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ABSTRACT

MicroRNAs (miRNAs) are a class of small noncoding RNAs about 22-nucleotide (nt) in length that
collectively regulate more than 60% of coding genes. Aberrant miRNA expression is associated with
numerous diseases, including cancer. miRNA biogenesis is licenced by the ribonuclease (RNase) llI
enzyme Drosha, the regulation of which is critical in determining miRNA levels. We and others have
previously revealed that alternative splicing regulates the subcellular localization of Drosha. To further
investigate the alternative splicing landscape of Drosha transcripts, we performed PacBio sequencing in
different human cell lines. We identified two novel isoforms resulting from partial intron-retention in the
region encoding the Drosha catalytic domain. One isoform (AS27a) generates a truncated protein that is
unstable in cells. The other (AS32a) produces a full-length Drosha with a 14 amino acid insertion in the
RIID domain. By taking advantage of Drosha knockout cells in combination with a previously estab-
lished reporter assay, we demonstrated that Drosha-AS32a lacks cleavage activity. Furthermore, neither
Drosha-27a nor Drosha-32a were able to rescue miRNA expression in the Drosha knockout cells.
Interestingly, both isoforms were abundantly detected in a wide range of cancer cell lines (up to 15%
of all Drosha isoforms). Analysis of the RNA-seq data from over 1000 breast cancer patient samples
revealed that the AS32a is relatively more abundant in tumours than in normal tissue, suggesting that
AS32a may play a role in cancer development.
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Introduction drawn from experiments performed within cell-free or recon-
stituted systems; how Drosha activity is regulated in physiol-
ogy and diseases remains largely elusive.

Human Drosha contains two RNase III domains (RIIIDa
and RIIIDb) and a dsRNA-binding domain (dsRBD) in the
C-terminus, a central domain (CED) in the middle of the
protein, and an N-terminal domain essential for nuclear loca-
lization [19-21]. Drosha mRNA contains 36 exons.
Previously, we and others identified several Drosha isoforms
including one in which the exon containing the nuclear loca-
lization signal (NLS) is skipped [22,23]. This established alter-
native splicing as one of the mechanisms involved in
regulating Drosha subcellular localization. Drosha transcripts
were also shown to be abnormally spliced in melanoma and
teratocarcinoma cells, resulting in the production of
C-terminal truncated, non-functional Drosha proteins [24].
These findings suggest that alternative splicing might play
a profound role in regulating Drosha activity.

Here, we investigated the alternative splicing landscape of
Drosha mRNA in a variety of human cell lines by PacBio
sequencing. We found that the Drosha transcript undergoes
extensive alternative splicing to generate many isoforms. We
identified two novels and relatively abundant isoforms, both
of which contain a partial retention of an intron in the region

Drosha, a conserved RNase III enzyme required for viability
in animals, plays an essential role in processing cellular dou-
ble-stranded RNAs (dsRNAs) [1,2]. Drosha is critical for the
maturation of microRNAs (miRNAs) [3], which collectively
regulate more than half of all protein-coding transcripts in
human cells [4]. Drosha interacts with dsRNA-binding pro-
tein DGCRS to form the Microprocessor complex [5,6], which
releases hairpin-shaped miRNA precursors (pre-miRNA)
from larger RNA polymerase II (Pol II)-driven primary tran-
scripts (pri-miRNA) in the nucleus [7]. Cellular RNAs con-
taining similar stem-loop structures are potential targets for
Drosha processing. Recent reports suggest a function for
Drosha in rRNA processing and the degradation of certain
mRNAs [8-11], thus extending its role beyond miRNA
biogenesis.

The expression and function of Microprocessor compo-
nents are often dysregulated in cancer and result in aberrant
miRNA expression [12-14]. Drosha downregulation and the
corresponding reduction in miRNA are correlated with
metastasis, invasion, and poor patient survival rates [15-18].
This highlights the importance of clarifying the mechanism by
which Drosha-mediated miRNA biogenesis is controlled.
However, the majority of current knowledge on this topic is
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encoding the RNase III domain (RIIID). Drosha proteins
derived from these two variants are incapable of cleaving pri-
miRNA and non-functional in miRNA biogenesis. These iso-
forms were detected in multiple cancer cell lines and their
levels were upregulated in a subset of breast cancer patients,
suggesting that they may play a role in cancer development.

