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ABSTRACT

In eukaryotes, the nucleolus is the site of ribosome biosynthesis, an essential process in all cells. While human ribosome
assembly is largely evolutionarily conserved, many of the regulatory details underlying its control and function have not
yet beenwell-defined. The nucleolar protein RSL24D1was originally identified as a factor important for 60S ribosomal sub-
unit biogenesis. In addition, the PeBoW (BOP1–PES1–WDR12) complex has been well-defined as required for pre-28S
rRNA processing and cell proliferation. In this study, we show that RSL24D1 depletion impairs both pre-ribosomal RNA
(pre-rRNA) transcription and mature 28S rRNA production, leading to decreased protein synthesis and p53 stabilization
in human cells. Surprisingly, each of the PeBoW complex members is also required for pre-rRNA transcription. We demon-
strate that RSL24D1 and WDR12 coimmunoprecipitate with the RNA polymerase I subunit, RPA194, and regulate its
steady-state levels. These results uncover the dual role of RSL24D1 and the PeBoW complex in multiple steps of ribosome
biogenesis, and provide evidence implicating large ribosomal subunit biogenesis factors in pre-rRNA transcription control.
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INTRODUCTION

Ribosome biogenesis (Ribi) is a highly conserved and es-
sential process and among eukaryotes has beenmost thor-
oughly investigated in baker’s yeast, Saccharomyces
cerevisiae (S. cerevisiae) (Woolford and Baserga 2013).
The two ribosomal subunits, large 60S (LSU) and small
40S (SSU), are assembled independently in the nucleolus
and join in the cytoplasm to translate mRNAs to proteins.
The process begins with RNA polymerase I (RNAPI) driving
transcription of the ribosomal DNA (rDNA) to produce the
47S pre-ribosomal RNA (pre-rRNA) transcript in humans.
The transcript is subsequently processed and modified
by a wide range of trans-acting assembly factors to pro-
duce the 18S, 5.8S, and 28S mature rRNAs that form the
SSU (18S) and LSU (5.8S, 28S, and RNAPIII-transcribed
5S), respectively (Aubert et al. 2018; Bohnsack and
Bohnsack 2019). As rDNA transcription is the rate-limiting
step of ribosome biosynthesis which underlies cell growth
and proliferation, this process is under tight regulation to

ensure cellular homeostasis (Laferte et al. 2006; Chedin
et al. 2007; Kopp et al. 2007).

Pre-rRNAprocessing and ribosomeassembly require the
hierarchical association and dissociation of a large number
of assembly factors. Some of these factors are required for
the formation of both ribosomal subunits, while others are
required for the synthesis of one of the two subunits
(Bassler and Hurt 2019). Moreover, a group of factors
known collectively as the transcription U3 small nucleolar
RNA associated proteins (t-UTPs), a subcomplex of the
SSU processome, are required for the early pre-rRNA tran-
scription steps in eukaryotic cells in addition to their func-
tional role in the processing of the 18S rRNA (Gallagher
et al. 2004; Krogan et al. 2004; Prieto and McStay 2007).
The t-UTPs associate with the SSU processome to coordi-
nate this action (Kroganet al. 2004).While SSUprocessome
components exhibit dual-functional roles in transcription
and processing (Phipps et al. 2011), it remains largely un-
known whether there are nucleolar ribosome assembly
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factors required for LSUbiogenesis thatplaya similar role in
RNAPI transcription.
Among LSU factors, it is well established that the PeBoW

(PES1–BOP1–WDR12) complex is required for LSU bio-
genesis in eukaryotes. It is a conserved complex from yeast
(Nop7–Erb1–Ytm1) that is required for internal transcribed
spacer sequence 2 (ITS2) processing (Holzel et al. 2005). As
an extension of this, PeBoW has been shown to be re-
quired for cell-cycle progression and cellular proliferation
by stimulating ribosome biogenesis (Strezoska et al.
2002; Lapik et al. 2004; Holzel et al. 2005; Grimm et al.
2006). Overexpression of PeBoW proteins has been asso-
ciated with several cancers (Killian et al. 2006; Fan et al.
2018; Yin et al. 2018; Li et al. 2020, 2022; Mi et al. 2021;
Vellky et al. 2021). Nonetheless, PeBoW’s function in other
critical steps of ribosome biogenesis, such as RNAPI tran-
scription, has not been studied to date.
RSL24D1 is an evolutionarily conserved protein previ-

ously studied in yeast with more recent work beginning
to elucidate its role in human cells. The S. cerevisiae
Rlp24 protein (ortholog of mammalian RSL24D1) is re-
quired for 27SB pre-rRNA processing to 5.8S and 25S
rRNAs via ITS2 cleavage to produce the 60S ribosomal
subunit (Saveanu et al. 2003). Rlp24 associates with both
early and late stage pre-60S particles in the nucleolus
and cytoplasm, respectively, and is replaced by the homol-
ogous ribosomal protein eL24 via the AAA–ATPase Drg1
(Kappel et al. 2012). In humans, RSL24D1 expression in tu-
mor educated platelets has been negatively correlated
with early-stage cancer progression and its up-regulation
has been associated with familial hypercholesterolemia
(Li et al. 2015; Ge et al. 2021). Our laboratory’s previous
RNAi screening campaign identified RSL24D1 as a factor
important for the synthesis of ribosomes in human breast
epithelial MCF10A cells (Farley-Barnes et al. 2018). More
recently, RSL24D1 was also a hit in a screen for factors in-
volved in 60S subunit assembly in HeLa cells (Dorner et al.
2022). However, the molecular mechanisms of how
RSL24D1 participates in ribosome assembly in metazoan
cells have not yet been fully understood.
In this study we establish mammalian RSL24D1 as a crit-

ical factor for LSU production. It is required for a normal nu-
cleolar number in MCF10A cells, a highly predictive
indicator of a function in Ribi (Farley-Barnes et al. 2018;
Ogawa et al. 2021). More specifically, we confirm that
RSL24D1 is required for cleavage at site 4 in ITS2 of pre-
rRNAs to produce the 60S large subunit. Unexpectedly,
we uncover a previously unidentified role for the LSU mat-
uration factors, RSL24D1 and the PeBoW complex, in
maintaining RPA194 protein levels and therefore impor-
tant for sustaining RNAPI transcription. This newfound
function is likely in part attributed to the identification of
an interaction between RSL24D1 and WDR12 with
RPA194 by coimmunoprecipitation. These results support
the critical role for RSL24D1 in rRNA synthesis and reveal a

link between LSU biogenesis and RNAPI transcription
regulation.

