SYNCRIP, a new player in pri-let-7a processing

YING CHEN,"® JINGRU CHAN,"® WEI CHEN," JIANWEI LI," MENG SUN," GAYATHIRI
SATHYAMOORTHY KANNAN," YU-KEUNG MOK," YUREN ADAM YUAN,"?* and CHACKO JOBICHEN"

"Department of Biological Sciences and Centre for Bioimaging Sciences, National University of Singapore, Singapore 117543, Singapore
’National University of Singapore (Suzhou) Research Institute, Suzhou Industrial Park, Jiangsu 215123, China

ABSTRACT

microRNAs (miRNAs), a class of small and endogenous molecules that control gene expression, are broadly involved in bi-
ological processes. Although a number of cofactors that assist or antagonize let-7 miRNA biogenesis are well-established,
more auxiliary factors remain to be investigated. Here, we identified SYNCRIP (Synaptotagmin Binding Cytoplasmic RNA
Interacting Protein) as a new player for let-7a miRNA. SYNCRIP interacts with pri-let-7a both in vivo and in vitro.
Knockdown of SYNCRIP impairs, while overexpression of SYNCRIP promotes, the expression of let-7a miRNA. A broad
miRNA profiling analysis revealed that silencing of SYNCRIP regulates the expression of a set of mature miRNAs positively
or negatively. In addition, SYNCRIP is associated with microprocessor complex and promotes the processing of pri-let-7a.
Strikingly, the terminal loop of pri-let-7a was shown to be the main contributor for its interaction with SYNCRIP. Functional
studies demonstrated that the SYNCRIP RRM2-3 domain can promote the processing of pri-let-7a. Structure-based align-
ment of RRM2-3 with other RNA binding proteins identified the residues likely to participate in protein—-RNA interactions.
Taken together, these findings suggest the promising role that SYNCRIP plays in miRNA regulation, thus providing insights
into the function of SYNCRIP in eukaryotic development.
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INTRODUCTION

miRNAs are a class of small, endogenous molecules that
post-transcriptionally regulate gene expression according
to their sequence complementarity to mRNA, leading to
mRNA instability, or translational inhibition (Bartel 2009;
Fabian et al. 2010). Therefore, miRNAs are broadly in-
volved in various biological processes, and aberrant ex-
pression of MiRNAs is closely related to a variety of
diseases, cancer initiation, and progression (Croce 2009;
Mendell and Olson 2012; Lin and Gregory 2015).

let-7 miRNA, discovered as the first miRNA in human, is
a conserved molecule among eukaryotes. A wide range of
studies revealed the multiple functions of let-7 miRNA in
the regulation of developmental timing and carcinogene-
sis. In worms, loss-of-function of let-7 miRNA affects cell
division, blocks the transition from larval to adult stage,
causing lethality (Reinhart et al. 2000). In flies, let-7 con-
trols developmental stage transition similar to what was
observed in worms (Bashirullah et al. 2003) and the matu-
ration of neuromuscular junctions (NMJs) (Caygill and
Johnston 2008; Sokol et al. 2008). In mammalian cells,
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let-7 regulates timed development, and also acts as a
tumor suppressor.

Transcribed by RNA polymerase Il (RNA pol Il) (Lee et al.
2004), canonical primary miRNAs (pri-miRNAs) fold back
to form a stem-loop structure, which are processed
sequentially by Drosha and Dicer in nucleus and cyto-
plasm, respectively (Hutvagner et al. 2001; Ketting et al.
2001; Lee et al. 2003). In the nucleus, Drosha-mediated
cleavage generates ~65 nt, hairpin-structured precursor
miRNAs (pre-miRNAs) which are later transported into an
the cytoplasm by Exportin 5 in a Ran-GTP-dependent
manner (Yi et al. 2003; Bohnsack 2004; Lund et al. 2004).
In the cytoplasm, pre-miRNAs are further cropped into
an miRNA duplex, and one strand of which, the mature
miRNA, is incorporated into RISC (RNA-induced silencing
complex). The mature miRNA serves as a guide for
Agonaute? (AGO?2) to drive the molecular machinery for
RNAI (Kobayashi and Tomari 2016). miRNA biogenesis is
an intricate, multistep process where regulation could oc-
cur to fine-tune the expression of miRNA in accordance
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Role of SYNCRIP in pri-let-7a processing

with differentiation and development requirements. Up to
date, a series of sequence determinants on miRNA pre-
cursors are known and a number of protein regulators
have been well-recognized that define microprocessor
targets and fine-tune miRNA expression level, respective-
ly (Gebert and MacRae 2019; Michlewski and Caceres
2019). The terminal loop, a unique but conserved fea-
ture for miRNA precursors, not only contains determi-
nants to orientate the microprocessor but provides a
major landing platform attracting RNA binding proteins
(RBPs) to exert regulatory function. Of interest, it was re-
ported earlier that only RRMs are sufficient to induce con-
formational destabilization of stem-loop structure, which
promotes or inhibits nuclear processing (Chen et al.
2016; Kooshapur et al. 2018). In addition to the terminal
loop, several regulators recognize specific sequences em-
bedded in the flanking region; forexample, QKI5 promotes
pri-miR-124 processing by recognizing a distal element
away from the stem—loop structure (Wang et al. 2017). For
let-7 miRNA, a number of modulators have been identified,
such as Lin28 (Heo et al. 2008), hnRNP A1 and KSRP
(Michlewski and Caceres 2010), which dock on to its termi-
nal loop and regulate its expression positively or negative-
ly. However, our understanding of post-transcriptional
regulation in miRNA biogenesis remains at an early stage
and more auxiliary factors await investigation regarding
the incredible functions of miRNAs in cellular pathways.
SYNCRIP (also known as hnRNP Q or NSAP1) is an evo-
lutionarily conserved RBP across eukaryotic organisms
and participates in several cellular pathways and diseases,
especially in neuronal and muscular development. On
the RNA side, SYNCRIP has multiple roles in the control
of RNA metabolism through recognizing a variety of se-
quences and regulating pre-mRNA splicing, translation,
transport as well as degradation. For example, SYNCRIP
modulates alternative splicing of SMNZ2 transcript, which
may compensate the loss of SMN1 in spinal muscular atro-
phy patients (Chen et al. 2008). In addition, SYNCRIP spe-
cifically recognizes the AUAAUC sequence to regulate the
localization of a set of MRNAs, which may further modulate
neuronal morphogenesis (Chen et al. 2012). Of particular
interest, recently, SYNCRIP was revealed to trigger a vehi-
cle machinery which partitions miRNAs out of cytoplasm
to exosome. The molecular principles include wide rec-
ognition of mature miRNAs containing hEXO sequence
(GGCU/A) and mediation of miRNAs enrichment in exo-
somes (Santangelo et al. 2016; Hobor et al. 2018).
Although SYNCRIP has been implicated in various as-
pects of pre-mRNA splicing, RNA localization as well as
mRNA translation, its effect on pri-miRNA processing has
not been established. Here, we identified that pri-let-7a in-
teracts with SYNCRIP both in vivo and in vitro and this in-
teraction contributes to increased expression of let-7a
miRNA. In addition, miRNA microarray results revealed
that the regulation controlled by SYNCRIP is not limited

to let-7a miRNA; in fact, a subset of miRNAs are regu-
lated by SYNCRIP. The molecular basis underpinning
this regulation includes the interaction with DiGeorge
Syndrome Critical Region gene 8 (DGCR8) and enhanced
microprocessor-mediated processing. Of particular inter-
est, we found that SYNCRIP binds to the terminal loop of
let-7a precursors and we identified one of its recognized
sequences, UAGAAU, on the apical loop of let-7a precur-
sors. Furthermore, studies on domain function showed
that the two tandem RNA recognition motifs (RRMs;
RRM2-3) of SYNCRIP harbor the function of the full-length
protein to promote pri-let-7a processing. Notably,
SYNCRIP is a new regulator in let-7a miRNA biogenesis,
which sheds light on SYNCRIP-mediated developmental
abnormality.

