anti-m°A antibody gave enrichment
of hTR compared to negative controls (Fig. 4B). We further tested
if overexpression of ALBKHS reduces m°®A levels on hTR; indeed,
anti-m°A RIP enriches less h\TR RNA when ALKBHS is overex-
pressed, suggesting that ALKBHS activity can reduce the levels of
m°A on hTR (Fig. 4C). A control experiment showed that the total
level of hTR was unchanged upon ALKBHS overexpression
(Fig. 4D).

If hTR is modified by m°A methylation, where are the mod-
ification sites? We surveyed previous m°A transcriptome-wide
sequencing studies (SI Appendix, Fig. S16). Comparing datasets
obtained via m°A antibody enrichment (77, 78) to those obtained
via pulldown of various m°A regulators [writers METTL3 and
METLL14 (79), eraser FTO (80), nuclear m°A reader YTHDC1
(81-83)], we found evidence for m®A modification in the H/ACA
scaRNA domain of hTR. This domain contains a 5-nt GGACU
sequence that matches the reported m°A consensus motif (Fig.
4FE). Interestingly, the adenosine within this motif (A435) is in a
predicted RNA duplex region, whose secondary structure could
be affected by m°A modification (84). Previous studies have
shown that the duplex structure of the scaRNA domain is im-
portant for the assembly of telomerase complex (28). Hence,
m®A modification of hTR (regulated by ALKBHS) might be a
mechanism to regulate telomerase assembly and hence function.

To explore this hypothesis, we probed two telomerase protein
components in the context of HEK293T cells with or without
ALKBHS overexpression (which lowers m°A modification of
hTR, Fig. 4C). TCABI and dyskerin (DKC1) are both well-
characterized telomerase components that directly bind hTR at
the H/ACA scaRNA domain, where the postulated m°A modifica-
tion site is located. Fig. 4F shows that in wild-type HEK293T cells,
endogenous TCABI forms discrete foci that colocalize with a subset
of DKCI1. However, when we overexpressed ALKBHS in
HEK?293T cells, we observed a >10-fold reduction in both TCAB1
and DKCI1 foci specifically in ALKBHS-overexpressing cells
(outlined in Fig. 4F and quantified in Fig. 4G). To rule out the
possibility that ALKBHS directly affects the mRNAs encoding
telomerase components (i.e., TERT, TCAB1, NHP2, NOP10, GARI,
and DKC1), we analyzed published CLIP-seq and differentially
expressed mRNA datasets for ALKBHS5 (68, 70, 76) and con-
firmed that those mRNAs are not targets of ALKBHS. This
suggests that ALKBHS promotes the disassembly of telomerase
components, possibly via removal of m®A on hTR. In addition, we
performed an assay of telomerase activity using the telomeric re-
peat amplification protocol (TRAP, see Methods). We found that
ALKBHS overexpression caused a 22% reduction in telomerase
activity compared to controls (Fig. 4H), suggesting that ALKBHS
may also play a role in the down-regulation of telomerase activity.
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Discussion

Systematic characterization of the protein interactome of specific
cellular RNAs can improve our understanding of the function and
regulation of diverse RNAs inside living cells. Mass spectrometry-
based proteomic identification of RNA interactomes, however,
has been hampered by the shortage of methods to efficiently
target and enrich specific cellular RNAs along with their associ-
ated binding partners. Here, we developed two methods for RNA-
centered profiling based on MS2 or CRISPR-Cas13 targeting of
APEX for 1-min live-cell proximity labeling. The application
of both methods to the noncoding RNA hTR recovered a list of
candidate hTR interaction partners. We note that both ap-
proaches require careful screening of the MS2 stem-loop fusion
site or CRISPR gRNA targeting regions to find accessible sites on
the target RNA, and the regions are likely different for each
method. In hTR, while the 5" end is compatible with stem-loop
fusions, it is poorly accessible to the 22-nt dRfxCas13d gRNA due
to a much shorter (17 nt) single-stranded region.