RESULTS

RSL24D1 is required to maintain nucleolar number
and viability in MCF10A human breast epithelial cells

Previously, we performed a genome-wide, phenotypic
RNAi screen to uncover novel protein regulators of nucleo-
lar number using a library of siGENOME siRNAs (Horizon
Discovery) (Farley-Barnes et al. 2018; Ogawa et al. 2021).
The screen was performed in human breast epithelial
MCF10A cells, a near-diploid noncancerous cell line, which
contain anaverageof 2–3nucleoli per cell nucleus. Proteins
whose depletion led to a significant change in nucleolar
number, either a decrease to one or an increase to five or
more, were identified as candidate novel regulators of
Ribi. RSL24D1 depletion caused a striking decrease in nu-
cleolar number (139.1% effect) relative to the siGFP nega-
tive control (0% effect) and siUTP4 positive control (100%
effect) (Fig. 1A). This surpassed the extremely stringent
screen cutoff used of greater than three standard devia-
tions from the mean percent effect for the entire screening
population (>122% effect) (Farley-Barnes et al. 2018).
Indeed, siRSL24D1 treatment produced a larger percent-
age of one-nucleolus harboring MCF10A cells (62.3%)
than the positive control siUTP4 (52.4%) (Fig. 1A). These re-
sults, consistentwith another RNAi screeningeffort to iden-
tify 60S assembly factors (Dorner et al. 2022), strengthened
our hypothesis that RSL24D1’s role in making ribosomes is
conserved from yeast to humans.
To minimize the inclusion of off-target effect induced

hits, we rescreened RSL24D1 using ON-TARGETplus
siRNA reagents (siONT; Horizon Discovery; Supplemental
Data S1), which are designed to reduce siRNAoff-target ef-
fects (Jackson et al. 2006). We found that RSL24D1 deple-
tion using a siONT pool reproduces the one-nucleolus
phenotype (110.7%effect, 32.0%one-nucleolus cells) rela-
tive to the nontargeting (siNT) negative control (0% effect,
16.4% one-nucleolus cells) and the siUTP4 positive control
(100% effect, 30.8% one nucleolus-cells) (Fig. 1B). Since
this was a targeted validation of our previous siGENOME
screen results, we used a cutoff threshold of producing a
one-nucleolus percent effect greater than three standard
deviations from the negative control siNT (>39.1% effect)
for each of the four independent screen repetitions.
We performed deconvolution of the RSL24D1 siRNA

pool to further validate the role of RSL24D1 in maintaining
normal nucleolar number. The individual siRNAs from the
siONT pool of four siRNAs were evaluated for their effects
on nucleolar number and cell viability in RSL24D1-deplet-
ed cells. We found that two of the four individual siRNAs
significantly reduced the number of nucleoli from 2–3 to
only one, passing our cutoff criteria of producing an
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average one-nucleolus percent effect greater than three
standard deviations from the negative control siNT for
three independent experiments (Fig. 1C; Supplemental
Table S1; Supplemental Fig. S1). Additionally, the siONT
treatments that produced the one-nucleolus phenotype
correlated with a greater reduction in cell viability (Fig.
1D,E). A correlation between the presence of one nucleo-
lus upon RSL24D1 depletion and cell viability is expected
if RSL24D1 is required for RiBi, an essential cellular pro-
cess. Thus, we hypothesized that the reduction in nucleolar
number upon RSL24D1 depletion was the result of defec-
tive RiBi.

As an important step to further confirm our observations
with siRNAs targeting RSL24D1, we measured RSL24D1
mRNA levels and RSL24D1 protein levels after siONT

pool treatment. Both mRNA levels, as measured by qRT-
PCR, and protein levels, as measured by western blotting,
were greatly reduced, indicating robust knockdown using
this method (Fig. 1F,G).

Changes in nucleolar number and morphology have
been connected with cancer pathology and prognosis
for over 100 yr (Derenzini et al. 2017). Based on our result
that RSL24D1 is necessary for maintenance of nucleolar
number, we examined RSL24D1’s mRNA expression levels
in Genotype-Tissue Expression (GTEx) unmatched normal
and The Cancer Genome Atlas (TCGA) matched normal
and tumor samples (Goldman et al. 2020). Although
RSL24D1 expression is negatively correlated with cancer
progression in tumor educated platelets (Ge et al. 2021),
this is not what we observed for RSL24D1’s expression in

tumor compared to normal tissue.
RSL24D1 was significantly higher ex-
pressed in all tumor samples, includ-
ing breast tumor, compared to
normal tissue (Supplemental Fig. S2).
RSL24D1’s increased expression in
breast cancer specifically highlights
the relevance of its expected role in
RiBi in MCF10A cells.

RSL24D1 functions in pre-28S
rRNA processing

RSL24D1 was identified in a previous
targeted RNAi depletion screen as a
factor potentially involved in LSU pro-
cessing and assembly in HeLa cells
and 60S biogenesis in mouse embry-
onic stem cells (Durand et al. 2021;
Dorner et al. 2022). Moreover, the
RSL24D1 yeast ortholog, Rlp24, has
been shown to be important for large
subunit pre-rRNA processing
(Saveanu et al. 2003). A key step dur-
ing large subunit synthesis is the
cleavage of ITS2 from maturing pre-
60S subunits. In the 47S primary tran-
script precursor (PTP), ITS2 separates
the 5.8S and 28S rRNAs and is eventu-
ally removed from the larger pre-
rRNA precursor (Fig. 2A).

Because the expected pre-rRNA
processing defects indicate aberrant
LSU biogenesis, we sought to deter-
mine the extent to which RSL24D1
depletion by siONT pools affects the
production of the mature 28S rRNA.
Agilent BioAnalyzer quantitation
shows a decrease in the ratio of ma-
ture 28S to 18S levels (Fig. 2B, left)
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FIGURE 1. (Legend on next page)
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in siRSL24D1 compared to the negative control, siNT treat-
edMCF10A cells. This decrease in the 28S to 18S rRNA ra-
tio is caused by a decrease in 28S rRNA levels specifically,
while 18S levels do not change (Fig. 2B, right).
To further refine RSL24D1’s role in LSU biogenesis, we

probed the extent to which pre-rRNA processing was dis-
rupted upon depletion of RSL24D1 using siONT pools in
MCF10A cells by northern blot analysis, using the ITS2
probe P4 to detect defects in LSU biogenesis (Fig. 2A).
Mock (no siRNA) and siNT were used as negative controls
and siNOL11 was used as a positive control. After 72 h of
siRNA knockdown, RSL24D1 depletion resulted in an ap-
parent decrease in the 32S and 12S pre-rRNAs relative to
the mock and siNT negative controls (Fig. 2C). These re-
sults concur with previous northern blot results where two
of three siRNAs against RSL24D1 mRNA effected the
same reduction in 12S pre-rRNA (Tafforeau et al. 2013).
Quantitation of the ratios of each intermediate relative to
its precursor in the processing pathway by the ratio analysis
of multiple precursors (RAMP) method (Wang et al. 2014)

revealed that the 12S/32S, 12S/41S, and 12S/PTP ratios
were all significantly decreased after depletion of
RSL24D1 (Fig. 2D). Furthermore, overall 12S levels were
also significantly reduced (Fig. 2E). Although depletion of
NOL11 led to a reduction in all pre-rRNA precursors
probed (Fig. 2E), NOL11 depletion did not decrease
the 12S/32S, 12S/41S, and 12S/PTP ratios, consistent
with its role in pre-rRNA transcription and pre-18S rRNA
processing (Fig. 2D; Freed et al. 2012). These results
confirm that RSL24D1 is required for pre-LSU rRNA pro-
cessing at site 4 in ITS2 and for maintaining levels of the
28S rRNA.

