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ABSTRACT

The RNase III enzyme Drosha is a key factor in mi-
croRNA (miRNA) biogenesis and as such indispens-
able for cellular homeostasis and developmental pro-
cesses. Together with its co-factor DGCR8, it con-
verts the primary transcript (pri-miRNA) into the pre-
cursor hairpin (pre-miRNA) in the nucleus. While
the middle and the C-terminal domain are crucial
for pri-miRNA processing and DGCR8 binding, the
function of the N-terminus remains cryptic. Different
studies have linked this region to the subcellular lo-
calization of Drosha, stabilization and response to
stress. In this study, we identify alternatively spliced
Drosha transcripts that are devoid of a part of the
arginine/serine-rich (RS-rich) domain and expressed
in a large set of human cells. In contrast to their ex-
pected habitation, we find two isoforms also present
in the cytoplasm, while the other two isoforms re-
side exclusively in the nucleus. Their processing ac-
tivity for pri-miRNAs and the binding to co-factors
remains unaltered. In multiple cell lines, the endoge-
nous mRNA expression of the Drosha isoforms cor-
relates with the localization of endogenous Drosha
proteins. The pri-miRNA processing efficiency is not
significantly different between groups of cells with
or without cytoplasmic Drosha expression. In sum-
mary, we discovered novel isoforms of Drosha with
differential subcellular localization pointing toward
additional layers of complexity in the regulation of
its activity.

INTRODUCTION

Non-coding RNAs play important roles in the post-
transcriptional gene regulation. A prominent subgroup
consists of the microRNAs (miRNA), which are single-
stranded molecules of about 22 nucleotides (nt).

The canonical maturation of miRNAs involves only two
cleavage reactions mediated by the RNase III-type enzymes
Drosha and Dicer, but in fact, this is a highly complex and
thoroughly regulated mechanism at multiple layers (1,2).
First, transcription of human miRNAs is carried out by
RNA Polymerase II and controlled by several epigenetic
regulators and transcription factors (3,4). Next, the primary
miRNA (pri-miRNA) transcript is processed in the nucleus
by Drosha. Together with its co-factor DGCR8 (DiGeorge
syndrome critical region 8), it forms the microprocessor
complex (5–8). This trimeric complex (consisting of two
molecules DGCR8 and one Drosha) recognizes long pri-
miRNA transcripts and cleaves them close to the base of
the stem (9,10). The ∼60–80 nt long product is termed pre-
cursor miRNA (pre-miRNA) (11). The pre-miRNA derived
in the nucleus is exported into the cytoplasm by Exportin-
5 (12–14). There, it is further processed by Dicer to a ∼22
nt long duplex with a two nucleotide overhang at either
3‘-end. Finally, an active (mature) miRNA can be derived
from both the 5′- and 3′-strand as well as the loop of a
pre-miRNA (15) and is loaded into a protein of the Arg-
onaute (AGO) family. This protein–RNA complex is de-
scribed as the RNA induced silencing complex (RISC). The
RISC suppresses the translation, decreases the mRNA sta-
bility or even degrades messenger RNAs (mRNA) by com-
plementary base-pairing of the miRNA to its target mRNA
(reviewed in (1,16,17)). Only AGO2 contains a catalytic site
to directly cleave the target mRNA (18,19). Other AGO
proteins are able to repress translation or induce decay by
other proteins or stabilize miRNAs (20–22), reviewed in
(23). Thus, miRNAs have a direct influence on the expres-
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sion of a multitude of proteins involved in many different
cellular processes. Deregulation of the miRNA biogenesis
pathway can contribute to a variety of diseases, including
different forms of cancer.

MiRNA levels can be decreased by either loss or muta-
tion of a gene transcribed into the pri-miRNA or by loss or
malfunction of a co-factor involved in the miRNA biogen-
esis (24–27). The miRNAs itself and regulatory proteins of
the miRNA biogenesis, can influence cell survival and cell
death either positive or negative, depending on their spe-
cific targets (28–30). Particularly, Drosha is linked to cell
survival of vascular smooth muscle cells (31) and is highly
enriched in the cytoplasm upon stress (32).

The RNase Drosha is part of a second large complex
of about 20 different proteins (6), that are involved in the
regulation of individual pri-miRNAs, reviewed in (2). Re-
cent publications describe a role of Drosha in response
to virus infection through cleavage of circular viral pri-
miRNAs in the cytoplasm (33,34). Except for pri-miRNAs,
the DGCR8 mRNA is cleaved by Drosha in a feedback
mechanism (35,36), which is conserved throughout differ-
ent species. Beyond miRNA biogenesis, Drosha is involved
in further cellular processes: rRNA processing (37–39), al-
ternative splicing of pre-miRNA-like exons (40,41) and reg-
ulation of gene expression independently of RNA cleavage
(42). Drosha also cleaves mRNAs encoding for inhibitors
of myelopoiesis and thus, it regulates the development of
dendritic cells completely independent of miRNAs (43).
Expression of neurogenin 2 underlies a similar regulatory
mechanism (44). Notably, additional target mRNAs are
bound by Drosha pointing toward the possibility of ad-
ditional Drosha functions in the cell (45). Non-canonical
functions of Drosha and Dicer are reviewed in (46,47).

