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M O L E C U L A R  B I O L O G Y

Control of ribosomal protein synthesis by 
the Microprocessor complex
Xuan Jiang1*, Amit Prabhakar1, Stephanie M. Van der Voorn1,2, Prajakta Ghatpande1, 
Barbara Celona1, Srivats Venkataramanan3, Lorenzo Calviello3, Chuwen Lin1†, Wanpeng Wang1, 
Brian L. Black1,4, Stephen N. Floor3,5, Giorgio Lagna1,6, Akiko Hata1,4‡

Ribosome biogenesis in eukaryotes requires the coordinated production and assembly of 80 ribosomal proteins 
and four ribosomal RNAs (rRNAs), and its rate must be synchronized with cellular growth. Here, we showed that 
the Microprocessor complex, which mediates the first step of microRNA processing, potentiated the transcription 
of ribosomal protein genes by eliminating DNA/RNA hybrids known as R-loops. Nutrient deprivation triggered the 
nuclear export of Drosha, a key component of the Microprocessor complex, and its subsequent degradation by 
the E3 ubiquitin ligase Nedd4, thereby reducing ribosomal protein production and protein synthesis. In mouse 
erythroid progenitors, conditional deletion of Drosha led to the reduced production of ribosomal proteins, trans-
lational inhibition of the mRNA encoding the erythroid transcription factor Gata1, and impaired erythropoiesis. 
This phenotype mirrored the clinical presentation of human “ribosomopathies.” Thus, the Microprocessor com-
plex plays a pivotal role in synchronizing protein synthesis capacity with cellular growth rate and is a potential 
drug target for anemias caused by ribosomal insufficiency.

INTRODUCTION
Regulation of protein synthesis is essential to cell growth, differen-
tiation, and homeostasis, and hinges on the ribosome, the protein 
synthesis apparatus composed of 80 ribosomal proteins (RPs) and 
four ribosomal RNAs (rRNAs) in eukaryotes. Because ribosomes are 
abundant, it is crucial that the synthesis of RPs is coordinated with 
that of rRNAs and is synchronized with cell growth rate. Insufficient 
ribosome numbers and mutations in RPs underlie human diseases 
known as ribosomopathies, which include Diamond-Blackfan anemia 
(DBA), 5q-myelodysplastic syndrome, and T cell acute lymphoblastic 
leukemia. In patients with DBA, ribosome insufficiency impairs trans-
lation of Gata1—a transcription factor essential for erythropoiesis—
and causes anemia (1).

Because ribosome biogenesis is an energy-intensive process, cells 
conserve energy by coordinating the synthesis of RPs and rRNAs 
with the demand for protein synthesis as determined by the cellular 
environment (2). In Escherichia coli, 54 RP genes (RPGs) are encoded 
in 20 operons and regulated by a translational feedback mechanism 
in which specific RPs directly bind to their own mRNAs and inhibit 
translation (3, 4). In eukaryotes, RPGs are regulated at different steps 
of their synthesis, including RPG transcription, mRNA splicing, 
and translation (5, 6). In yeast, RPGs are largely regulated by tran-
scription factors, such as Ifh1, Fhl1, and Rap1 (7–12), which enable 
synchronized RP biosynthesis. A small number of yeast RPs, such as 

Rpl33p, Rps14p, and Rpl22p, bind to their own precursor mRNAs 
(pre-mRNA) and inhibit splicing to provide negative feedback 
regulation (13, 14). In multicellular organisms, all RPGs contain a 
sequence of 5 to 15 pyrimidines known as “the 5′ terminal oligo
pyrimidine (5′ TOP) motif” at the transcription start site (TSS), 
which has been proposed to play a role in coordinating RP synthesis 
(15–17). Different molecules have been identified to associate with 
some of the TOP sequences in both DNA and RNA, including DNA 
binding proteins [zinc finger protein 9 (ZFP9)] (18–20), RNA binding 
proteins [T cell intracellular antigen-1 (TIA-1), TIA-1–related (TIAR) 
(21), and La-related protein 1 (LARP1)] (22–27), and microRNA-10a 
(28), but a factor that can control the expression of all RPGs through 
the 5′ TOP motif remains to be found. We propose that the Micro-
processor might play this role.

The Microprocessor complex comprises two core components, 
the ribonuclease (RNase) III Drosha and its cofactor Dgcr8. It is 
essential for the biogenesis of most microRNAs (miRNAs), short 
RNAs that repress gene expression by binding to mRNAs and 
targeting them for degradation and/or preventing their translation 
(29). The Microprocessor localizes predominantly in the nucleus, where 
it recognizes a hairpin structure in the primary miRNA (pri-miRNA) 
transcript and cleaves its 5′ and 3′ flanking single-stranded RNA 
(ssRNA) to generate the stem-loop precursor miRNA (pre-miRNA). 
The pre-miRNA is the substrate for Dicer processing in the cyto-
plasm. The processing of pri-miRNA by the Microprocessor is reg-
ulated by multiple accessory proteins that are components of the 
larger Microprocessor complex, including the DEAD-box RNA 
helicase 5 (Ddx5) and Ddx17 (30). In addition to miRNA biogenesis, 
the Microprocessor complex has various miRNA-independent func-
tions, including (i) cleavage of a hairpin structure in selected mRNAs 
and their destabilization (31, 32), (ii) processing of rRNAs (33), (iii) 
regulation of RNAPII-mediated transcription (34), (iv) maintenance 
of genome integrity by facilitating DNA damage responses (35–37), 
and (v) antiviral defense by cleavage of viral RNAs (38, 39). Although 
the RNase activity of the Microprocessor is well documented, a role 
for the RNA helicases (such as Ddx5 and Ddx17) in pri-miRNA 
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processing or in the miRNA-independent functions of the Micro-
processor remains unknown.

A three-stranded nucleic acid structure known as an R-loop 
transiently forms during transcription (40). It is composed of a DNA/
RNA hybrid [a single-stranded template DNA (ssDNA) hybridized 
with a nascent mRNA] and an associated nontemplate ssDNA (40). 
Extended or persistent formation of R-loops during transcription 
can affect the activity of RNA polymerase (RNAP) and alter gene 
expression (40). The abundance of R-loops is determined by the 
balance between the formation and resolution of DNA/RNA hybrids. 
Various factors have been implicated in the control of R-loop 
homeostasis, including transcription factors, helicases, RNases, 
topoisomerases, chromatin remodelers, and proteins involved in 
DNA repair and RNA surveillance (40). Deregulation of R-loops, 
which results in aberrant gene expression and chromatin structure, 
increases DNA breaks and genome instability, contributing to neuro-
logical disorders and tumorigenesis (40).

Here, we report that the Microprocessor complex associated with 
RPG loci, removed R-loops, and facilitated transcription elongation. 
This process required the helicase activity of Ddx5 but not the RNase 
activity of the Microprocessor or miRNA biogenesis. Nutrient 
depletion reduced Drosha protein and inhibited RP synthesis; con-
versely, exogenous expression of Drosha prevented the inhibition 
of RP synthesis by nutrient depletion. Mice lacking Drosha showed 
impaired erythropoiesis and anemia because of reduced Gata1 trans-
lation by insufficient ribosome numbers, a mechanism consistent 
with human ribosomopathies, thus demonstrating the physiological 
importance of this previously unknown function of the Micropro-
cessor complex.

RESULTS
Endothelial-specific deletion of Drosha in mice  
impairs erythropoiesis
Mice with an endothelial-specific deletion of Drosha (hereafter re-
ferred to as Drosha cKO mice) die around embryonic day (E)14.5 to 
15.5 due to an erythropoiesis defect (41). Although the number of 
erythroid progenitor cells (EPCs) was similar in Drosha cKO and 
control mice [littermates with at least one wild-type (WT) Drosha 
allele, hereafter referred to as Ctrl] in the yolk sac (YS) at E9.5 
(Fig. 1A), their ability to differentiate into mature erythroid cells as 
measured by a methylcellulose colony-forming unit (CFU) assay was 
severely affected by deletion of Drosha (Fig. 1B). To measure the 
effect of Drosha on erythroid differentiation in vivo, we separated 
EPCs from the peripheral blood of E10.5 Drosha cKO and Ctrl em-
bryos according to their differentiation stage, more mature erythroid 
precursors (MEPs, CD71highTer119high), and immature erythroid 
precursors (IEPs, CD71highTer119low) (42). The percentage of IEPs 
rose from 1% in Ctrl embryos to 12.5% in cKO embryos (Fig. 1C), 
whereas MEPs decreased from 30 to 19% (Fig. 1C). Further analysis 
showed that the residual MEPs in cKO embryos retained at least 
one intact Drosha allele and expressed Drosha mRNA at a level com-
parable to that in MEPs in Ctrl embryos (fig. S1A). This finding 
confirmed that the presence of Drosha was critical for EPC matura-
tion. In older embryos (E13.5), IEPs remained predominant in Drosha 
cKO (Fig. 1D; 29.1% cKO compared to 7.3% Ctrl) at the expense of 
MEPs (Fig. 1D; 15.4% cKO compared to 80.6% Ctrl). When cultured 
in erythrocyte differentiation media for 3 days, >95% of cKO IEPs 
remained morphologically immature, whereas ~25% of Ctrl IEPs 

developed a mature erythrocyte morphology (fig. S1B). These re-
sults suggest that in the absence of Drosha, EPCs fail to differentiate 
into erythrocytes.

To elucidate the molecular mechanism underlying the matura-
tion defects of EPCs in Drosha cKO embryos, we analyzed in IEPs 
(CD71highTer119low) the expression of mRNAs encoding transcrip-
tion factors involved in erythroid differentiation, such as Gata binding 
protein 1 (Gata1) (43, 44), Friend of Gata1 (Fog1, also known as 
ZFPM1), T cell acute lymphocytic leukemia 1 (TAL1, also known as 
SCL), and Krüppel-like factor 1 (KLF1, also known as EKLF). The 
mRNAs encoding these transcription factors were expressed at com-
parable levels in cKO and Ctrl embryos, although Drosha mRNA 
was 70% lower in cKO embryos than in Ctrl embryos, as expected 
(Fig. 1E). However, Gata1 protein, which was abundant in Ctrl 
embryos, was undetectable in cKO embryos (Fig. 1F). Furthermore, 
transcripts for Gata1 target genes—such as Alas2, Hbb-a, Hbb-b, and 
Epb4.9 (45)—were reduced in cKO embryos compared to Ctrl em-
bryos (Fig. 1E), consistent with the loss of Gata1 protein. We ob-
served a similar reduction in Gata1 protein (Fig. 1F, left), but not in 
Gata1 mRNA (Fig. 1F, right), in human erythroleukemia K562 cells 
in which the Drosha gene was mutated by CRISPR-Cas9 (Drosha 
KO cells). Loss of Gata1 protein in Drosha KO cells was not reversed 
by the proteasome inhibitor MG132 (Fig. 1G), suggesting that a 
mechanism other than protein degradation was responsible for the 
reduction in Gata1 abundance. Cell growth analysis showed that 
Drosha KO cells grew at a ~50% lower rate than Ctrl K562 cells but 
appeared otherwise normal (fig. S2A). The microRNA-451 (miR-451), 
which is critical for erythroid differentiation (46), was abundant in 
Drosha KO cells (fig. S2B). K562 cells undergo partial differentiation 
into benzidine-positive (and therefore blue) mature erythrocytes 
when treated with hemin, a ferric (Fe3+) form of heme (47). Where-
as ~60% Ctrl K562 cells turned benzidine positive, Drosha KO cells 
treated with hemin remained benzidine negative and undifferenti-
ated (fig. S2C), confirming a requirement of Drosha for erythrocyte 
differentiation, as seen in cKO mice (Fig. 1, C and D). Furthermore, 
polysome fractionation analysis showed that in Ctrl K562 cells, 
Gata1 mRNA was enriched in the high–molecular weight polysome 
fractions, an indicator of active translation (Fig. 1H, right, black line). 
In Drosha KO cells, however, Gata1 mRNA (Fig. 1H, right, red line) 
was enriched in monosome fractions overlapping with ATF4 mRNA 
(Fig. 1H, right, orange and blue lines), which is translationally inhib-
ited and inactivated in cells under regular growth conditions. Thus, 
we conclude that depletion of Drosha in erythroid progenitors results 
in decreased Gata1 translation, which curtails erythroid maturation.