RSL24D1 is predicted to functionally associate with
the PeBoW complex in human cells

To gain further biological insight into the role of RSL24D1,
we used the human protein complex map (hu.MAP 2.0) to
predict functional associations of RSL24D1 (Drew et al.
2021). hu.MAP 2.0 incorporates information from several re-

cently published protein interaction
and affinity purification mass spec-
trometry data sets to predict and cata-
log mammalian protein complexes. Of
the medium-to-high confidence inter-
acting proteins identified, the PeBoW
complex (BOP1, PES1, WDR12) was
predicted to interact with RSL24D1
(Table 1; Supplemental Table S2).

Interestingly, the yeast complex
orthologous to PeBoW (Nop7 com-
plex) containing factors Nop7, Erb1,
and Ytm1 has been shown to interact
with Rlp24, the yeast ortholog of
RSL24D1, as constituents of pre-60S
ribosomes (Table 1; Supplemental
Table S2; Saveanu et al. 2003; Kater
et al. 2017; Poll et al. 2021). While
these interactions have been docu-
mented by various affinity capture ex-
periments (Supplemental Table S2), a
recent cross-link mass spectrometry
study of yeast pre-60S ribosomes still
found no evidence of direct interac-
tions between Rlp24 and the Nop7
complex (Sailer et al. 2022).
Furthermore, to our knowledge, there
have been no documented human
pre-60S structures containing both
RSL24D1 and PeBoW. Thus, based
on this unexplored predicted func-
tional association between RSL24D1
and PeBoW in humans, we decided
to further interrogate RSL24D1 and
PeBoW’s role in human RiBi together.

FIGURE 1. RSL24D1 depletion reduces nucleolar number and cell viability in MCF10A
cells. (A) RSL24D1 depletion using siGENOME siRNAs decreases nucleolar number.
(Left) Representative images of nuclei stained with Hoechst (blue) and nucleoli stained
with an anti-fibrillarin antibody (pink). siGFP was used as a negative control (two to three
nucleoli/nucleus) and siUTP4 was used as a positive control (one nucleolus/nucleus).
(Right) Histograms of the relative frequency of nucleoli per nucleus are shown for the con-
trols and siRSL24D1. There is a decrease in nuclei with two to three nucleoli for positive
controls and RSL24D1-depleted cells. Light gray bars show the nucleolar number distribu-
tion for the siGFP negative control, and black bars show the nucleolar number distribution
for the indicated positive control or siRSL24D1. Total number of cells analyzed, percentage
of cells harboring one nucleolus, and one nucleolus (one nuc.) percent effect for each treat-
ment are indicated. (B) RSL24D1 depletion using ON-TARGETplus siRNAs decreases nu-
cleolar number. Panels as above, except nontargeting (siNT) was used as a negative
control. (C ) siRNA pool and two of four individual RSL24D1 siRNAs (#2 and #3) decrease
nucleolar number in MCF10A cells. Oligonucleotide deconvolution of the ON-
TARGETplus siRNA pool was used to confirm the activity of individual siRNAs targeting
RSL24D1 in the assay for nucleolar number. The graph indicates mean ± SD, the n=3–4
separate experiments (indicated), and the dotted line is the cutoff of three SD from nontar-
geting (siNT) negative control. (D) siRNA pool and two of four individual RSL24D1 siRNAs
(#2 and #3) reduce MCF10A cell viability over 50%. Quantitation of number of cells based
on Hoechst staining, negative control (siNT) set at 100%. Graph indicates mean ± SD, n= 3–
4 separate experiments. (E) Nucleolar number assay and cell viability results correlate for
siRNA pool and individual siRNAs targeting RSL24D1. n= total number of cells analyzed
for the three to four separate experiments completed from (B–D). Down arrow indicates
a greater than three standard deviations from nontargeting (siNT) negative control one nu-
cleolus percent effect, horizontal arrows indicate less than three standard deviations from
siNT. Mean percent viability reported fromD. (F ) qRT-PCR confirmation of RSL24D1 knock-
down in MCF10A cells. 2−ΔΔCt values, relative to a nontargeting (siNT) negative control and
7SL internal control primer, show knockdown of RSL24D1 by qRT-PCR using the indicated
siRNAs. Graph indicates mean ± SD, n= 3 biological replicates. Data were analyzed by
Student’s t-test followed by multiple testing P-value correction (two-stage linear step-up
procedure of Benjamini, Krieger, and Yekutieli) where (∗∗∗) P≤ 0.001. (G) Western blot con-
firmation of RSL24D1 knockdown in MCF10A cells. Mock and nontargeting (siNT) siRNAs
are shown as negative controls. (Left) Representative western blot images using α-RSL24D1
and α-β-actin antibodies. (Right) Quantitation of RSL24D1 levels is reported relative to siNT
and normalized to the β-actin loading control. Graph indicates mean ± SD, n=3 biological
replicates. Data were analyzed by one-way ANOVA with Dunnett’s multiple comparisons
test where (∗∗∗∗) P≤ 0.0001; ns = not significant.
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RSL24D1 and PeBoW regulate
RNA polymerase I levels through
their association with RPA194

Previously, Sorino and coworkers per-
formed immunoprecipitation of
RPA194, the largest subunit of the
RNAPI holoenzyme, followed by
mass spectrometry. They identified
RSL24D1 and WDR12 of the PeBoW
complex as members of the RPA194
interactome (Sorinoet al. 2020). These
LSU maturation factors were among
many confirmed RPA194 interacting
proteins detected in their analysis,
including NOL11 and UBF (Panov
et al. 2006; Freed et al. 2012). To vali-
date whether RSL24D1 and WDR12
interact or are in complex with
RPA194, we performed coimmuno-
precipitation experiments followed
by western blotting. Intriguingly, anti-
bodies against RPA194, but not
unconjugated beads, coimmunopre-
cipitated endogenous RSL24D1 and
WDR12 from MCF10A whole cell ex-
tracts (Fig. 3A). However, endogenous
PES1 was not coimmunoprecipitated.
Treatment of extracts with RNase A
did not abrogate these interactions
(Fig. 3A). The reciprocal coimmuno-
precipitation with WDR12 also re-
vealed that WDR12 interacts with
RPA194 and that this interaction is
not abrogated with RNase A treat-
ment (Fig. 3B). In contrast, WDR12
did not coimmunoprecipitate either
RSL24D1 or PES1, a member of the
PeBoW complex. While we do not un-
derstand the lack of coimmunopreci-
pitation of WDR12 with its complex
partner, PES1, this suggests that there
maybea separate pool ofWDR12out-
side of the PeBoW complex that asso-
ciates with RNAPI. Furthermore, we
have not been able to confirm that
RSL24D1 coimmunoprecipitates with
PeBoW as predicted by hu.MAP
2.0 (Supplemental Table S2). The
RPA194 and WDR12 antibodies used
for coimmunoprecipitations and the
PES1 antibody used for blotting were tested for specificity
by western blotting after siRNA depletion. All antibodies
were shown to be specific based on an observed decrease
in the expected band after siRNA treatment (Fig. 3C).

