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Abstract 

Microprocessor is an essential nuclear complex responsible for the initial RNase-mediated cleavage of primary miRNA, which is a tightly con- 
trolled maturation process that requires the proper assembly of Drosha and DGCR8. Unlik e pre viously identified mechanisms directly targeting 
the enzymatic subunit Drosha, current knowledge about the biological w a y s of controlling miRNA nuclear maturation through DGCR8 is less 
addressed. In this study, we unveiled that the microprocessor assembly is go v erned b y a master gene regulator HIF-1 α irrespective of its canon- 
ical transcriptional activity. First, a widespread protein binding of HIF-1 αwith DGCR8 instead of Drosha was observed in response to biological 
stimulations. Similar protein interactions between their corresponding orthologues in model organisms were also observed. After dissecting the 
essential protein domains, we noticed that HIF-1 αsuppresses microprocessor assembly via binding to DGCR8. Furthermore, our results sho w ed 
that HIF-1 α hijacks monomeric DGCR8 thus reducing its dimer formation prior to microprocessor assembly, and consequently, the suppressed 
microprocessor formation and nuclear processing of primary miRNA were demonstrated. In conclusion, here we unveiled the mechanism of 
how microprocessor assembly is regulated by HIF-1 α, which not only demonstrates a non-transcriptional function of nuclear HIF-1 α but also 
pro vides ne w molecular insights into the regulation of microprocessor assembly through DGCR8. 
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Introduction 

MicroRNAs (miRNAs) are highly conserved small non-
coding RNAs that post-transcriptionally regulate gene expres-
sion through sequence complementarity to 3 

′ untranslated re-
gion (3 

′ UTR) of target messenger RNA (mRNA), leading to
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translational inhibition or degradation of target mRNAs ( 1–
4 ). MiRNA biogenesis is a multistep process relying on sev- 
eral factors to coordinate sequentially. First, the initial pre- 
cursors are transcribed by RNA polymerase II (Pol II) as pri- 
mary miRNAs (pri-miRNAs) with stem-loop and flanking 
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egions ( 5–7 ). In the nucleus, the microprocessor composed
f RNase III enzyme Drosha and double-stranded RNA bind-
ng protein DGCR8 is responsible for the first step of RNase-
ependent cleavage that cuts the flanking regions out from
ri-miRNAs into single stem-loop precursor miRNAs (pre-
iRNAs) ( 8 ,9 ). After being exported into the cytoplasm by
xportin 5, these pre-miRNAs are further cleaved by the sec-
nd RNases III enzyme Dicer into 20–25 nucleotides long
ature miRNAs. Finally, these mature miRNAs are loaded

nto miRNA-induced silencing complex (miRISC) composed
y AGO2 and GW182 / TRNC6A to execute their molecular
unction in post-transcriptional gene silencing ( 10 ,11 ). 

The highly conserved enzymatic subunit Drosha of micro-
rocessor was first identified in D.melanog aster, C.eleg ans ,
nd eukaryotes by Filippov et al. ( 12 ), while its function in
uclear processing of miRNA was later discovered in 2003
y Lee et al. ( 9 ). Then, DGCR8 was identified as an essential
omponent for miRNA processing functioning in the Drosha-
ssociated protein complex called microprocessor thereafter
 13–15 ). An intact microprocessor is composed of one Drosha
nd two DGCR8 proteins ( 16 ), while the dimerized DGCR8
inds with Drosha through its 23-amino acids long C-terminal
ail region (CTT) and double-strand RNA-binding domains
dsRBDs) to enhance the loading of pri-miRNA. As the ma-
or nuclear processing complex for miRNA maturation, sev-
ral regulatory mechanisms affecting microprocessor activity
ave been studied which mostly focused on gene regulation or
rotein interaction of Drosha in the past ( 1 ,17 ), but current
nowledge on the biological control of DGCR8 is limited. 
Hypoxia-inducible factor 1-alpha (HIF-1 α) is a master