RESULTS

SYNCRIP binds to pri-let-7a both in vivo
and in vitro

Previous work in our laboratory identified a list of poten-
tial protein factors for pri-let-7a processing based on an
in vivo assay, tRSA-RNA affinity assay (Zheng et al. 2017).
SYNCRIP was chosen from the list due to its intensive
role in regulation of RNA metabolism. Therefore, we exam-
ined interaction between SYNCRIP and pri-let-7a as the
first validation step. Repeating the tRSA-pri-let-7a-1 affini-
ty assay (Fig. 1A) showed that SYNCRIP was detected from
the bound fraction of pri-let-7a-1 but not from that of the
tRSA transcript alone (Fig. 1B). Additionally, an in vitro
RNA affinity assay was performed (Fig. 1C) and it was ob-
served that SYNCRIP was efficiently pulled down (Fig. 1D).

We next analyzed the physical interaction of SYNCRIP
to pri-let-7a using an RNA immunoprecipitation (RIP)
assay, and the primers are shown in Figure 1E. The results
showed that SYNCRIP could bind with endogenous pri-let-
7a-1 (Fig. 1F,G). To further examine the direct interaction
between pri-let-7a-1 and SYNCRIP, an RNA electropho-
resis mobility shift assay (RNA-EMSA) was carried out.
Migrating bands signifying a SYNCRIP/pri-let-7a-1 complex
confirmed the direct interaction of SYNCRIP with pri-
let-7a-1 (Fig. 1H). Notably, different sizes of SYNCRIP/
pri-let-7a-1 complex formed in a dose-dependent manner
with the addition of increasing amounts of recombinant
SYNCRIP (rSYNCRIP) protein, suggesting that SYNCRIP
may form multimers when incubated with different
ratios of RNA. Additionally, we immobilized biotinylated
pri-let-7a onto streptavidin BLI sensors to further confirm
the interaction and measured the binding affinity with
rSYNCRIP. The association and dissociation analysis
showed that rSYNCRIP binds to pri-let-7a with high affinity,
and yielded a Kd value of 38.2 nM (Supplemental Fig.
STA). By using these approaches, we confirmed that
SYNCRIP interacts with pri-let-7a both in vivo and in vitro.
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FIGURE 1. SYNCRIP binds to the pri-let-7a-1 both in vivo and in vitro. (A) A schematic representation of in vivo tRSA-RNA affinity assay using pri-
let-7a-1 in fusion with tRSA tag in HEK293 cells overexpressed with FLAG-tagged SYNCRIP. (B) Detection of the presence of FLAG-SYNCRIP in
the bound fraction of either tRSA (control) or tRSA-pri-let-7a-1 by in vivo tRSA-affinity assay. The eluate fraction and 5% of protein input were
analyzed by immunoblot against FLAG tag. Five percent of RNA input was analyzed by northern blotting using DNA probe against tRSA tag.
(C) A schematic representation of in vitro RNA affinity assay. Pri-let-7a-1 with short 5" extension was in vitro transcribed and immobilized with
streptavidin-coated Sepharose beads via 3'-biotinylated DNA adaptor, the sequence of which is reverse-complementary to the 5 extension.
(D) Pull-down of overexpressed FLAG-tagged SYNCRIP using pri-let-7a-1. The eluate fraction and 5% of protein input were analyzed by immu-
noblot against FLAG tag. 3'-biotinylated DNA adaptor immobilized on streptavidin-coated Sepharose beads was used as a control. (E) A sche-
matic representation of primers used in RNA-IP PCR analysis. (F) RIP-PCR analysis of pri-let-7a-1 performed with anti-FLAG beads in HEK293 cells
transfected with either flag-eGFP (negative control) or flag-SYNCRIP. (RT) No reverse-transcribed PCR. (G) gPCR analysis of pri-let-7a-1 bound
with FLAG-SYNCRIP in RIP assay in HEK293 cells. The RIP-gPCR results were shown as fold enrichment compared with input. (H) RNA-EMSA
assay using biotin-labeled pri-let-7a-1 (0.1 uM). Increasing concentration of purified recombinant his-SYNCRIP was indicated (0.1-0.4 uM).

SYNCRIP regulates the expression of a set of miRNAs

Next, we investigated the biological function of SYNCRIP
binding to let-7a primary transcript, to explore whether
SYNCRIP/pri-let-7a interaction contributes to miRNA pro-
cessing in vivo. For loss-of-function analysis, shRNA
against SYNCRIP expressed in HEK293 cells and half of
SYNCRIP was reduced at mRNA level (Supplemental Fig.
S2A). Under this condition, we examined the expression
level of primary as well as mature transcripts of let-7a
miRNA and observed that knockdown of SYNCRIP has
no effect on the expression of pri-let-7a, but it leads to a
significant decrease in the expression of mature let-7a
(Fig. 2A,B), implying the post-transcriptional regulation
by SYNCRIP. We further confirmed the trends using an
overexpression assay (Supplemental Fig. S2B). As expect-
ed, the expression level of pri-let-7a does not show sig-
nificant change, while that of let-7a mature miRNA
significantly increased, in response to SYNCRIP overex-
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pression (Fig. 2C,D). These findings confirmed that
SYNCRIP is required for the expression of endogenous
let-7a, and the overexpression of SYNCRIP could promote
the generation of let-7a. Extending this finding to
other miRNAs, we chose several targets for further verifica-
tion. A recent study reported that SYNCRIP has specific in-
teraction with certain pre-miRNAs, including pre-let-7a-2,
pre-miR-15b, pre-miR-16-1 (Treiber et al. 2017). As pre-
let-7a-1 and pre-let-7a-2 both produce let-7a-5p, we se-
lected miR-15b-5p and miR-16-5p for further validation.
In addition, miR-26b-5p was randomly picked. We found
that knockdown of SYNCRIP causes significant decrease
in the expression of miR-16-5p as well as miR-26b-5p
(Supplemental Fig. S2C,E), while mild decrease was
observed in miR-15b-5p expression (Supplemental Fig.
S2D), strongly suggesting that SYNCRIP is capable of reg-
ulating miRNAs.

In order to figure out how many miRNAs are regulated
by SYNCRIP, we performed miRNA microarray analysis
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FIGURE 2. SYNCRIP is capable of regulating a set of miRNAs. (A,C) Real-time PCR analysis of pri-let-7a-1 and let-7a-5p in response to SYNCRIP
knockdown (A) or overexpression (C), respectively. (B,D) Northern blot analysis of let-7a-5p miRNA in response to SYNCRIP knockdown (B) or
overexpression (D), respectively. (E) Microarray expression profile of human miRNAs (fold change >1.5) in SYNCRIP knockdown samples
(shSYNCRIP) compared with control sample (shctrl). Those miRNAs with adjusted P-value <0.05 were labeled in red. (F,G) Real-time PCR valida-
tion of candidate pri-miRNA (F) and mature miRNA (G) in SYNCRIP knockdown samples compared with control samples. (H,!) Northern blot anal-
ysis of miR-7-5p (H) and miR-1307-5p (/) in response to SYNCRIP knockdown (left panel) and overexpression (right panel). (J,K) Real-time PCR
analysis of the expression of HMGA2 and EGFR, which are the target genes of let-7a-5p miRNA and miR-7-5p, respectively, in response to
SYNCRIP knockdown (J) or overexpression (K). Significance in all real-time PCR analysis was determined by two-tailed t-test with (*) P<0.05;

(**) P<0.01; (***) P<0.001; ns, non-significant

using SYNCRIP-knockdown samples. Among the 675
human miRNAs that have been analyzed, six miRNAs
were significantly (fold change >1.5) up-regulated and
11 miRNAs were significantly down-regulated (Fig. 2E;
Supplemental Fig. S2F; Supplemental Table S2). We se-
lected several miRNAs and measured the expression level
of pri-miRNAs. We found that silencing of SYNCRIP has no
significant effect on the production of pri-miRNAs (Fig. 2F),
indicating SYNCRIP does not regulate miRNAs at the tran-
scriptional level.