Results

Identification of novel Drosha splicing variants in
multiple human cell lines

To comprehensively profile Drosha alternative splicing iso-
forms, we characterized Drosha transcripts in a transformed
human cell line (HEK293T) as well as in cancer cell lines
derived from cervical cancer (HeLa), breast cancer (MCF-7)
and osteosarcoma (U20S). First, we measured the transcrip-
tion start site (TSS) of Drosha transcripts in these 4 cell lines
using 5" RACE. While multiple TSS were detected, all were
mapped into a narrow (~40nt) window relatively close to the
annotated TSS in Genome Browser [25] (Supplemental Fig.
S1). Using a poly-dT primer together with a Drosha-specific
primer to target a region downstream of these detected TSS,
we were able to convert all Drosha splicing variants into
c¢DNAs via RT-PCR. The resulting cDNA libraries were sub-
jected to PacBio sequencing. Different from RNA-seq (which
relies on mapping short reads of exon-exon junctions and is
somewhat inefficient at identifying de novo isoforms), PacBio
sequencing generates full-length sequences of all isoforms
resulting from alternative splicing (Fig. 1A).

We obtained more than 50,000 long reads from each cell
line (Supplemental Table S1). After removing chimeric reads
that resulted from PCR error and/or undesired ligation
between cDNAs, we were able to uniquely map ~80% of the
remaining non-chimeric reads back to the genomic sequence.
Surprisingly, only a small portion of these were derived from
Drosha transcripts, indicating that the primer used for RT-
PCR is not specific to Drosha. Nonetheless, approximately
1000-2500 Drosha cDNA sequences were generated from
each cell line, a number which is in theory sufficient to detect
rare Drosha isoforms with a relative abundance as low
as 0.1%.

Consistent with previous reports from us and others
[22,23], Drosha splicing variants are highly prevalent, occupy-
ing more than half of the PacBio reads in all 4 cell lines (Fig.
1B). While alternative splicing was observed in the 5’ untrans-
lated region (UTR) and alternative polyadenylation (APA)
was observed in the 3" UTR, we focused on events that
occurred within the Drosha coding sequence (CDS) and
were more likely to have a direct functional impact. Our
analysis of the most abundant isoforms in HEK293T cells
confirmed the previously established alternative splicing
events in which exon6, exon7, or both are skipped.
Interestingly, two novel alternative splicing events were also
observed: one with a partial intron inclusion (exon27a)
between exon27 and exon28, and the other with a partial
intron inclusion (exon32a) between exon32 and exon33 (Fig.
1C). We named these two variants AS27a and AS32a, respec-
tively. Nearly all combinations among skipping of exon6 and/

or exon7 and inclusion of exon27a and/or exon32a were
detected, suggesting that it is unlikely that these alternative
splicing events are coupled. Similar observations were made
in Hela, MCF-7 and U20S cells (Supplemental Fig. S2), indi-
cating that the occurrence of these variants is not limited to
one cell type.

To validate the PacBio sequencing results, we amplified the
c¢DNAs using PCR with two primer sets that spanned exon27-
exon28 and exon32-exon33, respectively. As expected, each
set generated two bands with the predicted sizes for wildtype
full-length and the product of alternative splicing (Fig. 1D);
Sanger sequencing confirmed that one band resulted from the
wildtype transcript while the other represented the intron
inclusion variant. To determine the relative abundance of
AS27a and AS32a variants compared to the full-length tran-
script, we performed quantitative RT-PCR (qRT-PCR) by
using variant-specific primers and probes. Consistent with
the PacBio results, the levels of AS32a and AS27a are relatively
low, ranging from 2% to 12% of total Drosha transcripts in
the 4 cell lines tested (Fig. 1E, Supplemental Fig. S3).

