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Ribosomal RNA (rRNA) transcription rates vary during development, and their dysregulation is linked to diseases such as
cancer and ribosomopathies. Owing to their high abundance and genomic redundancy, the functional significance of rRNA-
levels remains unclear. Here, we developed TAPIR (Targeted Activation of Protein Translation), a CRISPR-based approach to
elevate rRNA-levels by inducing 47S rDNA transcription. TAPIR increased nucleolar size and enhanced protein synthesis, even
in rapidly proliferating cells. In neural stem cells, elevated translation promoted self-renewal and proliferation in vitro and in
vivo. Furthermore, TAPIR enabled the modeling and partial rescue of associated disease phenotypes. Our findings revealed
that rRNA-levels directly regulate translational output and that protein synthesis capacity can act as a key determinant of

mammalian stem cell behavior.

The activity of protein synthesis rates vary widely between
cell types, but how these differences are controlled and how
important they are remains unclear (I). Most insights come
from studies of growth-related signaling pathways regulating
cellular growth beyond protein translation rates (such as
mTOR) and factors that regulate subsets of mRNAs, includ-
ing translation initiation factors, RNA-binding proteins, and
non-coding RNAs. Little attention has been paid to the regu-
latory roles of core ribosomal components, particularly ribo-
somal RNA (rRNA), despite its essential and ubiquitous
function in protein synthesis. rRNAs are the predominant
transcripts in the cell, accounting for 70-80% of cellular RNA
and 35-60% of all ongoing transcription in cycling cells (2).
Three of the four eukaryotic rRNAs (18S, 5.8S, and 28S) are
processed from a single progenitor (pre-rRNA or 45S), which
is transcribed by RNA Pol I from the rDNA as a slightly longer
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template (47S). The number of 47S rDNA genes can vary in
eukaryotes by almost one order of magnitude (150-1000);
they are, however, consistently organized in the form of re-
petitive arrays (3-5). The nucleolus is a nuclear organelle
where rRNA transcription, rRNA processing, and ribosome
assembly occur (3, 6). In mammals, a typical rDNA array con-
tains 30-40 47S genes and occupies a number of genomic loci,
the nucleolar organizing regions (NORs) (Fig. 1A), which
macroscopically form the nucleolus.

The number and size of nucleoli vary between cell types
and tissues, as does the fraction of rDNA genes that is actively
transcribed. Even fast dividing cells, such as yeast or cancer
cell lines, which express high levels of rRNA, use only 50% of
their rDNA genes at any one time (4), whereas quiescent, se-
nescent, slowly cycling or metabolically restricted cells are
believed to use significantly fewer (7). Balanced regulation of
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rRNA expression and/or protein translation rates has been
noted in a series of fundamental biological processes [e.g.,
cellular differentiation (8-10), cell size regulation (17) and cell
proliferation (10)]. Its perturbation is apparent in a number
of human conditions [e.g., cancer (12-15), neurodegenerative
and neurodevelopmental diseases (16-19), ribosomopathies
and aging (6, 20-24)].

However, it remains unclear whether rRNAs level directly
regulate these processes and are viable therapeutic targets, or
instead reflect secondary effects. Resolving this has been dif-
ficult because rRNA-levels are hard to manipulate experi-
mentally. Conventional approaches such as overexpression,
knockdown, or knockout are ineffective owing to the high
abundance of rRNA and the large number of rDNA genes. So
far, indirect approaches have been necessary to manipulate
rRNA-levels, such as inhibition of RNA Pol I (25), manipula-
tion of its transcription factors (TFs) (8, 26) or even broader
regulators such as p53, PTEN, mTOR, or c-Myc (27, 28). Alt-
hough these approaches have provided important insights,
they are not without ambiguity. Interference with RNA Pol I
(e.g., via nucleostemin knockdown or the inhibitor CX-5461)
induces cellular responses such as p53 activation and cell cy-
cle arrest before detectable effects on rRNA synthesis, ribo-
some abundance, or translation (25, 29, 30). Moreover,
supposedly specific RNA Pol I TFs (e.g., UBF) can also regu-
late RNA Pol II genes, (31); while general growth regulators
like c-Myc or mTOR affect many additional pathways. Conse-
quently, a direct method to induce rRNA transcription is
needed to distinguish primary from secondary effects.

Here we developed a direct system for manipulating
rRNA-levels by targeting CRISPR activators to the promoters
of ribosomal transcripts (TAPIR, Targeted Activation of Pro-
tein Translation).

TAPIR induces transcriptional up-regulation of rRNA
Since its introduction, CRISPR-based transactivation (CRIS-
PRa) has been widely applied to RNA Pol II transcripts,
mainly to induce protein-coding mRNAs and, to a lesser ex-
tent, long non-coding RNAs (32, 33). To test whether RNA Pol
I-dependent rRNAs can also be targeted, we designed gRNAs
against the 47S precursor of 18S, 5.8S, and 28S rRNAs. Be-
cause TRNA genes cluster across chromosomes and contain
repetitive elements in the mouse genome, individual gRNAs
can target hundreds of regulatory sites (Fig. 1A). We gener-
ated neomycin-selectable plasmids expressing two gRNAs—
one targeting a repetitive enhancer and one an upstream reg-
ulatory element (34-38)—using a published multiplexing
strategy (39) and named it “r-gRNA1” (supplementary meth-
ods).