To validate the results from miRNA microarray, we mea-
sured the expression of corresponding mature miRNAs pro-
cessed from pri-miRNAs by real-time PCR. We observed
significant increase on the expression of miR-3138, miR-
181a-3p, with one miRNA (miR-130-3p) showing an in-
crease but not significant, in response to SYNCRIP knock-
down. Conversely, knockdown of SYNCRIP significantly
diminishes the expression of a subset of miRNAs, with
miR-7-5p showing the most differentiated (Fig. 2G). Thisre-

sult is closely consistent with that from miRNA microarray.
Among those miRNAs, we chose miR-7-5p and miR-1307
for further validation based on microRNA microarray data.
The results are remarkably similar to that from let-7a-5p
that: (i) Knockdown of SYNCRIP decreases the expression
of mature miRNAs; (i) overexpression of SYNCRIP
increases the expression of mature miRNAs (Fig. 2H,I).
Ourdata demonstrated that SYNCRIP is capable of regulat-
ing the expression of a subset of MiRNAs, suggesting that it
is a promising regulator for miRNA biogenesis.

To explore whether decreased or increased expression
of miRNAs regulated by SYNCRIP are functional, we mea-
sured the expression level of let-7a miRNA as well as miR-
7-5p targets which are HMGA2 and EGFR, respectively.
The gPCR analysis showed that knockdown of SYNCRIP
leads to increased, while overexpression of SYNCRIP |eads
to decreased expression of these two candidate proteins
(Fig. 2J,K), suggesting that the miRNAs regulated by
SYNCRIP are functional.
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SYNCRIP is associated with the microprocessor and
enhances microprocessor-mediated processing

To investigate the molecular mechanisms that underpin
SYNCRIP-mediated regulation on miRNA biogenesis, we
focused on endoribonucleases involved in two sequential
processing steps subsequent to transcription, and AGO2
loading. Therefore, we studied the protein—-protein inter-
action to explore the exact stage where SYNCRIP partici-
pates. We observed that DGCRS8, Drosha specifically
interact with SYNCRIP while not with eGFP (Fig. 3A);
however, Dicer was not detected in FLAG-SYNCRIP immu-
noprecipitates (Supplemental Fig. S3A). In addition, the
reciprocal Co-IP assay showed that SYNCRIP is contained
in Drosha and DGCR8 immunoprecipitates, albeit its
interaction with Drosha is much weaker than that with
DGCRS (Fig. 3B), suggesting that the interaction between
SYNCRIP and Drosha is indirect. To gain further insights
on these interactions, GST-pull down assay was used, and
we found that GST-SYNCRIP is able to pull down DGCR8
not Drosha, suggesting that SYNCRIP has direct interac-
tion with DGCR8 but not with Drosha (Fig. 3C). To further
confirm whether the interaction between SYNCRIP and
DGCRS is relied on RNA, we repeated Co-IP assay with
an additional step of RNase digestion. However, the inter-
action is still observed in the presence of RNase (Fig. 3D),
confirming that RNA is not required for maintaining the in-
teraction between SYNCRIP and DGCRS.

To elucidate the interaction in more detail and
characterize the interface, Co-IP assay was performed
with HEK293 cells overexpressed with myc-SYNCRIP and
FLAG-tagged wild-type (1-773aa), AC290 (1-483aa), and
AN483 (484-773aa) DGCR8 constructs. We found that
the amino-terminal region of DGCRS is important for the
interaction with SYNCRIP (Fig. 3E), which supports the
data that SYNCRIP may have indirect interaction with
Drosha since Drosha interacts with the carboxyl terminus
of DGCR8 (Nguyen et al. 2015). Additionally, we defined
the interface of SYNCRIP with DGCR8 using GST pull-
down assay. It showed that both the amino-terminal and
carboxy-terminal truncated form of SYNCRIP possess the
capability to interact with DGCRS8 (Fig. 3F). Also, the inter-
action of two mutants with DGCR8 is much stronger than
that of wild type, which may be due to the poor stability
of the wild-type SYNCRIP. When we examined the interac-
tion between SYNCRIP truncations and DGCRS in living
cells, we first examined the localization of SYNCRIP mu-
tants. By immunostaining, we observed that full-length
SYNCRIP mainly localizes in the nucleus as previously re-
ported, while a portion of AC mutants are not able to shut-
tle back to the nucleus. To make SYNCRIP mutants
properly localized in the nucleus as full-length SYNCRIP,
we added the nuclear localization signal (NLS) from the
carboxyl terminus of SYNCRIP artificially and we observed
that the localization of the carboxy-terminal-truncated mu-
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tant with NLS is similar to that of the wild type
(Supplemental Fig. S3C). In this scenario, we performed
Co-IP to figure out the interface of SYNCRIP with
DGCR8. We found that amino-terminal and carboxy-termi-
nal truncated mutants still interact with DGCRS, indicating
that the central RRMs might contribute to interacting with
DGCRS to a large extent. Additionally, artificially adding
the NLS to the carboxy-terminal truncated mutant strongly
enhances the interaction with DGCR8 (Supplemental Fig.
S3D), implying the amino terminus still solidifies the inter-
action between SYNCRIP and DGCRS8. Altogether, these
results lead us to speculate that SYNCRIP may interact
with the microprocessor and enhance microprocessor-me-
diated processing to augment the expression of let-7a.

To substantiate that SYNCRIP could facilitate micropro-
cessor-mediated processing, we performed an in vitro
cleavage assay using an immunoprecipitated micropro-
cessor from HEK 293 cells overexpressed with Drosha
and DGCRS8 with FLAG tag, and examined the effect of
SYNCRIP knockdown in microprocessor-mediated pro-
cessing. Using northern blotting, we observed that the in-
tensity of pre-let-7a-1 band slightly decreased when
incubated with SYNCRIP-knockdown immunoprecipitates
(Fig. 3G; Supplemental Fig. S3E). However, this defect
was dramatically rescued when purified rSYNCRIP was
supplemented in a dose-dependent manner (Fig. 3G).
We also used pri-miR-181 as another substrate. However,
no significant effect was observed on pri-miR-181 process-
ing in the context of SYNCRIP knockdown or rescue with
increasing amount of rSYNCRIP (Supplemental Fig. S3F).
This suggests an alternative role of SYNCRIP in miRNA
maturation, which is independent of the microprocessor,
while it may participate in RISC assembly since SYNCRIP
partially localizes to the cytoplasm and interacts with
AGO2 (Supplemental Fig. S3B). This finding confirmed
that SYNCRIP could promote microprocessor-mediated
cleavage on pri-let-7a-1.