Drosha-AS27a is truncated and unstable; Drosha-AS32a
has an insertion in the RIIID domain and lacks cleavage
activity

Interestingly, insertions of AS27a and AS32a are both located
in Drosha RIIID, the catalytic domain responsible for cleavage
activity of the enzyme (Fig. 2A). The insertion sizes of AS27a
and AS32a are 129 and 42nt, respectively, and while both
insertions are apparently in-frame, further investigation
revealed that the insertion of AS27a contains a premature
stop codon. Therefore, the Drosha protein derived from
AS27a isoform (Drosha-AS27a) is predicted to be truncated
at the C-terminal, losing the RIIIDb and the downstream
dsRBD domain. Drosha-AS32a, on the other hand, is pre-
dicted to be a full-length protein with a 14aa insertion at the
c-terminal end of the RIIIDb domain, which disrupts one of
the three signature RNase III motifs.

To validate these predictions, we cloned the cDNAs of full-
length Drosha (Drosha-FL), AS27a and AS32a into FLAG-
tagged expression plasmids. Taking advantage of a Drosha
knockout HEK293T cell line established previously by our
group [22], we were able to express and examine these
Drosha variants free of interference from endogenous
enzyme. As expected, results from western blots performed
with an antibody against Drosha indicated that Drosha-AS27a
is a truncated protein and Drosha-AS32a is slightly longer
than Drosha-FL (Fig. 2B). Interestingly, while Drosha-AS32a
was expressed at a similar level to that of Drosha-FL, Drosha-
AS27a was barely detectable. To rule out the possibility that
this was an artefact caused by inefficient recognition of the
truncated protein by the anti-Drosha antibody, we repeated
the western blot with an antibody against the FLAG tag and
observed a similar result (Fig. 2B). Quantitative, real-time RT-
PCR showed that the level of Drosha-AS27a mRNA was
similar to, if not higher than that of Drosha-FL and Drosha-
AS32a (Fig. 2C). Together, these results strongly suggest that
the Drosha-AS27a protein is unstable in cells. Supporting this
idea, blocking proteasome activity by MG341 treatment led to
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Figure 1. Identification of Drosha splice variants in human cells.
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(A) Schematic representation of library construction procedures for PacBio sequencing. (B) Quantitation of Drosha full length (FL) transcripts and splice variants based
on PacBio sequencing results in four human cell lines. (C) Schematic diagram of most abundant Drosha transcripts in HEK293T cells. ATG and TAA indicated positions
of translation start codon and stop codon in exons, respectively. Dashed-line box indicates where major splicing events were identified in the coding regions. (D)
Validation of Drosha alternative splice variants by RT-PCR. Drosha cDNAs were amplified with primers spanning exon27-exon28 and exon32-exon33, respectively. PCR
products were confirmed with Sanger sequencing and are labelled correspondingly in the agarose gel image. (E) Quantification of Drosha isoforms in human cells.
The amount of each isoform in HEK293T, HeLa, MCF-7, and U20S cells was measured by real-time qPCR with isoform-specific primers (See methods for more details).

The corresponding standard curves can be found in Supplementary Fig. S3.

accumulation of Drosha-AS27a (Fig. 2D). Given that Drosha-
AS27a lacks the C-terminus required for DGCRS association
[20], it is possible that the Drosha-AS27a protein is unable to
form the Microprocessor complex with DGCR8 and therefore
prone to degradation.

Next, we investigated whether Drosha-32a (the full-length
protein with a 14aa insertion) retained cleavage activity

towards pri-miRNA using a previously established reporter
system that measures the Drosha cleavage in cells [22]. Briefly,
two luciferase reporter constructs harbouring either pri-miR
-16 or pri-let-7a in the 3'UTR were co-transfected into Drosha
knockout cells together with either a control plasmid or
a plasmid expressing Drosha-FL or Drosha-AS32a. In the
assay, Drosha cleavage of the pri-miRNA sequence triggers
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Figure 2. Characterization of Drosha-AS27a and Drosha-AS32a isoforms.