Because potent oncogenes such as c-Myc and KRAS, as
well as immortalizing oncogenes, such as large T-antigen (LT)
are known to strongly induce rRNA transcription (40-42), we
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reasoned that most commonly used cell lines might not be
ideal to test experimental strategies of rRNA induction and
its consequences. Instead we chose neural stem cells (NSCs)
derived from the mouse forebrain (43). This provided the op-
portunity to test this approach in an accessible and meaning-
ful in vitro system using highly developmentally relevant
cells, which are neither derived from tumors nor deliberately
immortalized. Moreover, it has been shown recently that,
during prefrontal cortex specification, the number of ribo-
somes sharply decreases (Fig. 1B), indicating relevance of pro-
tein translation levels in this cell type (44). Additionally,
NSCs proliferate rapidly in culture under self-renewing con-
ditions (approximately one division every 24-36 hours), but
are also able to readily exit the cell cycle and fully differenti-
ate in vitro, when growth factors are removed from the cul-
ture medium (45), which enables studying the relevance of
rRNA transcription in different cell identity contexts.

Compared to control gRNA-constructs, r-gRNA1 multi-
plied rRNA-levels two- to eleven-fold in NSCs when combined
with a blasticidin-selectable CRISPR-based transactivation
system (dCas9-VPR) (46), as measured by qPCR for 18S rRNA
(Fig. 1C, white symbols). The magnitude of the effect came as
a surprise, because even under physiological conditions
rRNAs are estimated to account for a large majority of tran-
scripts in mammalian cells (70-80%) (2). To exclude the pos-
sibility that detected effects might be dependent on antibiotic
selection, we further revised our experimental strategy and
equipped both, the dCas9-VPR and the gRNA-vectors with
fluorescent-reporter-cassettes and repeated the experiment
(Fig. 1C, black symbols). To ensure the effect would not be an
artefact owing to a global down-regulation of mRNA, we
quantified the mRNA-content of TAPIR-treated and control
cells and confirmed that the poly-adenylated mRNA-content
was not significantly different (fig. SIF and supplementary
methods). To confirm the strong rRNA induction and to ex-
clude that the detected effect was due to a PCR amplification-
bias or normalization issue, we applied two more independ-
ent methods to quantify rRNA expression, high-resolution
automated gel-electrophoresis and immunocytochemical
analysis. High-resolution automated gel-electrophoresis con-
firmed that the absolute amount of rRNAs produced by a de-
fined cell number (200,000 cells) was strongly induced after
TAPIR and also indicated that elevated 45S transcripts were
overall normally processed to transcripts that resemble 18S,
5.8S, and 28S rRNAs (Fig. 1D). Additionally, we included a
second targeting vector, containing alternative gRNAs target-
ing 47S rDNA in this analysis (r-gRNA2; fig. S1, D and E). Im-
munocytochemistry applying the 5.8S rRNA-specific
antibody Y10B confirmed the induction of rRNAs and indi-
cated that induced rRNA species adopted the conformation
necessary for antibody binding (Fig. 1, E to G).

To analyze, how CRISPR-mediated rDNA activation
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affects the transcriptome, we applied RNA-Seq (Fig. 1H and
fig. S2A). NSCs with and without TAPIR-treatment exhibited
only subtle transcriptomic changes, because few genes
(n=137) exhibited nominal differential expression (p < 0.05),
with moderate effect sizes across samples. However, when
genes were analyzed at the level of functional groups, treat-
ment-associated changes became apparent. Among those was
the up-regulation of a significant number of genes associated
with rRNA transcription, processing and modification (Fig.
1H and supplementary methods). Taken together, this indi-
cated that TAPIR was elevating rRNA transcription and a
number of specific rRNA-associated genes.

NSCs are stem cells that have the potential to self-renew,
but also to differentiate into terminally differentiated cells of
the neural lineage, most efficiently (and often spontaneously)
into astrocytes (47, 48). To investigate, whether the observed
activation of ribosomal RNA was dependent on a particular
cellular state, we applied TAPIR and induced differentiation
toward the astrocytic lineage through 4 day serum exposure.
We also tested TAPIR in very fast cycling cells, the pluripo-
tent mouse teratocarcinoma cell line P19, which can differen-
tiate into cells of the three germ-layers, as well as primary
mouse embryonic fibroblasts (MEFs) (fig. S1). Both the differ-
entiating, as well as the pluripotent and primary cultures, re-
sponded with induction of rRNA, though less pronounced
than in NSCs (Fig. 1, C to G, and fig. S1, A to C). This indicates
that the approach is not strictly limited to the epigenetic
landscape of somatic stem cells, but the chromatin context
and basal expression levels of rRNA genes might influence its
efficacy.