While the middle and the C-terminal domains of Drosha
are crucial for pri-miRNA recognition and processing as
well as DGCR8 binding (7,9), the arginine-/serine-rich
(RS-rich) N-terminus has been previously linked to cellu-
lar localization (48,49). The domains within Drosha are
schematically illustrated in Figure 1A. Generally, RS-rich
domains accumulate arginine and serine repeats and are
found in Serine-Arginine-rich SR proteins, regulators of al-
ternative splicing as well as proteins involved in other nu-
clear processes like chromatin remodeling, transcription,
cell cycle progression and nuclear export (50–52). Extensive
phosphorylation of serines within the RS-rich domain reg-
ulates the subcellular localization and activity of such pro-
teins. Exon 6 contains an SPS phosphorylation site, which
is involved in the nuclear localization of Drosha (48).

In this study, we identify novel endogenous alternatively
spliced variants of Drosha. Previously, we described the ex-
istence of rare processing-deficient Drosha splice variants
of the C-terminus (53). Hence, we investigated whether ad-
ditional, more prevalent isoforms of Drosha may exist and
found novel and common isoforms devoid of a part of the
N-terminal RS-rich domain affecting cellular localization
of Drosha.

MATERIALS AND METHODS

Plasmids

Cloning of wild-type Drosha into pcDNA3.1D-V5/His-
TOPO (Thermo Fisher Scientific, Waltham, MA, USA)
has been described before (22). The N-terminal coding se-
quences of the other variants were amplified from cDNA
of MCF7 cells using primers, spanning the exons 5–8. Sub-
sequently, the polymerase chain reaction (PCR) products
were purified from an agarose gel and cloned into the
pCR R©II-TOPO vector. From these constructs, subcloning
of a fragment containing the alternatively spliced region
into a truncated pENTR3C-Dr2-V5/His, via BamHI and
SacI restriction sites, was performed. In a next step, the
relevant regions were subcloned into pcDNA3.1-Flag-Dr2-
V5/His using BamHI and Bsu36I which gave rise to all
pcDNA3.1-Flag-Drosha-V5/His splice variant constructs.
Finally, Yellow-Fluorescent Protein (YFP) was amplified
from pIRESneoFlag/HA-YFP and added N-terminally to
all Drosha coding sequences using the restriction enzymes
HindIII and BamHI and thereby replacing the Flag-tag.
The BamHI site and the Drosha start codon were separated
by the nucleotides ACC. Single and multiple nucleotide mu-
tants of every splice variant were generated using primers
for site-directed mutagenesis. All primers used for cloning
are listed in Supplementary Table S1. The pFlag/HA-
DGCR8 plasmid was kindly provided by Thomas Tuschl
(Rockefeller University). Generation of HA-DGCR8 and
the transdominant negative mutant (TN) with complete
processing deficiency was described before (53,54).

Western blot

Protein samples were prepared with RIPA buffer unless oth-
erwise indicated. Therefore, cells were washed with ice cold
phosphate buffered saline (PBS), scraped from the culture
dish and lysed for 10 min on ice in 250 �l RIPA buffer
per well of a 6-well plate. Subsequently, crude lysates were
centrifuged for 15 min at 17 000 g. The supernatant was
transferred to a fresh tube. Protein concentration was de-
termined with a Bicinchoninic Acid (BCA) assay and sam-
ples were separated by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis, using 6% self-cast gels (Biorad
system; Biorad Laboratories, Hercules CA, USA). After
separation, the samples were transferred from the gel to
a nitrocellulose (GE Healthcare, Little Chalfont, United
Kingdom) or a PVDF membrane (Roche, Basel, Switzer-
land) at 30 V and 90 mA for 16 h at 4–8◦C, using a
wet blotting system (Biorad). The following primary an-
tibodies were used according to the manufacturer’s rec-
ommendations: anti-DGCR8 (1:300, 10 996-1-AP; Pro-
teinTech Group, Chicago IL, USA - http://www.ptglab.
com/Products/DGCR8-Antibody-10996-1-AP.htm), anti-
Drosha (1:1000 in TBS-T + 5% milk, ab-12286, Abcam,
Cambridge, UK), anti-Drosha (D28B1) (1:500, #3364,
Cell Signaling, Cambridge, United Kingdom), anti-EWS
(1:1000, EWS [G-5], sc-28327; Santa Cruz Biotechnology,
Dallas TX, USA), anti -Flag (1:3000, F1804-1MG, Sigma-
Aldrich, St. Louis MI, USA), anti-HA.11 (1:500, Mono
HA.11 MMS-101P, Covance, Münster, Germany), anti-
Lamin A/C (1:2000 in TBS-T + 5% milk, 4C11, Cell Signal-

http://www.ptglab.com/Products/DGCR8-Antibody-10996-1-AP.htm
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transcript [nt] protein [aa] mass [kDa]
T1 5305 1374 159.316
T2 4861 1337 153.333
T3 4691 1337 155.333
T4 4989 1306 151.296
T5 5102 1374 159.316
T6 5019 1343 155.229
T7 3626 1192 138.187

transcript 1+2 A+B new name
T1 180 - -
T2 256 - -
T3 132 - -
T1 + T5 - 560 Dr1
T2 + T3 + T7 - 449 Dr2
T4 - 356 Dr3
T6 - 467 Dr4