The Microprocessor regulates RPGs
To elucidate the molecular mechanism underlying the attenuation 
of Gata1 translation upon depletion of Drosha, we performed RNA 
sequencing (RNA-seq) analysis on EPCs. As expected, the amount 
of Drosha mRNA was reduced in cKO EPCs compared to Ctrl EPCs 
(Fig. 2A). Depletion of Drosha in cKO EPCs was also validated by 
an increase in the abundance of transcripts processed and degraded 
by Drosha, such as Dgcr8, Anks6, and Stat6 (fig. S3A) (31). About 
60% of transcripts were increased in cKO EPCs compared to Ctrl 
EPCs, likely reflecting a global reduction of miRNAs and derepres-
sion of their mRNA targets. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis revealed that genes annotated 
with “ribosome” were overrepresented among genes that were 
decreased in cKO EPCs compared to Ctrl EPCs (Fig. 2B). Similarly, 
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Gene Ontology (GO) analysis of cellular components and biological 
processes both showed an overrepresentation of genes associated 
with ribosome, “ribosome biogenesis,” and “translation” among the 

genes reduced in cKO EPCs (fig. S3B). Of 71 small (40S) RP (Rps)– 
and large (60S) RP (Rpl)–encoding transcripts, 68 (96%) were 
decreased on average by 25% in cKO EPCs (Fig. 2A), a result 

A
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B CFig. 1. Endothelial-specific de-
letion of mouse Drosha impairs 
erythropoiesis. (A) Quantifica-
tion of frequency (%) of total live 
(DAPI−) erythroblasts (CD71+) de-
rived from E9.5 yolk sac (YS) by 
flow cytometry (means ± SEM).  
n = 8 Ctrl embryos and n = 4 cKO 
embryos from two litters. (B) Total 
E9.5 yolk sac cells from Ctrl (Droshafl/+; 
Cdh5-cre+ or Droshafl/fl, or Droshafl/+) 
or cKO (Droshafl/fl; Cdh5-cre+) mice 
were subjected to colony forma-
tion (CFU) assay. Colony counts are 
plotted as means ± SEM. n = 5 
Ctrl embryos and n = 4 cKO em-
bryos from one litter. (C) Repre-
sentative images of flow cytometry 
analysis on proerythroblasts (I: 
CD71high Ter119low) and eryth-
roblasts (II: CD71highTer119high) 
derived from peripheral blood 
(PB) of E10.5 Ctrl or cKO embryos 
(top). Mean fraction (%) of each 
population per total live (DAPI−) 
cells is indicated. n = 8 Ctrl em-
bryos and n = 4 embryos from 
two litters. (D) Representative 
images of flow cytometry analy-
sis on erythroblasts at different 
stages from E13.5 fetal liver from 
Ctrl or cKO embryos (top). Mean 
fraction (%) of each population 
per total live (DAPI−) cells is indi-
cated. n = 8 Ctrl embryos and 
n = 4 cKO embryos from three 
litters. (E) qRT-PCR analysis of 
different mRNAs (relative to GAP-
DH) in the erythroid population of 
the PB of E10.5 Ctrl and cKO embryos 
is plotted as means ± SEM. n = 3 
independent experiments with 
n = 5 Ctrl embryos and n = 5 cKO 
embryos from three litters. (F) Gata1 
protein amount was measured by 
immunoblot using CD71+Ter119+ 
cells from E11.5 Ctrl and cKO PB 
or E12.5 Ctrl or cKO FL (left). Rel-
ative amount of Gata1 normal-
ized to GAPDH was plotted as 
means ± SEM (middle). For E11.5 
PB, n = 3 independent experiments 
with n = 5 Ctrl embryos and n = 8 cKO embryos from three litters. For E12.5 FL, n = 3 independent experiments with n = 7 Ctrl embryos and n = 5 cKO embryos from three 
litters. Gata1 mRNA was evaluated by qRT-PCR in total RNA prepared from E11.5 Ctrl or cKO PB or E12.5 Ctrl or cKO FL and plotted as means ± SEM. For E11.5 PB, n = 3 inde-
pendent experiments with n = 5 Ctrl embryos and n = 5 cKO embryos from three litters. For E12.5 FL, n = 3 independent experiments with n = 6 Ctrl embryos and n = 4 cKO 
embryos from two litters. (G) K562 cells expressing CRISPR-Cas9–targeting Drosha (Drosha KO) or nonspecific control (Ctrl) were treated with or without proteasome inhib-
itor MG132 (5 nM) for 6 hours before the preparation of total cell lysates, which were immunoblotted for Gata1 and GAPDH (as a loading control). n = 3 independent experi-
ments. (H) Polysome fractionation of Ctrl or Drosha KO K562 cells. Left: Polysome profile of Ctrl or Drosha KO K562 cells. Right: qRT-PCR analysis of Gata1 (black and red lines) 
and ATF4 mRNAs (orange and blue lines) from each fraction normalized to 18S rRNA shown as means ± SEM; n = 3 independent experiments with n = 3 samples per 
genotype. Unpaired two-tailed t test was used for statistical analysis in all panels.
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Fig. 2. Reduced translation of 
Gata1 in Drosha-null erythroid 
progenitors. (A) Heatmap of the 
changes in expression of mRNAs en-
coding RPs in EPCs (CD71highTer119+) 
sorted from E10.5 Ctrl and cKO 
PB. n = 5 Ctrl embryos and n = 5 
cKO embryos from three litters. 
Heatmap of the changes in ex-
pression of mRNAs encoding RPs 
in Drosha KD K562 cells com-
pared to Ctrl K562 cells is plotted 
in the right lane. Log2(fold changes 
relative to ctrl) is plotted. n = 3 
samples per genotype. (B) KEGG 
pathway analysis of the transcrip-
tomes of EPCs (CD71highTer119+) 
sorted from E10.5 Ctrl and cKO PB. 
(C) qRT-PCR analysis of mRNAs 
(relative to GAPDH) in EPCs sort-
ed from E10.5 Ctrl and cKO PB is 
plotted as means ± SEM. n = 3 
independent experiments with 
n = 5 Ctrl embryos and n = 5 cKO 
embryos from three litters. (D) Equal 
numbers (3 × 105 cells) of Ctrl 
and Drosha KO K562 cells were 
subjected to TMT-based mass 
spectrometric analysis. Log2(fold 
changes relative to ctrl) is plotted. 
The amounts of RPs or negative 
control proteins in KO compared 
to Ctrl cells are plotted as a heat-
map. n = 5 samples per genotype. 
(E) Total cell lysates from Ctrl or 
Drosha KO K562 cells were im-
munoblotted for the indicated 
RPs in quadruplicate. Represent
ative image of the immunoblots 
(left) and relative amounts of RPs 
normalized to GAPDH are plotted 
as means ± SEM (bottom). n = 4 
independent experiments. Gata1 
mRNA was analyzed by qRT-PCR 
in Ctrl or Drosha KO K562 cells and 
plotted on the right as means ± 
SEM (top, right). n = 3 indepen-
dent experiments. (F) Total cell 
lysates were generated from 
equal numbers (3 × 105 cells) of 
EPCs from the PB of E11.5 Ctrl and 
cKO embryos from puromycin-
injected pregnant mice and were 
immunoblotted for puromycin 
and -tubulin (as a loading con-
trol) (left). The puromycin signal 
normalized to -tubulin was plotted (right). n = 5 Ctrl embryos and n = 5 cKO embryos from three litters. M, molecular weight marker. (G) Heatmap of the changes in ex-
pression of mRNAs encoding RPs. The gene that is knocked down and the cell type are indicated over the heatmap columns. Log2(fold changes relative to ctrl) is plotted. 
Crossed (X) cells: Lack of data. n = 2 samples per genotype for HepG2 Ctrl and Drosha KO cells. n = 1 sample per genotype for HCT116 Ctrl and Drosha KO cells. n = 76 
single cardiomyocytes per genotype for Ctrl and Dgcr8 KO. n = 3 samples per genotype for HepG2 Ctrl and Ddx5 KD cells. n = 3 samples per genotype for K562 Ctrl and 
Ago2 KD cells. (H) Human HCT116 cells were transfected with vector (mock), WT Drosha (WT), or the RNase-defective Drosha mutant (QAQ) construct. qRT-PCR analysis 
was performed in Rps/Rpl-encoding mRNAs (relative to -actin), Tuba1a (control), Drosha, and miR-21 and is plotted as means ± SEM. n = 3 independent experiments. 
Unpaired two-tailed t test was used for statistical analysis in all panels.
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confirmed by quantitative reverse transcription polymerase chain 
reaction (qRT-PCR) analysis (Fig. 2C and fig. S3C).