TAPIR elevates protein translation levels
Because three independent assays, one relying on the rRNA
nucleotide sequence (qPCR), one on rRNA length (electro-
phoresis) and one on immunoreactivity to rRNA (Y10b stain-
ing), indicated that rRNA-levels were significantly elevated
following CRISPR-mediated activation, we next investigated,
how this might affect protein translation rates. To do this, we
made use of O-Propargyl-puromycin incorporation and a
click-iT reaction to measure nascent protein synthesis (49).
The fluorescent reporter-cassettes enabled us to use flow cy-
tometry to select for cells that receive and express both,
dCas9- and gRNA-constructs (DsRed and eBFP), and to sim-
ultaneously measure protein translation in individual cells
via detecting emission at 530/30nm (Fig. 2A).Cells that re-
ceived r-gRNA-vectors exhibited elevated protein translation
rates compared to controls. On average, cells generated be-
tween 35% to 60% more nascent polypeptides per hour than
controls. Moreover, an induction of protein translation (12%-
91%) was also detected when analyzing TAPIR treated fibro-
blast cultures (fig. S1, G and H).

As a next step, we performed ribosome profiling (ribo-seq)
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to assess the ribosome occupancy of mRNAs at a codon reso-
lution. To this end we sorted 350,000 TAPIR-treated or con-
trol NSCs and performed low-input Ribo-Seq (Fig. 2B).
Although sequencing depth was modest, quality control met-
rics were robust: the majority of mRNA reads mapped to cod-
ing regions (Fig. 2C), and clear P-site periodicity was
observed (fig. S2, B and C). Global analysis of Ribo-Seq reads
revealed that TAPIR treated cells exhibited an increased
number of protein coding transcript reads compared to con-
trols indicating higher ribosome occupancy and translational
activity (Fig. 2D).

To characterize further which proteins were elevated in
TAPIR-treated NSCs, we conducted proteome analysis by
quantitative mass-spectrometry. We aimed to analyze
whether elevated protein translation levels would result in a
higher amount of protein per cell or whether this process
would be compensated by other mechanisms (e.g., higher
protein turnover). We were also interested whether all/most
peptides would show elevated levels or instead a specific pro-
tein subset would be disproportionally induced, as seen dur-
ing mid-neurogenesis (44). We exposed NSCs cultured in self-
renewing conditions to TAPIR- or to control-constructs and
100,000 transfected cells were separated by FACS and ana-
lyzed 4 days later (N=6). Quantitative analysis of mass-spec-
trometry data using a high mass resolution quadrupole
Orbitrap revealed that few proteins were strongly down-reg-
ulated (<0.75; n=7), which shared no meaningful function. In
contrast, most were significantly increased in the TAPIR sam-
ples (>1.25; n=3833; 95.3%, p< 0.013, Welsh test). This clearly
indicated a strong effect of rRNA induction on global cellular
translation and steady state protein-levels (Fig. 2F). In good
agreement with our previous results using O-Propargyl-puro-
mycin-incorporation, the elevation averaged 1.56-fold that of
the control samples indicating that induction of nascent pro-
tein translation is converted to higher cellular protein con-
tent overall. The induced proteins included all detected
members of the large (40 of 43 proteins, 1.43-fold on average)
and the small subunit of the ribosome (30 of 31 proteins, 1.48-
fold on average). Proteins forming complexes necessary for
rRNA procession and protein translation, including the exo-
some, a RNA exonuclease complex that is highly enriched in
the nucleolus and necessary for 5.8S rRNA procession (50),
were similarly elevated in the proteomic data. Eight of the
ten exosome proteins conclusively detected were strongly in-
duced after TAPIR (1.65-fold on average).

We also found a number of proteins with even higher in-
duction (>3-fold; n=73). These included a number of proteins
implicated in protein folding, such as Hghl and TTC4 (also
called Cnsl), both critical for maintaining translation elonga-
tion because they act as (co-)chaperones of the translation
elongation factor eEF2 (51, 52), as well as Ppic and Fkbp7 (53).
In addition, several proteins with experimental evidence for
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nucleolar location and/or ribosome function were part of this
group, such as Naa25, a ribosomal anchor for the NatB com-
plex (54). Other examples included the nucleolar WD repeat
containing protein 74 (WDR74), involved in rRNA processing
and the assembly of the large ribosomal subunit (55),
Tnkslbpl (56), and Ube2r2 (57). Rchyl, which is involved in
the ribosome-associated quality control (RQC) pathway (58)
and AK6 an essential gene regulating 18S rRNA processing
and maturation of the small ribosomal subunit (59) also be-
longed to this group. Thus, TAPIR elevates both global pro-
tein translation levels and a specific signature.
Elevation of rRNA transcription causes nucleoli
expansion and cell cycle acceleration
Because the proteomic analysis had revealed strong effects on
a number of nucleolar factors, we next investigated the effect
of TAPIR on the nucleoli structure. For this, we visualized
nucleoli in NSCs exposed to TAPIR by immunostaining for
Nucleolin, its major component, Fibrillarin, a frequently used
marker of the dense fibrillary component, and the critical
RNA Pol I TF, UBF1 (Fig. 3 and fig. S3). Although the number
of Nucleolin or Fibrillarin structures per cell were not signif-
icantly affected (fig. S3, A and B), TAPIR changed the size of
nucleoli. The effects for Fibrillarin and Nucleolin were evi-
dent in self-renewing NSCs. Here, elevation of rRNA level re-
sulted in larger nucleoli, which is reflected by an elevated
area per cell (Nucleolin p=0.0257; paired ¢ test, Fibrillarin
p=0.00487, paired ¢ test), while the average nuclear area
stayed unchanged (Fig. 3). UBF1 staining corroborated an in-
crease in nucleolar area following TAPIR treatment (fig. S3C).
It has been suggested that nucleoli play a role in cellular
proliferation (60). Because we also found an up-regulation of
transcripts in the Gene Ontology “Whitfield_cell cy-
cle_G1/S,” category (NES=-2.1, pval=9.1*107-6; Fig. 1H) in our
transcriptome analysis of TAPIR-treated cells, we next inves-
tigated the effect of 47S rDNA activation on cellular growth
rates. For this, we analyzed proliferation markers by im-
munostaining after 4 days and measured cell number after a
further 4 days. NSCs cultured in self-renewal conditions are
fast growing cells with an estimated doubling-time of ca 29h,
comprising many K;-67 (marking proliferation), proliferating
cell nuclear antigen (PCNA, indicating an active cell cycle)
and phospho-histone 3 (PH3) positive cells (labeling mitotic
cells and late G2; Fig. 4B). TAPIR treated cells significantly
increased the proportion of PCNA- (Ctrl: 18.9% = 5.4%,
TAPIR: 30.9% = 4% n=3) and PH3-positive cells (Ctrl: 10.7%
+ 4.7%, TAPIR: 18.6% + 3.5%, n=4).Three days later the num-
ber of mitotic cells reverted back to normal levels, likely due
to a dilution of the transiently transfected CRISPR tools (Fig.
4, B to E). Nevertheless, the relative cell number compared to
control cells had doubled during this time (Fig. 4A). This sug-
gests that TAPIR treated NSCs shorten their doubling time
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by at least ~25%, almost matching that of NIH-3T3 cells
(~22h). This effect was observed under self-renewing condi-
tions and during glial differentiation. While most control
cells had left an active cell cycle 4d after induction of differ-
entiation, the number of mitotic figures were as frequent in
TAPIR treated differentiating NSCs as during self-renewing
conditions (Fig. 4, B to E) and only reverted to control levels
at di1o.