SYNCRIP binds to the terminal loop of let-7a primary
transcripts

To elucidate the molecular basis underlying accelerated
processing efficiency triggered by SYNCRIP, we decided
to identify the binding site of SYNCRIP on let-7a precur-
sors. A number of studies have shown that the terminal
loops serve as hotspots for RBPs binding. Thus, we exam-
ined the importance of the terminal loop for interaction
with SYNCRIP. To this end, we created mutants where
the terminal loops were replaced with GCAA as shown in
a previous study (Michlewski and Céaceres 2010), for both
pri-let-7a-1 and pri-let-7a-2. Using an in vitro RNA affinity
assay, we observed that the binding strikingly decreased
with the RNA mutants (Fig. 4A), suggesting that the inter-
action can be mapped to the loop region, no matter
whether it is pri-let-7a-1 or pri-let-7a-2. To further confirm
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FIGURE 3. SYNCRIP associates with microprocessor complex and promotes pri-let-7a processing. (A) Identification of the interaction of SYNCRIP
with DGCR8 and Drosha through Co-IP. Plasmid encoding FLAG-DGCRS8 or FLAG-Drosha was cotransfected with plasmid expressing myc-eGFP or
myc-SYNCRIP in HEK293 cells. The cell lysates were then subjected to affinity purification with anti-myc-coated beads. The immunoprecipitates
were eluted and immunoblotted with indicated antibodies. (B) Reciprocal Co-IP in HEK293 cells cotransfected with plasmids expressing myc-
eGFP, myc-DGCRS, or myc-Drosha and plasmid encoding FLAG-SYNCRIP, the cell lysates of which were incubated with anti-myc-coated beads
for affinity purification, and the bound fractions were detected with indicated antibodies by immunoblot. (C) GST pull-down analysis using immo-
bilized GST or GST-SYNCRIP, which was incubated with HEK293 cell lysate overexpressed with FLAG-DGCRS8 or FLAG-Drosha. The bound frac-
tions were detected by immunoblot with anti-FLAG antibodies. (D) Co-IP analysis of RNA dependence on the interaction between SYNCRIP and
DGCR8. Immunoprecipitates containing myc-SYNCRIP were digested with RNase A (0.1 mg/mL) and subjected to immunoblot analysis against
FLAG tag. (E) Detection of interaction between the mutants from DGCR8 and SYNCRIP in HEK293 cells. FLAG-tagged WT, carboxyl terminus trun-
cated, oramino terminus truncated forms of DGCR8 were coexpressed with myc-tagged SYNCRIP. The cell lysates were immunoprecipitated with
anti-myc-coated beads which were then immunoblotted with antibodies against FLAG. (Top panel) Schematic representation of domain compo-
sition of DGCR8 and its mutants. (F) Detection of interaction between the mutants from SYNCRIP and DGCR8. GST-tagged WT, C-terminus trun-
cated, or amino terminus truncated forms of SYNCRIP were immobilized and incubated with cell lysates overexpressed with FLAG-DGCRS. The
bound FLAG-DGCRS8 was detected by western blot against FLAG. (Upper panel) Schematic representation of domain composition of DGCR8
and its mutants. (G, left panel) In vitro processing assay using pri-let-7a-1 as substrates. The pri-let-7a-1 substrates were incubated with FLAG-
Drosha immunoprecipitates, where control shRNA (lane 2) or SYNCRIP shRNA (lane 3) was expressed. The reactions using immunoprecipitates
where SYNCRIP was knocked down was supplemented with an increasing amount of recombinant SYNCRIP as indicated (lanes 4-8). (Right panel)
Relative processing products were quantified by Image Lab software (Bio-Rad), and error bars were presented as mean + SEM.
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FIGURE 4. The terminal loop of pri-let-7a serves as binding site for SYNCRIP. (A) In vitro RNA affinity assay of overexpressed FLAG-SYNCRIP with
wild-type pri-let-7a-1 or pri-let-7a-2 or their mutants where the terminal loops were replaced with GCAA. The bound fractions were immunoblot-
ted against FLAG-tag. (B) In vitro RNA affinity assay of FLAG-SYNCRIP with wild-type pri-let-7a-2 or pri-miR-3440b or chimeric pri-miRNA of which
the stem region is from pri-miR-3440b while the loop region is from pri-let-7a-2. The bound fractions were immunoblotted against FLAG-tag.
(C) RNA-EMSA assay using terminal loop sequence from pri-let-7a-2. The RNA was incubated with increasing concentration of purified recombi-
nanthis-SYNCRIP. The free RNA or bound RNAwas detected by northern blot using biotin-labeled probe against the terminal loop. (D) A schematic
representation of the predicted secondary structure of pri-let-7a-2. UAGAAU: red; AUCAAG: yellow; GGG: green. (E) Sequence comparison of the
loop region from pri-let-7a-1 and pri-let-7a-2. (F) In vitro RNA affinity assay of FLAG-SYNCRIP with mutants from pri-let-7a-2. The bound fractions
were immunoblotted against FLAG-tag. Mutated nucleotides are labeled in red. (G) In vitro RNA affinity assay of FLAG-SYNCRIP with mutants from
pri-let-7a-2. The bound fractions were immunoblotted against FLAG-tag. Mutated nucleotides are labeled in red.

this, we constructed a chimeric transcript based on pri- SYNCRIP; however, this interaction got robustly enhanced
miR-3440b, an miRNA transcript from the plant, the termi- after swapping the terminal loop with pri-let-7a (Fig. 4B).
nal loop of which was replaced with that of pri-let-7a-2. As  To figure out whether this interaction is direct, we per-
expected, pri-miR-3440b presented weak interaction with ~ formed RNA-EMSA using the loop sequence from pri-
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let-7a-2 and observed that the bands shifted when incu-
bated with purified SYNCRIP (Fig. 4C). The subsequentan-
alytical size exclusion chromatography (SEC) of SYNCRIP
in complex with the terminal loop of pri-let-7a-2 presented
a peak shift (Supplemental Fig. S4A). These findings con-
firmed the direct interaction between the terminal loop
from let-7a precursors and SYNCRIP.

Since the terminal loop sequence alone may lose
secondary structure, we assumed that SYNCRIP recognizes
the terminal loop based on recognized sequence.
SYNCRIP recognizes wide range of RNA sequences, includ-
ing AUAAUC (Chen et al. 2012), GGCU/A (Santangelo et al.
2016), and G-quadruplex structure (Williams et al. 2016).
The predicted secondary structure of the terminal loop
from let-7a precursors contained two loops (Fig. 4D), which
prompted us to explore which loop is more important for
the binding. To confirm this, we created two mutants where
either loop was deleted. Deletion of either loop abrogated
the binding, indicating both loops are important for bind-
ing with SYNCRIP (Fig. 4F). To narrow down and to find
the recognized sequence for SYNCRIP, we targeted on
UAGAAU and AUCAAG which are the differences shown
between the terminal of pri-let-7a-2 and that of pri-let-7a-
1 (Fig. 4E), as well as GGG on let-7a-2. Accordingly, we cre-
ated a series of mutants without disrupting the predicted

A

secondary structure. We observed that SYNCRIP showed
reduced binding to the RNA mutant where UAGAAU was
mutated to UUGUUA or CGGAAU, while it showed identi-
cal binding ability to the rest of the mutants (Fig. 4G).
Additionally, analytical SEC confirmed the direct interac-
tion of SYNCRIP with UUUAGAAUUA (Supplemental Fig.
S4A). Taken together, our data suggested that UAGAAU
on the terminal loop may serve as the mooring sequence
for SYNCRIP.

RRM2-3 domain of SYNCRIP has the capability
to enhance the pri-let-7a processing

The gene SYNCRIP encodes seven isoforms of SYNCRIP
proteins which are mainly varied in their amino-terminal
acidic domain or carboxy-terminal tail containing RGG
box as well as NLS required for nuclear-cytoplasm shut-
tling, while all isoforms in common have three tandem
RRMs in the center of SYNCRIP. In addition to RRMs, the
acidic domain and RGG box were reported to interact
with RNA (Kiledjian and Dreyfuss 1992; Hobor et al.
2018). Therefore, we attempted to identify which region
may serve as a minimal functional domain as SYNCRIP.
To achieve this, a list of truncations of SYNCRIP protein
were prepared (Fig. 5A; Supplemental Fig. S5A). To
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FIGURE 5. The function of SYNCRIP mutants involved in pri-let-7a interaction and processing. (A) A schematic representation of domain structure
of SYNCRIP and the mutants. (AcD) Acidic domai, (RRM) RNA recognition motif. (B) RNA-EMSA assay using biotin-labeled pri-let-7a-1. Increasing
concentration of purified recombinant his-AC, AN, AN + C, RRM1-2, RRM2-3 are indicated. (C) Binding affinity was analyzed by Graphpad Prism
(GraphPad Software, Inc.) using a nonlinear regression model. (D) In vitro cleavage assay using pri-let-7a-1 as substrate. The pri-let-7a-1 was in-
cubated with Drosha immunoprecipitates (Drosha-IP) or additionally supplemented with an increasing amount of purified recombinant SYNCRIP

mutants as indicated.
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roughly compare the binding affinity among the different
truncations, we performed RNA-EMSA. We found that all
the candidate mutants have the ability to bind RNA,
whereas the affinity is varied among different mutants.
Deletion of the amino terminus or carboxyl terminus or
both has a similar effect of impairing the RNA binding af-
finity compared to the full-length protein; however, dele-
tion of any one of the RRM domains leads to significantly
lower affinity (Fig. 5B,C). We next examined whether the
SYNCRIP mutants binding to the pri-let-7a has the ability
to promote its processing by the microprocessor. We con-
firmed that the rSYNCRIP mutants themselves have no
ability to process pri-let-7a into pre-let-7a, which is evident
from the in vitro cleavage assay using the respective mu-
tants (Supplemental Fig. S5B). Additionally, the in vitro
processing results showed that all the mutants are capable
of promoting pri-let-7a processing, suggesting that pro-
cessing and the efficiency strongly correlate with the bind-
ing affinity (Fig. 5D; Supplemental Fig. S5C).