PCR product [nt]
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500 bp

400 bp
Dr1
Dr2/Dr4
Dr3

H
EK

29
3

H
eL

a

U
2O

S

Sa
os

-2

H
CT

11
6

A
54

9

H
ep

G
2

M
CF

7

1°
FF

T2
T1
T3

H
EK

29
3

H
eL

a

U
2O

S

Sa
os

-2

H
CT

11
6

A
54

9

H
ep

G
2

M
CF

7

1°
FF

200 bp

G

A

B C

F

D E

RIIIb dsRBDRIIIaRS richProline rich

1

5‘UTR coding sequence

2 4 5 6 7 83

4 5 6 7 8

5 6 7 81 43T1

1 2 A B

5 6 81 432T2

5 6 831 42T3

4 5 8T4

4 5 6 7 8T5

31 364 5

31 36

31 36

31 36

31 36

31 36

7 8T6

4 5 6 8 3136T7

A549

lu
ng

liv
er

m
el

an
om

a

ce
rv

ix

br
ea

st

pa
nc

re
as

m
us

cl
e

sk
in

co
lo

n

st
om

ac
h

bo
ne

bl
oo

d

te
st

is

ki
dn

ey

br
ai

n

NCI-H
23 

NCI-H
1703 

Calu
-6 PC9

Calu
-1

NCI-H
292 

NCI-H
460 

NCI-H
520 

NCI-H
1299

B2B 

IM
R90 

W
I-3

8

HepG2
HLE HLF

Huh-7

M
M

20

M
M

47

M
M

71
HeLa

M
CF1

0a
M

CF7
T47D

KPL1

SK
BR3

M
DA-M

B-2
31

BXPC3
A-6

73
1°FF

HaC
aT

HCT-1
16

RKO
AGS

M
KN-45

SA
OS-2

U2OS

CCRF-C
EM

Ju
rk

at
K562

M
OLT

-4

Ram
os

NT2 

HEK293 

Tet-2
1

0.00

0.02

0.04

0.06

0.10
0.15
0.20
0.25

re
la

ti
ve

 e
xp

re
ss

io
n

very light colored = Dr1
light colored = Dr2
dark colored = Dr3
very dark colored = Dr4

Figure 1. Drosha transcripts and their expression in different cell lines. (A) Schematic representation of the RNase III enzyme Drosha coding region and
the position of exons involved in alternative splicing. RIIIa, RNase III domain a; RIIIb, RNase III domain b; dsRBD, double-stranded RNA binding
domain. (B) Schematic representation of alternative splincing. (C) Table of transcripts; nt = nucleotides; aa = amino acids; kDa = kilo Dalton. (D) Detail
of the alternatively spliced region with combinations of exons both in the 5′UTR and in the N-terminal RS-rich domain in the coding sequence. T7 is
additionally spliced between exon 31 and 36. Arrows indicate primer pairs for PCR amplification. (E) Expected PCR products. (F) RT-PCR results from
cDNA of the indicated cell lines with primer pairs depicted in D. (G) Relative expression profile of the four identified splice variants in a set of 45 cell lines
from different tissue origin, normalized to Cyclophilin A expression (N = 1 with technical duplicates).
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ing), anti-�/�-Tubulin (1:1000 in TBS-T + 5% milk, #2148,
Cell Signaling), anti-V5 (1:1000, R96025, Thermo Fisher
Scientific). Detection was performed with HRP-coupled
secondary antibodies.

RNA extraction, reverse transcription and qPCR

RNA was isolated from TRI Reagent (Sigma-Aldrich)
lysates. Isolation was performed according to the manu-
facturer’s recommendation. Synthesis of cDNA from 1 �g
RNA was performed with Random Hexamer Primer and
RevertAid Reverse Transcriptase (both Thermo Fisher Sci-
entific). Expression of target genes was detected with qPCR
using specific primer pairs and the Power SYBR R© Green
Master Mix (Thermo Fisher Scientific). Generally, relative
expression was determined using the ��CT method. All
values were normalized to cylophilin A and compared to a
respective control sample. Primers are listed in Supplemen-
tary Table S1.

Stem-loop RT-qPCR for mature miRNA detection

RNA was isolated from TRI Reagent (Sigma-Aldrich)
lysates. Isolation was performed according to the manu-
facturer’s recommendation. Synthesis of cDNA from 100
ng RNA was performed using the TaqMan MicroRNA
Reverse Transcription Kit (Thermo Fisher Scientific) ac-
cording to the provided manual. Expression of mature
miRNAs was detected with qPCR using a specific for-
ward primer pair, a universal reverse primer and the Power
SYBR R© Green Master Mix (Thermo Fisher Scientific).
Generally, relative expression was determined using the
��CT method. All values were normalized to the snRNA
U6 and compared to a respective control sample. Primers
are listed in Supplementary Table S1.

Cell lines

HEK293 and NT2 cells were cultivated in Dulbecco’s mod-
ified Eagle’s medium (DMEM; Sigma-Aldrich) supple-
mented with 10% Fetal Calf Serum (FCS) (Thermo Fisher
Scientific) and 1% L glutamine (Sigma-Aldrich). PC9 and
NCI-H1703 cells were cultivated in RPMI-1640 medium
(Sigma-Aldrich) supplemented with 10% FCS (Thermo
Fisher Scientific). U2OS cells were cultivated in McCoy’s
5A medium (Sigma-Aldrich) supplemented with 10% FCS
(Thermo Fisher Scientific) and 1% L glutamine (Sigma-
Aldrich). All cell lines were cultured at 37◦C in a 5% CO2
atmosphere. When a confluence of 80–100% was reached,
the cells were passaged as applicable using 0.25% trypsin-
ethylenediaminetetraacetic acid (Thermo Fisher Scientific).

Cellular fractionation

Cytoplasmic and total nuclear protein extracts were pre-
pared according to a previously published protocol (55).