Elevated protein translation rates enhance self-renewal
of NSCs in vitro

Next, we investigated how protein translation levels might af-
fect the fates of NSCs. Immunoblot analysis (fig. S4) did not
show a significant increase of key signaling pathway proteins
(mTOR1, N-MYC, STAT1, STAT3, JAK, AKT1, p70) or modifi-
cations (p-AKT1, p-STAT1, p-STAT3) implicated in cellular
growth relative to a housekeeper gene (3-Actin). Neither did
we detect any elevation of the initiator protease of the intrin-
sic apoptotic pathway (Caspase 9). This is in line with the
transcriptome analysis showing no significant enrichment
for GO-pathways such as “Apoptosis” or the “Unfolded_Pro-
tein_Response_(UPR)” (Fig. 1H). In contrast, we found a
widespread depletion of transcripts associated with astrocyte
signatures (LEIN_astrocyte_markers: NES=-1.81, pval=0.014;
GOBP_astrocyte_development: NES=-1.83, pval=0.013), indi-
cating reduced spontaneous stem cell differentiation. To con-
firm this finding, we made use of four neural identity markers
in particular: Sox2, a critical stem cell factor, and Nestin, a
stem cell marker, labeling a majority of NSCs under self-re-
newal conditions (79.5% + 4.3%, n=7 and 89.0% + 0.5% d, n=4
respectively, fig. S5A), but were mostly absent after cellular
differentiation. TAPIR increased the proportion of Sox2-pos-
itive and Nestin-positive NSCs cells during self-renewal con-
ditions significantly to 89.5% +3.8% (paired T-Test, p<0.05)
and to 93.7%+0.3% (paired T-Test, p<0.003) respectively (fig.
S5A). After 4 days in differentiation media, most control cells
underwent extensive morphological changes and expressed
GFAP, a widely used marker of astrocytic differentiation, and
S100b, a more mature astrocyte marker, (73.3% = 3.6%, n=7
and 82.2% = 1.7% d, n=4, respectively) (fig. S5B). TAPIR how-
ever significantly decreased GFAP and S100b immuno-reac-
tivity during differentiation (57.1%= 4.8%, paired T-Test,
p<0.005 and 69.5%+ 3.3%, paired T-Test, p<0.02).