BioID has previously been targeted to cellular RNAs using
MS2 and BoxB hairpin motifs (12, 13). Our APEX-based ap-
proaches here complement these tools by enabling RNA inter-
actome profiling on a 1-min time scale. While long labeling times
can be beneficial to integrate interactors that may visit an RNA
briefly but repeatedly over a long time window, short labeling
times enable analysis and deconvolution of dynamic RNA inter-
actomes, such as those that may occur during RNA processing and
transport. APEX’s 1-min labeling also minimizes the toxicity as-
sociated with 1 mM H,O, addition to cells. Previous studies
(85-87) have shown that cellular stress responses generally occur
on a longer time scale (>15 min) and with higher oxidant con-
centration. For in vivo applications, the requirement of biotin-
phenol and H,O, delivery makes APEX less suitable compared
to BiolD-based methods. Our study also introduces dCas13d-
dsRBD as an alternative method to MS2 for targeting APEX to
RNA, with the advantages of no tag on the RNA and higher
proteome specificity.

Several recent studies describe similar RNA-protein interac-
tion mapping methods that combine CRISPR-Cas13 with prox-
imity labeling (14, 47, 88). The use of dPspCas13b or dLwCas13a
by others, together with dRfxCas13d by us, demonstrates that
many orthologs in the Casl3 family can potentially serve as
targeting modules for RNA-centered proximity labeling. Notably,
both Zhang et al. (14) and Li et al. (47) found that controlling the
expression level of the Cas13 protein, via an inducible vector in a
clonal cell line that is similar to our approach, is key for optimizing
signal-to-noise ratio. In addition, these studies validated the ap-
plication of different classes of proximity labeling enzymes, includ-
ing BioID2 (47), APEX2 (88), and PafA (14), for promiscuous
tagging of RNA-associated endogenous proteins. While others have
chosen to study endogenous RNAs that are highly abundant [e.g.,
ACTB mRNA (47), total polyA RNAs (88), and the IncRNA
NORAD (14)], our work demonstrates the profiling of an overex-
pressed target of interest in the case of a low-abundance RNA.
Because the scope of accessible RNA regions for different Cas13
orthologs are likely to be different, and the labeling radius, kinetics,
and chemistry vary widely among proximity labeling enzymes, these
studies collectively expand the toolbox for investigating the land-
scape of a broad range of RNA interactions inside living cells.

Our strategies for targeting APEX to RNA should enable
other applications as well, including electron microscopy (19)
and RNA-RNA interactome mapping. The latter could be
achieved using the recently developed APEX-seq approach (89),
whereby APEX catalyzes the direct and covalent biotinylation of
proximal RNAs. We anticipate a growing repertoire of RNA-
centered proximity labeling tools to further expand our analysis
of cellular RNAs.
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Fig. 4. Regulation of hTR function by m®A demethylase ALKBH5. (4) RT-qPCR of RNA immunoprecipitation for validation of ALKBH5 binding to hTR. Wild-
type (WT) HEK293T cells are either mock transfected or transfected with ALKBH5-FLAG. RNA bound to ALKBH5 is immunoprecipitated with anti-FLAG an-
tibody followed by RT-gPCR quantitation. Fold enrichment of the respective RNA in ALKBH5-FLAG-expressing cells is normalized against WT cells. Data are
analyzed using a one-tailed Student’s t test (n = 2). (B) RNA immunoprecipitation followed by RT-qPCR of hTR. Total RNA extract from wild-type HEK293T cells
is immunoprecipitated with either a control rabbit monoclonal IgG antibody, an anti-m°®A rabbit monoclonal IgG antibody, or the m®A antibody preblocked
with a synthetic m®A modified luciferase RNA. The immunoprecipitated RNA is quantified by RT-qPCR. Fold enrichment of hTR is normalized against the
control IgG pulldown. Data are analyzed using a one-tailed Student’s t test (n = 4). (C) Anti-mPA immunoprecipitation of hTR. Total RNA extract from either
WT or ALKBH5-overexpressing (OE) HEK293T cells is immunoprecipitated with an anti-m®A antibody and quantified by RT-qPCR. Fold enrichment of hTR in OE
cells is normalized against the WT cells. Data were analyzed using a one-tailed Student'’s t test (n = 3). (D) RT-gPCR of hTR expression level in WT and ALKBH5-
OE cells. Total RNA extract from either WT or ALKBH5-OE HEK293T cells was quantified by RT-gPCR. hTR level in OE cells was normalized against WT cells.
Data were analyzed using a one-tailed Student’s t test (n = 3). (E) Sequence and structure of nucleotides 380 to 451 in hTR. The m®A consensus motif GGACU is
boxed in red with an arrow pointing to the putative methylated adenosine. The ACA box and CAB box motifs in the small Cajal body-specific RNA (scaRNA)
domain are highlighted in blue and purple, respectively. (F) Fluorescence imaging of telomerase component TCAB1 and DKC1 in WT and ALKBH5-OE cells. WT
or ALKBH5-OE HEK293T cells are fixed and immunostained with antibodies against endogenous TCAB1 (Alexa Fluor 488), DKC1 (Alexa Fluor 405), and
ALKBH5-FLAG (anti-FLAG phycoerythrin conjugate). ALKBH5-OE cells are circled with white dotted lines (Scale bars, 10 pm.) (G) Quantitation of imaging data
in E. The total number of TCAB1 foci is divided by the total number of WT cells or by the total number of ALKBH5-OE (FLAG-positive) cells in each field of
view. Data were analyzed using a one-tailed Student’s t test (n = 10). (H) Telomerase activity assay in WT and ALKBH5-OE cells. The 1 x 10% WT or ALKBH5-OE
HEK293T cells were analyzed using a commercialized PCR-based telomerase activity assay (TRAP). Telomerase activity in OE cells is normalized against the
WT cells. Gel showing the resulting PCR products is shown in S/ Appendix, Fig. S17. Data were analyzed using a one-tailed Student'’s t test (n = 3).
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An important limitation of our approach and other RNA
proximity labeling studies (12, 13) is that they have only been
demonstrated on overexpressed, and/or highly abundant cellular
RNAs. Based on previous studies using MCP-GFP for single-
molecule imaging of MS2-tagged mRNAs (90-92), it is likely
that the MCP-APEX?2 strategy should have sufficient sensitivity
to be generally extensible to lower-abundance RNAs, albeit with
an increase in the number of MS2 stem loops (to >10 stem loops,
compared to the 4 used here). Our CRISPR-Cas13 approach,
however, has much lower sensitivity, even with the introduction
of the dsRBD domain. In this study, we were only able to observe
APEX targeting to untagged hTR overexpressed via transfec-
tion, but not to endogenous hTR in HEK293T cells. While a
small number of previous studies (48), including by us (17), have
used CRISPR-Casl13 for imaging endogenous RNAs, the targets
have been highly abundant cellular RNAs, and we have found
that these published systems are not as effective as our dCas13d-
dsRBD for targeting APEX to hTR specifically (SI Appendix, Fig.
S6). Future improvements are needed to develop CRISPR-Cas13
systems that can broadly target endogenous, low-abundance cellular
RNAs with high sensitivity.