ranscriptional regulator stimulated under different microen-
ironmental circumstances including hypoxic (low oxygen
oncentration) and non-hypoxic factors (growth factors, reac-
ive oxygen species, and nutrient depletion) ( 18–25 ). Our pre-
ious study has indicated that cytoplasmic HIF-1 α suppresses
iRNA biogenesis through promoting autophagic proteolysis
f Dicer ( 26 ). However, as a well-known transcription factor
nriched in cell nuclei, the link between HIF-1 α and nuclear
rocessing of miRNAs remains unclear. In this study, we un-
eiled that the nuclear processing of miRNA is controlled by
IF-1 α independent of its well-known transcriptional activ-

ty, in which HIF-1 α prevents DGCR8 dimerization and leads
o repressed microprocessor assembly as well as the nuclear
aturation of miRNA precursors. 

aterials and methods 

ell culture 

uman embryonic kidney cell line (HEK293T), lung cancer
A549), cervical cancer (HeLa), colorectal cancer (HCT116),
epatocellular cancer (Huh7) and breast cancer cells (MDA-
B-231) were cultured in Dulbecco’s modified Eagle’s
edium / nutrient mixture F-12 (DMEM / F12) medium sup-
lement with 10% fetal bovine serum (FBS, Corning®) and
% penicillin / streptomycin antibiotics. Breast cancer cells
MCF-7) were cultured in low-glucose Dulbecco’s modified
agle’s medium (DMEM). All human cancer cell lines were
rown at 37 

◦C in the 5% CO 2 humidified incubator. 

rotein extraction 

ells were rinsed by PBS twice and harvested using RIPA
uffer (50 mM Tris base, 150 mM NaCl, 10% NP-40, 0.5%
Na-deoxycholate, 1 mM EDTA and 0.1% SDS). After son-
ication, total cell lysate was centrifuged for 14 000 rpm, 30
min and the supernatant was collected and quantified using
Bradford assay by detecting absorbance at 595 nm. 

Immunoprecipitation 

Cells were rinsed by PBS twice and lysed by NETN lysis
buffer (150 mM NaCl, 20 Mm Tris–HCl; pH 8.0, 0.5%
NP-40, 1 mM EDTA) containing 1 × complete protease in-
hibitors (Pierce™, A32965). Cell lysates were sonicated and
centrifuged at 14 000 rpm for 30 min at 4 

◦C to remove cell
debris. For D. melanogaster and C. elegans protein extrac-
tion, whole flies were homogenized first in NETN lysis buffer
and sonicated; worms were collected in NETN lysis buffer and
followed by sonication. Sonicated lysates were centrifuged at
14 000 rpm for 30 min at 4 

◦C and collected supernatants. Af-
ter quantification, lysates were pre-cleaned with Pierce™ Pro-
tein A Plus Agarose for an hour and rotated at 4 

◦C. Lysates
were centrifuged at 2500 rpm for 5 min to remove beads and
supernatant were collected and incubated with the specific an-
tibody at 4 

◦C overnight (Anti-DGCR8: Bethyl, A302-468A;
Anti-Drosha: Santa Cruz, Sc-33778; Anti- HIF-1 α: Genetex
Inc, GTX127309; Anti-Flag: Sigma, F3165). Next day, lysates
were incubated with agarose beads for an hour at 4 

◦C and
washed the beads by NETN buffer for 2 times, 5 min at 2500
rpm. The immunoprecipitated samples were further applied
to western blot analysis. 

Western blot 

Denatured protein lysate was loaded and fractionated by
SDS-P AGE. Proteins in SDS-P AGE were transferred onto
PVDF membranes according to the manufacturer’s protocols
(Bio-Rad, Hercules, C A, US A). PVDF (GE Healthcare) was
blocked with 5% skimmed milk for an hour at room tem-
perature and washed with TBST. Membranes were incubated
with specific primary antibodies at 4 

◦C for overnight (Anti-
DGCR8: Bethyl, A302-468A; Anti-Drosha: Cell Signaling,
#3364; Anti- HIF-1 α: Novus Biologicals, NB100-449; Anti-
Flag: Sigma, F3165; Anti-V5: Genetex Inc, GTX117997). Af-
ter washed by TBST for 3 times, 10 min per wash, the mem-
branes were incubated with secondary antibodies (Croyez
Bioscience, Taiwan) for an hour at room temperature. Pro-
tein expressions were detected by ECL system according to
the manufacturer’s protocols. ECL (Enhanced Chemilumi-
nescent) was purchased from PerkinElmer (Waltham, MA,
USA). 