Immunofluorescence

Cells were seeded in 12-well plates containing 12 mm cover
slips (Glaswarenfabrik Karl Hecht, Sondheim v. d. Rhön,

Germany). For transient plasmid transfection, HEK293
cells were seeded in density to reach a confluence of 70–
80% 24 h later. Plasmid transfection was performed us-
ing TransIT R©-LT1 reagent (Mirus Bio LCC, Madison WI,
USA) according to the manufacturer’s recommendation.
Cells were incubated for another 24 h after transfection. For
fixation, the medium was removed, the cells were washed
with 2 ml PBS and fixed in 1 ml 4% pure formaldehyde
(Thermo Fisher Scientific) for 10 min at room temperature.
Subsequently, the cells were washed again with 2 ml PBS,
permeabilized with 1 ml PBS-Triton-X-100 (0.1%) for 5 min
at room temperature, blocked with 2% bovine serum albu-
min (BSA) in 1 ml PBS-Triton-X-100 (0.1%) for 20 min, and
incubated with the primary antibody anti-Drosha (ab-12
286, Abcam; 1:250 in PBS-Triton-X-100 (0.1%) + 2% BSA)
for 1 h at room temperature. Cover slips were washed and
incubated with the secondary antibody (anti-rabbit Alexa
Fluor R© 647; Thermo Fisher Scientific; 1:500 in PBS-Triton-
X-100 (0.1%) + 2% BSA) and DAPI (5 �g/ml) for 1 h in the
dark. Finally, coverslips were mounted in Mowiol (Merck
KGaA [EMD], Darmstadt, Germany) on specimen slides
(Thermo Fisher Scientific). Images were acquired at 40 or
63× magnification on a Zeiss LSM 700 laser scanning mi-
croscope (Carl Zeiss, Oberkochen, Germany) in the DKFZ
Light Microscopy Core Facility.

Immunoprecipitation

This experiment was performed as described previously
(53,56). Additionally, ANTI-FLAG M2 R© Affinity Gel
(Thermo Fisher Scientific) was used for the pull down of
Flag-tagged protein constructs.

In vitro pri-miRNA processing assay

HEK293 cells were reverse transfected with a Drosha-
siRNA: 5′ GCAUGCAAGCGCGCAGUAU(dTdT) or the
non-targeting siRNA control siAllstars using Lipofec-
tamine RNAiMAX in 6-well plates, according to the
manufacturer’s recommendation. After 24 h, cells were
transfected each with 1.5 �g of plasmid encoding for
YFP-Drosha-V5/His as wild-type or phosphorylation
triple mutant (tripleA and tripleD), pFlag/HA-DGCR8,
a processing-deficient TN mutant Drosha construct (TN;
both catalytic residues mutated: E1045Q, E1222Q), or an
empty vector (EV) using 6-�l Polyethylenimine (PEI) in 100
�l Tris-Buffered Saline (TBS) buffer per well. Forty-eight
hours later, whole cell extracts were prepared in a buffer
containing 20 mM Tris–HCl (pH 8.0), 100 mM KCl by son-
ication (3 × 30 s at low intensity; 30 s break in-between
each sonication step), followed by centrifugation at 17 000
g for 15 min. Supernatants were transferred to a fresh tube.
The T7 template for the primary transcript was amplified
by PCR, gel purified from a 6% TBE-Urea gel, precipitated
and allowed to fold for 10 min at 60◦C before further us-
age (as described in (57)). The processing reaction (total
volume 35 �l) contained 40 �g of total protein, 0.5 mM
ATP, 20 mM creatine phosphate, 4 mM MgCl2, 20 U Ri-
boLock RNase Inhibitor (Thermo Fisher Scientific) and
104 to 105 counts per minute of the [32P]-labeled transcript
containing pri-miR-15b∼16-2. The reaction was incubated
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for 40 min at 37◦C, extracted with phenol–chloroform, pre-
cipitated with 100% ethanol and the RNA pellet was resus-
pended in RNA sample buffer. The samples were loaded
onto a precast 10% TBE-urea gel (Biorad) and separated
by electrophoresis. Finally, the gel was used for direct ex-
posure of x-ray films (Fujifilm, Tokio, Japan) for up to 96
h.

In vivo pri-miRNA processing assay

HEK293 cells were reverse transfected with a Drosha-
siRNA: 5′-GCAUGCAAGCGCGCAGUAU(dTdT)-3′ or
the scrambled siRNA control siAllstars (Qiagen, Venlo,
Netherlands) using Lipofectamine RNAiMAX in 6-well
plates. After 24 h, cells were transfected each with 1.5 �g
of plasmid encoding for YFP-Drosha-V5/His as wild-type
or phosphorylation triple mutant (tripleA), pFlag/HA-
DGCR8, a processing deficient TN mutant Drosha con-
struct (TN), YFP or an EV using 6-�l PEI in 100-�l TBS
buffer per well. Forty-eight hours later, RNA was isolated
using TRI Reagent (Sigma-Aldrich), digested with DNaseI
(Roche) and reverse transcribed. The samples were analyzed
for pri-miRNA levels and endogenous Drosha mRNA lev-
els by RT-qPCR and protein levels by western blot.

RESULTS

Drosha splice variants are expressed in a variety of human cell
lines

In a first approach, we searched for potentially alternatively
spliced transcripts of key human miRNA processing fac-
tors in databases of expressed sequence tags or in transcrip-
tome datasets. We found seven different variants of Drosha
that were cataloged at that time (Figure 1B and C), none
of which had been validated, annotated or characterized.
Three of them were listed in GenBank (NM 013235.4 [T1],
NM 001100412.1 [T2] and XM 005248294.2 [T3]), three in
Ensembl (ENST00000265075 [T4], ENST00000511367 [T5]
and ENST00000382188 [T7]), and one was identified in a
transcriptome-wide sequencing study [T6] (58). Today, En-
sembl also lists T1 and T2, whereas GenBank included T7.
The transcript T3 and T4 were excluded and still, T6 is nei-
ther listed in GenBank nor Ensemble. Splice variants for
other key miRNA processing factors were also found but in
lower abundance than for Drosha.