In terms of proteome identification, the use of TMT labeling
for quantitative comparison to reference control samples (untar-
geted APEX?) increased the spatial specificity of our protein lists.
However, this ratiometric analysis workflow increases specificity at
the expense of sensitivity, a tradeoff we also noted in our previous
APEX studies of open subcellular compartments (23, 56). Dual-
localized proteins that bind to hTR but also reside elsewhere in
the nucleus tend to be removed by the ratiometric filtering step we
performed to increase spatial specificity. For instance, we failed to
enrich known hTR-interacting proteins PARN, EXOSC10, and
TOE1 (59, 93-95), likely because of their known dual localization.
Our analysis enriched the core telomerase protein DKC1 (Fig.
3E), but not TERT, TCAB1, NHP2, or NOP10. Interestingly,
these four core telomerase proteins were not detected at all by our
mass spectrometer, nor in previous APEX nuclear proteomes
(96-98), suggesting they are low abundance in HEK293T cells or
lack surface-exposed tyrosines for APEX biotinylation.

The utility of our method is exemplified by the discovery and
validation of the hTR interactor ALKBHS. Though our pro-
teomic experiment was performed with overexpressed hTR in
stoichiometric excess over endogenous telomerase complex pro-
teins, our resulting list of candidate protein interaction partners is
highly enriched for RNA binding function and known hTR
interactors. We performed biological followup on one of our most
surprising hits—the m°A demethylase ALKBH5—and found that
it binds to endogenous hTR to regulate its m°A modification ex-
tent. Additional experiments showed that changes in normal
ALKBHS expression level disrupt telomerase complex assembly
and function.