Total RNA extraction 

Total RNA was extracted using TRIzol (Invitrogen) accord-
ing to the manufacturer’s protocol. In brief, lysed cells in TRI-
zol reagent were incubated with chloroform and homogenized
samples were centrifuged at 14 000 rpm for 30 min at 4 

◦C.
The clear aqueous middle layer was isolated, and RNA was
precipitated by incubating with isopropanol at −80 

◦C for 1–
2 h. Samples were centrifuged at 14 000 rpm for 30 min, and
the supernatant was discarded. The pellets were washed with
75% ethanol and centrifuged again. Pellets were dissolved
and preserved in nuclease-free water at −80 

◦C. Total RNA
concentrations were determined by spectrophotometer (Nan-
oDrop Lite Microlitre Spectrophotometer). 
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blot. 
Reverse transcription 

Reverse transcription (RT) was performed immediately af-
ter RNA quality control assessment and the same amount of
RNA was used in each sample. Reverse transcription was per-
formed using the M-MLV Reverse Transcriptase (PROMEGA,
Cat. #M1701) according to the manufacturer’s protocol. The
reaction mixture contained 200 ng of template RNA, 1 μl
100 μM random hexamer, and 2 μl 10 mM dNTP mix with
nuclease-free water adjusted to 12 μl and performed pre-RT
process incubating at 65 

◦C for 5 min. Mix of 4 μl 5X reac-
tion buffer, 0.6 μl M-MLV Reverse Transcriptase and 0.4 μl
RNase inhibitor (RNasin, Cat. #N2515) was added, the vol-
ume was brought to 20 μl with nuclease-free water, and the
reactions were incubated at 25 

◦C for 5 min, followed by 37 

◦C
for 60 min. Finally, the reactions were terminated at 70 

◦C for
5 min. cDNAs were preserved at −20 

◦C and further applied
to quantitated real-time PCR. To perform the reverse tran-
scription of pre-miRNAs, RNAs shorter than 200 nucleotides
were further enriched by using mirVana™ miRNA Isolation
Kit (Invitroge™, AM1560) for pre-miRNAs detection. Pre-RT
process incubating RNAs with pre-miRNA specific primer at
85 

◦C for 5 min was performed to unravel the secondary struc-
ture and reverse transcription was performed by the protocol
mentioned above. 

Quantitated real-time PCR 

Quantitated real-time PCR was performed using qPCRBIO
SyGreen Mix according to the manufacturer’s protocols by
Applied Biosystem Step One Real-time PCR system (Ap-
plied Biosystems, C A, US A). Specific primers for targets
( Supplementary Table S1 ) were designed with an amplicon
range from 50–200 nucleotides. Mixture consisted of SYBR
GREEN Master Mix, forward and reverse primers, nuclease-
free water and cDNA template. The real-time PCR program
was carried out according to the manufacturer’s protocol,
which included 95 

◦C for 10 min to activate the polymerase,
40 cycles of 95 

◦C for 15 s and 60 

◦C for 1 min followed by
melt-curve analysis. All the qPCR protocols followed MIQE
guidelines ( 27 ). 

Unprocessed pri-miRNAs and pre-miRNAs 

detection 

Primers for detecting unprocessed pri-miRNAs were based on
the principle that primers were complemented to the flanking
region and stem region across through the processed site of
pri-miRNAs ( Supplementary Table S1 ). The primers detect-
ing unprocessed pri-miRNAs are able to distinguish the pri-
miRNAs from pre-miRNAs which have the same sequences in
the stem loop region. To determine the pre-miRNAs produced
by microprocessor, cell nuclei were isolated by NE-PERTM
Nuclear and Cytoplasmic Extraction Reagents (Thermo Sci-
entifi™, Cat. 78 833), RNAs shorter than 200 nucleotides
were further enriched by using mirVana TM miRNA Isolation
Kit (Invitroge™, AM1560) for nuclear pre-miRNAs detec-
tion. All the qPCR detection protocols followed MIQE guide-
lines ( Supplementary Table S1 ) ( 27 ). 