According to the identified isoforms, Drosha transcripts
can have different start sites. Isoforms T4–T7 lack exons
1–3 and have a shorter 5′UTR, contained in exon 4. T1–
T3 share the same upstream start site but differ in their se-
quence of the 5′UTR by alternative splicing of exon 2 or
exon 2 and part of exon 1. Furthermore, exon 6 and 7 in the
N-terminal region of the transcript are affected by alterna-
tive splicing, which lie in the RS-rich domain of the protein
that bares no known catalytic site but has previously been
shown to play a role in subcellular localization of Drosha
(32,48,59). Hence, we hypothesized that an alteration of the
sequence in that area might have an influence on the local-
ization or the functionality of Drosha itself or on the regu-
lation of the miRNA biogenesis pathway.

To confirm the existence of the identified alternative
splice variants, we performed an RT-PCR from cDNA of

different cancer cell lines. Amplification of the 5′UTR with
a primer pair spanning the area between exon 1 and 3 (Fig-
ure 1D and E) resulted in three bands of the expected size
in all analyzed cell lines (Figure 1F, left panel). Gel purifica-
tion, cloning into pCR R©II and sequencing verified the ex-
istence of all splice variants of the 5′UTR. However, the
expression level of the variants differed and was strongest
for the combination of exon 1, 2 and 3 (as in T2). Since we
found one clearly predominant isoform for this region, we
did not further pursue the analysis of these isoforms.

For verification of the N-terminal splice variants differ-
ing in the presence of exon 6 and 7 (from here on called
Dr1–Dr4), we amplified the region between exon 5 and 8
(Figure 1D, E and F, right panel). The PCR resulted in
the three expected bands as Dr2 and Dr4 (containing ei-
ther exon 6 or exon 7) are very similar in length (Figure
1F; right panel). All isoforms were clearly detectable in
all cell lines with some differences in their relative intensi-
ties among the human cell lines analyzed. Again, the PCR
products were gel purified, cloned into pCR R©II and se-
quenced. The sequencing results verified the existence of
all four possible exon combinations (Supplementary Figure
S1). Furthermore, the expression was quantitatively con-
firmed. We determined the expression pattern of the Drosha
splice variants in cells from different origin through qPCR
in cDNA from 45 cell lines including both cancerous and
non-malignant cells. To distinguish the splice variants, we
used specific primer pairs that recognized exon–exon junc-
tions which were unique for the respective transcript. In ac-
cordance with the intensities of the bands obtained with the
PCR from cDNA, strongest expression was observed for
variants Dr1 and Dr2, whereas levels for Dr3 were gener-
ally lowest in almost every analyzed cell line (Figure 1G).
Variant Dr4 showed a more heterogeneous expression pat-
tern, but was lower than Dr1 as well as Dr2 and higher than
Dr3 in most cell lines.

All Drosha splice variants form the microprocessor complex
with DGCR8 and bind additional interaction partners

To evaluate the binding of Drosha to its co-factors (Figure
2A), we performed co-immunoprecipitation experiments
and subsequent western blot analysis.

First, we tested whether all four isoforms were able to in-
teract with the microprocessor co-factor DGCR8 (Figure
2Ai). First, HEK293 cells were co-transfected with Flag-
tagged DGCR8 and one of the four V5-tagged Drosha
splice variants. Flag-tagged AGO2 was used as negative
control. All Drosha variants were equally expressed and
were pulled down with DGCR8 but not with AGO2 (Fig-
ure 2B). The same result was obtained when Flag-tagged
Drosha was used to pull down DGCR8 (Figure 2C). Lastly,
all four Drosha isoforms were also binding to endogenous
DGCR8 (Figure 2D). In the input, both DGCR8 in unmod-
ified (between 82 and 86 kDa) and post-modified state (ex-
tensively phophorylated, around 120 kDa) was visible. In
the pull down sample, only post-modified DGCR8 was de-
tected (60).

Next, we determined the interaction of the Drosha
isoform with selected members of a second interaction
complex (6) (Figure 2Aii). Endogenously expressed in-
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teraction partners p68 and EWS were efficiently co-
immunoprecipitated with all exogenous Drosha variants
(Figure 2E). Also exogenous p68 was efficiently pulled
down by Drosha (Figure 2F).

All Drosha splice variants efficiently process pri-miRNAs and
the DGCR8 mRNA

All four splice variants bind to DGCR8 and possess the
RNase III and the dsRNA binding domains. Hence, we
tested whether they would also all be capable of processing
pri-miRNAs and the DGCR8 mRNA.

To test whether the Drosha isoforms processed pri-
miRNAs, we applied a knockdown and rescue approach.
HEK293 cells were transfected with an siRNA, targeting
the 3′UTR of Drosha to knockdown endogenous Drosha.
Then, one of the Drosha splice variants was co-transfected
together with DGCR8. We tested four different siRNAs in
the limited sequence space of the 3′UTR and si4491 showed
the best knockdown efficiency at mRNA level for endoge-
nous Drosha compared to the non-targeting control siRNA
(Figure 3A). At the protein level, the knockdown was much
more prominent and Drosha expression was replenished to
a physiological level by the co-transfection with the Drosha
variants (Figure 3B). As additional control, a TN mutant

of Drosha was used, which should abolish pri-miRNA pro-
cessing (54).