To further identify the regions required for stimulating
the processing in HEK293 cells, the cells were overex-
pressed with truncated SYNCRIP mutants. Additionally,
carboxy-terminal-truncated mutants were added with
NLS artificially to compensate their impaired ability to
properly localize in the nucleus. The expression of indicat-
ed proteins were detected (Supplemental Fig. S5D), and
the expression level of mature let-7a was compared. We
found that three tandem RRMs with NLS are capable of
up-regulating let-7a miRNA, although the effect is not as
strong as full-length SYNCRIP (Supplemental Fig. S5E). A
previous study indicated that two tandem RRMs are suffi-
cient for facilitating miR-18a processing in mammalian
cells (Kooshapur et al. 2018), here, RRM2-3 may serve as
a minimal functional domain for full-length SYNCRIP as
RRM1-2 shows a lower affinity to pri-let-7a, and other do-
mains might be required for RNA splicing or localization.

Overall structure of SYNCRIP RRM2-3 domain

As shown in Figure 5, the RRM2-3 alone is able to interact
with pri-let-7a (Fig. 5B) and is capable of facilitating the pro-
cessing mediated by the microprocessor in vitro (Fig. 5D).
To gain insight into the molecular mechanism of both rec-
ognizing pri-let-7a and enhancing substrate processing, we
determined to characterize the crystal structure of RRM2-3.
RRM2-3 is composed of two tandem RRMs having a highly
conserved sequence with several other RBPs among eu-
karyotic cells (Fig. 6A; Supplemental Fig. S6A), especially
with hnRNP-R which is reported to be a nuclear counterpart
of SYNCRIP and shares more than 80% of sequence similar-
ity. The RRM2-3 structure was solved up to a resolution of
2.5 A. After refinement, the final Ryo and Rieo value were
improved to 18.2% and 24.9%, respectively (Supplemental
Table S3). The structure (Fig. 6B; Supplemental Fig. S6B,C)
shows that, each of the two RRM domains form the typical
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RRM structure with a p1o1p2B30:2p4 topological arrange-
ment where four B-strands are antiparallelly arranged with
two o-helices on the other side.

RRM has two highly conserved motifs, ribonucleoprotein
domain 1 (RNP1) and ribonucleoprotein domain 2 (RNP2),
which are important for binding to RNA. Typically, RNP2 is
located along the strand 1 with a consensus sequence (lle/
Val/Leu)~(Phe/Tyr)-(lle/Val/Leu)}-X-Asn-Leu. The RNP2
sequences in RRM2 is Leu10-Phe11-Val12-Gly13-
Ser14-lle15, which differs with the consensus sequence
at the last two residues. However, the RNP2 sequence
in RRM3 is Leu105-Phe106-Val107-Arg108-Asn109-
Leu110, which is identical to the consensus sequence.
RNP1 islocated near strand B3, and its consensus sequence
is described as (Lys/Arg)-Gly-(Phe/Tyr)-(Gly/Ala)-(Phe/Tyr)-
(Val/lle/Leu)-X-(Phe/Tyr). The RNP1 sequence in RRM2 is
Arg51-Gly52-Phe53-Cys54-Phe55-Leu56-Glu57-Tyr58
of which the fourth position is different from the consensus
sequence. In RRM3, the RNP1 sequence aligns as Lys136—
Asp137-Tyr138-Ala139-Phe140-lle141-His142-Phe143.
The second position is an Asp residue instead of Gly in the
consensus sequence. Therefore, only RNP2 in the RRM3
domain is a canonical motif.

The structure of RRM2-3 is highly conserved as each
RRM domain can be superimposed into other RRMs with
low root-mean-square deviation (RMSD). Structure com-
parison of the RRM2 domain with mouse TDP-43 in com-
plex with DNA (PDB entry 3D2W) showed that the
alignment of 43 Ca atoms has an RMSD of 1.35 A and
the residues that are responsible for interaction with the
nucleic acid are Phe 194 and Phe231 via aromatic stacking.
The corresponding residues in RRM2 are Phe11 and Phe55
(Fig. 6C). For RRM3, when superimposed into hnRNP A1 in
complex with RNA (PDB entry 6DCL), the RMSD was calcu-
lated as 0.677 A of total 48 Coatoms. Similar to TDP43, the
residues required for interaction with RNA in hnRNP A1
were reported to be Phenylalanine residues in RNP se-
quences, which are also observed in the RRM3 domain
as Phe106 and Phe140 (Fig. 6D). These results suggest
that the Phenylalanine residues in RNP sequences may
serve as key residues for their interaction with RNA.

DISCUSSION

SYNCRIP is an evolutionarily conserved protein among
eukaryotes and participates in the regulation of neuronal
development, viral replication, circadian oscillation (Choi
et al. 2004; Kim et al. 2007, 2010; McDermott et al.
2012). In addition, SYNCRIP has been implicated in the
regulation of RNA metabolism (Kabat et al. 2009; Kim
etal. 2011, 2013). However, whether SYNCRIP could reg-
ulate miRNA biogenesis remains unknown. Establishing
SYNCRIP/miRNA pathway will provide new insights to ex-
plain the biological function of SYNCRIP in developmental
defects or disease.
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FIGURE 6. The structure of RRM2-3 from SYNCRIP. (A) Sequence alignment of RRM2-3 domain with various RNA binding domains from RBPs.
The upper panel shows the secondary structure of RRM2-3. (B) Crystal structure of RRM2-3 at 2.5 A resolution, showing characteristic RRM folding
as Bla1Bp2B302p4 topology. (C) Structure alignment of SYNCRIP RRM2 domain (yellow) with mouse TDP-43 RRM2 domain (salmon; PDB entry
3D2W). (D) Structure alignment of SYNCRIP RRM3 (green) with human hnRNP A1 RRM 2 (cyan; PDB entry 6DCL).

In this study, we demonstrated that SYNCRIP is required
to maintain the expression of let-7a, and overexpression of
SYNCRIP could promote the expression of functional let-
7a. This was achieved by both direct interaction with pri-

mary miRNAs and protein—protein interaction with
DGCR8. The interactions enhance the post-transcriptional
processing of pri-let-7a (Fig. 7). Moreover, SYNCRIP is
broadly involved in the regulation of a subset of miRNAs,
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FIGURE 7. A schematic representation of the regulated processing
pathway of pri-let-7a by SYNCRIP. SYNCRIP promotes pri-let-7a
processing by interaction with DGCR8 and the terminal loop of
pri-let-7a.

not limited to let-7a, suggesting that SYNCRIP is a new
miRNA regulator.

SYNCRIP was previously identified to interact with pri-
let-7a in an tRSA-RNA affinity assay. Here, we confirmed
this interaction on the basis of combinatorial in vivo and
in vitro studies. The results showed that SYNCRIP has di-
rect interaction with pri-let-7a-1 as well as pri-let-7a-2.
Consistently, a recent paper showed that SYNCRIP has
specific interaction with pre-let-7a-2, which provides sup-
portive evidence that SYNCRIP interacts with let-7a pro-
genitors (Treiber et al. 2017). Of particular interest, our
mutation studies revealed that SYNCRIP directly binds to
the terminal loop of let-7a precursors, the recognized
sequence of which includes UAGAAU that is similar to
AUAAUC. The AUAAUC sequence is reported to be rec-
ognized by SYNCRIP, and this recognition regulates the lo-
calization of MRNA containing AUAAUC sequence (Chen
et al. 2012). In addition to AUAAUC, SYNCRIP recognizes
diverse RNA motifs, such as poly(A) (Svitkin et al. 2013),
G-stretch (Williams et al. 2016), to affect RNA dynamics.
However, when the G-stretch sequence embedded in
the terminal loop of pri-let-7a was mutated to CCC, the af-
finity to SYNCRIP was not affected, confirming that GGG is
not a determinant for SYNCRIP binding with pri-let-7a.
Another hEXO sequence (GGCU/A) was identified as a
determinant for miRNA partition to exosome mediated
by SYNCRIP (Santangelo et al. 2016); however, this se-
quence was not observed in the terminal loop of let-7a
precursors.