Elevated rRNA transcription enhances self-renewal of
NSCsin vivo

Because these data indicated that TAPIR elevates self-re-
newal of NSCs in vitro, we next investigated, whether a simi-
lar effect would be triggered in vivo. For this, we employed in
utero electroporation of TAPIR into one lateral ventricle of
the forebrain of embryonic day 13.5 (E13.5) embryos, as pre-
viously (61, 62). 48hrs later, we removed, fixed and sectioned
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the brains and analyzed the position and identity of double
electroporated cells via immunohistochemistry (Fig. 5A).
Non-electroporated (as well as control electroporated) hemi-
spheres were characterized by two defined bands of mitotic
cells (labeled by PH3): One lies directly at the ventricular sur-
face made up of the Pax6-expressing NSCs of the forebrain,
the apical radial glia cells (aRGC); while the other band is
defined by Tbr2-positive basal progenitors (63). TAPIR elec-
troporated cortices exhibited many more mitotic cells among
the double electroporated cells that were also more wide-
spread compared to controls (Fig. 5, B to D, and fig. S6). This
indicated that 47S rDNA induction and elevation of protein
translation promoted an active cell cycle in somatic NSCs in
vivo. Analysis of animals at a later timepoint (P10) using a
single PiggyBAC-construct (expressing both dCas9-VPR and
rRNA1) revealed that many TAPIR-positive cells survived and
frequently differentiated into NeuN-positive neurons (fig.
S6E). Although at E15.5 PH3-positive cells were elevated
throughout most of the cortex (bin 1-4), they were signifi-
cantly enriched at the natural mitotic niches (SVZ and inter-
mediate zone; Fig. 5, B to D). Moreover, a significant increase
in cells positive for the aRGC marker Pax6 was detected in
bin 3, consisting of mostly Pax6-negative cells in the controls
(fig. S6, A to C). These results demonstrate that the effects of
rRNA induction and cellular protein translation rates on NSC
expansion were not limited to cells cultured in metabolically
optimal conditions, but similar effects on cellular growth
could be triggered during organ development in vivo.

TAPIR enables modeling and attenuation of disease
phenotypes

To test whether targeted rRNA induction could be used to
model or treat human diseases, we applied TAPIR to mouse
models of two human diseases, ribosomopathy and cancer.
Given that targeted activation of rRNA transcription mark-
edly promoted cell cycle progression, we investigated first
whether it recapitulates hallmark features of cancer. For this,
we made use of an established mouse model of pancreatic
ductal adenocarcinoma (PDAC) based on inducible expres-
sion of oncogenic KRAS (64). Cells derived from these mice
show many hallmarks of cancer cells, including uncontrolled
proliferation and survival under non-adherent conditions,
features that can be quantified in colony assays in vitro.
PDAC cells also showed high levels of rRNAs (42), quantifia-
ble through a strong accumulation of nascent RNA in the nu-
cleolus, visualized by pulse-labeling with Fluorouridine
(FUrd) and immunocytochemistry with an antibody against
FUrd (Fig. 6A and supplementary methods) (65). High levels
of nascent rRNAs were dependent on continuous expression
of oncogenic KRAS, and could be blocked by treatment with
CX-5461 (42) (Fig. 6B). Similarly, colony formation and
growth of the cells was boosted by KRAS, but could be
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inhibited by CX-5461. TAPIR could replace oncogenic KRAS
for rRNA activation (Fig. 6, A and B) and promoted growth
of PDAC cells in colony formation assays (Fig. 6, C and D).
This indicates a key role for enhancement of rRNA synthesis
in oncogene-induced growth. Furthermore, the lack of addi-
tive effects suggests that cancer cell lines may exhibit limited
sensitivity to TAPIR owing to the already strong levels of on-
cogene-induced rRNA expression (Fig. 6C).

TAPIR attenuates cellular phenotypes associated with
ribosomopathies

Ribosomopathies are a group of human disorders caused by
defects in ribosome biogenesis or function. They usually man-
ifest as developmental abnormalities, often caused by p53-de-
pendent apoptosis (22). To investigate whether TAPIR could
ameliorate the effects of disease causing mutations, we made
use of an established mouse model of Treacher Collins syn-
drome, a classic ribosomopathy disorder. Treacher Collins
syndrome is primarily associated with variants in TCOFI,
which together with RNA Pol I drive rDNA transcription.
Haploinsufficiency of Tcofl in mice results in diminished
rRNA level and decreased protein translation (66). MEFs
were derived from E13.5 and E14.5 Tcofiflx/flx;Cre-ERT2 em-
bryos, generated by crossing TcofF™™ mice to tamoxifen-in-
ducible Cre-ERT2 mice (22). Compared to untreated MEFs,
deletion of Tcofl/Treacle resulted in gross morphological
changes and decreased cell number (Fig. 6E and fig. S5C).
TAPIR treatment reduced these effects with cell morphology
and number normalized. Thus, TAPIR or a similar strategy
could be useful to ameliorate the developmental effects ob-
served in ribosomopathies.

A strategy for TAPIR in human cells

To be applicable to address human diseases, we next aimed
to establish a TAPIR strategy for human cells. We have estab-
lished TAPIR for mouse rDNA, which contains repetitive se-
quence modules containing PAM sequences (Fig. 1A). Human
rDNA loci however lack a repetitive structure, making high-
density binding of transactivators difficult. To nevertheless
establish TAPIR in human cells, we developed a CRISPRa
strategy based on direct delivery of dCas9-VPR protein
(dRNPs), thereby reducing constraints associated with multi-
plexed gRNA numbers (67). Applying dRNPs with 14 gRNAs
targeting the human rDNA promoter resulted in a significant
induction of rRNA expression (Fig. 6, F and G) and nascent
protein translation (fig. S7) in a human T cell line, although
at lower levels compared to mouse.

Discussion

Research on regulators of stem cells mostly focuses on factors
and mechanisms with specificity, such as TF networks, sig-
naling pathways and epigenetic features (68). Known factors
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regulating corticogenesis include the TF Pax6 (69), Shh sig-
naling (70) and DNA de-methylation (71). Here we identify an
additional mechanism. Recent reports have hinted already at
the critical importance of “house-keeping” processes (72) and
ribosome biogenesis for cell type identity (1, 73). Moreover, it
has been reported that facultative translation initiation fac-
tors govern neuronal output of aRGCs (44), while the nucle-
olar protein Trnpl regulates cortical thickness (61). However,
whether rRNA expression has direct regulatory functions and
how global protein translation-level influence cell behavior
remained elusive until now.