For the analysis of pri-miRNA processing after knock-
down of the endogenous Drosha and rescue with the dif-
ferent Drosha isoforms, we selected a set of well-studied
pri-miRNAs. Pri-miR-let-7a-3, pri-miR-15b, pri-miR-16-2,
pri-miR-17, pri-miR-21 and pri-miR-25 were processed to
a similar extent by all four splice variants as indicated by
a decrease of pri-miRNA abundance after Drosha expres-
sion compared to the EV knockdown control. However, the
respective turnover rates of pri-miRNAs were lower than
in the non-targeting siRNA control sample. Knockdown of
endogenous Drosha and overexpression of the TN mutant
led to a decrease in processing efficiency compared to the
EV and knockdown alone, which was evident in highly in-
creased levels of pri-miRNAs (Figure 3C). For pri-miR-21,
the reduction upon Drosha expression was less pronounced,
and not significant, but again similar for all isoforms––here,
the TN mutant had no additional effect (Figure 3C and
Supplementary Table S2). Furthermore, levels of the en-
dogenous DGCR8 mRNA––which is regulated by Drosha
(36)––increased 4-fold upon Drosha knockdown and de-
creased upon overexpression of all isoforms to a similar ex-
tent (Figure 3D).
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Figure 3. All Drosha splice variants efficiently process pri-miRNAs and the DGCR8 mRNA in vitro and in vivo. HEK293 cells were transfected with an
siRNA targeting the 3′-UTR of endogenous Drosha for 72 h and after 24 h additionally with a plasmid for a Drosha splice variant or an empty vector
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To further analyze processing activity also in vitro,
cell extracts after knockdown of endogenous Drosha and
co-transfection of one Drosha variant were incubated
with [32P]-labeled pri-miR-16-2 transcripts. Autoradiogra-
phy demonstrated similar processing activity for all iso-
forms from the primary transcript into the pre-miRNA
(Figure 3E). The level of pre-miRNA-16-2 was not deter-
mined by RT-qPCR since it would have been impossible to
distinguish this intermediate from the primary transcript.
Instead, we determined the expression of mature miR-
NAs derived in vivo upon endogenous Drosha knockdown
and subsequent rescue. The overexpression of a respective
Drosha variant led to an increase of mature miRNA lev-
els compared to the EV knockdown control. However, the
expression of mature miRNAs was not restored entirely.
Clear differences were not found between the four variants
(Supplementary Figure S2). These results supported the ef-
fect observed on the pri-miRNA level as well as the lack of
isoform-specific differences (Figure 3C).

In summary, all Drosha splice variants efficiently pro-
cessed pri-miRNAs and the DGCR8 mRNA.

Alternative splicing affects the localization of Drosha

Since Drosha contains several phosphorylation sites
(32,48,49) and predicted nuclear localization signals (NLS)
in the RS-rich domain (Figure 4A), we hypothesized that
alternative splicing in this domain might have an influence
on the subcellular localization.

To elucidate whether the four different coding sequence
splice variants differed in their localization pattern we trans-
fected HEK293 cells with YFP-Drosha-V5 constructs. In-
terestingly, confocal microscopy revealed indeed a differ-
ence in subcellular localization (Figure 4B): while the alter-
native splice variants lacking exon 7 (Dr2 and Dr3) were lo-
calized almost exclusively nuclear, variants containing exon
7 (Dr1 and Dr4) were also detected in the cytoplasm at
a much higher rate (Figure 4C). Compared to Dr2 and
Dr3, splice variants Dr1 and Dr4 were significantly en-
riched in the cytoplasm and decreased in the nucleus, re-
spectively (Figure 4C). The subcellular localization of the
isoforms is schematically illustrated (Figure 4D). These re-
sults were confirmed through the biochemical fractiona-
tion of cellular compartments. Although all Drosha vari-
ants were found at a detectable level in the cytoplasm of
transfected HEK293 cells, the results resembled the obser-
vations from microscopy. While nuclear expression levels
were equal, the signals for cytoplasmic Dr1 and Dr4 were
significantly stronger compared to Dr2 and Dr3 in the same
cellular compartment (Figure 4E and F).

Since splice variants containing exon 7 showed a pool of
cells with nuclear and cytoplasmic localization, we searched

for motifs potentially responsible for the cytoplasmic lo-
calization. One possibility could be a weak nuclear export
signal (NES) in exon 7 (as predicted with the NetNES 1.1
server (61)). Variant Dr4, which was devoid of exon 6, addi-
tionally lacked two NLS sequences which might have sup-
ported the observed distribution pattern. However, trans-
fection of HEK293 cells with deletion constructs devoid of
the NES or N-/C-terminal parts of exon 7, respectively, and
subsequent confocal laser scanning microscopy revealed no
significant difference between Dr1 as well as Dr4 wild-type
and the respective deletion mutants (data not shown).

Several studies implicated phosphorylation sites in
Drosha (32,48,49), including three Serine residues that are
also predicted and listed in the PHOSIDA database (62).
All three sites were located at the borders of the alterna-
tively spliced exons 6 and 7 at the positions 284, 355 and
357 (Supplementary Figure S3A). The latter two represent
an SPS phosphorylation site, just like serine 300 and 302 po-
sitioned in exon 6 (48). Phosphorylation of SPS sequences
in SMAD3 or MEK1 induced nuclear accumulation and
hence SPS is considered as a general nuclear transport sig-
nal (63). We mutated these three phosphorylation sites to
alanine, which prevented phosphorylation, or to aspartate,
which acted as a phosphorylation mimic due to its negative
charge.