Although SYNCRIP is characterized to be a positive
post-transcriptional regulator for pri-let-7a by facilitating
the Drosha-dominant cleavage, the detailed molecular
mechanism underlying enhanced processing needs to be
further investigated. The structure of the RRM2-3 domain
showed it to be a conserved RNA binding domain with typ-
ical B1a1p2p302p4 topological conformation. Structure
alignment of each RRM with other RRMs from TDP43
and hnRNP A1 showed high structure similarity, suggest-
ing the key residues including phenylalanine residues in
RNP1 and RNP2 sequence and binding mode for the
RRM2-3 domain with the terminal loop from pri-let-7a.
hnRNP A1 was reported to be a positive regulator for
mir-18a (Guil and Céceres 2007), while a negative regula-
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tor for let-7a (Michlewski and Céceres 2010), both by dock-
ing at the terminal loop of these miRNAs. The molecular
basis of terminal-mediated regulation on miRNA is varied.
The most recent study uncovered the mechanistic basis by
crystal structure that each RRM domain recognizes the
UAG motif embedded in the terminal loop, which induces
unwinding of the stem region and further facilitates Drosha
accessing to the cleavage sites (Kooshapur et al. 2018).
Another mechanism would be the recruitment of DGCRS8
since the UGU motif located at the terminal loop is report-
ed to be a cis-element recognized by DGCR8 (Auyeung
et al. 2013). Therefore, SYNCRIP may adopt one or more
of these mechanisms to enhance pri-let-7a processing.
However, to clearly elucidate the mechanism, structural
characterization of the protein-RNA complex could be of
great value.

miRNAs have been revealed to have essential bio-
logical functions since the last century, and they are inti-
mately orchestrated by a series of RBPs according to
different development stages or tissue types. Here, we
have demonstrated that the knockdown or overexpression
of SYNCRIP has significant effects on miRNA biogenesis as
in the case of let-7 miRNA. Syp, an ortholog protein of
SYNCRIP in Drosophila, and let-7 miRNA are required
for the maturation of NMJ in Drosophila (Caygill and
Johnston 2008; Halstead et al. 2014), thus, it is plausible
that SYNCRIP may regulate NMJ development through
regulating let-7 maturation. In mammalian cells, knock-
down of SYNCRIP leads to 50% decrease, and overexpres-
sion of SYNCRIP leads to 50% increase in the expression of
let-7 miRNA, which further regulates the expression of the
target MRNA, HMGAZ2. In addition, 50% decrease of let-7
was shown to promote proliferation by 16% (Liu et al.
2012), indicating that the regulation of SYNCRIP on
miRNA is functional. We also observed that SYNCRIP is
indispensable for the expression of miR-15b-5p and miR-
16-5p, and it was reported that SYNCRIP has specific inter-
actions with pre-miR-15b and pre-miR-16-1 (Treiber et al.
2017), which further supports our results that miR-15b
and miR-16-1 could be regulated by SYNCRIP. These
two miRNAs were shown to be down-regulated in chronic
lymphocytic leukemia (CLL) (Pekarsky and Croce 2015).
Collectively, SYNCRIP could regulate the expression of
these miRNAs and maintain the growth of leukemic cancer
cells. In addition to let-7a, SYNCRIP positively regulates
miR-7 biogenesis. miR-7 is a tissue-specific mMiRNA en-
riched in brain and pancreatic tissues (Farh et al. 2005).
In other types of tissues, pri-miR-7 processing is inhibited
by HuR/MSI2 (Choudhury et al. 2013). HuR recognizes
the terminal loop of pri-miR-7 and mediates the recruit-
ment of MSI2, which blocks pri-miR-7 processing in non-
neuron cells. Since SYNCRIP can regulate maturation of
NMJ formation in Drosophila and the length of axons or
numbers of dendrites as well as neuron morphogenesis
in mammalian cells (McDermott et al. 2014), it is plausible
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that SYNCRIP could exert its function by regulating the
production of let-7 miRNA or miR-7-5p in neuron develop-
ment. In conclusion, our studies identified SYNCRIP as
a new miRNA regulator that promotes biogenesis of sever-
al miRNAs. This opens up a new layer of regulation on
miRNA and gives new insights into miRNA-related diseases.

MATERIALS AND METHODS

Cell culture

Human HEK293 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM, Gibco) supplemented with 10% fetal bovine
serum (FBS, Hyclone), 100 unit/mL penicillin, 100 pg/mL strepto-
mycin (Gibco). Cells were maintained at 37°C in the presence of
5% CO,.

Transfection

Human HEK293 cells were transfected with plasmids using
polyethylenimine (PEI, Polysciences) as a transfection reagent.
Once the cells grew to 80%-90% confluency, transfection was
performed with the ratio of plasmid to PEl as 1:2. After 48 h
post-transfection, the cells were washed with phosphate buffered
saline (PBS) before proceeding to the downstream experiments.

Construction of vectors used in this study

To achieve efficient knockdown of SYNCRIP, we used pSuper
vector to express shRNA. To overexpress SYNCRIP in HEK293 cells,
we used pXJ40-myc or pXJ40-FLAG vector, which expresses fusion
protein with myc or FLAG tag at the amino terminus. To overex-
press pri-miRNA in living cells, we used modified pcDNA5/tRSA.
PET28b or pGEX-6P-1 were used to express SYNCRIP in Escheri-
chia coli with His or GST tag, respectively. All the primers used
for construct preparation have been listed in the Supplemental
Material.

Expression and purification of recombinant proteins

All proteins used for biochemical assays or crystallography were
expressed in E. coli strain BL21 (DE3) by induction with 0.4 mM
IPTG when the value of ODg4qg reached ~0.6, followed by incuba-
tion for 16 h at 20°C. The bacteria cultures were harvested and
resuspended in lysis buffer (25 mM Tris-HCI [pH 7.4], 25 mM
KH,PO, [pH 6.8], 10% Glycerol, 500 mM NaCl and 1 mM DTT)
supplemented with 1 mM phenyl-methyl-sulfonyl fluoride
(PMSF). The suspension was lysed using high-pressure homoge-
nizer and the cell debris was removed by ultracentrifugation
(Beckman Coulter). For His-tagged proteins used in the biochem-
ical assays, the supernatant was loaded to Nickel-charged immo-
bilized metal affinity chromatography (IMAC) columns (HisTrap
HP, GE Healthcare) preequilibrated with EQ buffer (10 mM Tris-
HCI [pH 7.4], 10% glycerol, and 250 mM NaCl). The proteins in
this study were all eluted at the 250-500 mM imidazole concen-
trations. The protein-containing fractions were pooled and ap-
plied on a HiLoad 26/60 Superdex 75 gel filtration column (GE

Healthcare) equilibrated with GF buffer (25 mM Tris-HCI [pH
7.4], 500 mM NaCl, 4 mM DTT, and 0.5 mM EDTA). Peak fractions
containing target proteins were pooled and dialyzed into a buffer
containing 25 mM Tris-HCI (pH 7.4), and 100 mM NaCl for full-
length, AC, AN + C, RRM1-2, RRM2-3 of SYNCRIP, or buffer con-
taining 25 mM Tris-HCl (pH 7.4), and 500 mM NaCl for AN of
SYNCRIP overnight. Aliquots were stored at —80°C. For GST-
tagged proteins used in GST pull-down assay, the supernatant
was loaded to GSTrap HP Columns (GE Healthcare) preequili-
brated with EQ buffer. The proteins bound to the GST column
were eluted with GST Elute Buffer (50 mM Tris-HCl [pH 8.0], 20
mM reduced Glutathione). The protein-containing fractions
were pooled and dialyzed to buffer (25 mM Tris-HCI [pH 7.4],
500 mM NaCl) overnight. Aliquots were stored at —80°C. To pu-
rify the RRM2-3 domain for crystallography, after eluting from
HisTrap HP columns, fractions containing proteins were pooled,
added with thrombin protease to remove His tag, and then dia-
lyzed to a buffer containing 25 mM Tris-HCI| (pH 7.4) and 100
mM NaCl for 2 d. After that, the samples were loaded onto the
HisTrap HP columns a second time to remove the His-tag. The
samples were subsequently applied on a HilLoad 26/60
Superdex 75 gel filtration column, and peak fractions containing
proteins were pooled and dialyzed into a buffer containing
25 mM Tris-HCI (pH 7.4) and 100 mM NaCl overnight. On the
next day, protein samples were concentrated to 10 mg/mL and
used for crystallization screening.