In vitro transcription and in vitro processing assay 

In vitro transcription was performed using T7 Ribo-
MAX™ Express Large Scale RNA Production System
(Promega, Cat. #P1320) according to the manufacturer’s pro-
tocol. These well-structured, unprocessed pri-miRNAs pro- 
duced from in vitro transcription were collected as the sub- 
strates for in vitro processing assay. Cell extracts were col- 
lected and incubated with in vitro synthesized pri-miRNAs 
(100 ng) in in vitro processing buffer (50 mM Tris, 2 mM 

DTT, 6 mM MgCl 2 ) at 37 

◦C for 30 min ( 9 , 28 , 29 ). RNA was
extracted after in vitro processing assay and performed reverse 
transcription and quantitated real-time PCR for unprocessed 

pri-miRNAs and pre-miRNAs detection. 

Luciferase activity assay 

Renilla and firefly reporter activity were measured using 
The Dual-Luciferase® Reporter (DLRTM) Assay System ac- 
cording to the manufacturer’s protocols. Briefly, the firefly 
luciferase activity was measured first by Luciferase Assay 
Reagent II (LAR II) and next, the reaction was quenched, fol- 
lowed by adding Stop & Glo® Reagent for detecting renilla 
luminescence in the same sample. 

Constructs 

Microprocessor reporter plasmids were gift from Dr Richard 

I. Gregory ( 30 ). The portions of pri-miR-125b and pri-miR- 
205 were inserted into 3 

′ UTR of renilla luciferase gene in 

psiCHECK2 plasmid ( 30 ). HIF-1 α gene was constructed into 

pcDNA3.1 and a panel of HIF-1 α truncated plasmids were 
cloned into pcDNA3.1 by Dr Chih-Chen Hong ( 26 ). DGCR8 

gene was constructed into pcDNA3.1 and DGCR8 with 

truncated double strand RNA binding domain 1 (dsRBD1),
Drosha-binding element and uncharacterized region from 685 

to 773 were cloned into pcDNA3.1 by Dr Chih-Chen Hong.
Flag-DGCR8 were kindly provided by Dr V. Narry Kim ( 31 ).
PcDNA3-V5-DGCR8 was acquired from Addgene (#51 383) 
( 14 ). Constructs expressing wild-type and point mutations of 
DGCR8 (W329A and W329H) were kindly provided from 

Dr Feng Guo ( 32 ). BiFC platform plasmids (VC155-HIF-1 α

and VN173-DGCR8) were cloned by the National RNAi 
Core Facility at Academia Sinica in Taiwan. PcDNA3-pri-let- 
7a (#51 377), pcDNA3-pri-let-7b (#51 378), pcDNA3-pri-let- 
7d (#51 379), pcDNA3-pri-let-7e (#51 380), pcDNA3-pri-let- 
7g (#51 381), pcDNA3-pri-miR-16–1 (#51 382), pcDNA3- 
miR-29b-1 ∼29a (#51 376) and pcDNA3.2 / V5 hsa-mir-205 

(#26 312) for in vitro transcription were acquired from Ad- 
dgene ( 33 ,34 ). 

Genes manipulation: transfection and shRNAs 

interference assay 

Transfection was performed using HyFect™ DNA trans- 
fection reagent according to the manufacturer’s protocol 
(Leadgene Biomedical, Taiwan). The plasmids were incu- 
bated with transfection reagent in serum-free medium for 20 

min and added into cells. ShRNAs were carried by lentivirus 
produced by HEK293T. HEK293T cells were seeded and 

transfected with packaging plasmid (pCMV- �R8.91 con- 
taining gag, pol and rev genes), envelope plasmid (pMD.G,
VSV-G expressing plasmid) and pLK O .1-shRNA vector with 

shRNAs complementary to target protein. Virus-containing 
medium was collected after 24 and 48 h. Cells were in- 
fected with lentivirus carrying shRNA and polybrene was 
added to enhance infectious efficiency. Protein lysate was har- 
vested and check the target protein expression by western 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae792#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae792#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae792#supplementary-data
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rowth factor treatment and hypoxic condition 

DA-MB-231 cells were seeded and starvation for 24 h and
reated with EGF (40 ng / ml) or IGF (100 ng / ml) for 24 h.