Similar to primary mouse EPCs, Rps and Rpl mRNAs also de-
creased in K562 cells with Drosha silencing (Fig. 2A). Tandem mass 
tag–based quantitative proteomic analysis (Fig. 2D, fig. S4, and data 
file S1) indicated that most Rps and Rpl proteins decreased in 
Drosha-depleted K562 cells (Fig. 2D and fig. S4), a finding confirmed 
by immunoblot analyses (Fig. 2E). To examine how the rate of global 
protein synthesis was affected because of reduced RP abundance in 
Drosha-null cells, we performed a puromycin incorporation assay 
(also known as puromycin-associated nascent chain proteomics, 
PUNCH-P) (48). Puromycin is an analog of tyrosyl-tRNA that is 
incorporated into nascent polypeptide chains, allowing the measure-
ment of global protein synthesis through the detection of puromycin-
labeled proteins with a puromycin antibody (48). Equal numbers of 
EPCs were sorted from the peripheral blood of E11.5 Ctrl or cKO 
embryos from puromycin-injected pregnant mice. The amount of 
puromycin-labeled protein was 90% lower in cKO EPCs compared 
to Ctrl EPCs (Fig. 2F, lane 1 compared to lane 2), indicating reduced 
protein synthesis in cKO EPCs. Thus, we conclude that Drosha de-
pletion causes a decrease in RPs and reduction of protein synthesis. 
The degree of the effect of ribosome insufficiency on translation is 
mRNA dependent, and Gata1 translation appears to be more severely 
attenuated than that of other housekeeping gene transcripts in EPCs 
and K562 cells (1). A search of published RNA-seq data revealed 
that Rps and Rpl mRNAs are also decreased in non-erythroid cells, 
such as hepatocarcinoma HepG2 and colon carcinoma HCT116 cells 
(Fig. 2G), upon RNA interference (RNAi)–mediated silencing of 
Drosha (49), indicating that the Drosha-RPGs regulatory axis is not 
confined to erythroid lineages.

We next tested the involvement of other subunits of the Micro-
processor complex in the regulation of RPGs. We observed that both 
DGCR8 (a key partner of Drosha) and the Ddx5 (an auxiliary subunit 
of the Microprocessor complex) are required for RPG regulation 
because nearly all Rps and Rpl mRNAs were reduced in the hearts 
of E9.5 homozygous Dgcr8 cKO mice (Dgcr8loxP/loxP: Mesp1Cre/+) (50) 
and in Ddx5-depleted HepG2 cells (Fig. 2G). However, depletion of 
Argonaute2 (Ago2), a component of the RNA silencing complex 
(RISC) that uses miRNAs to inhibit mRNA expression, resulted in 
a small increase rather than decrease in Rps and Rpl mRNAs in 
K562 cells (Fig. 2G) (51). If impairment of miRNA synthesis and 
function were responsible for the RP synthesis block, we would have 
expected a similar result from depletion of Microprocessor and RISC 
components. However, this result suggests that miRNA biogenesis 
may not be the main mechanism driving the regulation of RPGs by the 
Drosha. To investigate further the possibility of miRNA-independent 
control of RPGs by the Microprocessor complex, we expressed in 
HCT116 cells an RNase-defective Drosha mutant (QAQ; R938K939K940 
to QAQ), which cannot process pri-miRNAs (52). Rps and Rpl mRNAs 
were increased as effectively by the Drosha QAQ mutant as by WT 
Drosha when expressed at similar mRNA (Fig. 2H, top) and protein 
(Fig. 2H, bottom) levels. In contrast, miR-21 abundance was in-
creased by Drosha WT but not by Drosha QAQ mutant (Fig. 2H). 
These results confirm that miRNA processing by the Microprocessor 
complex is dispensable in the regulation of RP expression.

The Microprocessor complex associates with RPG transcripts
Drosha and Dgcr8 associate with the proximal promoter re-
gions of several genes indirectly through RNAPII (34). Chromatin 

immunoprecipitation (ChIP) DNA sequencing (ChIP-seq) analysis 
indicated that both Drosha and Dgcr8 interact with the genomic loci 
proximal to the TSS of all 80 RPGs (fig. S5 and Table 1) (53). The 
Drosha and Dgcr8 association sites within the Rps15a, Rps24, 
Rpl4, and Rpl28 loci overlap with the RNAPII binding sites and is 
marked by histone H3 lysine (K) 4 trimethylation (H3K4me3), which 
indicates transcriptionally active chromatin (Fig. 3A) (53, 54). We 
validated the association of Drosha with RPG loci by ChIP-qPCR 
assay in mouse embryonic fibroblasts (MEFs) (Fig. 3B). Transcrip-
tion inhibition by actinomycin D (ActD) abolished the association of 
Drosha with RPG loci (Fig. 3C), as did RNA digestion with RNase 
A, which cleaves single-stranded mRNA (Fig. 3D), indicating the in-
volvement of mRNA in the interaction between Drosha and RPGs. 
Furthermore, enhanced ultraviolet cross-linking followed by immu-
noprecipitation (eCLIP) performed in K562 cells by Encyclopedia of 
DNA Elements (ENCODE) confirmed that Drosha and Dgcr8, but 
not polypyrimidine tract binding protein 1 (PTBP1), associates with 
Rps and Rpl mRNAs (fig. S6) (55). When ChIP samples were pre-
treated with RNase H, which specifically degrades the RNA in a 
DNA/RNA hybrid, Drosha association with RPG loci was abolished, 
suggesting that Drosha interacts with the nascent RPG transcript 
on or near R-loops, which are composed of a DNA/RNA hybrid of 
template DNA and nascent mRNA and a single-stranded nontemplate 
DNA (Fig. 3E). Dgcr8 is not essential for the association of Drosha 
with RPG loci because Drosha enrichment was similar in Dgcr8 
homozygous-null MEFs compared to WT control MEFs (Fig. 3F). 
However, the amounts of RPG mRNAs were reduced in Dgcr8 KO cells 
(Fig. 3G), suggesting that Dgcr8 is required for transcriptional regula-
tion of RPGs at a stage that follows the binding of Drosha to RPG loci.

The Microprocessor complex associates with the  
5′ TOP motif
A metagene analysis of Drosha eCLIP datasets (55) indicated that 
Drosha binding is enriched toward the 5′ end of the RPG transcripts 
(Fig. 4A, blue line), whereas Drosha binding to the non-RPG tran-
scripts is distributed evenly throughout the transcripts (Fig. 4A, 
red line). Because all RPG transcripts in metazoa contain an oligo
pyrimidine sequence at the 5′ end (5′ TOP motif) that regulates the 
expression of RPGs (15, 56–58), we speculated that the 5′ TOP motif 
might play a role in the association of Drosha with the 5′ end of the 
RPG transcripts. An RNA secondary structure prediction algorithm 
(Vienna RNAfold) detected a stable stem-loop structure in the first 
37-nucleotide (nt) sequence of the Rpl28 mRNA (Fig. 4B, top). 
Electrophoretic mobility shift assays (EMSAs) confirmed that the 
double-strand RNA binding domain (RBD; amino acids 1259 to 1337) 
of Drosha was sufficient to bind the 37- to 40-nt sequence of the 
Rpl28 gene, but failed to bind to the mutant probe, in which three 
nucleotides within the TOP motif were mutated from UUU to AAA 
to disrupt both the TOP motif and the stem structure (Fig. 4B, bot-
tom), indicating that Drosha could associate with the RPG mRNAs 
through the TOP motif. To examine the function of the association 
of Drosha with the 5′ end of RPG mRNAs, a luciferase reporter con-
struct containing the TATA box and the TOP motif of the Rpl28 
gene was transfected into HCT116 cells. Both the reporter activity 
and the amount of luciferase mRNA were lower in HCT116 cells in 
which Drosha had been deleted by CRISPR-Cas9 compared to con-
trol cells, indicating that the WT luciferase reporter recapitulates 
the Drosha-dependent transcriptional regulation of Rpl28 (Fig. 4C). 
The Up-Luc construct (in which the nucleotides upstream of the 
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Table 1. Association of Drosha and Dgcr8 with Rps- and Rpl-encoding TSS by ChIP-seq.  

RPS Binding site RPL Binding site

Drosha

Rps2 TSS(+44) Rpl3 TSS

Rps3 TSS Rpl4 TSS(+25)

Rps4 Intron(+250–450) Rpl5 TSS(−47)

Rps5 −650 Rpl6 TSS(+83)

Rps6 Intron Rpl7 TSS(+59)

Rps7 First intron Rpl8 TSS(+35)

Rps8 First intron Rpl10 TSS(−720)

Rps9 TSS Rpl12 TSS(−35)

Rps10 TSS(−236) Rpl13 TSS(−29)

Rps11 TSS(−450) Rpl13a TSS(37)

Rps12 TSS(+55) Rpl14 Intron(391)

Rps13 TSS Rpl15 TSS(−21)

Rps15a TSS(+41) Rpl17 TSS(−239)

Rps17 TSS(−80) Rpl18 TSS(+866)

Rps18 TSS(−46) Rpl19 TSS(+53)

Rps19 TSS(−10) Rpl22 TSS(+85)

Rps20 TSS Rpl22l1 TSS(+24)

Rps23 First intron(+220) Rpl27a TSS(+27)

Rps24 TSS(+10) Rpl28 TSS(−272)

Rps25 TSS? Rpl32 TSS(−49)

Rps26 TSS(+21) Rpl34 TSS(−217)

Rps27 Exon(+120) Rpl35 Intron(611)

Rps27a TSS(−234) Rpl36 TSS(+51)

Rps28 TSS(+25) Rpl37a TSS(+56)

Rps29 TSS(−80) Rpl41 TSS(+569)

Rpsa TSS(+35) Rplp0 TSS(+26)

Dgcr8

Rps9 Intron(+534) Rpl3 TSS(+165)

Rps11 TSS(−993) Rpl5 Intron(+686)

Rps12 TSS(+665) Rpl7a TSS(+44)

Rps15 Intron(+495) Rpl7l1 TSS(+66)

Rps18 TSS(−40) Rpl8 TSS(+60)

Rps24 Intron(+1889) Rpl10a TSS(+96)

Rpsa Intron(+513) Rpl11 Intron(+436)

Rpl12 TSS(−30)

Rpl13a TSS(+8)

Rpl22l1 TSS(+44)

Rpl24 TSS(+7)

Rpl26 TSS(−63)

Rpl28 Intron(+694)

Rpl30 TSS(−16)

Rpl34 TSS(−191)

Rpl37a TSS(+50)

Rpl41 TSS(+153)

Rplp1 TSS(+403)
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Fig. 3. RPG transcripts are bound to the Microprocessor complex. (A) ChIP-seq 
profiles of RNAPII (84), H3K4me3 (84), Drosha, and Dgcr8 (53) at the Rps15a, 
Rps24, Rpl4, and Rpl28 loci in mouse embryonic stem (mES) cells. (B) ChIP-qPCR 
analysis of different RPGs in Flag (M2) antibody or nonspecific IgG (control) 
immunoprecipitates (IPs) from Flag-tagged Drosha-expressing MEFs or vector-
expressing control MEFs. Fold enrichment of Flag IP over IgG IP is plotted as 
means ± SEM. n = 3 independent experiments. (C) ChIP-qPCR analysis of 
different RPGs in Flag (M2) antibody or nonspecific IgG (negative control) IPs 
from Flag-Drosha–expressing MEFs or control MEFs treated with actinomycin D 
(ActD) or vehicle (DMSO). Fold enrichment of Flag IP over IgG IP is plotted as 
means ± SEM. n = 3 independent experiments. (D) ChIP-qPCR analysis of dif-
ferent RPGs in Flag (M2) antibody or nonspecific IgG (negative control) IPs 

from MEFs treated with RNase A (1 g/l) or vehicle (water). Fold enrichment of Drosha IP over IgG IP is plotted as means ± SEM. n = 3 independent experiments. 
(E) ChIP-qPCR analysis of different RPGs in Flag (M2) antibody or nonspecific IgG (negative control) IPs from MEFs treated with RNase H or vehicle (water). Fold enrichment 
of Drosha IP over IgG IP is plotted as means ± SEM. n = 3 independent experiments. (F) ChIP-qPCR analysis of different RPGs in Flag (M2) antibody or nonspecific IgG 
(negative control) IPs from control MEFs (Ctrl) or MEFs lacking Dgcr8 (Dgcr8-KO). Fold enrichment of Drosha IP over IgG IP is plotted as means ± SEM. n = 3 independent 
experiments. (G) qRT-PCR analysis of different RP-encoding mRNAs and control mRNAs (relative to GAPDH) in Ctrl or Dgcr8-KO MEFs. Results are plotted as means ± SEM. n = 3 
independent experiments.
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TSS were mutated) displayed similar reporter activity and mRNA level 
to the WT luciferase reporter (Fig. 4C). Conversely, a luciferase reporter 
in which the TOP motif was mutated to abolish binding to the Drosha 
RBD (Mut-luc) as detected by EMSA (Fig. 4B) exhibited reduced 
Luc activity and Luc mRNA level and failed to respond to Drosha 
depletion (Fig. 4C). These results indicate that Drosha specifically 
associates with the TOP motif, which is common to all RPG mRNAs.