Protein crystallization and structural determination

The RRM2-3 domain was successfully crystallized in a buffer
consisting of 0.1 M HEPES/sodium hydroxide (pH 7.5) and 20%
PEG 10,000. The crystals were flash frozen in liquid nitrogen.
The data were collected with the Rigaku X-Ray system in the
X-Ray Crystallography Facility in the Department of Biological
Sciences, National University of Singapore. A total of 180 frames
were collected ata 1° oscillation for the crystal. The data sets were
processed and scaled with the HKL2000 program (Otwinowski
and Minor 1997). The structure was determined by molecular re-
placement using the Molrep program (Navaza and Saludjian
1997). The structure of the RBP domain in SYNCRIP (PDBID:
2DGU) was used as the model. Final model building was carried
out using the Coot program (Emsley and Cowtan 2004) and re-
fined using Phenix-refine (Adams et al. 2010).

Analytical size-exclusion chromatography

One of the SYNCRIP mutants, RRM2-3, was used to analyze the
binding capability to sequence on a let-7a precursor; therefore,
three samples were prepared accordingly: native protein, protein
incubated with 21 nt RNA (5-UAGAAUUACAUCAAGGGAGAU-
3'), and protein incubated with 10 nt RNA (5-UUUAGAAUUA-
3'). After incubation in RNA-EMSA buffer for 1 h, these samples
were applied on Column Superdex 200 Increase 10/300 GL (GE
Healthcare) for size exclusion with 0.2 mL/min. Before each round
of sample injection, the column was washed with 0.2 M NaOH to
clear out remaining proteins followed by equilibration with RNA-
EMSA buffer (20 mM HEPES-KOH [pH 8.0], 150 mM KCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.1% [w/v] Triton X-100). All operations
were run at 4°C.
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In vitro transcription

To generate RNA for in vitro RNA affinity assay, in vitro cleavage
assay, the corresponding DNA sequences were constructed into
pPcDNAS vectors and sequenced. Subsequently, the vectors were
used as templates in PCR reactions to amplify the templates for
in vitro transcription. In vitro transcriptions were performed using
the Large Scale RNA Production System-T7 (Promega) according
to the manufacturer’s instructions. To further generate an RNA
probe for RNA-EMSA assay, the in vitro transcribed RNAs were la-
beled with biotin according to the manufacturer’s instructions.

tRSA-RNA affinity assay

The tRSA-RNA affinity assay was carried out based on previous
studies (lioka et al. 2011). HEK293 cells were cotransfected with
plasmids encoding FLAG-SYNCRIP and plasmids expressing
pPcDNAS/tRSA-pri-let-7a or pcDNA5/tRSA (negative control).
After 72 h post-transfection, cells were harvested and incubated
in lysis buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM KClI,
0.5% Triton-X 100, and 10% glycerol, supplemented with 2 mM
B-Mercaptoethanol, Protease Inhibitor Cocktail (Roche),
RiboLock RNase Inhibitor (40 U/uL; Thermo Fisher Scientific) on
ice for 20 min followed by sonication and centrifugation twice
for 10 min at 4°C. The supernatant was then incubated with 50
L streptavidin-coated Sepharose beads (GE Healthcare) with
constant rotation for 6 h at 4°C. The beads were washed four
times with lysis buffer followed by five times with wash buffer con-
taining 20 mM Tris-HCl (pH 8.0), 300 mM KCl, and 0.2 mM EDTA.
After washing, the bound proteins were eluted with 2x SDS load-
ing buffer and immunoblotted with the respective antibodies.

In vitro RNA affinity assay

pri-let-7a-1 and pri-let-7a-2 with 5’ short extension were generat-
ed by in vitro transcription. A 3'-biotinylated adaptor DNA, the se-
quence of which is reverse-complementary to the 5" extension,
was incubated with Streptavidin-coated Sepharose beads in bind-
ing buffer containing 20 mM Tris-HCl (pH 7.5), 100 mM KCl, and 2
mM EDTA at 4°C with constant rotation for 1 h. The beads were
washed twice with wash buffer (20 mM Tris-HCI [pH 8.0], 300
mM KClI, 0.2 mM EDTA) and incubated with in vitro transcribed
pri-miRNAs in the wash buffer supplemented with Ribolock
RNase Inhibitor for 3 h at 4°C with constant rotation. The beads
were washed twice with wash buffer followed by once with lysis
buffer and incubated with cell lysates. The cell lysates were pre-
pared using the same methods as tRSA-RNA affinity assay. The se-
quences for RNA bait are listed in Supplemental Table S4.

RNA-EMSA

Biotin-labeled pri-let-7a-1 probe was generated by in vitro tran-
scription followed by biotin-labeling with EZ-Link NHS-Biotin
(ThermoFisher). A total of 1 pmol of biotin-labeled RNA probes
was incubated with increasing concentrations of purified recom-
binant protein expressed in E. coli in reaction buffer (20 mM
HEPES-KOH [pH 8.0], 150 mM KCI, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.1% [w/V] Triton X-100) at 4°C for 1 h. After the reaction,
the samples mixed with loading buffer (10 mM Tris-HCI, 3% [w/v]
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sucrose and dyes) were loaded on 8% (w/v) native gel and run
at a constant voltage of 100 V. After electrophoresis, the probe
was transferred onto hybond-N+ membrane and detected using
Chemiluminescent Nucleic Acid Detection Module Kit
(ThermoFisher).

RNA-immunoprecipitation assay (RIP)

HEK293 cells were transfected with plasmids expressing FLAG-
SYNCRIP or FLAG-eGFP (negative control). After 72 h after trans-
fection, cells were harvested and resuspended in lysis buffer (10
mM HEPES-KOH [pH 7.4], 100 mM KCI, 5 mM MgCl,, 0.5% NP-
40) supplemented with 2 mM B-Mercaptoethanol, Protease
Inhibitor Cocktail (Roche), Ribolock RNase Inhibitor (40 U/puL,;
Thermo Fisher Scientific) on ice for 20 min followed by sonication
and centrifugation twice for 10 min at 4°C. After centrifugation,
10% of the supernatant was used as the input for RT-PCR or
RT-gPCR analysis. The rest of the supernatants were incubated
with anti-FLAG antibody-conjugated agarose beads (anti-FLAG
M2 affinity gel, Sigma) with constant rotation for 4 h at 4°C.
The beads were washed four times with lysis buffer and then
five times with wash buffer (50 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 1 mM MgCl,, 0.05% NP-40). After washing, the beads
were incubated with the lysis buffer containing proteinase K for
30 min at 55°C. After centrifugation, RNA was recovered from
samples, including input and immunoprecipitates (IP), using the
TRIzol method. Prior to reverse transcription, the extracted RNA
was treated with DNase | (Sigma). Reverse transcription was
performed using Random Hexamer Primer (ThermoFisher). RIP—
PCR was performed using the primers listed in Supplemental
Table S1. RIP-gPCR was performed using the gPCR primer for
pri-let-7a-1.

RNA isolation and miRNA microarray

miRNA microarray was performed using a SYNCRIP shRNA-treat-
ed RNA sample compared to the control shRNA-treated RNA
sample. The total RNA was extracted from HEK293 cells using
miRNeasy Mini Kit (Qiagen) according to the manufacturer’s in-
structions. Total RNA samples were sent to Axil Scientific for
miRNA microarray analysis. One microgram of total RNA was la-
beled with FlashTag Biotin HSR Labeling Kit before being hybrid-
ized to GeneChip miRNA 4.0 Array (Affymetrix, Inc.), which
consists of 30,434 mature miRNA probe sets. The array was
scanned using the GeneChip Scanner and the data exported
and processed using the Affymetrix Expression Console Software.