CF-7 or MDA-MB-231 cells were incubated in the hypoxia
hamber (1% O 2 ) for 6 h. 

n situ proximity ligation assay (PLA) 

n situ PLA was performed according to the manufacturer’s
nstructions (Sigma-Aldrich). Multiple cancer cell lines were
eeded onto cover slides in a 12-well plate. Tissue microar-
ays were dried before use in an oven at 60 

◦C, one hour and
mmersed slides in water. The slides were fixed with 3.7%
ormaldehyde for 10 min, permeabilized by 0.01% triton-X-
00 for 10 min, blocking with 2% bovine serum albumin
BSA) for 30 min at room temperature. Two primary antibod-
es of interested protein from different host were applied to
lides or tissue microarray at 4 

◦C for overnight (Anti-DGCR8:
bnova, H00054487-B01P; Anti- HIF-1 α: Novus Biologi-
als, NB100-449; Anti-Drosha: Santa Cruz, Sc-33778). One
rimary antibody (Anti-DGCR8: Abnova, H00054487-B01P)
as used as a negative control. The samples were washed by
uffer A for 2 times, 5 min and secondary antibodies con-
ugated with oligonucleotides were added and incubated at
7 

◦C for 1 hour. Next, performed the ligation step at 37 

◦C
or 30 min and amplification process was performed at 37 

◦C
or 100 min in the dark. Then, washed with buffer b for 10
in and mounted the slides and tissue microarrays. During

he whole process, slides and tissue microarrays were kept in
 humidified chamber. 

issue microarray 

issue microarray CBA4 (SUPER BIO CHIPS) and BRC1021
US Biomax lnc.) breast cancer tissues were applied to PLA
or interaction between HIF-1 α/ DGCR8, DGCR8 / Drosha,
GCR8 / RRP6 and HIF-1 α protein expression. Tissue mi-

roarrays were used according to approved IRB pro-
ocols from NCKU Hospital (IRB No. A-ER-105–491,
-ER-106-483). 

uman subjects 

e analyzed samples of breast cancer tissues from individ-
al patients. Specimens were collected from National Cheng
ung university hospital (T ainan, T aiwan). Frozen breast can-
er tissues were used according to approved IRB protocols
rom NCKU Hospital (IRB No. A-ER -103–131, A-ER -105–
91, A-ER-106–483). 

odel organism information 

aenorhabditis elegans strains were maintained and grown
n nematode growth media (NGM) and fed with E. coli
P50 at 20 

◦C. Alkaline hypochlorite solution was used
or synchronization of well-fed adult animals and the syn-
hronized populations were grown on E. coli OP50 to the
ay-1 adult stage for 3 days at 20 

◦C. All strains in this
tudy were provided by Caenorhabditis Genetics Center
CGC), including N2-Bristol, hif-1 (ia4), and ials34 [Phif-
::hif-1(P621G)::myc] . Drosophila melanogaster was main-
ained on standard food at 25 

◦C on a normal circadian cy-
le (12:12 light dark cycle). Gal4 drivers were crossed with
AS-simaRNAi (P[TRiP.HMS00833]) lines. 
Quantification and statistical analysis 

All of data were analyzed by using Prism 9 (GraphPad, La
Jolla, CA) and the results are presented as mean ± SEM. at
least three independent experiments. Unpaired two-tailed t-
test was used for two individual groups. For multigroup anal-
ysis, one-way ANOVA with Tukey’s multiple comparisons test
was used. 