First, we tested whether the loss of phosphorylation
would affect the pri-miRNA processing efficiency of the
Drosha isoforms. All phosphorylation site mutants showed
an effect similar to their corresponding wild-type isoforms,
although with a slightly lower significance (Supplementary
Table S2). Generally, we did not find a distinct tendency
to a decreased or increased processing for any of the mu-
tant variants (Supplementary Figure S3B). Next, we inves-
tigated the localization of the serine mutants by confocal
lasers scanning microscopy of HEK293 cells. The splice
variants that showed an exclusively nuclear signal for wild-
type Drosha (Dr2, Dr3) exhibited almost no change when
mutated to tripleA or tripleD (Supplementary Figure S3C
and D). However, for tripleA mutants of Dr1 and Dr4, the
number of cells with a nuclear and cytoplasmic signal fur-
ther increased to over 50% with a significant result for Dr1
(Supplementary Figure S3D). The tripleD mutants of Dr1
and Dr4 gave rise to similar results as their corresponding
wild-type.

Cells with differential endogenous expression of Drosha iso-
forms show a distinctive cellular distribution pattern

After we documented differential localization of the Drosha
isoforms in an exogenous setting, we wanted to determine
whether this could also be observed for the endogenous
proteins. Since the overlap between the isoforms did not

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
(EV) or a transdominant negative mutant (TN) for 48 h. The cells were co-transfected with pFlag/HA-DGCR8. (A) RT-qPCR results for endogenous
Drosha levels normalized to cyclophilin A and compared to the EV control. Statistical significance calculated with student’s t-test: *P < 0.05; **P < 0.01;
***P < 0.001; N = 3. (B) Western blot verification of efficient knock-down and co-overexpression of Drosha protein. (C) RT-qPCR results for the in vivo
processing efficiency as measured by the abundance of selected pri-miRNAs normalized to cyclophilin A and compared to the EV KD control. Statistical
significance calculated with student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001; ns = not significant. Values are presented in Supplemental Table S2; N
= 3. (D) RT-qPCR results of DGCR8 mRNA levels indicate Drosha-mediated processing by the different isoforms. (E) In vitro processing assay results of
pri-mir-16-2. Detection of pri- and pre-miR-16-2 by autoradiography after incubation with Drosha-transfected cell lysates. Error bars indicate SEM. KD
= knockdown; Ctrl = control; bp = base pair.
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allow the generation of specific antibodies or detection in
mass spectrometry, we used the differential expression pat-
terns observed in various cell lines (Figure 1G). We first
calculated the ratio of relative expression of the two most
abundant isoforms at mRNA level, Dr2 (only nuclear) over
Dr1 (nuclear and cytoplasmic) (Figure 5A and Supplemen-
tary Table S3). We selected the cell lines U2OS, NT2 and
HEK293 that showed the highest ratio of Dr2 over Dr1
among the adherent cell lines. In contrast, NCI-H1703 and
PC9 had the lowest ratio (Figure 5A and Supplementary Ta-
ble S3). RT-PCR results further validated the observations
from the RT-qPCR with an increased Dr1 expression com-
pared to the other isoforms in NCI-H1703 and PC9 lung
cancer cells (Figure 5B).

To investigate whether the subcellular distribution of the
Drosha protein varied between the cell lines, the cells were
fixed and stained with an anti-Drosha antibody. Confocal
laser scanning microscopy indeed revealed a differential dis-
tribution pattern of the splice variants: while U2OS, NT2
and HEK293 showed only a nuclear staining for Drosha
(higher Dr2 expression), NCI-H1703 and PC9 were stained
both in the nucleus as well as in the cytoplasm (higher
Dr1 expression) (Figure 5C). Knockdown experiments of
Drosha proved the specificity of the used antibody (Supple-
mentary Figure S4A). Fractionation of cellular compart-
ments from the five cell lines and subsequent western blot
confirmed the distribution pattern observed in microscopy
with an independent approach (Figure 5D). As evident es-
pecially in the three replicates of this experiment (Supple-
mentary Figure S4B), the cytoplasmic expression of Drosha
was significantly enriched in NCI-H1703 and PC9 cells
(Figure 5E). Unfortunately, the overall levels of Drosha in
U2OS were very low and not detectable by western blot.
This is in line with the comparably low nuclear Drosha sig-
nal and the hardly detectable cytoplasmic staining in the mi-
croscopy images.

Taken together, these results showed that endogenous
Drosha was found also in the cytoplasm in cell lines with
a high relative expression of the Dr1 isoform as verified by
microscopy as well as biochemical fractionation.

The substrate processing is unaffected by the distinctive cellu-
lar distribution pattern of endogenous Drosha splice variants

Finally, we wanted to determine the processing efficiency
of pri-miRNAs in the five cell lines PC9, NCI-H1703,
HEK293, NT2 and U2OS. To allow the direct comparison
to the results obtained before (Figure 3C), the same pri-
mary and mature miRNAs were used in this experiment. As
the different cell lines could exhibit varying expression lev-
els of pri-miRNAs and mature miRNAs, the ratios of both
transcripts were calculated, which ultimately provided in-
formation about the substrate processing efficiency. Poten-
tial effects onto substrate processing would be reflected by
an increase or decrease of this ratio. For the six analyzed
miRNAs, we could not find differences in the ratio between
the respective mature and pri-miRNA indicating a full pro-
cessing efficiency in the five cell lines used (Figure 6A). The
processing of the DGCR8 mRNA was determined through
RT-qPCR using specific primer pairs covering the known
cleavage site or a fragment located upstream of that region

(control fragment = ctrl). While a significantly higher ex-
pression of the control fragment than the fragment covering
the cleavage site was visible in HEK293 cells, there was no
general difference between the two groups of cell lines with
and without cytoplasmic Drosha expression, respectively
(Figure 6B). Hence, the differential expression of Drosha
splice variants did not seem to affect the metabolism of pri-
miRNAs or DGCR8.