Quantitative real-time PCR

cDNA was synthesized by revertaid Reverse Transcriptase (RT,
ThermoFisher) according to the provided protocol. Oligo(dt)15
primers were used as the RT primers for reverse transcription of
mRNAs and pri-miRNAs. miRNA-specific stem-loop primers were
used as RT primer for reverse transcription of mature miRNAs.
gPCR was carried out in the CFX96 Touch Real-Time PCR
Detection System (BioRad). Quantification of mRNAs and pri-
miRNAs was performed using Luminaris HiGreen qPCR Master
Mix (ThermoFisher). Quantification of mature miRNA was per-
formed using Luminaris Probe gqPCR Master Mix (ThermoFisher),
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as well as Universal Probe Library probe 21 (Roche). All measure-
ments were done in triplicates. All the primers are listed in
Supplemental Table S1.

Northern blot analysis

Thirty micrograms of total RNA was separated in 20% denaturing
PAGE gels. The resolved RNA was transferred onto Hybond-N+
membranes at 100 V at 4°C for 30 min. After UV cross-linking,
blocking was carried out using ULTRAhyb Ultrasensitive
Hybridization Buffer (Invitrogen) for 2 h followed by addition of
5’ biotin-labeled DNA probe and incubation for 20 h, as indicated
by the manufacturer’s instructions. The blots were further pro-
ceeded to Chemiluminescent Nucleic Acid Detection Module
Kit, and the signal was detected by ChemiDoc Imaging System
(Bio-Rad).

Coimmunoprecipitation assay

Forty-eight hours after transfection with the indicated plasmids,
HEK293 cells were harvested and lysed with Co-IP lysis buffer
(20 mM Tris [pH 8.0], 137 mM NaCl, 1 mM EDTA, 1.5 mM
MgCl,, 10% glycerol, 1% Triton X-100) supplemented with
2 mM B-Mercaptoethanol, Protease Inhibitor Cocktail (Roche).
After incubation on ice for 20 min, the cells were further sonicated
followed by centrifugation twice for 10 min. Ten percent of the su-
pernatant was taken as input and the rest of the supernatants were
incubated with 20 pM of anti-c-myc affinity gel (Sigma) with cons-
tant rotation at 4°C for 4 h. After incubation, the beads were
washed three times with Co-IP lysis buffer and another five times
with Co-IP wash buffer (20 mM Tris [pH 7.5], 300 mM NaCl,
2.5 mM MgCly, 0.5% NP-40). The bound proteins on myc beads
were eluted with 2x SDS loading buffer by boiling for 10 min and
analyzed by western blot.

Western blot analysis

Protein samples were separated by SDS-PAGE and trans-
ferred to polyvinylidene difluoride (PVDF) membrane (Bio-Rad).
Membranes were immunoblotted with primary anti-c-myc anti-
bodies (Sigma) or anti-FLAG antibodies (Sigma) followed by sec-
ondary horseradish peroxidase-conjugated (HRP) anti-mouse IgG
(GE Healthcare). Immobilon Western Chemiluminescent HRP
Substrate (Merck Millipore) was used for signal detection by
ChemiDoc Touch Gel Imaging System (Bio-Rad).

GST pull down

Approximately five micrograms of purified GST or GST fusion
proteins were incubated with glutathione-Sepharose beads
(GE healthcare) at 4°C for 1 h. After washing out the extra pro-
teins using binding buffer (25 mM Tris [pH 7.4], 500 mM NaCl, 4
mM DTT) three times, the beads were incubated with cell lysate
overexpressed with FLAG-DGCR8 or FLAG-Drosha for 4 h at 4°C
with rotation. The cell lysates were prepared with the same
method as Co-IP assay. After incubation, the beads were
washed three times with Co-IP lysis buffer followed by four times
with Co-IP wash buffer and resuspended in 30 pL of 2x SDS

loading buffer. The protein sample was then analyzed with west-
ern blot.

In vitro processing assay

In vitro processing assays were carried out according to previous
studies (Lee et al. 2003). Briefly, HEK293 cells were cotransfected
with plasmids encoding FLAG-Drosha and FLAG-DGCR8 and
plasmids expressing SYNCRIP shRNA or control shRNA. Forty-
eight hours after transfection, the cells were harvested and lysed
on ice for 20 min in lysis buffer (20 mM HEPES-KOH [pH 7.5], 150
mM NaCl, 0.2 mM EDTA, 5% glycerol). After on ice lysis, the cells
were further sonicated briefly and centrifuged for 10 min twice.
The supernatant was incubated with anti-FLAG antibody-conju-
gated agarose beads (anti-FLAG M2 affinity gel, Sigma) with
constant rotation for 4 h at 4°C. After incubation, the beads
were washed five times with lysis buffer and the bound fractions
were eluted with 3xFLAG peptide (Genscript) in lysis buffer.
Processing reactions were carried out in reaction buffer (20 mM
Tris-HCI [pH 8.0], 6.4 mM MgCl2, 1 mM ATP, 10% glycerol, 0.2
mg/mL BSA) supplemented with 1 unit/pL of Ribolock RNase
Inhibitor (ThermoFisher). In each reaction, 1 uM of in vitro
transcribed pri-let-7a-1 was incubated with 2.5 pL of Drosha im-
munoprecipitates (Drosha-IP), different concentrations of purified
recombinant His-SYNCRIP or its mutants and NaCl were supple-
mented to the final concentration of 100 mM. The reaction was
incubated at 37°C for 90 min. RNA was recovered from the reac-
tion using phenol:chloroform:isoamyl alcohol followed by ethanol
precipitation and separated by 12.5% denaturing UREA-PAGE
gel. After electrophoresis, the resolved RNA was transferred to
Hybond-N+ membranes and detected by northern blot as de-
scribed above.

Biolayer interferometry (BLI)

The Octet RED96 (ForteBio, Pall) was used to measure the
binding affinity of SYNCRIP and Biotin-labeled pri-let-7a. Two
hundred microliters of reaction experiments were set up in black
96-half well plates and performed at 37°C. Streptavidin biosensor
tips (Pall) were hydrated in 200 pL of reaction buffer (50mM Tris
pH 6100 mM NaCl, 0.1% Tween-20,1 mg/mL BSA) for 15 min.
After a baseline step of 120 sec, RNA was immobilized on the
streptavidin biosensors at a concentration of 80 nM for 10 min.
Asecond baseline step of 120 sec was followed, to wash unbound
RNA and allow signal stabilization. Association was monitored
by transferring the ligand biosensors to wells containing the re-
combinant proteins in a concentration of 80, 100, and 120 nM.
The association and dissociation was 5 min, respectively. A final
regeneration cycle was performed to strip the biotin-labeled
RNA and allow for one subsequent rebinding. The sensor was
dipped in regeneration buffer (1 M glycine pH 1.7) for 120 sec, fol-
lowed by 240 sec in reaction buffer. Binding interactions in solu-
tion caused the optical density of the biosensor to change,
resulting in a wavelength shift proportional to binding. Data
were taken for each protein and were analyzed using the
ForteBio Data Analysis 9.0 software. The reference sensors were
used for each concentration of protein to subtract the nonspecific
binding. The y-axes of all steps were aligned to each step’s base-
line, and curve fitting was performed to analyze the data. Curve
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fitting and KD value determination were calculated using both the
association and dissociation steps and a 1:1 global fitting model.
The Kp values represent the affinity constant and thus represent
an equilibrium state. The ko, and ko rates are used to predict
the equilibrium state of the interaction, and how quickly the sys-
tem responds to changes in concentration of the protein. The
kon values represent the rate of association, or the rate at which
the complex forms. The k¢ values represent the rate of dissocia-
tion, or the rate at which the complex disassembles during equi-
librium. Only fitted curves with an R? value of 0.98 or greater were
used in the analysis.

DATA DEPOSITION

Atomic coordinates and structure factors for the reported crystal
structures have been deposited with the Protein Data bank under
accession number 6KOR.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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