This finding led us to ask whether RSL24D1 and PeBoW
could also influence RiBi at the level of pre-rRNA transcrip-
tion in addition to their regulatory role in pre-LSU process-
ing steps. First, due to the observed association of

A B

C D E

FIGURE 2. RSL24D1 functions in pre-rRNA processing of the large ribosomal subunit. (A)
Mammalian pre-rRNA processing schematic. The probe P4 hybridizes to the internal tran-
scribed spacer (ITS2) sequence of the 47S pre-rRNA precursor which undergoes a series of
cleavage steps to yield the small subunit 18S rRNA (gray) and the large subunit 5.8S and
28S rRNAs (blue). (B) RSL24D1 depletion in MCF10A cells reduces the levels of the mature
28S rRNA by Agilent BioAnalyzer. Nontargeting (siNT) was used as a negative control. (Left)
Ratio of 28S/18S mature rRNAs. (Right) Percent of total RNA for both 18S and 28S mature
rRNAs. Graphs indicate mean±SD, n=4 biological replicates. Data were analyzed by
Student’s t-test in where (∗) P≤0.05. (C–E) RSL24D1 is required for ITS2 processing. (C )
Representative northern blots measuring steady-state levels of pre-rRNA intermediates
when RSL24D1 is depleted in MCF10A cells. A probe for the 7SL RNA was used as a loading
control. Negative controls were mock (no siRNA) and nontargeting (siNT), and siNOL11 was
used as a positive control. (D) Defects in processing were determined by analyzing precur-
sor-product relationships using ratio analysis of multiple precursors (RAMP) (Wang et al.
2014) and were reported relative to nontargeting (siNT) negative control. Graphs indicate
mean±SEM, n=3 biological replicates. Data were analyzed by two-way ANOVA where (∗∗∗)
P≤ 0.001, (∗∗) P≤ 0.01, and (∗) P≤ 0.05. (E) Changes in relative levels of pre-rRNA precursors
were measured relative to nontargeting (siNT) negative control and normalized to 7SL internal
loading control. Graphs indicate mean±SEM, n=3 biological replicates. Data were analyzed
by two-way ANOVA where (∗∗) P≤0.01 and (∗) P≤ 0.05.
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RSL24D1 andWDR12 with RPA194, we tested for changes
in RPA194 protein levels after RSL24D1 and PeBoW com-
plex member depletion. Mock (no siRNA), siNT, and
siSBDS were used as negative controls, while siRPA194
was used as a positive control. siRNA depletion of
RSL24D1, WDR12, and the two other PeBoW members,
BOP1 and PES1, led to significant decreases in RPA194
levels in MCF10A cells (Fig. 3D). However, depletion of
the Shwachman–Bodian–Diamond Syndrome protein
(SBDS), an additional negative control, that functions in
LSU biogenesis in downstream maturation steps outside
of the nucleus (Warren 2018), did not have any effects on
RPA194 levels. This indicates that it is most likely not a
feedbackmechanism of impaired later steps of RiBi that re-
sults in reductions in RPA194 levels.
For this reason, we have included SBDS depletion as a

negative control in subsequent experiments. siRNAs tar-
geting PeBoW members and SBDS were validated by
qRT-PCR which revealed significant depletion of all target-
ed mRNA transcripts (Supplemental Fig. S3). Taken to-
gether, these results are consistent with a role for
RSL24D1 and PeBoW complex members in maintaining
adequate levels of the RPA194 protein in human cells.

RSL24D1 and the PeBoW complex are required for
RNAPI promoter activity

Since RPA194 is essential for RNAPI transcription of the
pre-rRNA, we predicted that RSL24D1 and PeBoW would
also be critical for RNAPI transcription. We assessed pre-
rRNA transcription by RNAPI using a dual-luciferase report-
er assay. In this system, the pHrD-IRES-Luc plasmid, which
contains the firefly luciferase gene under the control of the
human rDNA promoter, is cotransfected with a control
plasmid containing the Renilla luciferase gene under the
control of a constitutively active promoter (Fig. 4A;
Ghoshal et al. 2004; Farley-Barnes et al. 2018). We assayed
transcription in RSL24D1-, PES1-, BOP1-, or WDR12-
siRNA depleted MCF10A cells where mock (no siRNA),
siNT and siSBDS were used as negative controls, while

siNOL11 was used as a positive control. Remarkably,
depletion of RSL24D1 or individual PeBoW members re-
vealed reduced rDNA promoter activity and thus de-
creased pre-rRNA transcription (Fig. 4B). This result was
further corroborated by in cellula pulse labeling with the
uridine analog 5-ethynyl uridine (5-EU) and the analysis of
its incorporation into nascent nucleolar rRNA through im-
munofluorescent staining as in (Bryant et al. 2022).
Strikingly, cells depleted of RSL24D1 or PeBoW compo-
nents exhibited a strong reduction in nucleolar rRNA bio-
genesis relative to siNT and siSBDS negative control cells
(Fig. 4C–E). This is consistent with previous results follow-
ingdepletion of Ribi factors required for pre-rRNAprocess-
ing and transcription (Bryant et al. 2022) and almost to the
same extent as siRPA194 and siNOL11 positive controls.
Taken together, these results indicate that RSL24D1 and
PeBoWmodulate rDNA transcription, linking LSU process-
ing factors to RNAPI transcription regulation.

RSL24D1 is required for sustained protein synthesis

Sincewediscovered that RSL24D1 is required for pre-rRNA
transcription and processing in human cells, we tested the
extent to which RSL24D1 depletion impacts downstream
processes, specifically global mRNA translation. We uti-
lized a puromycin incorporation assay that labels nascent
polypeptides as a proxy to monitor protein synthesis
(Schmidt et al. 2009; Farley-Barnes et al. 2018). PeBoW,
specifically BOP1, and SBDS depletion have been previ-
ously shown to disrupt protein synthesis using this assay
(Sondalle et al. 2019; Wu et al. 2019). Treatment with 1
µM puromycin in RSL24D1-depleted MCF10A cells for 1
h followed by western blotting for incorporated puromycin
shows significantly decreasedprotein synthesis relative to a
siNT control (Fig. 5A,B). Mock (1 µM puromycin with no
siRNA) and Mock at a half-dose of puromycin (0.5 µM)
were used as negative controls whereas siNOL11 was a
positive control. Our results connect RSL24D1’s role in
pre-rRNA transcription and large subunit maturation to a
downstream significant reduction in ribosome function
upon its depletion.