Results 

HIF-1 α non-transcriptionally suppresses nuclear 
processing of pri-miRNAs 

MicroRNA (miRNA) biogenesis is a two-step process sequen-
tially conducted from the nucleus to cytoplasm ( 17 ). Our
previous study has shown that hypoxia inducible factor-1 α

(HIF-1 α) suppresses Dicer-mediated miRNA maturation in
the cytoplasm ( 26 ). As a well-studied transcription factor
which mainly functions in the nucleus ( 19 ), we were curi-
ous about the effect of HIF-1 α on nuclear miRNA processing
which is carried out by the so-called Microprocessor complex
composed of Drosha and DGCR8 for cleaving primary (pri-
miRNA) into precursor (pre-miRNA) miRNA ( 17 ). To deter-
mine the processing efficiency of microprocessor, we utilized
a reporter system established by Mori et al. harboring pri-
miRNA sequences (pri-miR-125b and pri- miR-205) as the
microprocessor substrates in the 3 

′ UTR of the Renilla lu-
ciferase gene ( 30 ); thus, the microprocessor-mediated cleav-
age resulted in destabilization of renilla luciferase mRNA as
well as the luminescence signal, which as a denominator re-
flects to increased microprocessor activity. We first utilized
this reporter assay to investigate the effect of HIF-1 α on mi-
croprocessor function and observed that in HEK293T cells
with ectopic HIF-1 α expression, the microprocessor activ-
ity was significantly decreased (Figure 1 A). There are sev-
eral known possibilities which may modulate microprocessor
activity, including the transcription regulation of DROSHA
gene, the post-translational regulation of Drosha protein sta-
bility, and the physical interaction of Drosha with accessory
factors ( 1 , 2 , 17 ). To investigate the mechanism of micropro-
cessor suppression, protein levels of Drosha and DGCR8 were
determined to investigate whether the expression of these mi-
croprocessor components is affected by HIF-1 α. However,
the protein expression of both components was not regulated
by HIF-1 α (Figure 1 B, Supplementary Figure S1 ). As HIF-
1 α is a well-documented transcription factor, we further de-
stroyed the DNA-binding ability of HIF-1 α by truncating the
basic helix-loop-helix DNA-binding motif (HIF-1 α�HLH ) to
study if the transcriptional activity of HIF-1 α is essential for
microprocessor regulation. Pyruvate dehydrogenase kinase 1
(PDK1), the known transcriptional downstream of HIF-1 α

( 35 ) was confirmed to be upregulated by wild-type but not
truncated HIF-1 α (Figure 1 C). Unchanged mRNA level of
Drosha and DGCR8 were observed in wild-type and HLH-
truncated HIF-1 α (Figure 1 D) and the HIF-1 α-modulated mi-
croprocessor function was further investigated by the detec-
tion of either pri- (Figure 1 E) or pre- (Figure 1 F) miRNAs.
Unexpectedly, HIF-1 α�HLH still exhibited suppressive effects
on nuclear pri- miRNA processing similar to that caused by
wild-type HIF-1 α, as our results consistently showed the accu-
mulation of unprocessed substrates (pri-miR -125b / pri-miR -
205) and reduction of cleaved products (pre-miR-125b / pre-
miR-205) both in wild-type and HLH-truncated HIF-1 α

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae792#supplementary-data
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A

C

E F

D

B

Figure 1. HIF-1 α non-transcriptionally suppresses nuclear processing of pri-miRNAs. ( A ) Microprocessor activity was determined by luciferase reporter 
assay using HEK293T cells with ectopic HIF-1 α expression. ( B ) Protein expression of Drosha, DGCR8 and HIF-1 α in HEK293T cells with ectopic HIF-1 α
expression. ( C ) Validation of wild-type and HLH-truncated HIF-1 α and PDK1 expression in HEK293T cells. ( D ) Messenger RNA expression of Drosha and 
DGCR8 in HEK293T cells with ectopic wild-type and HLH-truncated HIF-1 α expression. (E-F) Expression of miRNAs precursors controlled by HIF-1 α. 
Expression of pri- ( E ) and pre- ( F ) miRNAs of miR-125b and miR-205 in HEK293T cells with HIF-1 α or HIF-1 α�HLH expression. Data were represented as 
mean ± SEM ( n ≥ 3) with individual data point shown. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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xpressing cells (Figure 1 E, F). These results collectively sug-
ested that HIF-1 α suppresses miRNA nuclear processing in
 transcription-independent manner. 