1 E= Drosha-AS32a

Pri-miR-16 Pri-let-7a

(A) Sequence alignment of amino acids encoded by Drosha-FL and alternative splice variants. Upper panel indicates where exon 27a and exon 32a are located in the
Drosha protein domain. In the lower panel, sequence differences between amino acids in Drosha-FL and Drosha-AS27a, or between Drosha-FL and Drosha AS32 are
highlighted in grey. The signature motifs of the RNase Il domain are indicated by the dashed-line box. Amino acid residues critical for cleavage activity are
highlighted in black. (B) Western blot detecting protein expression of Drosha alternative splicing variants in Drosha KO cells. As previously described, N-terminal
truncated Drosha resulting from degradation was also detected and labelled with *. Unspecific bands for anti-FLAG antibody were labelled with #. (C) RT-qPCR was
used to quantitate mRNA levels of Drosha splicing variants. (D) Western Blot detecting ectopic expression of Drosha-AS27a in Drosha KO cells upon treatment with
either DMSO or Bortezomib (MG341, 200 nM) for 12 hours. (E) Dual-luciferase assays to measure Drosha cleavage activity. Cleavage reporters containing either pri-
miR-16-1 or pri-let-7a-1 were co-transfected with empty vectors or plasmids expressing Drosha-FL or Drosha-AS32a into Drosha KO cells. See more details in

Supplementary Fig. S4.

degradation of the luciferase transcripts which in turn results
in reduced luciferase activity. Drosha cleavage efficiency can
thus be measured by comparing luciferase activity in the
presence and absence of Drosha protein (Supplemental Fig.
S4). While expression of Drosha-FL reduced reporter activity

by >90%, no reduction was observed when Drosha-AS32a was
expressed (Fig. 2E). Given that a single cut by Drosha is
sufficient to reduce reporter expression (Supplemental Fig.
S4), these observations indicate that the AS32a insertion at
the C-terminal end of RIIIDb domain completely abolished



the cleavage activity of Drosha from both RIIIDa and RIIIDb
domains.

AS27a and AS32a are incapable of pri-miRNA processing

Our results strongly suggest that both AS27a and AS32a
splicing variants were non-functional in miRNA biogenesis,
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Figure 3. Drosha-AS27a and Drosha-AS32a are deficient in miRNA biogenesis.
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as proteins generated from these two variants lack either
stability or cleavage activity. To test this directly, we per-
formed a genetic complementation assay in Drosha KO
HEK293T cells (with corresponding wildtype cells as
a control; Fig. 3A). To facilitate detection of miRNAs, we
cloned the genomic sequence of pri-miR-16 and its surround-
ing sequence (~200nt on each side) into a CMV (Pol II)-
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(A) Schematic diagram of experimental workflow for investigation of Drosha-AS27a and Drosha-AS32a function. (B) Northern blot to analyse the function of Drosha-
AS27a and Drosha-AS32a in miR-16 processing. CMV (Pol II) driven pri-miR-16 was ectopically expressed in HEK293T cells, as well as co-expressed with various Drosha
variants in the Drosha KO cells. Pri-miRNA-16 transcripts are too long to run into the polyacrylamide gel. Pre-miR-16 and mature miR-16 were detected by a probe
against the sequence of miR-16. The expression of U6 served as a loading control. (C) Levels of endogenous miRNAs were measured by small RNA sequencing in
HEK293T cells and Drosha KO cells rescued with Drosha-FL, Drosha-AS27a, or Drosha-AS32a. For each miRNA, the average level of two biological replicates was
calculated. miRNAs with an average expression >10 reads per million (RPM) in WT HEK293T cells were plotted.
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driven transcription vector and co-expressed pri-miR-16 with
various Drosha variants. As expected, we were able to detect
both pre-miR-16 and mature miR-16 by northern blot in
wildtype HEK293T cells but not in Drosha KO cells (Fig.
3B). Co-expression of Drosha-FL rescued production of both
pre-miR-16 and mature miR-16, but no signal was detected
when Drosha-AS27a or Drosha-AS32a was co-expressed (Fig.
3B), indicating that neither protein is capable of processing
pri-miR-16.

To extend this conclusion to all endogenous miRNAs, we
repeated the same experiment without overexpressing pri-miR
-16 and performed small RNA sequencing (miRNA-seq).
Compared to wildtype HEK293T cells, expression of nearly
all endogenous miRNAs in Drosha KO cells was reduced to
a level close to noise (<10 reads per million) (Fig. 3C). The
levels of miRNAs whose biogenesis is known to be indepen-
dent of Drosha activity (for example, miR-320-3p [26,27])
were elevated, most likely due to an increase in empty
Argonaute proteins. While the expression of Drosha-FL
restored the miRNA expression profile to be similar to that
of wild-type HEK293T cells, expression of neither Drosha-
AS27a nor Drosha-32a had any detectable impact on miRNA
expression (Fig. 3C). These results confirm that Drosha-
AS27a and Drosha-AS32a are non-functional in miRNA
biogenesis.