The helicase Ddx5 reduces R-loops and facilitates 
transcription elongation
Stable formation of an R-loop, which is composed of the template 
DNA/nascent mRNA hybrid and the displaced nontemplate DNA 
strand, inhibits elongation by RNAPII (40). Genome-wide mapping of 
R-loops by DNA/RNA immunoprecipitation (DRIP) and sequencing 
(DRIP-seq) using the S9.6 antibody, which specifically recognizes 
DNA/RNA hybrids, detected the formation of R-loops at 52 out 
of 83 RPG loci in human U-2OS cells (fig. S7) (35). Upon Drosha 
depletion, R-loops increased at RPG loci but not at non-RPG control 

loci (GAPDH and Tuba1a) (Fig. 5A) (59). Similar results were ob-
tained by DRIP assay in K562 cells (Fig. 5B, Ctrl compared to KO). 
The DRIP signal was abolished when DNA/RNA hybrids were 
degraded by RNase H, confirming a specific recognition of DNA/
RNA hybrids by the S9.6 antibody (Fig. 5B). These results support 
an essential role of Drosha in the resolution of R-loops specifically at 
RPG loci. ChIP assays showed that the amount of RNAPII associated 
with the 3′ end of RPGs proximal to the transcription termination 
site was ~40% lower in Drosha KO cells compared to that in Ctrl 
cells (Fig. 5C). However, RNPAII association with the 5′ end of 
RPGs proximal to the TOP motif did not differ between Ctrl and 
Drosha KO cells (fig. S8), indicating that RNAPII elongation, but 
not RNAPII initiation, is affected by R-loop accumulation at RPG 
loci, leading to a reduced rate of transcription of RPGs.

Two observations led us to hypothesize that Ddx5 [an adenosine 
triphosphate (ATP)–dependent RNA helicase] in association with 
Drosha might be required to resolve R-loops and promote RPG 
transcription. First, silencing of Ddx5 caused a reduction in RPG 
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Fig. 4. Association of the Microprocessor complex with the 5′ TOP motif. (A) Metagene analysis of Drosha eCLIP (55) in K562 cells. Blue and red lines indicate average 
reads mapping to each position across RPGs or other non-RPG transcripts, respectively. x axis indicates the distance from the TSS (0). The bin size is 20 nt. n = 2 samples 
per genotype. (B) The predicted structure of the WT probe and mutated nucleotides are shown. The TOP motif is indicated as a shaded box. Representative image of RNA 
EMSA with radiolabeled WT or Mut probe mixed with Drosha RBD. n = 3 independent experiments. (C) The WT or mutant (Mut) Rpl28 gene fragment (−38 to +11) was 
inserted upstream of the luciferase (Luc) gene. In the Up-Luc construct, the nucleotides upstream of the TSS were mutated. The green boxes indicate the TOP motif, and 
the red boxes indicate the location of mutated sequence. Luciferase assays were performed in HCT116 cells expressing CRISPR-Cas9–targeting Drosha (Drosha KO) or a 
nonspecific control (Ctrl) and the indicated luciferase reporter. Luciferase activity (left) and qRT-PCR analysis for luciferase reporter–encoding mRNAs (right) are plotted 
as means ± SEM. n = 3 independent experiments. Unpaired two-tailed t test was used for statistical analysis in all panels.
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mRNA abundance (Fig. 2F). Second, Ddx5 is implicated in the reso-
lution of R-loops (60, 61). A ChIP assay confirmed the association of 
Ddx5 with RPG loci, which was Drosha dependent because it was 

reduced in Drosha KO cells (Fig. 5D). Immunoprecipitation with 
the S9.6 antibody followed by immunoblot showed that a fraction of 
Ddx5, but not Drosha or Dgcr8, associated with R-loops (Fig. 5E, Ctrl). 
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Fig. 5. Ddx5 reduces DNA/
RNA hybridization and fa-
cilitates transcription elon-
gation. (A) DNA/RNA hybrid 
IP sequencing (DRIP-seq) data 
for R-loop formation at RPG 
loci (Rps2, Rps3A, Rpl28, and 
Rpl37A) and control loci (GAPDH 
and Tuba1a) in Drosha KD cells 
(red) compared to control 
U2OS cells (blue) (top). Quanti-
tation of the DRIP-seq data is 
shown (bottom). n = 2 samples 
per genotype. (B) DRIP analysis 
of RPG loci (Rps2, Rps5, Rpl28, 
and Rpl14) and a control locus 
(Tuba1a) in the presence or ab-
sence of RNase H in HCT116 
cells expressing CRISPR-Cas9 
against Drosha (KO) or non-
specific control (Ctrl). Signals 
relative to input are plotted as 
means ± SEM. n = 3 independent 
experiments. (C) ChIP analy-
sis using RNAPII antibody and 
the 3′ primer was performed 
in K562 cells expressing CRISPR-
Cas9 against Drosha (KO) or non-
specific control (Ctrl). Primers 
for RPG loci (Rps2, Rps5, Rpl28, 
and Rpl14) and a control locus 
(Tuba1a) are shown as means ± 
SEM. n = 3 independent experi-
ments. (D) ChIP analysis using 
Ddx5 antibody of the indi-
cated RPG and control loci in 
control (Ctrl) or Drosha KO 
HCT116 cells. Fold enrichment 
of Ddx5 antibody pulldown 
over IgG pulldown is plotted 
as means ± SEM. n = 3 inde-
pendent experiments. (E) Rep-
resentative image of IPs with 
the S9.6 antibody to pulldown 
DNA/RNA hybrids immuno-
blotted for Ddx5, Drosha, 
Dgcr8, and Lamin A/C (which 
was a negative control) in Ctrl 
or Drosha KO K562 cells. n = 3 
independent experiments. 
(F) DRIP analysis of the indi-
cated RPG and control loci in 
the presence or absence of 
RNase H in K562 cells with 
Ddx5 RNAi (Ddx5 KO) or non-
specific control (Ctrl). Results 
are plotted as means ± SEM. n = 3 
independent experiments. (G) Drosha, Ddx5, and GAPDH proteins were examined by immunoblot in total HCT116 cell lysates (left). qRT-PCR analysis of the indicated mRNAs 
(relative to GAPDH) in Ctrl or Drosha KO HCT116 cells transfected with empty plasmid (mock), WT Ddx5 (WT) plasmid, or the RNA helicase-defective (HD) mutant plasmid. 
Data are plotted as means ± SEM (right). n = 3 independent experiments. Unpaired two-tailed t test was used for the statistical analysis in all panels.

 on M
ay 13, 2021

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

http://stke.sciencemag.org/


Jiang et al., Sci. Signal. 14, eabd2639 (2021)     23 February 2021

S C I E N C E  S I G N A L I N G  |  R E S E A R C H  A R T I C L E

10 of 18

As seen with ChIP assays (Fig. 5D), the association of Ddx5 and R-
loops was also reduced in Drosha KO cells (Fig. 5E), indicating that 
Ddx5 requires Drosha for R-loop interaction. A DRIP assay in K562 
cells revealed that Ddx5 depletion increased the R-loops at RPG loci 
without affecting those on control loci (Tuba1a and Tubb1) (Fig. 5F). 
Together with the reduction in the amounts of Rps and Rpl mRNAs 
upon Ddx5 depletion (Fig. 2G), this result suggests that Ddx5 is re-
quired for the resolution of R-loops at RPG loci and to promote RPG 
transcription. When expressed at a level similar to endogenous Ddx5 
in control HCT116 cells (Ctrl) containing Drosha, an RNA helicase-
dead mutant of Ddx5 (Lys144 to Asn; Ddx5 HD) (62) acted as a domi-
nant negative and reduced the abundance of Rps and Rpl mRNAs 
(Fig. 5G and fig. S9), indicating that the RNA helicase activity of Ddx5 
is required to facilitate RPG transcription. In cells in which Drosha 
was deleted by CRISPR-Cas9, the amount of Rps and Rpl mRNAs 
remained similar in cells expressing Ddx5 helicase-defective (HD) and 
Ddx5 WT (Fig. 5G), suggesting that Drosha and Ddx5 cooperatively 
regulate RPGs. Thus, these findings suggest that the Microprocessor 
complex facilitates R-loops resolution and RNAPII elongation.

Drosha is a critical modulator of RP biosynthesis upon 
changes in growth conditions
Ribosome production is essential for fueling cell growth and prolif-
eration, but its considerable energy costs require it to be tightly con-
trolled and attuned to cellular growth conditions. The synchronized 
production of RPs permits the energy-efficient assembly of ribo-
somes (58) and is vital for the control of RP biosynthesis in line with 
cell proliferation (15, 58, 63). To test whether the Microprocessor 
complex plays a role in the change in RPG expression in response to 
the cellular growth environment, we cultured K562 cells under low 
(1%) or normal (10%) serum condition for 6 hours. The relative 
amounts of Rps19, Rps26, and Rpl11 were reduced by 59, 84, and 
59%, respectively, under low serum conditions (Fig. 6A, left and 
bottom right). The transcripts for these RPs were also reduced in 
abundance (Fig. 6A, top right). Puromycin incorporation assays in-
dicated that global protein synthesis was reduced by 30 and 50% in 
low serum for 6 hours (fig. S10A) and 16 hours (fig. S10B), respec-
tively. We observed that the amount of Drosha protein, but not that 
of Dgcr8 or Ddx5, was decreased by 67% in cells cultured in low 
serum (Fig. 6A, middle and bottom right) without a corresponding 
change in Drosha mRNA abundance (Fig. 6A, top right). In control 
MEFs, both Rps24 and Rps26 proteins were reduced by 95% after 
nutrient starvation for 6 hours (Fig. 6B). Phosphorylated Rps6 
(pRps6) was diminished upon nutrient starvation, which is indicative 
of inhibition of the mechanistic target of rapamycin (mTOR)–p70 S6 
kinase pathway, and this effect was not rescued by exogenous expres-
sion of Flag-tagged Drosha and did not rescue pRps6 depletion 
(Fig. 6B). However, the depletion of Rps24 and Rps26 by nutrient starva-
tion was partially rescued by exogenous expression of Flag-Drosha 
(Fig.  6B). These results show that nutrient starvation reduces the 
amount of RPs by suppressing the Microprocessor-dependent control 
of RP biogenesis independently of the mTOR pathway (64).