rotein interaction of HIF-1 α with DGCR8 

lthough it is possible that regulation on microprocessor
xpression directly affects microprocessor activity ( 1 ), we
id not observe any significant change of either Drosha or
GCR8 protein expression regulated by HIF-1 α (Figure 1 B, D

nd Supplementary Figure S1 ), leading us to investigate the
ossibility of physical protein interaction between HIF-1 α and
icroprocessor components. Interestingly, our immunopre-

ipitation assays showed that HIF-1 α interacts with DGCR8
ut not Drosha in HEK293T, MDA-MB-231 and MCF-7 cells
Figure 2 A). A widespread HIF-1 α/ DGCR8 binding among
ifferent types of human cancer cell lines was also observed
y immunoprecipitation and in situ PLA (Figure 2 B, C), sug-
esting that this complex is widely present and not restricted
o specific cell types. The presence of RNA could be a deter-
ining factor for protein–protein interaction, especially after

he initiation step of microprocessor formation. Therefore, we
erformed RNase A treatment to investigate whether the en-
ogenous binding of HIF-1 α with DGCR8 is RNA-mediated
r not. Our result showed that HIF-1 α still interacts with
GCR8 in the presence of RNase A treatment, suggesting that

his interaction is RNA-independent (Figure 2 D). In addition
o pull-down and PLA assays, we established the Bimolec-
lar Fluorescence Complementation (BiFC) platform which
s a powerful technique that allows the determination of di-
ect protein interaction under a native biological system, as
irect protein binding enables two independent fragments to
eassemble into a functional fluorescent protein and emit a
uorescent signal ( 26 ,36–38 ). To confirm the interaction be-
ween HIF-1 α and DGCR8 by BiFC assay, we designed two
himeric proteins, VC155-HIF-1 α and VN173-DGCR8 by re-
pectively constructing C-terminal of Venus protein to HIF-1 α

nd N-terminal of Venus protein to DGCR8 (Figure 2 E), and
ur results indicated a significant reconstitution of Venus fluo-
escence signal in cells expressing half of Venus-fused HIF-1 α

nd DGCR8 (Figure 2 E). 
To elucidate the interaction of HIF-1 α with DGCR8, we

espectively performed genetic approaches including ectopic
xpression and knockdown of HIF-1 α for binding assay,
nd found that HIF-1 α/ DGCR8 binding is greatly induced
n HIF-1 α-overexpressing cells (Figure 3 A, left), while HIF-
 α/ DGCR8 interaction was also diminished in cells with
IF-1 α knockdown (Figure 3 A, right). In addition to ge-
etic manipulations, biological stimulations such as hypoxia
nd growth factor stimulations including IGF and EGF were
sed to induce HIF-1 α since these pathophysiological circum-
tances are HIF-1 α-inducing biological factors ( 18 ,26 ). Con-
istently, our results indicated that the HIF-1 α/ DGCR8 bind-
ng is significantly accumulated in human cells with the treat-
ent of CoCl2-stabilized HIF-1 α (Figure 3 B) as well as be-

ng exposed to hypoxia or stimulated by IGF and EGF (Fig-
re 3 C). Moreover, the interaction of HIF-1 α with DGCR8
as observed in human breast (Figure 3 D) and colon (Fig-
re 3 E) cancer tissues, suggesting that this complex is widely
resent in the human body. Altogether, these results demon-
trated the suppressive role of HIF-1 α in modulating mi-
roprocessor processing activity, and its selective binding to

GCR8 but not Drosha.  
Identification of functional domains essential for 
reciprocal protein interaction 