Given that Drosha-AS32a contains the C-terminus which
is required for DGCR8 association, it is possible that Drosha-
AS32a binds DGCRS8 to form a non-functional microproces-
sor that inhibits miRNA biogenesis in a negative-dominant
manner. To test this, we overexpressed Drosha-AS32a in wild-
type HEK293T cells (Supplemental Fig. S5A) and measured
endogenous miRNA expression by deep sequencing.
Compared to cells treated with a vector-only control, we did
not observe any difference in the miRNA expression profile
(Supplemental Fig. S5B). The same experiment performed in
HeLa cells generated a similar result (Supplemental Fig. S5C,
D), suggesting that non-functional Drosha-AS32a does not
interfere with the activity of endogenous Drosha in cultured
cells.

AS27a and AS32a are abundant in cancer cell lines and
their levels are elevated in some breast cancer patients

Loss of Drosha function caused by alternative splicing is one
potential explanation for the downregulation of miRNA com-
monly observed in many types of cancer [13,14]. To measure
the abundance of AS27a and AS32a variants in cancer cells,
we analysed the RNA-seq data deposited in the Cancer Cell
Line Encyclopaedia (CCLE). Of the 1264 cancer cell lines for
which RNA-seq are available, we focused on 340 in which
there are sufficient reads of Drosha transcripts. In 330 of
these, we were able to detect unique exon-exon junction
reads that can only be derived from either AS27a or AS32a
transcripts, suggesting that these two variants are highly pre-
valent in cancer cells. To calculate the relative abundance, we
divided the number of reads supporting intron inclusion by
the number of reads supporting intron inclusion and exclu-
sion (Supplemental Fig. S6). The result from a subset of
cancer cell lines (for which there are sufficient intron-

inclusion junction-reads) is plotted in Fig. 4A. Consistent
with the idea that AS27a and AS32a function redundantly in
disrupting Drosha activity, we did not observe any correlation
between the frequency of these two variants (Fig. 4A).

Dysregulation of Drosha function plays a key role in cancer
development [28]. We hypothesize that the alternative spli-
cing events leading to the production of non-functional
Drosha may contribute to tumorigenesis. To test this, we
used RNA-seq data from The Cancer Genome Atlas
(TCGA) to compare the alternative splicing events of AS27a
and AS32a in cancer and normal tissues. The sequencing
depth is rather limited for the majority of samples, which
made it challenging to detect AS27a or AS32a variants.
Nonetheless, after analysing over 1000 breast cancer patient
samples, we found that both the average percentage and the
average expression level of AS32a were significantly higher
than that of normal tissues (Fig. 4B, Supplemental Fig. S7),
suggesting that AS32a may have functional relevance in
cancer.

To investigate the potential impact of AS32a on miRNA
dysregulation, we analysed the corresponding miRNA pro-
files. On TCGA, miRNA levels were previously normalized
and reported as reads per million total miRNA counts. This
normalization masked variation of overall miRNAs abun-
dance between samples. Nonetheless, by comparing breast
cancer patient samples to normal tissues, we were able to
detect relative changes in miRNA profile (Supplemental Fig.
S8A). Well-characterized oncogenic miRNAs such as hsa-mir
-21 [29] were upregulated while tumour suppressor miRNAs
such as hsa-let-7 [30] were downregulated in patient samples
(Supplemental Fig. S8A). Applying a similar strategy, we
sought to detect the impact of AS32a by comparing patient
samples with a relatively high level of Drosha splicing variant
to those without any. The top 50 highly expressed miRNAs
were analysed (Supplemental Fig. S8B). Consistent with the
observation that only AS32a was enriched in the tumour
samples (Fig. 4B), the level of AS32a correlates to a larger
change in miRNA profile than that of AS27a. Interestingly,
several miRNAs (such as mir-21) which were upregulated in
tumours compared to normal tissues were further increased in
patient samples with a high level of AS32a. Likewise, down-
regulated miRNAs (such as let-7 family members) were
further decreased (Supplemental Fig. S8B). Together, these
results support a model in which cancer cells use AS32a to
modulate miRNA levels, which in turn benefit tumour
progression.