Although m°A is predominantly understood as a regulator of
mRNA stability and abundance, growing evidence suggests that
it also has functions on noncoding RNAs. Recent work on the
long noncoding RNA MALAT] and its binding partner hnRNPC
(84) showed that m°A can destabilize RNA duplexes to increase
the accessibility of hairpin structures to RNA binding proteins.
Interestingly, the putative methylated A (A435) in hTR is also
within a duplex region and our data are consistent with methyl-
ation facilitating telomerase component binding. This raises the
interesting possibility that the mechanism underlying m°A regu-
lation of hTR is similar to that of MALAT1. Further experi-
mentation, including mutagenesis at the putative m®A site of hTR,
could shed light on the detailed molecular mechanism of this
regulation.
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Methods

Methods related to cloning, Western blots, proteomic sample preparation
and analysis, additional data analysis, confocal fluorescence imaging, m°A
pulldown assay, and telomerase activity assay are detailed in S/ Appendix.

Cell Culture, Transfection, and Clonal Cell Line Construction. HEK293T cells
from the ATCC (American Type Culture Collection, passages <25) were cul-
tured in a 1:1 DMEM (Dulbecco’s Modified Eagle Medium)/MEM (Minimum
Essential Medium Eagle) mixture (Cellgro) supplemented with 10% fetal
bovine serum, 50 units/mL penicillin, and 50 mg/mL streptomycin at 37 °C
under 5% CO,. For fluorescence microscopy imaging experiments, cells were
grown on 7 x 7 mm glass coverslips in 48-well plates. To improve the ad-
herence of HEK293T cells, we pretreated glass slides with 50 mg/mL fibro-
nectin (Millipore) for 20 min at 37 °C before cell plating and washing three
times with Dulbecco’s phosphate-buffered saline (DPBS) (pH 7.4). All con-
structs were transfected using Lipofectamine 2000 (Thermo) according to
the manufacturer’s protocol. The amount of plasmids used for each exper-
iment is detailed below. To generate the MCP-APEX2 clonal cells, a stable
population was first created by infecting HEK293T cells with lentivirus con-
taining MCP-APEX2 followed by blasticidin selection (8 pg/mL). Single colo-
nies were then picked from the stable population using glass cloning
cylinders (Millipore). To generate the dCas13d-dsRBD-APEX2 clonal cells, a
stable population was first created by transfecting HEK293T cells with the
dCas13d-dsRBD-APEX2 plasmid, followed by puromycin selection (1 pg/mL).
To generate clonal cell lines from the drug-selected stable population, single
colonies were picked with glass cloning cylinders (Millipore) through serial
dilution. Individual clones were expanded and then tested for APEX2 ex-
pression level by either V5 antibody Western blotting or imaging of the
P2A-GFP fluorescence upon addition of doxycycline (400 ng/mL). Clones
with low expression are preferable for subsequent experiments because
they have a reduced pool of unbound APEX protein that may contribute to
background labeling.

APEX Labeling. HEK293T cells stably expressing the appropriate APEX2 fusion
were plated in T150 flasks at 70 to 80% confluency, 18 to 24 h prior
to transfection. For the MCP-APEX2 samples, cells were transfected with
48 pg of the 4xMS2-hTR plasmid for 24 h prior to APEX labeling. For the
dCas13d-dsRBD-APEX2 samples, cells were transfected with 48 pg of the hTR
plasmid and 48 pg of the guide RNA plasmid, and doxycycline (400 ng/mL)
was also added to induce expression for 24 h prior to APEX labeling. Biotin
phenol (Iris Biotech) was dissolved in dimethyl sulfoxide as 500 mM stock
solution and added directly to cell culture media to a final concentration of
500 pM. After incubating the cells for 30 min at 37 °C, H,0, was spiked into
the cell culture media to a final concentration of 1 mM to induce bio-
tinylation. After 1 min of very gently swirling, the media was decanted as
quickly as possible and the cells were washed three times with phosphate-
buffered saline (PBS) containing 100 mM sodium azide, 100 mM sodium
ascorbate, and 50 mM TROLOX (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid). Cells were scraped and transferred to 15-mL Falcon tubes
with ice-cold PBS, spun at 3,000 x g for 5 min, flash frozen in liquid nitrogen,
and stored at —80 °C.