Drosha is degraded in a Nedd4-dependent manner upon 
serum starvation
Next, we addressed how Drosha abundance was decreased upon 
serum starvation. When Nedd4 (neural precursor cell expressed, 
developmentally down-regulated 4, also known as Nedd4-1) was 
depleted by siRNA, starvation-mediated reduction of Drosha and 

RPs was prevented (Fig. 7A). In contrast, silencing of Nedd4L (also 
known as Nedd4-2), a closely related member of the Nedd family of 
E3 ubiquitin ligases, did not rescue the degradation of Drosha upon 
serum starvation (fig. S11). We detected an interaction between Flag-
Drosha and endogenous Nedd4 by immunoprecipitation (Fig. 7B). 
When Myc-tagged ubiquitin was expressed with Flag-Drosha in 
human embryonic kidney–293T (HEK293T) cells, a small amount of 
polyubiquitinated Drosha was detected, which was increased 25-fold 
by overexpression of Nedd4 (Fig. 7C). Nedd4 contains WW domains 
that recognize the PPxY (PY) motif on its substrates (65). We noted 
that human Drosha contains an evolutionarily conserved PPGY se-
quence at amino acids 169 to 172, which is identical to the PY motif 
in the Nedd4 substrate Connexin 43 (66). When the PPGY sequence 
was mutated to AAGY in Drosha (AY mutant), the ubiquitination of 
Drosha was reduced by 83%, indicating that the PY motif is required 
for the ubiquitination by Nedd4 (Fig. 7D). When K562 cells were 
serum-starved for 6 and 16 hours, Nedd4 protein (Fig. 7E) increased 
3.2- and 3.8-fold, respectively, without a corresponding change in 
Nedd4 mRNA (fig. S12), indicating a posttranscriptional induction 
of Nedd4 upon serum starvation. In contrast with Nedd4, Drosha, 
Rps26, and Gata1 were decreased by 74, 99, and 44% after serum 
starvation for 16 hours, respectively (Fig. 7E), as expected. pRps6 
was reduced by 23 and 86% after 6- and 16-hour serum starvation, 
respectively, confirming the inhibition of the mTOR-p70 S6 kinase 
pathway by serum starvation (Fig. 7E). To examine the subcellular 
localization of Drosha and Nedd4 upon serum starvation, we per-
formed a nuclear/cytoplasmic fractionation of K562 cells. pRps6 and 
-tubulin segregated to cytoplasmic fractions whereas Lamin A/C 
appeared only in nuclear fractions, indicating a successful separation 
of the nuclear and cytoplasmic fractions (Fig. 7F). As expected, 
Drosha was predominantly localized in the nucleus under normal 
serum conditions (Fig. 7F). Although the total amount of Drosha 
gradually declined upon serum starvation, the cytoplasmic fraction 
of Drosha increased from 6% (no starvation) to 26% (6 hours low 
serum) and 48% (16 hours low serum) (Fig. 7F). Unlike Drosha, Nedd4 
was predominantly in the cytoplasm, regardless of serum concen-
tration (Fig. 7F). These results suggest that upon serum starvation, 
Drosha is exported from the nucleus and degraded by Nedd4 in the 
cytoplasm. Phosphorylation by p38 mitogen-activated protein kinase 
(p38 MAPK) has been implicated in the nuclear export and subse-
quent degradation of Drosha upon oxidative stress and heat (67). 
Treatment with the p38 MAPK inhibitor SB203580 increased the 
nuclear fraction of Drosha from 52 to 77% under serum starvation 
(Fig. 7G), suggesting that Drosha nuclear export is mediated by p38 
MAPK-dependent phosphorylation. Gata1 and Nedd4 remained in 
the nucleus and the cytoplasm, respectively, regardless of SB203580 
treatment (Fig. 7G). Thus, we delineated a regulatory pathway con-
necting nutrient starvation to the p38-dependent export of Drosha 
from the nucleus into the cytoplasm, where Drosha is degraded 
through the action of Nedd4, which is moderately increased under 
starvation (Fig. 7H). This mechanism involving the subcellular lo-
calization and protein stability of Drosha appears to play a key role 
in the control of ribosome abundance and global protein synthesis 
in response to a change in growth-promoting stimuli.

DISCUSSION
Drosha was originally characterized as an enzyme involved in rRNA 
maturation based on the observed accumulation of 45S and 32S 
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pre-rRNAs upon Drosha knockdown (68). In this study, we found 
that the Microprocessor complex mediates the coordinated synthesis 
of RP mRNAs in response to changes in the cellular environment. 
Thus, Drosha-mediated regulation of ribosome synthesis is twofold. 
A TOP motif that is functionally equivalent to that in RPGs can also 
be found in non-RPGs (nonribosomal TOP genes) (15). The eCLIP 
data show that Drosha and DGCR8 associate with nonribosomal 
TOP genes (fig. S6) (55). Quantitative mass spectrometry analyses 
confirm that the expression of three nonribosomal TOP genes—
EIF4B, PABPC1, and VIM—requires Drosha, similarly to RPGs 
(fig. S4). Thus, the Microprocessor controls the synthesis of various 
components of the protein synthesis apparatus besides RPs (15). The 
ssRNA binding protein (RBP) LARP1 can bind the TOP motif of 
some RPG transcripts and facilitate their translation (22–27). How-
ever, LARP1 binds ~3000 mRNAs, most of which do not contain a 
TOP motif (27). The impact of LARP1 on ribosome abundance and 

global protein synthesis and its potential synergy with the Micro-
processor on the regulation of RP synthesis remain to be elucidated.

We have observed that nutrient deprivation promotes nuclear-
to-cytoplasmic translocation of Drosha, followed by degradation by 
the cytoplasmic E3 ubiquitin ligase Nedd4. Nuclear-to-cytoplasmic 
shuttling of the Microprocessor complex and cleavage of viral RNAs 
upon viral infection has been reported as an antiviral mechanism, 
although the mechanism of regulation of the cytoplasmic shuttling 
of the Microprocessor upon viral infection is unknown (38, 69). 
Our results suggest that p38 MAPK-dependent phosphorylation of 
Drosha at Ser355 contributes to the nuclear export of Drosha, as de-
scribed in cells under oxidative or heat stress (67). Under these stresses, 
cells globally reduce de novo protein synthesis, except for a small 
subset of proteins that are essential for stress responses (70, 71). We 
propose that the p38 MAPK-Drosha-Nedd4 axis might mediate re-
sponses to several cellular stresses, including starvation, oxidation, 

A

B

GM 2 4 6 GM 2 4 6 GM 2 4 6 GM 2 4 6
0.0

0.5

1.0

R
el
at
iv
e 
am

ou
nt
 

RPs

Starvation
(hours):

Rps19 Rps26 Rps19 Rps26

P = 0.02

P = 0.004

P = 0.01

P = 0.101

P = 0.002

P = 0.001

P = 0.514

P = 0.290
P = 0.501

P = 0.083

P = 0.052

P = 0.042

Ctrl +Flag-Drosha
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Fig. 7. Degradation of Drosha by 
Nedd4 in the cytoplasm upon serum 
starvation. (A) K562 cells transfected 
with nonspecific control siRNA (siCtrl) 
or siRNA against Nedd4 (siNedd4) 
and cultured in growth media (10% 
serum) or serum starvation media 
(1% serum) for 6 hours were immuno
blotted for the indicated proteins 
in quadruplicate. Relative protein 
amounts were normalized to GAPDH.  
Data are plotted as means ± SEM 
(bottom). n = 4 independent exper-
iments. (B) Association of Drosha with 
Nedd4 was examined in HEK293T 
cells expressing Flag-Drosha. Flag IPs 
were immunoblotted for Nedd4 and 
Flag (top) in triplicate. Total cell lysates 
(input) were immunoblotted for 
Nedd4, Drosha, and GAPDH (loading 
control) (top). The relative amount of 
Nedd4 that precipitated with Flag-
Drosha is plotted as means ± SEM 
(bottom). n = 3 independent experi-
ments. (C) Empty vector (pcDNA; mock) 
or Flag-tagged Drosha was expressed 
with Myc-tagged ubiquitin (Ub-Myc) 
in the presence or absence of Nedd4 
in HEK293T cells. Flag IPs were im-
munoblotted for Myc to detect 
Ub-Drosha and Drosha in quadrupli-
cate. Input samples were immuno-
blotted for Drosha and GAPDH 
(control). Representative image of 
the immunoblot (top) and relative 
amounts of Ub-Drosha normalized 
to Drosha (bottom) are plotted as 
means ± SEM. n = 4 independent ex-
periments. (D) Flag-tagged Drosha 
(WT or AY mutant) and Ub-Myc were 
exogenously expressed in HEK293T 
cells. Flag IPs were immunoblotted 
for Myc to detect Ub-Drosha in trip-
licate (left). Total cell lysates (input) 
were immunoblotted for Drosha and 
GAPDH (control). Relative amounts 
of Ub-Drosha normalized to Drosha 
are shown as means ± SEM (right). 
n = 3 independent experiments. 
(E) K562 cells under serum starvation 
(1% serum) for 0, 6, or 16 hours were 
immunoblotted for the indicated 
proteins in quadruplicate. Repre-
sentative image of the immunoblot (left) and relative protein amounts normalized to GAPDH are shown as means ± SEM (right). n = 4 independent experiments. 
(F) Cytoplasmic and the nuclear fractions were prepared from K562 cells that were serum-starved (1% serum) for 0, 6, or 16 hours. Fractions were immunoblotted for 
Drosha, Nedd4, phospho-Rps6 (pRps6; control for cytoplasmic fraction), Rps6, Lamin A/C, and -tubulin in quadruplicate (top). Relative amounts of Drosha and Nedd4 
normalized to -tubulin (for cytoplasmic fraction) or Lamin A/C (for nuclear fraction) and pRps6 normalized to Rps6 in the cytoplasm and nucleus (%) are quantitated and 
shown as means ± SEM (bottom). n = 4 independent experiments. (G) Cytoplasmic and nuclear fractions that were prepared from K562 cells were cultured in 10 or 
1% serum containing media with vehicle (DMSO) or SB203580 (10 mM) for 16 hours. Fractions were immunoblotted for Drosha, Gata1, Nedd4, Lamin A/C (control for 
nuclear fractions), and GAPDH (control for cytoplasmic fractions) in quadruplicate (top). Relative amount of Drosha, Gata1, or Nedd4 normalized to GAPDH (for cytoplasmic 
fractions) or Lamin A/C (for nuclear fraction) in the cytoplasm and nucleus (%) are shown as means ± SEM (bottom). n = 4 independent experiments. One-way analysis of 
variance (ANOVA) followed by Tukey’s multiple comparisons test was used in (E) and (F). Unpaired two-tailed t test was used in the other panels. (H) Schematic diagram 
of Nedd4-dependent regulation of Drosha. Serum starvation promotes the phosphorylation of Drosha by p38 MAPK in the nucleus, which induces the nuclear export of 
Drosha. In the cytoplasm, the WW domain of Nedd4 associates with the PPGY motif of Drosha, resulting in the ubiquitination and degradation of Drosha. As a result, RP 
biosynthesis is inhibited.
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and heat, which result in reduced protein synthesis. Unlike Ser355 
phosphorylation by p38 MAPK, phosphorylation at Ser300 and Ser302 
by glycogen synthase kinase 3 (GSK3) is required for the nuclear 
retention of Drosha (72). Because GSK3 activity is regulated by 
various extracellular signals (73), it is possible that serum starvation 
might cause inhibition of GSK3 and promote the dephosphoryl
ation of Ser300/302 of Drosha, resulting in Drosha accumulation in the 
cytoplasm. An alternatively spliced form of Drosha without exon 6, 
which encodes the putative nuclear localization signal, is reported 
to localize in both the cytoplasm and the nucleus (74, 75). However, 
the molecular size of cytoplasmic Drosha after serum starvation is 
equivalent to full-length Drosha (159 kDa) and is indistinguishable 
from that of nuclear Drosha, making it unlikely that alternative 
splicing is involved in the change of nuclear/cytoplasmic ratio of 
Drosha upon serum starvation.