Discussion

Given the critical role that miRNA plays in gene regulation,
Drosha has been studied extensively. While many cellular
factors have been found to modulate Drosha activity [31],
little is known about the impact of alternative splicing on
Drosha function. Drosha pre-mRNA is over 130kb in size,
and has 36 identified exons. Traditional methods such as
RT-PCR followed by Sanger sequencing or northern blot are
inadequate to characterize the potentially complicated land-
scape of Drosha isoforms. While RN A-seq has proven to be
an effective high-throughput approach for detecting mRNA
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Figure 4. AS27a and AS32a are abundant in cancer cell lines and their levels are elevated in some breast cancer patients.

(A) Percentage of Drosha splice variants AS27a and AS32a in cancer cell lines. The RNA-seq data of cancer cell lines were obtained from CCLE database. The cell lines
with a minimum of 20 AS27a-specific reads or 40 AS32a-specific reads were sorted by the percentage of AS27a or AS32a and plotted in the left Y axis. Drosha
expression level (log2-transformed FPKM values) in each corresponding cell line was plotted in the right Y axis. (B) Percentage of Drosha splice variants AS27a and
AS32a in breast normal and tumour tissues. The RNA-seq data of normal and tumour tissues were obtained from TCGA database. Normal, n = 104; Tumour, n = 1162.

isoforms, it remains a challenge to correctly assign relatively
short (~100 to ~300 nt) exon-exon junction reads to the
corresponding isoform. This is particularly problematic
when undefined exon-exon junctions are involved. For this
reason, RNA-seq is somewhat limited in its ability to iden-
tify novel isoforms. PacBio sequencing, on the other hand,
generates high-confidence full-length Drosha c¢DNA

sequences without assembly. By applying this approach, we
identified two novel alternative splicing events - AS27a and
AS32a and validated both by qRT-PCR and Sanger
sequencing.

More importantly, measuring the full-length cDNA
sequence not only provided a comprehensive survey on alter-
native splicing events occurring in different regions of Drosha
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but also enabled us to compare these events without bias. The
top four most abundant alternative-spliced isoforms are var-
ious combinations of exon6 and exon7 skipping. AS32a and
AS27a start to show in the next most abundant group of
isoforms, suggesting that AS32a and AS27a are major alter-
native splicing events, second only to exon6/7 skipping.
Previously reported alternative splicing events in which
exon31, exon32 and exon33 are skipped in various combina-
tions [24] were observed in our PacBio sequencing results, but
at a lower frequency than AS32a or AS27a (Supplemental
Table S2).

Consistent with previous reports [22-24], our study
revealed that despite a rather complicated landscape of
Drosha isoforms, alternative splicing happened at two
major regions: one which encodes the NLS and the other
which harbours the sequence of the catalytic domain. This
striking correlation with Drosha function argues that these
events are not random, but rather part of a regulated process
in modulating Drosha activity. The fact that AS32a and
AS27a are abundant in cancer cell lines and elevated in
breast cancer patients supports a model in which cancer
cells use AS32a and AS27a to reduce Drosha activity and
downregulate miRNA levels, which in turn benefits tumour
progression. However, the relatively low frequency of AS32a
and AS27a challenges this idea, and questions the biological
impact of a mild reduction in Drosha activity. One possibi-
lity is that a reduced level (but not total depletion) of
miRNAs is beneficial for tumour growth. This would explain
why a partial reduction of Drosha activity is observed in
cancer cells. Supporting this idea, Dicer (which functions
downstream of Drosha in miRNA biogenesis) was shown
to be a haploinsufficient tumour suppressor [32,33].
Alternatively, the ectopically expressed Drosha-AS32a in
HEK293T cells may not fully recapitulate its function
in vivo. Drosha-AS32a might modulate miRNA expression
in vivo by interacting with cellular factors which are
absent in cultured cells. If true, this helps to explain why
we were able to observe a correlation between AS32a level
and variation of miRNA profile in breast cancer patients but
not in HEK293T cells. Future study is required to under-
stand the mechanisms by which AS32a and AS27a are regu-
lated. We will then be able to manipulate AS32a and AS27a
to test their impacts on tumour progression. Finally, it is also
possible that the main functions of AS32a and AS27a lie
beyond cancer. Further investigation to identify tissues/cells
in which these two isoforms are highly prevalent will provide
additional insights.