DISCUSSION

Drosha is a highly versatile enzyme, which acts in different
processes with the most prominent example being the mat-
uration of miRNAs. Many targets of miRNAs are involved
in essential cellular processes (64). A deregulation of such
processes can lead to different diseases including cancer.

For Drosha, we previously proved the existence of rare
processing-deficient splice variants in melanoma cells (53).
In the current study, we identified novel and abundant iso-
forms in the 5′UTR and the N-terminal coding region of
Drosha and further characterized the latter. In contrast
to the previously described rare C-terminal isoforms, the
now discovered N-terminal Drosha isoforms were abun-
dantly expressed, efficiently bound all analyzed co-factors
and were catalytically active. The localization experiments
proved the presence of Drosha protein in both the nucleus
and cytoplasm of Drosha variants harboring exon 7. The
interpretation of these results is impeded by the extensive
and complex phosphorylation of Drosha which is beyond
the scope of this splicing-centered study. Several serine and
threonine residues are linked to the regulation of Drosha’s
subcellular localization in our own and previous studies
with sometimes non-overlapping results (32,48,49). This il-
lustrates the elusive picture of the mechanism of Drosha
phosphorylation in the context of localization and other cel-
lular processes. Additionally, deletion mutants devoid of the
NES or parts of exon 7, respectively, did not exhibit the ex-
pected difference between Dr1 as well as Dr4 wild-type and
mutant form.

The exact role of the herein discovered splice variants
remains to be elucidated. It is tempting to speculate that
the alternative splicing and changes in localization could
be linked to differential functions due to different Drosha
interaction partners or substrates in the nucleus and the
cytoplasm. According to previous findings, it could also
be involved in response to different stressors like heat or
reactive oxygen species. For instance, heat and peroxida-
tive stress leads to a p38 MAPK dependent phosphoryla-
tion and subsequent cytoplasmic re-localization of Drosha
where it is rapidly degraded by the protease calpain (32).
p38 MAPK seems to be capable to directly or indirectly
modulate Drosha function to either compromise or increase
miRNA biogenesis. The functions and changes of miRNAs
and co-factors upon stress are reviewed in (65). While it ap-
pears plausible that cytoplasmic Drosha may have differ-
ent substrates than nuclear Drosha, it could also be pos-
sible that selected pri-miRNAs may be exported from the
nucleus and processed in the cytoplasm. This in turn would
also require a significant expression of DGCR8 protein in
the cytoplasm which has not been documented thus far.
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Figure 4. Alternative splicing affects the localization of Drosha. (A) Sequence of the alternatively spliced region of Drosha. Bold and underlined sequences
indicate predicted nuclear localization sequences (NLS). (B) Microscopic results of HEK293 cells transiently transfected with the respective YFP-tagged
Drosha splice variants. Nuclei were stained with DAPI, Drosha was co-stained with a secondary antibody labeled with Alexa Fluor R© 647. Images were
acquired in 63× magnification. Scale bars represent 20 �M. (C) Quantitative analysis of immunofluorescence experiments performed on HEK293 cells
transiently transfected with the respective Drosha splice variants on images acquired with 40× magnification. A number of at least 40 cells were counted
per image. N: nucleus; C: cytoplasm. Statistical significance calculated with student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001. N = 3. Error bars
indicate SEM. (D) Schematic representation of YFP-tagged constructs of the Drosha splice variants and their detected cellular distribution in the cell.
(E) Western blot results of the fractionation of cellular compartments from HEK293 cells transiently transfected with the respective YFP-tagged Drosha
splice variants. (F) Quantitation of chemoluminescent signals derived from E. Percentages of signals were calculated for each splice variant based on the
sum of signal volume from the respective cellular compartment. Statistical significance was calculated with student’s t-test: *P < 0.05; **P < 0.01; ***P
< 0.001. Error bars indicate SEM. N = 3.
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Figure 6. The substrate processing is generally unaffected by the distinctive cellular distribution pattern of endogenous Drosha splice variants. (A) Relative
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In summary, we discovered the first Drosha splice iso-
forms with abundant expression altering the N-terminal
RS-rich domain. Alternative splicing did not affect the
binding to co-factors and pri-miRNA or DGCR8 mRNA
processing efficiency was equal for all splice variants. How-
ever, two of these variants were strongly present in the
cytoplasm, whereas two others remained exclusively nu-
clear. Future investigations are needed to elucidate the con-
nection between alternative splicing of Drosha, its subcel-
lular localization and functional consequences potentially
depending on cytoplasmic interaction partners, substrate
RNAs or regulatory mechanisms. Hence, this study lays
the foundation for a deeper exploration of the N-terminal
Drosha splice variants and their role inside and outside of
the miRNA biogenesis pathway. Importantly, our study em-
phasizes the urgent need to systematically identify splicing
isoforms also for well-studied proteins and critically analyze
their functional and regulatory differences.
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