The transcriptional regulation of RPGs by Ddx5 through resolution 
of an R-loop is a previously unidentified mechanism of regulation of 
ribosome biogenesis. The Microprocessor complex is reportedly re-
cruited to DNA double-strand break (DSB) sites, where it facilitates 
R-loop formation and promotes DSB repair (35). Thus, the Micro-
processor may participate in both the formation and the resolution 
of R-loops, depending on the cellular context. In addition to Ddx5, 
RNA helicases—such as Dhx9, Ddx1, Ddx3x, Ddx15, Ddx17, Ddx18, 
Ddx21, Ddx27, Ddx39B, and Ddx54—have been identified to associate 
with DNA/RNA hybrids (60). Our study indicates that Ddx5 resolves 
R-loops at RPG loci to promote their transcription. Because there 
are 64 RNA helicases in humans and 11 are found in association with 
the R-loops (60), we speculate that other RNA helicases might be 
recruited to different gene loci, where they promote or resolve R-loops 
depending on context, and thus participate in gene regulation sim-
ilarly to Ddx5 and Dhx9.

Only 280 genes in yeast contain introns, and nearly half of them 
are RPGs. Yeast strains in which introns are deleted are unable to 
adapt to nutrient deprivation and die, in part, due to limited efficiency 
or availability of the spliceosome or of other RBPs and thus inhibi-
tion of the splicing of the RPG mRNAs (76, 77). Furthermore, nearly 
all genes in multicellular eukaryotes contain introns, and thus, an 
intronic RNA-dependent regulatory mechanism would be neither 
specific nor sufficient to provide a robust control over RP biogenesis. 
We propose that the Microprocessor-dependent transcriptional 
regulation of RPGs evolved in multicellular organisms as an alter-
native to intronic RNA-mediated regulation of RPG transcripts in 
yeast. Both mechanisms involve a presumably ancient interaction 
between RNA and RBPs, whereas the abundance of RNA or RBPs is 
controlled by growth conditions.

Loss-of-function mutations in RPGs or in Gata1 cause DBA 
(OMIM 105650) (1). In addition to anemia, patients with DBA are 
short in stature and develop symptoms including arrhythmia, 
craniofacial defects, and thumb abnormalities of varying degrees of 
severity and penetrance (1). The tissue-specific manifestation of 
physical abnormalities in DBA suggests a cell type–specific differ-
ential susceptibility to ribosome abnormalities or insufficiency, pre-
sumably due to specific demands on protein synthesis. For example, 
we found that erythropoiesis is more severely impaired than vascular 
development in Drosha cKO mice (41, 78). We speculate that erythro-
cyte progenitors, which are rapidly proliferating and, therefore, have 
high demand for Gata1 and globin protein synthesis, are more 
susceptible to ribosome shortages than endothelial cells. Currently, 
only ~80% of DBA cases are accounted for by known gene mutations 

(1). Our study opens the possibility that the remaining patients with 
DNA with no known gene mutations might carry hypomorphic 
alleles of the components of the Microprocessor.

MATERIALS AND METHODS
Animal care and use
All animal experiments were conducted in accordance with the 
guidelines of the Institutional Animal Care and Use Committee 
(IACUC) at University of California, San Francisco (UCSF). Cdh5-Cre 
line (79) and Droshatm1Litt floxed line (80) have been previously de-
scribed (41). Embryos were dated by the presence of vaginal plug in 
the female mouse as E0.5. The protocol number for the relevant 
animals and procedures approved by IACUC is AN185765-01 [title: 
“Role of Growth Factor Signaling in Vascular Physiology” (approval 
date: 27 July 2020)].

Mouse genotyping
Genomic DNAs (gDNAs) were isolated from tail tips or conceptus 
yolk sacs of postnatal day 12 pups and genotyped with regular 
PCR. Primers for genotyping and RT-PCR are listed in table S2.

Flow cytometry and cell sorting
Flow cytometry and cell sorting were performed as described previously 
(41). Briefly, fetal liver, yolk sac, or AGM (aorta-gonad-mesonephros) 
was dissected from embryos, mechanically dissociated by pipetting 
into single-cell suspension in Hanks’ balanced salt solution (HBSS) 
containing 2% fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin, and buffered with 10 mM Hepes (pH 7.2) (FACS buffer). 
E10.5 embryos were collected in 200 l of fluorescence-activated cell 
sorting (FACS) buffer, followed by a collection of peripheral blood. 
Cells were stained with fluorochrome-conjugated antibody at 
4°C for 1 hour, washed with 4′,6-diamidino-2-phenylindole (DAPI) 
(0.5 g ml−1) containing FACS buffer, and analyzed by FACSVerse 
(BD Biosciences) or sorted on a FACSAria III (BD Biosciences) 
located at the UCSF FACS core. Data were analyzed with FlowJo 
v10.0.7. Single color–stained samples were run with each flow cytom-
etry analysis for compensation when analyzed with FlowJo. DAPI-
positive cells were gated out for analysis; then, positive gating was 
applied when immunoglobulin G (IgG) staining sample was smaller 
than 0.1%.

Antibodies
For immunoblot, the following antibodies are used: anti-Drosha 
antibody (1:500; Bethyl, A301-866A), anti-Dgcr8 (1:500; Proteintech, 
10996-1-AP), anti-Ddx5 (1:200; Abcam, ab21696), anti-GAPDH 
(1:5000; Millipore, MAB374), anti–Lamin A/C (1:2500; Cell Signal-
ing Technology, 2032), anti-Gata1 (1:200; R&D, MAB17791-SP), 
anti–-tubulin (1:5000; Santa Cruz Biotechnology, sc-7396), anti-
puromycin (1:2000; Kerafast, 3RH11), anti-Rpl11 (1:300; Protein-
tech,16277-1-AP), anti-Rpsa (1:300; Abcam, ab137388), anti-Rps24 
(1:300; Abcam, ab102986), anti-Rps26 (1:300; Abcam, ab104050), 
anti-Rps6 (1:500; Cell Signaling Technology, 2317), anti-Rps19 (1:300; 
Santa Cruz Biotechnology, sc-100836), anti–-actin (1:5000; Sigma-
Aldrich, A5441), anti-NEDD4 (1:2000; Cell Signaling Technology, 
2740), anti–Flag M2 (1:2000; Sigma-Aldrich, F3165), anti-Myc 
(1:2500; Cell Signaling Technology, 2278), anti–Myc-Tag (Cell Sig-
naling Technology, 2278), anti-RNAPII (Millipore, 05-623), IRDye 
800CW donkey anti-rabbit IgG (H + L) (LI-COR, 926-32213), and 
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IRDye 680RD donkey anti-mouse IgG (H + L) (LI-COR, 926-68072). 
For DRIP analysis, 10 g of S9.6 (Millipore, MABE1095) antibody 
or normal mouse IgG (Santa Cruz, sc-2025) was used. For flow 
cytometry analysis or cell sorting, the following antibodies were used: 
PerCP anti-CD71 (1:200; BioLegend, 113815), FITC anti-Ter119 
(1:200; BioLegend, 116205), PE anti-Itga4 (1:200; BioLegend, 103607), 
Percp-IgG2bk (1:200; BioLegend, 400336), FITC-IgG2ak (BD, 553929), 
APC-IgG2bk (BD, 556924), PE-IgG (BioLegend, 405307), and DAPI 
(Thermo Fisher Scientific, D1306).

SDS-PAGE and immunoblotting analyses
SDS–polyacrylamide gel electrophoresis (PAGE) and immunoblot 
analyses were performed as described previously (78).

Cell culture
K562 cells were cultured in 10% FBS in RPMI 1640 media (Corning, 
10-040-CV) supplemented with 200 M l-glutamine, 100 M sodium 
pyruvate, and 1% penicillin/streptomycin at 37°C, 5% CO2. HCT116 
cells, HEK293, or MEF cells were cultured in 10% FBS (Hyclone, 
SH3007103) in high-glucose DMEM (Dulbecco’s modified Eagle’s 
medium) (Gibco, 11965118) with 1% penicillin/streptomycin at 37°C, 
5% CO2. To serum starve K562 cells, 1% FBS was used to replace 10% 
FBS in regular culture medium. To serum starve MEFs, HBSS (Thermo 
Fisher Scientific, 14025092) was used to replace the culture media.

CFU assay
CFU assay was performed as described previously (41). Briefly, E9.5 
yolk sac was pipetted into single-cell suspension that was seeded into 
methocult medium (Stem Cell Technologies, M3434) and cultured for 
7 to 10 days before counting the number of granulocyte-macrophage 
progenitors (GM), burst-forming unit erythroid (BFU-E), and granu-
locyte, erythrocyte, monocyte, and megakaryocyte (GEMM) colonies.

qRT-PCR analysis
Five nanograms of total RNA from CD71+Itg4+ (Drosha cKO) or 
CD71+Itg4− (Ctrl) cells sorted from peripheral blood of E10.5 em-
bryos was amplified and reverse-transcribed with a NuGEN Ovation 
PicoSL WTA system V2 (NuGEN, 3312-24). Amplified cDNAs were 
100 times diluted. RT-PCR reactions were then performed in tripli-
cate using iQ SYBR Green supermix (Bio-Rad, 1708882). Primer 
sequences are listed in table S2.