Materials and methods

Cell culture and transfection

HEK293T, HeLa, U20S, and MCF-7 cells were cultured in
DMEM, high glucose (Thermo Fisher Scientific) supplemen-
ted with 10% heat-inactivated FBS (Hyclone), 100 U/ml peni-
cillin and 100 pg/ml streptomycin in 5% CO2 at 37°C. Drosha
knockout HEK293T cells was described previously [22]. Cell
transfections were performed using PolyJet” DNA
Transfection Reagent (SignaGen) according to the manufac-
turer’s instructions.

RNA isolation

Total RNA was extracted using RNeasy mini kit (Qiagen) or
Trizol (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Extracted RNA was then treated with
DNase I by using DNA-free™ DNA Removal Kit (Thermo
Fisher Scientific). The RNA concentration was quantified
using a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific). RNA integrity number (RIN) was assessed on
Agilent 2100 Bioanalyzer (Agilent Technologies). All RNA
samples used for the following experiments have a RIN
around 10.

Rapid amplification of cDNA ends (RACE)

The 5' end of Drosha transcripts was measured by using
SMARTer® RACE 5'/3' Kit (Clontech Laboratories) following
the manufacturer’s instructions. PCR products were cloned
into pCR™2.1-TOPO® vector (Thermo Fisher Scientific) and
were subsequently sequenced by Sanger sequencing.

Single-molecule real-time (SMRT) sequencing by Pacific
Biosciences (PacBio)

Library preparation of HEK293T, HeLa, U20S, and MCF-7
was performed in accordance with PacBio user’s manual.
Briefly, the cDNA library for each cell line was generated by
3" RACE using SMARTer® RACE 573" Kit (Clontech
Laboratories). To capture specific Drosha transcripts, 5’ gene-
specific primer was used for PCR amplification. The SMRT
bell libraries were constructed by using the SMRTbell
Template Prep Kit 1.0 (Pacific Biosciences) following manu-
facturer’s protocol. Each library was then sequenced on one
PacBio RSII SMRT cell.

Intra-molecular circular consensus (CCS) reads generated
from PacBio sequencing were analysed by Iso-seq standard
pipeline. Obtained high-quality isoform consensus sequences
were classified as full-length if a matching pair of barcode
sequences were observed on the two ends of the read. The
full-length reads were then run through an in-house develop-
ment pipeline which iteratively clustering full-length reads
that belong to the same isoform. Redundant sequences
which have the same exon structures were collapsed into
unique isoforms with total read count for that unique isoform.

Reverse transcription and polymerase chain reaction
(RT-PCR)

Reverse transcription of mRNA was carried out with
Superscript IV (Thermo Fisher Scientific) and Oligo dT or
Random Hexamers according to the manufacturer’s instruc-
tions. The PCR was amplified with Phusion® High-Fidelity
DNA Polymerase (New England Biolabs) with gene-specific
primers. The primer sequences are listed in Supplementary
Table S3. Electrophoresis of the PCR product was performed
on an agarose gel with SYBR Safe DNA Gel Stain (Thermo
Fisher Scientific). Image was obtained and quantified by
Chemidoc Touch Imaging System (Bio-Rad).

Quantitative real-time PCR (qPCR)

Quantitative real-time PCR of Drosha isoforms was per-
formed with isoform-specific primers and double-quenched
ZEN/Iowa Black FQ probes (Integrated DNA Technologies)



on the CFX384 Touch Real-Time PCR Detection System (Bio-
Rad). For quantification of Drosha isoforms, plasmids con-
taining cDNA sequences of each isoform were used as tem-
plates to test the efficiency of primers and establish standard
curves. The relative level of each isoform in HEK293T, HelLa,
MCEF-7, and U20S cells was determined with the cycle thresh-
old (CT) value normalized to the standard curves. Sequences
of primers and probes are listed in Supplementary Table S3.