RSL24D1 depletion induces the nucleolar stress
response

Nucleolar stress denotes a key cellular response to drugs
and environmental insults including impaired RiBi due to
RNAPI transcription repression (Rubbi and Milner 2003;
Lindstrom et al. 2018). When disrupted, the nucleolus can
signal stress by activating the p53 pathway to initiate cell cy-
cle arrest and apoptosis. Previously, PeBoW-complexmem-
bers have been shown to induce the nucleolar stress
response pathway when depleted (Holzel et al. 2005;
Grimm et al. 2006). Likewise, we tested whether nucleolar
perturbations described in Figure 1 upon RSL24D1

TABLE 1. RSL24D1 is predicted to interact with PeBoW in
human cells

Human
protein

RSL24D1-
interacting

(HuMap2.0; Drew
et al. 2021)

Yeast
ortholog

Rlp24-interacting
(BioGRID 2019

update; Oughtred
et al. 2019)

PES1 Yes Nop7 Yes

BOP1 Yes Erb1 Yes

WDR12 Yes Ytm1 Yes

H1-6 Yes - -
MRTO4 Yes Mrt4 Yes
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depletion were linked to concomitant p53 stabilization by
western blotting for p53 levels in MCF10A cells depleted
of RSL24D1. Indeed, knockdown of RSL24D1 induced p53
accumulation relative to the mock (no siRNA) and siNT neg-
ative controls (Fig. 6A). p53 stabilization following RSL24D1
knockdown was also observed in a recent genome-wide
high-throughput screen conducted in A549 cells (Hannan
et al. 2021).We further blotted for p53 transcriptional target
gene p21 levels to orthogonally validate p53 activation and

found these levels tobe significantly in-
creased relative to themock (no siRNA)
and siNT negative controls (Fig. 6B).
Additionally, increased p21 transcript
levels were observed by qRT-PCR in
MCF10A cells (Fig. 6C). These findings
show that RSL24D1 depletion increas-
es p53 and p21 levels, likely as a result
of nucleolar stress response induction
upon impaired RiBi, as has been ob-
served previously upon inhibition of
pre-60S biogenesis (Sun et al. 2010;
Fumagalli et al. 2012; Daftuar et al.
2013) or RNAPI activity (Bywater et al.
2012; Peltonen et al. 2014; Fu et al.
2017).

DISCUSSION

Here, we report the functional analysis
of the putative RiBi assembly factor
RSL24D1. This protein was previously
identified to be important for 60S bio-
genesis (Durand et al. 2021; Dorner
et al. 2022), and consistent with these
reports, we demonstrate that RNAi
mediated depletion of RSL24D1 spe-
cifically inhibits the late pre-rRNA pro-
cessing steps required for 60S subunit
formation. Moreover, repression of
this pathway by RSL24D1 depletion
leads to a global reduction in mRNA
translation. We show that disruption
of these processes after knockdown
of RSL24D1 is associated with a re-
duction in nucleolar number (Farley-
Barnes et al. 2018) and concomitant
activation of the nucleolar stress re-
sponse pathway. Remarkably, we un-
cover an unexpected role for
RSL24D1 and the PeBoW complex
for the efficient production of pre-
rRNA by RNAPI, the first step of ribo-
some biogenesis. We demonstrate
that RSL24D1 and PeBoWare positive
regulators of rDNA promoter activity

and RPA194 stability. We provide a likely mechanism
through our confirmation of RSL24D1 and WDR12 associ-
ation with RPA194, the largest subunit of the RNAPI en-
zyme complex.

In the present study, we provide strong evidence that
LSU-associating assembly factors can also serve as dual-
function factors in pre-rRNA transcription and processing.
Several assembly factors are known to associate with the
nascent pre-rRNA transcript to facilitate RNAPI recruitment

A B

C

D

FIGURE 3. RSL24D1 andWDR12 associatewith RPA194 and, alongwith BOP1 and PES1, reg-
ulate its levels. (A) MCF10A whole cell extracts were immunoprecipitated with α-RPA194 anti-
body with/without RNase A treatment. Input corresponds to 0.75% of the whole cell extract
(WCE) used for immunoprecipitation. Unconjugated protein A beads were used as a negative
control. RPA194, PES1,WDR12, and RSL24D1were detected by western blotting with specific
antibodies. Representative western blot images shown are one of two biological replicates. (B)
Panel as above, except MCF10A whole cell extracts were immunoprecipitated with α-WDR12
antibodies. (C ) α-RPA194, α-WDR12 antibodies for immunoprecipitation and α-PES1 antibody
for blotting are specific. Western blot of MCF10A cell lysate using α-RPA194 (left), α-PES1
(middle), and α-WDR12 (right) antibodies. α-β-actin was used as an internal loading control.
Mock and nontargeting (siNT) were used as negative controls, siRPA194, siPES1, and
siWDR12 were used as positive controls to confirm a reduction in levels of their respective ex-
pected bands. (D) Depletion of RSL24D1 and PeBoW reduce RPA194 protein levels in
MCF10A cells. Cells were treated with the indicated siRNAs for 72 h and total protein from
whole cell extracts was harvested. Mock, nontargeting (siNT), and SBDS siRNAs are shown
as negative controls. (Left) Representative western blot images using α-RSL24D1 and α-β-actin
antibodies. (Right) Quantitation of RPA194 levels is reported relative to siNT and normalized to
the β-actin loading control. Graph indicates mean±SD, n=3 biological replicates. Data were
analyzed by one-way ANOVA with Dunnett’s multiple comparisons test where (∗∗∗∗) P≤
0.0001; (∗∗) P≤ 0.01; ns= not significant.
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and initiation. A subgroup of these factors, the t-UTPs, as-
semble synchronously to promote rDNA transcription
and stimulate the formation of the SSU processome for
the processing of the pre-40S subunit (Gallagher et al.
2004; Krogan et al. 2004; Prieto andMcStay 2007). The re-
sults presentedhere are supported byprevious studies that
have identified nucleolar proteins that regulate both pre-
rRNA transcription and pre-LSU processing, including
splicing factor HTATSF1 and DNA repair protein FANCI
(Corsini et al. 2018; Sondalle et al. 2019). We extend this
framework to include the LSU factors RSL24D1 and
PeBoW complex members (PES1–BOP1–WDR12) whose
depletion leads to decreased RPA194 levels, down-regu-
lated rDNApromoter activity, strongly decreasednucleolar

rRNAbiogenesis consistentwith roles in pre-rRNAprocess-
ing and transcription, and impaired pre-LSU processing.
Our results point toward both direct and potentially indi-

rect mechanisms of RNAPI regulation by RSL24D1 and
PeBoW. Consistent with the interactome results in Sorino
et al. (2020), we observed an association of WDR12 and
RSL24D1 with RPA194 by coimmunoprecipitation.
Although a reduction in rDNA transcription and RPA194
levels extended to depletion of other PeBoW compo-
nents, we did not find an association between PES1 and
RPA194. This lack of association agrees with previously
published PES1 and BOP1 interactomes, where RPA194
was not detected in either (Kellner et al. 2015).
Interestingly, PES1 has been identified to be an interact-

ing partner of upstream binding tran-
scription factor (UBTF), which is
required for the recruitment of the
preinitiation complex along the
rDNA promoter (Huttlin et al. 2017).
Furthermore, all three PeBoW mem-
bers interact with SIRT7, a positive
regulator of RNAPI (Ford et al. 2006;
Tsai et al. 2012).