Retrovirus and lentivirus production and infection
Lenti-crispr Drosha V2 (gRNA for Drosha) and lenti-crispr NS V2 
(none-specific gRNA as control) were obtained from B. Graveley 
(University of Connecticut). pLKO.1-shDDX5 (Broad Institute, 
TRCN000000113) and pLKO.1-scramble were also obtained from 
B. Graveley and used for generating lentivirus shDDX5 or scramble 
shRNA (short hairpin RNA). Fifteen micrograms of Lenti-crispr 
Drosha V2 or lenti-crispr NS V2, 7.5 g of PMD2.G (Addgene plasmid 
no. 12259), and 7.5 g of psPAX2 (Addgene plasmid no. 12260) 
were transfected into HEK293T cells seeded in a 15-cm dish at 70% 
confluence by Lipofectamine 2000 (Invitrogen, 11668030) following 
the manufacturer’s manual. The media were replaced with DMEM 
containing 10% FBS and high glucose 6 hours after transfection. 
Lentivirus supernatant was collected after 48 hours and filtered with 
a 0.45-m filter. Lentivirus supernatant was aliquoted and stored 
at −80°C. Lentivirus was added to HCT116 or HEK293T cells at 
30% confluency. Lentivirus-containing media and culture media 

were mixed at a 1:1 ratio. Polybrene was added to a final concentra-
tion of 8 g/ml. Cell culture media were replaced with the lentivirus- 
and polybrene-containing medium and grown in 5% CO2 at 37°C 
overnight. The media were replaced with regular culture media. 
Forty-eight hours after infection, puromycin was added to the media 
at a final concentration of 5 ng/l to select the lentivirus-infected 
cells. For retrovirus production, 20 g of pBABE-Drosha or pBABE, 
10 g of pVSVG (Addgene plasmid no. 8454), and 10 g of psPAX2 
(Addgene plasmid no. 12260) were transfected to HEK293T cells 
seeded in a 15-cm dish at 70% confluency. After changing the media, 
the supernatant was collected, filtered with a 0.45-m filter, aliquoted, 
and stored at −80°C. MEFs were infected with the viral supernatant 
in polybrene (2 g/ml) and selected with puromycin (5 ng/l).

Plasmid construction
Human Drosha cDNA with a Flag-tag at the N terminus was cloned 
into pBABE-puro vector (Addgene plasmid no. 1764) for the pro-
duction of retrovirus-encoding human WT Drosha. Mouse Ddx5 WT 
(Addgene plasmid no. 88869) and the K144N mutant (Addgene 
plasmid no. 88870) were obtained from Addgene (62). Ubiquitin_
Myc_His plasmid is a gift from J. Wrana (Mount Sinai Hospital, 
Toronto). WT or mutant promoter of human Rpl28 gene was cloned 
into pGL-3-basic (Promega, E1751). The Drosha RBD (1259 to 
1337 amino acids) was cloned into pCITE-2a (Novagen, TB050) for 
in vitro transcription translation assay. pCI HA NEDD4 (Addgene 
plasmid no. 27002) was obtained from Addgene. Human Drosha 
cDNA with a Flag-tag at the N terminus and a 6×His tag at the C 
terminus was cloned into pcDNA4/TO (Invitrogen) to construct the 
inducible WT Drosha-expressing plasmid for immunoprecipitation 
assay and ubiquitination assay. R938N, K939A, and K940N muta-
tions were generated in human Drosha to generate an RNase-defective 
Drosha mutant (52).

Chromatin immunoprecipitation
Flag-Drosha overexpressing MEFs and control MEFs (expressing 
the vector pBABE) were cross-linked and treated with 2 mM disuc-
cinimidyl glutarate (DSG; Thermo Fisher Scientific, 20593) at room 
temperature for 40 min. After MEFs were cross-linked with 1% 
formaldehyde for 15 min at room temperature and quenched with 
1 M glycine, cells were washed with phosphate-buffered saline (PBS) 
and lysed with lysis buffer [50 mM tris-Cl (pH 8.1), 10 mM EDTA, 
1% SDS, and protease inhibitor]. gDNAs were sheared to an average 
length of 200 to 500 base pairs (bp) by sonication, and lysates were 
cleared by centrifugation at 12,000g for 10 min at 4°C. Supernatants 
were incubated with protein A/G Dynabeads (Invitrogen, 10002D) 
for 1 hour at 4°C, diluted 1:10 with dilution buffer [20 mM tris-Cl 
(pH 8.1), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, and protease 
inhibitor], and incubated with M2 Dynabeads (Sigma-Aldrich, 
M8823) for 40 hours at 4°C. After Dynabeads were washed with 
buffer I [20 mM tris-Cl (pH 8.1), 150 mM NaCl, 2 mM EDTA, 
1% Triton X-100, and 0.1% SDS], buffer II [20 mM tris-Cl (pH 8.1), 
500 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS], and 
buffer III [10 mM tris-Cl (pH 8.1), 250 mM LiCl, 1 mM EDTA, 1% 
NP-40, and 1% deoxycholate] at 4°C, the Dynabeads were further 
washed twice with cold TE [10 mM tris-Cl (pH 8.1) and 1 mM 
EDTA]. The Dynabeads were incubated in 250 l of elution buffer 
(200 mM NaHCO3 and 1% SDS) at room temperature for 15 min 
twice. The eluates were mixed with 1/25 volume of 5 M NaCl 
and incubated at 65°C for 4 hours; 1/50 volume of 0.5 M EDTA, 
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1/25 volume of tris-Cl (pH 6.5), and 1/100 volume of proteinase K 
(10 mg/ml) were added and incubated at 45°C for 1 hour. Precipitated 
genome fragments were purified with QIAquick PCR Purification 
Kit and subjected to PCR analysis. Actinomycin D (1 g/ml; Sigma-
Aldrich, A9415) was applied in the culture medium for 30 min before 
ChIP assay. RNaseA (Thermo Fisher Scientific, 12091021) was added 
into the lysed ChIP sample at a final concentration of 1 g/l. RNase 
H (New England Biolabs, M0523S) was added into the lysed ChIP sample 
at a final concentration of 100 U/ml. Primer sequences are listed in 
table S2. For ChIP with anti-RNAPII in K562 cells, cross-linking with 
DSG was omitted. Experimental procedures were the same as in MEFs 
except that K562 cells were cross-linked with 1% formaldehyde.

Immunoprecipitation assay
293T cells were transfected with pcDNA4-hDrosha and pCI HA 
NEDD4 or pCI vector. Doxycycline (2 g/ml) was added into medium 
to induce Drosha overexpression. Forty-eight hours after transfec-
tion, cells were lysed in SBB buffer [1% Triton X-100, 150 mM NaCl, 
50 mM tris-Cl (pH 7.5), and 1 mM EDTA] supplemented with pro-
tease inhibitors (cOmplete, Roche, 11836170001) and PhosSTOP 
(Roche, 04906845001). Lysates were incubated at 4°C for 30 min and 
centrifuged at 12,000g for 10 min at 4°C. Lysates were incubated 
with anti-Flag M2 magnetic beads (Sigma-Aldrich, M8823) and 
rocked overnight at 4°C. M2 beads were washed three times in SBB 
buffer for 5 min at 4°C and boiled in sample buffer (Invitrogen, 
NP0007) with reducing agent (Invitrogen, NP0009).

DRIP assay
K562 cells were lysed in digestion buffer [100 mM NaCl, 10 mM 
tris-Cl (pH 8), 25 mM EDTA (pH 8), 0.5% SDS, and protease K 
(0.65 mg/ml)] at 55°C overnight. Lysates were mixed with 1 volume of 
phenol:chloroform:isoamyl alcohol (25:24:1; Invitrogen, AM9722) 
and centrifuged at 12,000g for 10 min at 4°C. Supernatant was trans-
ferred to a new tube. Lysates were again mixed with 1 volume of 
phenol:chloroform:isoamyl alcohol and centrifuged. The supernatant 
was precipitated with isopropanol. Half of the gDNA was subjected 
to RNase H (New England Biolabs, M0297) treatment at 5 l per 
30 g of genomic DNA (gDNA) in 200 l final volume for 24 hours. 
After RNase H treatment, the gDNAs were subjected to restriction 
enzyme digestion: Mse I, Dde I, Alu I, and Mbo I at 5 U per 50 l for 
each enzyme, shaken at 37°C for 24 hours or longer until the gDNAs 
were cut into fragments with a length of 100 to 500 bp. The digested 
gDNAs were then incubated with 10 g of S9.6 antibody (Millipore, 
MABE1095) or mouse nonspecific IgG (Santa Cruz Biotechnology, 
sc-2025) in DRIP binding buffer [10 mM NaPO4 (pH 7.0), 140 mM 
NaCl, and 0.05% Triton X-100] at 4°C overnight. Protein A was 
added to the samples, rotated at 4°C for 3 hours, and washed four 
times with 1× DRIP binding buffer at room temperature. The bead/
antibody complexes were incubated with proteinase K (0.5 g/l) 
for 40 min in an Eppendorf ThermoMixer at 55°C, 1000 rpm. DNA 
was then extracted with 1 volume phenol:chloroform:isoamyl al-
cohol and precipitated with 1/10 volume of 3 M sodium acetate, 1 l 
of glycogen (Invitrogen, 10814010), and 2.5 volume of ethanol. The 
DNA was then subjected to qPCR analysis.

Cellular ubiquitin assay
pcDNA4-hDrosha, pCI HA NEDD4, or Ubiquitin_Myc_His plasmids 
were transfected into 293T cells at 30% confluence with Lipofectamine 
2000 (Invitrogen, 11668030) following the manufacturer’s instructions. 

Doxycycline (2 g/ml) was added into medium to induce Drosha 
overexpression. Forty-eight hours after transfection, cells of one 10-
cm dish were lysed in 100 l of SBB buffer and 1% SDS [1% Triton 
X-100, 150 mM NaCl, 50 mM tris-Cl (pH 7.5), 1 mM EDTA, and 
1% SDS] supplemented with protease inhibitors (cOmplete, Roche, 
11836170001) and PhosSTOP (Roche, 04906845001), with rocking 
at 4°C for 30 min. Samples were then diluted with 900 l of SBB 
buffer, sonicated, rocked at 4°C for 30 to 60 min, and centrifuged at 
15,000g for 20 min. Supernatants were incubated with anti-Flag 
M2 Magnetic Beads (Sigma-Aldrich, M8823) and rocked overnight 
at 4°C. M2 beads were washed three times in SBB buffer for 5 min 
at 4°C and boiled in sample buffer (Invitrogen, NP0007) with re-
ducing agent (Invitrogen, NP0009).