Plasmids construction

pcDNAG6/FLAG-Drosha was described in previous study [22].
pcDNAG6/FLAG-Drosha-AS27a and pcDNA6/FLAG-Drosha-
AS32a were generated by mutagenesis using gBlocks® Gene
Fragments (IDT). The correct insert sequence in the plasmids
was validated by Sanger sequencing. The gblock sequences are
listed in Supplementary Table S3. Pri-miR-16 expression plas-
mid was constructed into pCMV-FLAG vector with restric-
tion sites NotI and Sall.

Western blot

Cells pellets were lysed with M-PER mammalian protein
extraction reagent (Thermo Scientific) supplemented with
protease inhibitor cocktail (Roche). Protein samples were
separated in a 4-15% Mini-PROTEAN® TGX Stain-Free™
Gel and electrotransferred onto a PVDF membrane (Bio-
Rad) using Trans-Blot Turbo Transfer System (Bio-Rad).
Primary antibodies used in this study are rabbit anti-Drosha
(Cell Signalling), mouse anti-FLAG (Sigma) and mouse anti-
a-tubulin (Sigma). The signals were developed with
Immobilon Western Chemiluminescent HRP Substrate
(Millipore) or SuperSignal West Pico Chemiluminescent
Substrate (Pierce). The images were obtained by Chemidoc
Touch Imaging System (Bio-Rad).

Bortezomib treatment

Drosha knockout HEK293T cells were seeded in a 6-well plate
with 8 x 10> cells per well. Transfection of Drosha-AS27a
plasmids was performed on the following day as described
above. Twenty-four hours post transfection, cells were treated
with either 200 nM Bortezomib (MG341) (Selleckchem) or
same volume of DMSO for 12 hours. Total protein was
extracted from treated cells and the level of Drosha-AS27a
protein was determined by Western blot as described above.

Northern blot

Total RNA was electrophoresed on a 15% (w/v) acrylamide/
8 M urea gel. After being transferred on Hybond-N1 mem-
branes (Amersham Pharmacia Biotech), the membrane was
UV  crosslinked and blocked by PerfectHyb Plus
Hybridization Buffer (Sigma) at 37°C for 5 min. miR-16 or
U6 was detected using >*P-labelled oligonucleotides that are
reverse complement to the miR-16 or U6 sequence, respec-
tively. Images were analysed by Typhoon Trio Imaging
System (GE Healthcare).

Dual-luciferase assay

Luciferase-based pri-miRNA processing reporters were gener-
ated on the psiCHECK-2 vector (Promega) as previously
described [22]. A total of 100 ng of pri-miRNA reporters,
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Drosha plasmids or empty vectors were co-transfected in tripli-
cates into Drosha KO cells in 24-well plates. Cells were har-
vested at 42-48 h post-transfection. Firefly luciferase and Renilla
luciferase were then measured with Promega’s dual-luciferase
kit and detected by GloMax®-Multi Luminescence Module
(Promega) according to the manufacturer’s instructions.

Small RNA sequencing

Small RNA libraries were prepared with total RNA using the
NEBNext Multiplex Small RNA Library Prep Set for Illumina
according to the manufacturer’s instructions. The RNA
library quality was determined by the Agilent 2100
Bioanalyzer (Agilent), and the quantity was assessed with
Qubit dsDNA HS Assay (Thermo Fisher Scientific). Small
RNA libraries were sequenced on Illumina Miseq (Illumina)
with MiSeq Reagent Kit v3 (Illumina).

Bioinformatic analysis

The small RNA sequencing data were analysed by in-house
scripts. Briefly, adaptors were removed, and reads were
mapped by using Bowtie to obtain expression profiles. For
analysing the percentage of Drosha isoforms in human tis-
sues, the single-end samples from Illumina BodyMap 2.0
(GSE30611) were downloaded and analysed as described pre-
viously [22]. For the frequencies of Drosha alternative splicing
exon 27a and exon 32a events in cancer cell lines, normal and
tumour tissues, RNA sequencing data were obtained from the
Cancer Cell Line Encyclopaedia (CCLE) and The Cancer
Genome Atlas (TCGA), and analysed with Samtools and
QuagmiR in the Cancer Genomics Cloud [34,35].

Statistical analysis

Statistical analysis was performed by the two-tailed, unpaired
t-test (GraphPad Prism 8). Differences were considered sig-
nificant if the P value was <0.05.
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