Streptavidin Bead Enrichment of Biotinylated Proteins. APEX-labeled cell
pellets from a T150 flask were used as input for each sample. The pellets
were then lysed in RIPA lysis buffer (50 mM Tris, 150 mM Nacl, 0.1% sodium
dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1% Triton X-100, protease
mixture [Sigma-Aldrich], and 1 mM phenylmethylsulfonyl fluoride) for 5 min
at 4 °C. The lysates were cleared by centrifugation at 15,000 x g for 10 min at
4 °C. Streptavidin-coated magnetic beads (Pierce) were washed twice with
RIPA buffer, and 8 mg of total protein cell lysate from each sample was
separately incubated with 450 uL of magnetic bead slurry with rotation for
1 h at room temperature or overnight at 4 °C. The beads were subsequently
washed twice with 1 mL of RIPA lysis buffer, once with 1 mL of 1 M KCl, once
with 1 mL of 0.1 M Na,COs3, once with 1 mL of 2 M urea in 10 mM Tris-HCI
(pH 8.0), and twice with 1 mL RIPA lysis buffer. For streptavidin blot analysis,
biotinylated proteins were then eluted by boiling the beads in 75 pL of 3x
protein loading buffer supplemented with 20 mM dithiothreitol (DTT) and
2 mM biotin, and run on SDS-polyacrylamide gel electrophorsesis (PAGE) gel.

RNA Immunoprecipitation and Quantitative PCR. RNA immunoprecipitation
experiments to test the binding between MCP-APEX2 or dCas13d-dsRB-
D-APEX2 and the target hTR were performed as previously described in
refs. 17 and 99 with minor modifications. Briefly, HEK293T cells stably
expressing the corresponding APEX2 fusion were plated in six wells at 70 to
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80% confluency, 18 to 24 h prior to transfection. For the MCP-APEX2 sam-
ples, cells were transfected with 3 pg of the 4xMS2-hTR plasmid. For the
dCas13d-dsRBD-APEX2 samples, cells were transfected with 3 ug of the hTR
plasmid and 3 pg of the guide RNA plasmid, and doxycycline (400 ng/mL) was
also added to induce expression. At 48 h posttransfection, cells were fixed
with 0.1% paraformaldehyde (Ricca Chemical) in DPBS for 10 min at room
temperature, and then quenched with 125 mM glycine in PBS for 5 min. Cells
were lysed in RIPA buffer supplemented with protease inhibitor mixture
(Sigma-Aldrich) and RiboLock RNase inhibitor (Thermo) before centrifuga-
tion at 16,000 x g for 10 min at 4 °C. After saving 5% of the supernatant as
input, the rest of the clarified lysate was then incubated with 25 pL Protein G
magnetic beads (Pierce) coupled with 1 uL mouse anti-V5 (Life Technologies)
antibody for 2 h at 4 °C with rotation. The beads were then pelleted and
washed four times with RIPA buffer supplemented with 0.02% Tween-20
and RiboLock. Enriched RNAs were released from the beads in 100 pL of
elution buffer (2% N-lauryl sarcoside, 10 mM EDTA, 5 mM DTT, in PBS
supplemented with 200 pg proteinase K [Thermo] and RiboLock) at 42 °C for
1 h, followed by 55 °C for 1 h. Eluted samples were cleaned up using
Agencourt RNAClean XP magnetic beads (Beckman Coulter) and eluted into
85 pL H,0. Thereafter, contaminating DNA was removed by digestion with
RNase-free DNase | (Promega). Purified RNAs were again cleaned up using
Agencourt RNAClean XP beads as above and eluted into 30 pL H,O. The
resulting enriched RNA and input RNA is used as the template for cDNA
synthesis using SuperScript Il (Invitrogen) and quantified by gRT-PCR
(Bio-Rad) with Maxima SybrGreen gPCR Master Mix (Thermo) and specific
primers (S/ Appendix, Table S3). The recovery of specific RNAs is calculated by
dividing transcript abundance in the enriched sample by its input.