TAPIR increased NSC expansion in vitro and in the devel-
oping mouse forebrain in vivo. Moreover, the finding that the
apical radial glia factor Pax6 is detected after TAPIR in re-
gions occupied by basal progenitors suggests an expansion of
basal radial glia cells, as seen in gyrencephalic species like
humans, or a possible fate reversion of basal progenitors to
NSCs. Comparable links between ribosome abundance and
cell fate decisions have recently been reported in hematopoi-
esis (23) and during T-cell activation (74). TAPIR itself is
clearly modulated by developmental cues: cells exposed to
strong differentiation signals ultimately overcame the in-
duced differentiation block, both in vitro and at later stages
in vivo (P10). However, this does not necessarily indicate that
rRNA lacks phenotypic sufficiency. Rather, it may reflect re-
duced efficacy of TAPIR in differentiating cells. Additional
regulatory mechanisms, such as DNA methylation, may con-
tribute to this context-dependent modulation and could rep-
resent potential targets to enhance the effectiveness of
TAPIR.

The observation that following TAPIR multiple nucleolar
proteins are induced significantly higher than the observed
proteome-wide increase indicates a cellular response pro-
gram downstream of rRNA transcription. This consequently
points toward a regulatory function of rRNA-levels in physi-
ological (e.g., embryonic development) and pathological con-
ditions (e.g., cancer). In agreement with our results, it has
been shown in Drosophila that overexpression of a Polymer-
ase I regulatory protein TiFla (26) can lead to an increase in
cellular proliferation in the germ line. Targeted approaches
to manipulate rRNA-levels directly, such as TAPIR will be in-
strumental to investigate, how widespread stem cell regula-
tion by global protein translation levels is. Considering the
high rRNA-level in pluripotent stem cells (73, 75) and the par-
ticularly low protein translation-level in quiescent stem cells
(76), it seems probable that this mechanism might be of gen-
eral relevance.

TAPIR employs a composite fusion protein, dCas9-VPR,
containing three transactivator domains of RNA Pol II TFs:
VP64, p65 and RTA (46). These TFs have to our knowledge
not yet been implicated in regulation of RNA Pol I. Due to the
observed TAPIR induced increase of 47S and functional 18S
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and 28S rRNAs, we suspect that those protein domains have
transactivating effects beyond RNA Pol II and that elevated
rRNA-levels can be attributed to increased RNA Pol I binding
or activity at the rDNA genes. This is in line with the efficacy
of the inhibitor CX-5461 on TAPIR treated cells. We found
that TAPIR increases nucleoli size indicating that previously
repressed or stably silenced rDNA genes might be responsible
for the elevated rRNA-levels. The fact that the nucleolar
changes were, however, relative small compared to the tran-
scriptional increase suggests as well, that a larger proportion
is derived from already open and/or poised rDNA genes (77).
We also show that the effectiveness of TAPIR is limited by the
genetic makeup of the target cells. We provide evidence that
potent oncogenes, such as oncogenic KRAS, mirror TAPIR’s
effect and saturate nascent rRNA level. This might explain,
why the efficacy of TAPIR on cancer and immortalized cell
lines might be lower in general. Moreover, species differences
in the rDNA promoter limit trans-activator binding. Never-
theless, novel CRISPR tools (such as dRNPs), can overcome
this hurdle.

TAPIR offers a unique option for targeted manipulation
of 47S rRNA expression, which is of highest relevance for
studying regulation of protein translation under physiologi-
cal conditions and in a large number of disease (2, 13). Not
only does TAPIR provide a first strategic tool to potentially
treat ribosomopathies, diseases that are caused directly by
the loss of one component of the protein translation machin-
ery or the reduction of rRNA (78), such as Treacher-Collins-
syndrome and Diamond-Blackfan anemia (79), but similar
approaches could also be applied to those conditions in
which rRNA misregulation has been reported, such as cancer
(12), neurodegenerative diseases (16) and aging (20, 21).