Another potential explanation for
PeBoW members all causing a reduc-
tion in rDNA transcription when indi-
vidually depleted may be due to the
interdependence of their steady state
protein levels. Previous work has
shown that depletion of individual
PeBoW members results in a reduc-
tion in protein levels of both of the
other complex members in human
cells (Rohrmoser et al. 2007; Mi et al.
2021). Further studies investigating
the crosstalk between these protein
interactions and their influence on
RNAPI transcription activation will be
able to untangle the precise mecha-
nism through which RSL24D1,
PeBoW complex members, and may-
be even other LSU maturation factors
regulate this process.

Surprisingly, we were unable to
coimmunoprecipitate PES1 with
WDR12. This result was unexpected,
as the presence of both proteins
is well-established within the
PeBoW complex (Holzel et al. 2005;
Grimm et al. 2006; Rohrmoser et al.
2007). One potential explanation is
that a large pool of endogenous
WDR12 outside of the PeBoW
complex led to our inability to detect
the PES1–WDR12 association by

A B

C

D E

FIGURE 4. (Legend on next page)
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coimmunoprecipitation. Although we
validated WDR12 and RSL24D1’s as-
sociation with RPA194, further investi-
gation will be critical to provide
insight into the exact physical associa-
tions between RSL24D1, PeBoW, and
RNAPI in human cells.

While RSL24D1 and PeBoW gene
mutations are not yet known to be im-
plicated in the molecular pathogenesis
of ribosomopathies, the diseases of
making ribosomes, several were shown
to be linked to mutations in genes
encoding LSU biogenesis factors. For
example,mutations in SBDS are associ-
ated with Schwachman–Diamond syn-
drome (Boocock et al. 2003) and
defects in RBM28 cause alopecia, neu-
rological defects, and endocrinopathy
(ANE) syndrome (Nousbeck et al.
2008; McCann et al. 2016; Bryant
et al. 2021). Intriguingly, RSL24D1 was
recently reported to be required for
murine embryonic stem cell prolifera-
tion (Durand et al. 2021) and BOP1 in Xenopus anterior de-
velopment (Gartner et al. 2022). Previously, it has been
shown that PES1 is required for zebrafish and mouse embry-
onic development (Allende et al. 1996; Lerch-Gaggl et al.
2002) and more specifically Xenopus neural crest cell migra-

tion (Gessert et al. 2007). The cranial cartilage defects ob-
served in Xenopus upon loss of BOP1 (Gartner et al. 2022)
and PES1 (Gessert et al. 2007) are hallmarks of ribosomopa-
thies (Farley-Barnes et al. 2019). It will be of interest to further
dissect the roles of RSL24D1 and PeBoW in ribosome bio-

genesis as it relates toembryonicdevel-
opment in vertebrates. The prevalence
of disorders arising from mutations in
genes encoding assembly factors of
the large subunit highlight the impor-
tance of faithful subunit processing for
the steady production of ribosomes to
maintain cellular homeostasis.

MATERIALS AND METHODS

Publicly available expression
data sets

Genotype-Tissue Expression (GTEx) un-
matched normal and The Cancer
Genome Atlas (TCGA) matched normal
and tumor expression data sets were ob-
tained through the Xena platform (https
://xena.ucsc.edu/) (Goldman et al. 2020).
RNA-seq by Expectation-Maximization
(RSEM) LOG2 fold expression levels for
RSL24D1 were subtracted from the mean
of the overall normal and tumor tissues
combined for graphical visualization.

A B

FIGURE 5. RSL24D1 depletion reduces global protein synthesis. (A) MCF10A cells were treat-
ed with 1 µM puromycin for 1 h following 72 h depletion with the indicated siRNAs.
Representative western blot images using α-puromycin antibody, and α-β-actin antibody
was used as a loading control. Mock (1 µM) and a nontargeting siRNA (siNT) were used as neg-
ative controls and siNOL11was used as a positive control. Mock 0.5 µM indicates no siRNA and
half the concentration of puromycin. β-actin was used as a loading control. (B) Quantitation of
results in Awere reported relative to siNT and normalized to the β-actin loading control. Graph
indicates mean±SEM, n=3 biological replicates. Data were analyzed by Student’s t-test fol-
lowed by multiple testing P-value correction (two-stage linear step-up procedure of
Benjamini, Krieger, and Yekutieli) where (∗∗∗) P≤ 0.001 and (∗∗) P≤ 0.01; ns= not significant.

FIGURE 4. RSL24D1 and PeBoW complex members are required for optimal rDNA transcrip-
tion. (A) Schematic of Firefly (pHrD-IRES-Luc) and Renilla luciferase plasmids for the rDNA pro-
moter activity reporter system (Ghoshal et al. 2004); c.a. promoter: constitutively active
promoter. (B) Depletion of RSL24D1 or PeBoW complexmembers leads to reduced rDNApro-
moter activity. MCF10A cells treated with the indicated siRNAs were transfected with reporter
plasmids expressing Firefly and Renilla luciferase. Luminescence was quantified as a ratio in
which Firefly gene expression, controlled by the human rDNA promoter, was normalized to
Renilla gene expression, controlled by a constitutive promoter, and reported relative to non-
targeting siRNA (siNT). Mock, nontargeting (siNT), and siSBDS were used as negative controls
and siNOL11 was used as a positive control. Quantitation of results were reported relative to
siNT. Graph indicates mean±SEM, n=3 biological replicates. Data were analyzed by one-way
ANOVA with Dunnett’s multiple comparisons test where (∗∗) P≤ 0.01 and (∗) P≤ 0.05; ns =not
significant. (C ) Nascent nucleolar RNA levels are reduced after siRNA depletion of RSL24D1
and individual PeBoW complex members by 5-EU visualization of nucleolar rRNA biogenesis.
Seventy-two hours after siRNA transfection, MCF10A cells were supplemented with 1 mM 5-
EU for 1 h before fixation. Representative images shown of fixed cells stained for DNA
(Hoechst) and the nucleolar protein fibrillarin (FBL), and click chemistry was performed to con-
jugate AF488 azide to labeled nascent RNA (5-EU). (D) Quantitation of the results in C.
Nucleolar rRNA biogenesis was quantified in MCF10A cells treated with the indicated
siRNAs, where strongly reduced 5-EU signal corresponds to RNAPI inhibition (Bryant et al.
2022). The negative control nontargeting siRNA (siNT) (n=16 wells per replicate) was set at
0% inhibition and the positive control siRPA194 (n=16 wells per replicate) was set at 100% in-
hibition. siNOL11 and siSBDS were additional positive and negative controls, respectively (n=
1 well per replicate). Quantitation of results were reported relative to siNT. Graph indicates
mean±SD, n=3 biological replicates. Data were analyzed by one-way ANOVA with
Dunnett’s multiple comparisons test where (∗∗∗∗) P≤ 0.0001; ns =not significant. (E)
Summary data table of the quantitation in D. Total number of cells analyzed (sum of three in-
dependent repetitions) for each siRNA treatment. Average of themedian nucleolar 5-EU inten-
sity raw value from three independent repetitions for each siRNA treatment.
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Cell culture and media