Sucrose gradient fractionation of polysomes
K562 cells (Ctrl and KO) were grown to a 2 × 105 cells/ml confluency 
in the growth media. Cells were incubated with cycloheximide 
(100 g/ml) at 37°C for 5 min, collected by centrifugation, and re-
suspended in PBS + cycloheximide (100 g/ml). Cells were pelleted 
again by centrifugation and lysed with three pellet volumes of ice-
cold hypotonic lysis buffer [10 mM Hepes (pH 7.9), 1.5 mM MgCl2, 
10 mM KCl, 0.5 mM dithiothreitol (DTT), 1% Triton X-100, and 
cycloheximide (100 g/ml)]. After 10 min, cells were lysed on ice 
with 10 strokes through a 26-gauge needle, and nuclei were pelleted 
at 1500g for 5 min. Lysate from ~15 million cells was layered on top 
of 10 to 50% (w/v) sucrose gradients [20 mM Hepes:KOH (pH 7.6), 
100 mM KCl, 5 mM MgCl2, 1 mM DTT, and cycloheximide (100 g/ml)] 
made using a Biocomp Instruments (Canada) gradient master. Gra-
dients were centrifuged for 2 hours at 36,000 rpm in an SW-41 rotor 
and manually peak-fractionated using real-time A260 monitoring 
with a Brandel (Gaithersburg, MD) gradient fractionator and an 
ISCO (Lincoln, NE) UA-6 detector. Fractions were subjected to RNA 
prep with RNeasy plus micro kit (Qiagen, 74034) and an RT-PCR 
analysis with SYBR green (Bio-Rad, 1725120).

Quantitative mass spectrometry
K562 cells were infected with nonspecific or Drosha CRISPR lenti-
virus as described above with polybrene at a final concentration of 
8 g/ml. Forty-eight hours after infection, K562 cells were selected 
with puromycin (2.5 ng/l). Five replicates of each genotype were 
collected. Isobaric Tag for Relative Absolute Quantitation and Tandem 
Mass Tags (iTRAQ-TMT)  mass spectrometry was performed using 
Q Exactive mass spectrometer (Thermo Fisher Scientific, USA) by 
Creative Proteomics Inc. on 10 million cells for each replicate and 
five replicates per sample. The six raw MS files were analyzed and 
searched against human protein database based on the species of 
the samples using MaxQuant (1.6.2.6). The parameters were set as 
follows. The protein modifications were carbamidomethylation (C) 
(fixed) and oxidation (M) (variable), the enzyme specificity was set 
to trypsin, the maximum missed cleavages were set to 2, the precursor 
ion mass tolerance was set to 10 ppm, and MS/MS (tandem mass 
spectrometry) tolerance was 0.6 Da. Only high-confidence identified 
peptides were chosen for downstream protein identification analysis. 
Data are available in data file S1.

Next-generation RNA-seq and high-throughput 
data analysis
Erythroblast cells (CD71highTer119+) from the peripheral blood of 
five E10.5 Ctrl embryos with genotype of Droshafl/+; Cdh5-cre+ or 
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Droshafl/fl or Droshafl/+ and five cKO embryos with genotype of 
Droshafl/fl; Cdh5-cre+ were sorted on a FACSAria III (BD Biosciences) 
located at the UCSF FACS core. RNA was prepared from the sam-
ples with an RNeasy plus micro kit (Qiagen, 74034). The quality of 
RNAs was evaluated with a 2100 Bioanalyzer Instrument (Agilent 
Technologies). RNA samples with RNA integrity number (RIN) > 8.0 
were shipped to Beijing Genome Institute for library preparation and 
sequencing (Illumina HiSeq 2500). Around 70 million reads were 
obtained for each pooled sample. GO term enrichment was performed 
using the set of down-regulated genes in RNA-seq, defined as genes 
with log2 (cKO/Ctrl) < −0.6 with clusterProfiler package in R (81). 
Fastq files for DRIP-seq were downloaded from GEO (Gene Expres-
sion Omnibus) datasets (GSE97648) and aligned to the human genome 
(GRCh38) using bowtie2-2.3.4.1 (35). Integrative Genomics Viewer 
(2.4.14; Broad Institute) was used for data analysis. Metagene anal-
ysis was done using the Bioconductor metagene2 package (R package 
version 1.4.0; https://github.com/ArnaudDroitLab/metagene2). Spe-
cifically, the Drosha eCLIP datasets (Homo sapiens K562 cells) were 
downloaded from GEO:GSE91954 and GEO:GSE92088 (55), and 
bam files aligned to hg19 reference were used for analysis. Two 
thousand base pairs downstream of the TSS of all genes and RPGs 
were used for comparison. Mean coverage was calculated across 
20-bp bins, and the 95% confidence intervals were calculated with 
1000 bootstrap samplings. Venn diagrams were drawn with an online 
tool (www.stefanjol.nl/venny). ChIP-seq peaks were called using 
MACS version 1.4.2 (model-based analysis of ChIP-seq) (53). The 
sources of the high-throughput sequence data are listed in table S1.

Puromycin incorporation assay
For in vivo puromycin incorporation, puromycin (0.04 mol/g of 
body weight) was injected into E11.5 pregnant mice intraperitoneally 
35 min before embryos were harvested. Erythroid progenitors 
(CD71+Ter119+) were isolated by flow cytometry from the peripheral 
blood of embryos, homogenized, and immunoblotted with a puro-
mycin antibody. For in vitro puromycin incorporation in K562 cells, 
after serum starvation for 16 hours, puromycin (1 M) was added to 
the culture media for 10 min. Total cell lysates were generated from 
5 × 106 cells from 1 or 10% serum-treated K562 cells and subjected to 
immunoblotting with a puromycin antibody (Kerafast, no. EQ0001).

Electrophoretic mobility shift assay
One hundred picomoles of WT or mutant RNA oligonucleotides 
(synthesized by Integrated DNA Technologies Inc.) was 5′-end 
labeled with [32P]ATP (PerkinElmer, NEG035C001MC) and T4 
polynucleotide kinase (New England Biolabs) as previously described 
(82). Unincorporated ATP was removed by Illustra MicroSpin G-25 
Columns (GE Healthcare Life Sciences, UK). The radiolabeled RNA 
probe was denatured in buffer (50 mM tris-Cl, 100 mM KCl, 2.5 mM 
MgCl2, and 100 mM NaCl) at 72°C and then renatured gradually at 
a rate of 1°C/min. EMSA was performed by incubating the radio-
labeled probe (100,000 cpm) with Drosha RBD protein, which was 
synthesized in vitro with a reticulocyte lysate system (Promega, 
L5020), for 2 hours at room temperature in binding buffer [50 mM 
tris-Cl (pH 7.5), 100 mM KCl, 2.5 mM MgCl2, 100 mM NaCl, 0.01% 
NP-40, 1 mM DTT, 5% glycerol, bovine serum albumin (10 g/ml), 
and sperm DNA (0.1 mg/ml)] (82). The RNA-protein mixtures were 
then electrophoresed in 8% acrylamide–TBE (tris-borate EDTA) 
gels. Gels were dried and exposed to an x-ray film for analysis. For the 
competition experiments, the proteins were incubated with labeled 

WT RNA and 50-fold molar excess of the unlabeled WT or mutated 
ssRNA at room temperature for 2 hours before electrophoresis.

Luciferase constructs and assay
The promoter area of human Rpl28 gene was cloned at the Hind III/
Nco I site of the pGL3-basic (Promega, E1751) to make pGL3 report-
ers. pGL3-reporter, pGL3-basic (400 ng each), and renilla luciferase 
expression plasmid (1 ng) were transfected into HEK293 cells or 
HCT116 cells by Lipofectamine 2000 (Invitrogen, 11668030) follow-
ing the manufacturer’s manual. Forty-eight hours after transfection, 
total cell lysates were prepared and subjected to the luciferase assay 
as previously described (83). Firefly luciferase activity was normal-
ized to renilla luciferase activity to normalize transfection efficiency.

Statistical analysis
Graphs were generated with GraphPad PRISM software. Statistical 
significance was calculated in R version 3.2.3 by Student’s t test. The 
null hypothesis of the median/means being equal was rejected at 
 = 0.05 and P values were generated by unpaired Student’s t test 
and presented in figures. The sample size was estimated by power 
analysis and is presented in the figure legend. The investigators were 
blinded during experiments because genotyping was performed after 
experiments. No animals were excluded, and animals were allocated 
on the basis of genotype. Cells for experiments were randomized. 
For animal analysis, at least three animals were used in each exper-
iment, and all experiments were completed in a gender- and geno-
type-blinded manner. All the other experiments were performed at 
least three times with biological triplicates each time. For PCR anal-
ysis, each biological sample was analyzed with a specific primer set 
in triplicate each time.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/14/671/eabd2639/DC1
Fig. S1. Endothelial-specific deletion of Drosha impairs erythropoiesis.
Fig. S2. Knockdown of Drosha in K562 cells affects cell proliferation rate and impairs 
erythroid maturation.
Fig. S3. Transcriptome analysis of EPCs from Ctrl and Drosha cKO embryos.
Fig. S4. Quantitative proteomic analysis of RPs in K562 cells.
Fig. S5. Association of Drosha and Dgcr8 at RPG loci.
Fig. S6. Drosha and Dgcr8 preferentially bind to the 5′ end of RPG mRNAs.
Fig. S7. Most RPG loci whose expression depends on Drosha contain R-loops.
Fig. S8. Transcription initiation of RPGs is not affected in Drosha KO cells.
Fig. S9. Immunoblot analysis of Drosha and Ddx5 in HCT116 cells expressing WT or HD Ddx5.
Fig. S10. Reduction of global protein synthesis upon serum starvation.
Fig. S11. Nedd4L does not play a role in the degradation of Drosha.
Fig. S12. Nedd4 mRNA amounts are not increased by serum starvation.
Table S1. Previously published high-throughput RNA-seq, ChIP-seq, eCLIP-seq, and DRIP-seq 
datasets analyzed in this paper.
Table S2. Primers for mouse genotyping, qPCR, ChIP, and DRIP analysis.
Data file S1. Proteomics data.
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ribosome proteins and limit the energy cost incurred by protein synthesis when nutrients are scarce.
synthesis. Thus, this pathway provides a mechanism for cells to tightly regulate the transcription of mRNAs encoding 
Nutrient deprivation induced the nuclear export of Drosha and its degradation in the cytoplasm, which suppressed protein
showed defects in erythropoiesis that resembled anemias in humans caused by ribosome insufficiency or dysfunction. 
depressed the synthesis of proteins critical for erythrocyte maturation such as the transcription factor Gata1. These mice
was decreased in erythrocyte progenitor cells in mice deficient in the Microprocessor complex component Drosha, which 

dependent manner. Ribosomal protein abundance−transcription of ribosomal protein-encoding genes in a nutrient status
 . found that the Microprocessor complex resolved R-loops formed during theet aland alter gene expression. Jiang 

RNA/DNA structures called R-loops formed during gene transcription can inhibit the activity of RNA polymerase
Resolving R-loops for ribosomes
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