Materials and methods are available in the supplementary
materials.
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Fig. 1. Activation of rRNA expression by TAPIR. (A) Location and structure of rDNA cluster on mouse chromosomes
highlighting TAPIR gRNA binding sites. (B) Scheme illustrating the decrease in ribosomal protein abundance and
ribosome numbers during neural differentiation, based on (44). (C) (Top) Experimental outline for validating TAPIR-
based activation of rRNA transcription in two media compositions, supporting NSC self-renewal and differentiation.
(Below) RT-gPCR analysis of 18S rRNA expression induced by TAPIR, normalized to the housekeeper GAPDH
(Bar graphs represent mean +/— SEM; symbols indicate biological replicates; n=5; White and black symbols
distinguish independently prepared NSC lines and the use of alternative plasmid backbones. 18S — Self-renewal
condition: ** p=0.00604; Mann-Whitney-Test; 18S - Differentiation condition: * p=0.01072; Mann-Whitney-Test).
(D) Bioanalyzer profiles showing 18S and 28S transcript expression and size, with peak values for the internal marker
and 18S/28S indicated. (TAPIR: Red; Control: Black) (E and G) Representative images (Scale bar: 50pm) and
(F) quantification of Y10b immunocytochemistry after TAPIR or control treatment in two media conditions,
supporting NSC self-renewal and differentiation. (Bar graphs represent mean +/— SEM; symbols indicate biological
replicates; n=4; at least 120 cells per group have been analyzed. Y1I0B — Self-renewal: * p=0.03957; Paired T-Test,
one-tailed; Y1IOB - Differentiation: * p=0.03716; Paired T-Test, one-tailed). (H) Gene ontology analysis of
transcriptomic changes induced by TAPIR (Day 7; n=6; preparation and analysis described in the supplementary
methods).
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Fig. 2. Quantification of translation rates after TAPIR-based rRNA activation. (A) (Left) Scheme
illustrating the experimental timeline for O-Propargyl-Puromycin (OPP) based quantification of nascent
translation and an exemplary FACS analysis for selecting TAPIR-positive cells (DsRed: dCas9-VPR-
construct; BFP: gRNA/Control-construct). OPP integration of newly synthesized proteins through a
5'FAM-Azide click-reaction enables quantitative measurement of translation rates by assessing the
530/30 signal at single-cell resolution. Histogram: Data are displayed using unit area normalization to
allow comparison of fluorescence intensity independent of total event number. Bar Graph: 530/30 signal
of TAPIR samples normalized to the corresponding control sample (Bars: mean of 3 biological replicates
(circles); n=3). (B) Experimental timeline for Ribo-Seq. (C) The relative proportion (%) of ribosome P-site
positions mapped to the 5' untranslated region (5'UTR), coding sequence (CDS), and 3' untranslated
region (3'UTR) is shown for two independent Ribo-seq replicates. (D) Saturation plots of UMI counts from
all reads (left) and mapping to protein coding genes (right) reveal more protected fragments in protein
coding transcripts following TAPIR treatment in two biological replicates (Repl,2). Additional quality
control metrics and extended analyses are provided in fig. S2. (E) Quantification of (D). (F) (Top) Timeline
of quantitative proteomics analysis, performed on day 7 post-transfection, normalized to 100,000 cells
(n=6). (Below) Quantification of protein abundance of individual proteins averaged across all replicates
(left) and of each individual replicate averaged across all proteins (right). (Left) Ranked normalized
abundance calculated as the protein levels in TAPIR-treated mNSCs normalized to that in control-treated
cells. Among 4022 detected proteins (with at least 3 values and with a minimum of 2 unique peptides),
TAPIR treatment resulted in a proteome-wide increase of approximately 1.2-2.0 fold for over 3,800
proteins (Black: FC<0.75, Grey: 0.75 <= FC <=2, Blue: FC >2). Notably, proteins (FC >3.0 fold) have roles
in nucleolar structure, rRNA processing, and ribosomal protein maturation/assembly (highlighted in red).
(Right) Proteome-wide analysis revealed a significant up-regulation of raw protein abundance in TAPIR-
treated cells (Welch test; * p=0.013; n=6).
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Fig. 3. TAPIR affects nucleoli size. (A) Experimental timeline of nucleoli quantification by immunohistochemistry.
(B and D) Representative examples of immunocytochemistry measuring Nucleolin (Green) and Fibrillarin (Red).
(Scale Bar:10pm) (C and E) Total Nucleolin/Fibrillarin area per nucleus was measured and normalized to the nucleus
area, measured by DAPI signal, under both self-renewal and differentiation condition (Bar graphs represent mean
+/— SEM; Symbols indicate biological replicates; at least 240 up to 420 nucleoli per condition have been analyzed.
Nucleolin: n=7; Self-renewal condition: * p=0.0257; Paired t test, two-sided; Differentiation condition: ns p>0.05;
Paired t test, two-sided; Fibrillarin: n=4; Self-renewal condition: * p=0.00487; Paired t test, two-sided; Differentiation
condition:; ns p>0.05; Paired t test, two-sided; DAPI Area: n=7; Self-renewal condition: ns p=>0.05; Paired t test,
two-sided; Differentiation condition: ns p>0.05; Paired t test, two-sided).
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Fig. 4. TAPIR treated mNSCs show more proliferative activity. (A) (Top) Timeline of assessment of the proliferative
capacity on day 7 post-transfection. One million TAPIR/control-expressing mNSCs were plated three days after
construct delivery and cultured for an additional four days under proliferation conditions. (Left) Representative