MCF10A cells (ATCCCRL-10317) were subcultured in Dulbecco’s
modified Eagles’ medium/nutrient mixture F-12 (Gibco 1130-
032) containing horse serum (Gibco 16050), 10 µg/mL insulin
(Sigma I1882), 0.5 µg/mL hydrocortisone (Sigma H0135), 100

ng/mL cholera toxin (Sigma C8052), and
20 ng/mL epidermal growth factor
(Peprotech AF-100-15). Cells were main-
tained at 37°C, in a humidified atmo-
sphere with 5% CO2. For the high-
throughput nucleolar number and 5-EU
screens, 3000 cells/well were reverse
transfected into 384-well plates on day
0. For the dual-luciferase reporter assay,
75,000 cells/well were seeded into 12-
well plates on day 0. For RNA or protein
isolation, 100,000 cells/well were seeded
into six-well plates on day 0.

RNAi

All siRNAs were purchased from Horizon
Discovery Biosciences (Supplemental
Data S1). siGENOME SMARTpool siRNAs
were used in the original screen (Farley-
Barnes et al. 2018). For the 5-EU second-
ary screen validation of RSL24D1,
PeBoW, and SBDS, ON-TARGETplus
pools were used except for the NOL11
positive control which used the
siGENOME SMARTpool siRNAs. For
screen validation by deconvolution, the in-
dividual siONT set of four siRNAs that
comprised the pool was used. The ON-
TARGETplus pools were used in the re-
maining functional analysis. siRNA
transfection was performed using
Lipofectamine RNAiMAX Transfection
Reagent (Invitrogen 13778150) as de-
scribed in Ogawa et al. (2021). For the
high-throughput screens, cells were re-
verse transfected into 384-well plates on
day 0. siNT, siUTP4, siRPA194, and
siNOL11 controls were added to 16 wells
per plate, while our experimental samples
were added to one well each for each in-
dependent screen repetition. For other as-
says, cells were transfected 24 h after
plating. For siONT deconvolution, an indi-
vidual siRNA targeting RSL24D1 was con-
sidered validated if it produced a mean
one-nucleolus percent effect greater than
or equal to +3 SD above the siNT mean,
using the siNT SD.

5-EU incorporation assay for
nucleolar rRNA biogenesis

Following 72 h of siRNA depletion, MCF10A cells were treated
with 1 mM 5-ethynyl uridine (5-EU; Click Chemistry Tools 1261)
for 1 h to label nascent RNA as in (Bryant et al. 2022). Briefly, cells
were washed with PBS, fixed with 1% paraformaldehyde (Electron
Microscopy Sciences 15710-S) in PBS for 20 min, and permeabi-
lized with 0.5% (vol/vol) Triton X-100 in PBS for 5 min. Cells were

A

C

B

FIGURE 6. RSL24D1 depletion induces the nucleolar stress response. (A) RSL24D1 depletion
increases p53 protein levels. MCF10A cells were treatedwith the indicated siRNAs for 72 h and
total protein fromwhole cell extracts was harvested. Mock and nontargeting siRNA (siNT) were
used as negative controls and siNOL11 was used as a positive control. (Top) Representative
western blot images using α-p53 antibody, and α-β-actin antibody was used as a loading con-
trol. (Bottom) Quantitation of p53 levels is reported relative to siNT and normalized to the β-
actin loading control. Graph indicates mean±SD, n=3 biological replicates. Data were ana-
lyzed by Student’s t-test followed by multiple testing P-value correction (two-stage linear
step-up procedure of Benjamini, Krieger, and Yekutieli) where (∗) P≤ 0.05, (∗∗) P≤ 0.01, (∗∗∗)
P≤ 0.001, (∗∗∗∗) P≤ 0.0001. (B) RSL24D1 depletion increases p21 protein levels in MCF10A
cells. Panel as above, except western blotting was performed using the α-p21 antibody. (C )
RSL24D1 depletion increases p21 mRNA levels in MCF10A cells. qRT-PCR was performed
and quantified using the 2−ΔΔCt method, relative to a siNT control and 7SL internal control
primer. Nontargeting siRNA (siNT) and siNOL11 were used as negative and positive controls,
respectively. Graph indicates mean±SD, n=3 biological replicates. Data were analyzed by
Student’s t-test followed by multiple testing P-value correction (two-stage linear step-up pro-
cedure of Benjamini, Krieger, and Yekutieli) where (∗∗∗) P≤ 0.001, (∗∗∗∗) P≤ 0.0001.
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blocked with 10% (vol/vol) FBS (MilliporeSigma F0926) in PBS for
1 h at room temperature. Nucleoli were stained with 72B9 primary
anti-fibrillarin antibody (Reimer et al. 1987), 1:250 for 2 h at room
temperature, followed by secondary AlexaFluor 647 goat anti-
mouse immunoglobulin G (1:1000, Invitrogen A-21235) with
Hoechst 33342 dye (1:3000) for nuclei detection for 1 h at room
temperature. 5-EU incorporation was visualized by performing
the following click reaction in PBS: CuSO4:5H2O (0.5 mg/mL re-
suspended in water, Acros Organics 197730010), ascorbic acid
(20 mg/mL freshly resuspended in water, Alfa Aesar A15613),
and AF488 azide (0.5 µM resuspended in DMSO, Click
Chemistry Tools 1275) for 30 min at room temperature. Cells
were then soaked with Hoechst 33342 (1:3000) for 30 min to dis-
sociate excess azide dye. Cell images were acquired using IN Cell
2200 imaging system (GE Healthcare), and analysis was per-
formed using a custom CellProfiler pipeline (Bryant et al. 2022).