Proteomic Data Analysis. LC-MS/MS data were analyzed using Spectrum Mill
(Agilent) against a human Uniprot database (12/28/2017) that included 264
common laboratory contaminants. Individual TMT ratios for human proteins
identified with at least two peptides were global median normalized prior
to the filtering and thresholding described below. Each of the replicates was
analyzed independently. To select cutoffs for proteins biotinylated by APEX2
over nonspecific bead binders (filter 1), we first classified three classes of
proteins according to their Gene Ontology cellular component (GOCC) an-
notation (10/02/2019): 1) mitochondrial matrix, 2) endoplasmic reticulum,
and 3) nucleus. Proteins that were annotated to be in either class 1 or 2 but
not in class 3 were defined as false-positive hits, as they should not be
biotinylated by our nucleus localized APEX2. We then ranked the data in
each replicate by the enrichment ratio over the unlabeled negative control
samples (i.e., 128C/126C, 129N/126C, 130C/127N, and 131N/127N) and cal-
culated the false-positive rate we would obtain if we retained only proteins
above that TMT ratio. A false-positive rate of <2% was chosen as cutoff for
filter 1, which corresponds to cutoff at 0.4375, 0.3375, 0.6985, 0.622, for
ratios 128C/126C, 129N/126C, 130C/127N, and 131N/127N, respectively. To
select cutoffs for proteins that were preferentially biotinylated by APEX2
targeted to hTR vs. general nucleus-targeted APEX2 (filter 2), we ranked the
data in each replicate by the enrichment ratio over nucleus-targeted APEX2
samples (i.e., 128C/127C, 129N/128N, 130C/129C, and 131N/130N) after the
application of filter 1. The enrichment ratio is then normalized by the me-
dian of the remaining class 3 proteins to account for differences in total
protein amount between samples within the TMT experiment. Proteins with
enrichment ratio log, fold change >0 were retained for further analysis.
After applying filter 1 and filter 2 cutoffs, each of the two replicates in the
MCP-APEX2 experiment or dCas13d-dsRBD-APEX2 experiment were inter-
sected to produce the final proteomes of 129 and 77 proteins, respectively.
To assess the specificity of the enriched proteins, we analyzed the hTR
specificity and Gene Ontology enrichment, respectively. We defined hTR-
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specific proteins using a list of 10 known hTR-binding proteins curated
from literature (S/ Appendix, Table S1), their direct interaction partners in
the BioGrid database (https://thebiogrid.org/), and components of Cajal
body according to GOCC (10/02/2019). For Gene Ontology analysis, we
uploaded the final proteomes to the Gene Ontology database search portal
(geneontology.org/, 10/02/2019) on cellular compartment, biological pro-
cess, or molecular function to retrieve the plotted terms with their corre-
sponding P values (Fisher’s exact test with no correction). For the protein
network analysis, the enriched proteins were clustered by their reported
protein—protein interactions and corresponding confidence scores (STRING
database, 10/02/2019) using a Markov clustering algorithm (cutoff 0.25, in-
flation value set at 3) and plotted in Cytoscape (v3.7.1).

ALKBH5 Pulldown Assay. One 10-cm dish of HEK293T cells was transfected
with 8 ug of ALKBH5-FLAG plasmid at 70 to 80% confluency for 24 h. The
cells were rinsed with PBS three times, scraped off the plate in 10 mL of PBS,
and collected by centrifugation. The cell pellets were lysed with 1 mL lysis
buffer (50 mM Tris-HCl pH 7.4, 150 mM NacCl, 1 mM EDTA, 1 mM DTT, 0.5%
Nonidet P-40, 1:200 SUPERaseeln [Invitrogen], 1:100 protease inhibitor
mixtures [Sigma-Aldrich]) on ice for 10 min, then flash frozen with liquid
nitrogen and stored at —80 °C. After thawing, the lysate was centrifuged at
maximum speed and the supernatant was taken for pulldown. For target
RNA pulldown, 20 pL suspension of anti-FLAG M2 magnetic beads (Sigma-
Aldrich) were washed with lysis buffer three times and mixed with 500 pL of
supernatant lysate. The bead mixture was incubated at 4 °C for 2 h with
rotation, washed five times with lysis buffer, and eluted by adding TRIzol
directly. The enriched RNA and input total RNA from 5% of lysate were
purified using the Direct-zol RNA Purification Kit (Zymo). Target genes in
input total RNA and enriched RNA were quantified by gRT-PCR using a Su-
perScript Il Platinum One-Step qRT-PCR Kit (Invitrogen). Control group with
untransfected HEK cells was processed with the same protocol in parallel.

Bioinformatic Analysis of Published Sequencing Datasets. Reanalysis of the
published datasets in S/ Appendix, Fig. S16 was carried out with IGV soft-
ware. PA—mSA—seq and miCLIP peak data (bed files) were downloaded di-
rectly from GEO (accession nos. GSE54921 and GSE63753). The remaining
CLIP-seq peak data were acquired using the ENCORI starBase platform
(100) (starbase.sysu.edu.cn/download.php). All entries were loaded into the
same |GV session and aligned to the hg19 reference genome. The proposed
modified region at the 3’ end of hTR was shown in S/ Appendix, Fig. S16
(range defined by RefSeq Sequence marked with blue bar and TERC label)
with center motif highlighted in the red box.

Data Availability. Proteomics data and all log, ratio values associated with
each protein detected (with two or greater unique peptides) are available in
Dataset S1.
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