example of MNSCs after 4 days of expansion (day 7; Scale bar 50um). (Right) Cell number quantification as metric
for proliferative activity. Bright field images (scale bar: 50 pm) were taken and cells counted on day 7
(Bar graph represents mean +/— SEM; n=3; corresponding pairs from the same biological replicate are indicated by
symbols; * p=0.0149; paired t test). (B) PH3- and PCNA-expression on day 4 in proliferation condition by
immunohistochemistry (Black arrows indicate selected PH3 and PCNA negative cells; White arrows indicate
selected PH3 and PCNA positive cells; Scale bar: 50um; at least 600 cells per condition have been analyzed).
(C) Quantification of PH3 and PCNA expression in TAPIR- /control-treated mNSCs (Bar graphs represent mean +/-
SEM; Symbols indicate biological replicates; n=3-4; corresponding pairs from the same biological replicate are
indicated; at least 600 cells per condition have been analyzed; PH3: * p=0.013; paired t test; PCNA:
*p=0.038; paired t test). (D) PH3 expression on day 7 using immunohistochemistry (Arrows indicate selected PH3-
positive cells; scale bar: 50 um). (E) Quantification of PH3 expression in TAPIR-/control-treated mMNSCs under self-
renewal and differentiation conditions (Bar graphs represent mean +/— SEM; symbols indicate biological replicates;
n=3; at least 350 up to 1200 cells per condition have been analyzed; corresponding pairs from the same biological
replicate are indicated; Self-renewal: non-significant p>0.05; paired t test; Differentiation: * p=0.0098; paired t test).
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Fig. 5. In utero electroporation (IUE) of TAPIR. (A) TAPIR/control constructs were delivered to the cortices of
C57BL/6 mice at embryonic day 13 (E13) via in utero electroporation (IUE). Mice were sacrificed at embryonic day
15 (E15), and their brains were analyzed by immunohistochemistry (n=8). (B) PH3 expression among successfully
electroporated cells was quantified and normalized to the total number of electroporated cells. The cortex was
subdivided into five bins, each representing 20% of the cortical area starting from the ventricle, and PH3 expression
was analyzed based on these locations. (Bar graphs represent mean +/— SEM; circles indicate an embryonal brain
analyzed; Bin 1. unpaired T-Test: *** p=0.0052; Bin 2: unpaired T-Test: non-significant; Bin 3:
* unpaired T-Test: p=0.049; Bin 4: unpaired T-Test: non-significant; Bin 5: unpaired T-Test: non-significant).
(C) In utero electroporation sites in E15 mouse cortices with indicated quantification areas (Square, dotted lines)
and indicated cortex areas (CP: Cortical plate, IZ: Intermediate zone, SVZ: Subventricular zone, VZ: Ventricular
zone). Expression dCas9-VPR is shown in red, gRNA expression in green. (D) In utero electroporation (dCas9-VPR:
Red; gRNAs: Green) and PH3 IHC at E15. Selected double positive cells (PH3+/VPR+ or gRNAs+) are indicated by
black arrows, selected triple positive cells (PH3+/VPR+/gRNAs+) are indicated by white arrows. Bins 1-5 and cortex
areas are indicated (CP: Cortical plate, IZ: Intermediate zone, SVZ: Subventricular zone, VZ: Ventricular zone).
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Fig. 6. Application of TAPIR. (A to D) TAPIR expressing or control PDAC cells were grown 48hrs
with or without Doxycycline to induce oncogenic KRAS expression. (A) Representative
immunocytochemistry pictures of PDAC cells after 48h of Doxycycline treatment showing Nucleolin,
FUrd, and DAPI signals. (Scale Bar: 10um). (B) Quantification of nucleolar FUrd intensity in PDAC (non-
Doxycycline treated) cells as a measure of nascent rRNA levels shows TAPIR treatment is sufficient to
increase rRNA expression over control-treated cells to a magnitude comparable to doxycycline-
induced oncogenic KRAS expression. While TAPIR and oncogenic KRAS expression show comparable
nucleolar FUrd induction, no additive effects were observed. CX-5461 treatment blocks oncogenic
KRAS and TAPIR induced nucleolar FUrd signal (n=207-379 individual nucleoli from three biological
replicates, **** p=<0.0001, *** p=0.0008, ** p=0.0024, ns: p=>0.1, Kruskal-Wallis test).
(C) Quantification of Colony Formation 7 days after seeding. Colonies were visualized by crystal violet
(CV). TAPIR treatment results in a significantly increased relative intensity of CV over non-induced
control cells, similar to that observed by oncogenic KRAS-induction (n=3, ** p=0.0024, * p=0.0308,
ns: p=>0.1, Ordinary one-way ANOVA). (D) Representative images of colony forming assays. (E) TAPIR
rescues the consequences of Tcofl loss in Mouse Embryonic Fibroblasts. Deletion of Tcofl was induced
by 4 day tamoxifen treatment of Tcoflflx/fIx;Cre-ERT2 mouse embryonic fibroblasts. (Left) Cell
numbers were quantified on day 7 by counting DAPI-positive nuclei to evaluate treatment-dependent
effects on cell survival (Paired t test, two-tailed; n=3; Tamoxifen- vs. Tamoxifen+/Control:
***  p=0.0014; Tamoxifen+/Control vs Tamoxifen+/TAPIR: ***¥ p=0.0005; Tamoxifen- vs
Tamoxifen+/TAPIR: ns p=0.3076). (Right) Representative Immunocytochemistry pictures showing
DAPI (Blue) and Vimentin (Green) (Scale Bar: 10um). (F) Location and structure of rDNA multicopies
on human chromosomes 13, 14, 15, 21, 22 highlighting TAPIR gRNA binding sites. A total of 14 gRNAs
has been applied. (G) RNP-based induction of human 18S rRNA in Jurkat cells measured by gPCR 24h
after RNP delivery (corresponding pairs from the same biological replicate are indicated by lines;
** p=0.00710; paired t test, two-sided).
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