Dual-luciferase reporter assay for pre-rRNA
transcription

Following 48 h of siRNA depletion, MCF10A cells were cotrans-
fected with 1000 ng of pHrD-IRES-Luc (Ghoshal et al. 2004) and
0.1 ng of a Renilla internal control plasmid using Lipofectamine
3000 (Thermo Fisher Scientific L3000015). Twenty-four h after
plasmid transfection, cells were harvested and luminescence
was measured using the Dual-luciferase Reporter Assay System
(Promega E1910) following the manufacturer’s instructions with
a GloMax 20/20 luminometer (Promega). The ratio of pHrD-
IRES-luciferase/Renilla activity was calculated to control for trans-
fection efficiency and normalized to the nontargeting control.

Northern blots

After 72 h of siRNA-mediated depletion in MCF10A cells, total
cellular RNA was extracted with TRIzol (Life Technologies
5596018) according to the manufacturer’s protocol. For each
sample, 4 µg of total RNA was resolved on a denaturing 1% aga-
rose/1.25% formaldehyde gel using Tri/Tri buffer (Mansour and
Pestov 2013) and transferred to a Hybond-XL membrane (GE
Healthcare RPN 303S). Blots were hybridized to radiolabeled
DNA oligonucleotide probes (P4: 5′-CGGGAACTCGGCCC
GAGCCGGCTCTCTCTTTCCCTCTCCG-3′; 7SL: 5′-TGCTCCGT
TTCCGACCTGGGCCGGTTCACCCCTCCTT-3′) and detected
by phosphorimager as described previously (Pestov et al. 2008).

qRT-PCR analysis

After 72 h of siRNA-mediated depletion, RNAwas extracted using
TRIzol (Life Technologies 5596018) as per the manufacturer’s in-
structions. cDNA preparation was performed using the iScript
gDNA Clear cDNA Synthesis Kit (Bio-Rad 1725035), and qPCR
was performed using iTaq Universal SYBR Green Supermix (Bio-
Rad 1725121). All A260/230 values were above 1.7 prior to cDNA
synthesis. Amplification of the 7SL RNA was used as an internal
control, and analysis was completed using the comparative CT

method (ΔΔCT). Bio-Rad PrimePCR Assay gene-specific primers
were used to test RSL24D1 mRNA levels (Bio-Rad 10025636;
RSL24D1, qHsaCID0021318) and the primers for BOP1, PES1,

SBDS, WDR12, 7SL are available in Supplemental Data S2. Melt
curves were performed for each sample to verify the amplification
of a single product. Three biological replicates, each with three
technical replicates, were measured.

Western blots

Following 72 h of siRNA depletion, cells were collected, and total
protein was harvested and prepared as in (Farley-Barnes et al.
2018). A Bradford assay (Bio-Rad 5000006) was used to quantify
amount of total protein. An amount of 25–50 µg of total protein
was separated by SDS-PAGE and transferred to a PVDF membrane
(Bio-Rad 1620177). Membranes were blocked for 1 h in 5% milk in
1× PBST (or 5% BSA in 1× PBST for western blots of immunoprecip-
itations) and incubatedovernightwith the specifiedprimary antibod-
ies at 4°C. Proteins were detected with the following antibodies: α-
RSL24D1 (dilution 1:1000; Proteintech 25190-1-AP), α-RPA194 (dilu-
tion 1:1000; Santa Cruz sc-48385), α-WDR12 (1:1000; Bethyl
Laboratories A302-650A), α-PES1 (1:1000; Bethyl Laboratories
A300-902A), α-p53 (dilution 1:5000; Santa Cruz sc-126), α-p21 (dilu-
tion 1:400, Santa Cruz sc-6246), α-puromycin (dilution 1:10,000;
Kerafast EQ0001), and α-β-actin (dilution 1:30,000; Sigma Aldrich
A1978). The western blots were developed with enhanced chemilu-
minescence reagents (Thermo Scientific 34096). Images were ac-
quired by digital imaging using the Bio-Rad ChemiDoc Imaging
System. Images were quantified with ImageJ software.

Puromycin labeling assay

Global protein translation was assessed by treating cells with pu-
romycin to label nascent polypeptide chains as in (Schmidt et al.
2009). Total cellular extracts were then analyzed by western blot
using an anti-puromycin antibody (Kerafast EQ0001) at a
1:10,000 dilution. Quantitation was performed using ImageJ.

Coimmunoprecipitation

Protein A agarose beads (Cell Signaling Technologies 9863S)
were washed and incubated in NET150 buffer (20 mM Tris HCl
pH. 7.5, 150 mM NaCl, 0.05% NP-40) with 20 µg of the indicated
antibodies overnight at 4°C with nutation. Harvested MCF10A
cells were washed with PBS and incubated on ice for 10 min in
NET150 buffer (with the addition of 1× protease inhibitors and
4 mM NEM). Total cell extracts were obtained by sonication
and cleared by centrifugation at 16,000g for 10 min at 4°C after
lysis. Supernatants were incubated with either antibody-bound
or unconjugated Protein A beads for 2 h at 4°C with nutation.
RNase A treated extracts were treated with 20 µg/mL RNase A
(AMRESCO E866). After beads were washed five times with
NET150, immunocomplexes were eluted in 2× Laemmli buffer
and resolved on a 12% acrylamide gel. Western blotting was per-
formed as described above.

Statistical analyses

All statistical analyses were performed in GraphPad Prism 8.2.1
(GraphPad Software) using the tests described in the figure
legends.
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tion of established large ribosomal subunit (LSU) assembly factors,
RSL24D1 and the PeBoW complex (PES1, BOP1, WDR12), in the
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transcription of the ribosomal RNA by RNA polymerase I (RNAPI).
While there are many known small ribosomal subunit (SSU) bio-
genesis factors that also regulate RNAPI transcription, it is exciting
to observe regulation of this process from factors that lead to the
formation of the LSU as well. This opens up the idea that even
more factors can have dual roles in RNAPI transcription and LSU
biogenesis, more tightly interconnecting these two steps of ribo-
some biogenesis than previously thought.
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pleting a rotation in Susan Baserga’s laboratory, it was the collab-
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MAM: It has probably been landmark people more than moments
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AFB:My research journey was initiated the summer before my se-
nior year at BrownUniversity, when I pursued an internshipwith Dr.
James Shorter at UPenn studying components of the protein ho-
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How did you decide to work together as co-first authors?

Most of the work in the Baserga laboratory consists of individual
laboratorymembers following upwithmechanistic assays on novel
ribosome biogenesis factors identified through previously pub-
lished high-throughput screens. However, laboratory members
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sults on the hit she was studying, RSL24D1, and the PeBoW com-
plex pointed to a surprising role in pre-rRNA transcription by RNA
polymerase I whenMasonwas able to confirm those results using a
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laboration together continued through the writing and editing
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