To investigate the structural characteristics of HIF-
1 α/ DGCR8 binding, HIF-1 α with individually truncated
functional domain (Figure 4 A) ( 26 ) were used for identify-
ing protein region for interaction, and our results revealed
that either oxygen-dependent degradation domain (ODD)-
or inhibitory domain (ID)- truncated HIF-1 α weakens its
DGCR8 binding ability (Figure 4 B, lanes 5–6). Noteworthy,
the region from ODD to ID domain of HIF-1 α proteins was
predicted as intrinsically disordered regions (IDR) which
are possible for protein-protein interaction ( 39 ), and similar
structure was observed across human, mice, drosophila and
nematode worms, even though their amino acid are poorly
conserved (Figure 4 C, ODD domain showed as blue and
ID domain showed as yellow). Furthermore, HIF-1 α and
DGCR8 interacting residues were predicted using three
computational simulation models built by ZDOCK, Patch-
Dock, and HADDOCK ( 40 ,41 ). In combination with the
known DGCR8 / Drosha complex structure in RCSB PDB
(PDB ID: 6V5B) and interacting residues in PDBsum ( 42 ), we
found several DGCR8 residues simultaneously appeared in
both DGCR8 / HIF-1 α and DGCR8 / Drosha interface, while
these HIF-1 α-binding residues were mostly located in the
C-terminal region (511–750) of DGCR8 (Figure 4 D, upper
panel). Therefore, we designed several DGCR8 constructs
with individual truncations of known C-terminal functional
domains including the double strand RNA binding domain 1
(dsRBD1), Drosha-binding element and an uncharacterized
region from 685 to 773. (Figure 4 D, bottom panel). The
results turned out that truncation forms of either one of these
regions disable the interaction between DGCR8 and HIF-1 α

(Figure 4 E). More importantly, the regions essential for
HIF-1 α binding formed a conserved C-terminal ‘helical arch’
structure (Figure 4 F, showed as blue) with 50–90% amino
acid similarities (Figure 4 G) among different model organ-
isms, leading us to determine the existence of HIF-1 α/ DGCR8
complex in flies or worms. Consistently, bindings of HIF-1 α

with DGCR8 was also observed in both Caenorhabditis
elegans (Figure 4 H, DRSH-1, the human Drosha ortholog;
PASH-1, the human DGCR8 ortholog; HIF-1, the human
HIF-1 α ortholog in C.elegans ) and Drosophila melanogaster
(Figure 4 I, Pasha, the human DGCR8 ortholog; Sima, the hu-
man HIF-1 α ortholog in Drosophila melanogaster ), showing
that protein interaction between the orthologs of HIF-1 α and
DGCR8 is preserved during evolution. 

HIF-1 α hijacks monomeric DGCR8 to suppress 

microprocessor formation 

The precise molecular anatomy of microprocessor has been
dissected which is composed of two DGCR8 and one Drosha
( 16 ). Sequentially, the dimerized DGCR8 is formed first and
then complexes with Drosha as an intact functional micro-
processor (Figure 5 A) ( 16 ). In consideration of the results
that the Drosha-binding element of DGCR8 is required for
HIF-1 α binding (Figure 4 E), we further hypothesized a pos-
sibility of HIF-1 α in regulating the microprocessor assem-
bly (Figure 5 B). Indeed, reduced Drosha / DGCR8 complex
level was observed when ectopically expressing (Figure 5 C,
D) and stabilizing HIF-1 α (Figure 5 E), while knockdown of
HIF-1 α by three different specific shRNAs consistently en-
hanced the complex formation (Figure 5 F, G). These effects

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae792#supplementary-data
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Figure 2. Interaction between HIF-1 α and DGCR8. (A, B) Reciprocal assays for HIF-1 α/ DGCR8 binding. Interaction between HIF-1 α and DGCR8 was 
determined by immunoprecipitation of endogenous HIF-1 α ( A ), DGCR8 ( B ) in multiple cancer cell lines. ( C ) Visualization of HIF-1 α/ DGCR8 binding by in 
situ PLA in multiple cancer cell lines. ( D ) RNA dependency of the interaction between HIF-1 α and DGCR8. Lysate was incubated with or without RNase 
A (200 μg / ml) for 30 min at 37 ◦C, and immunoprecipitation of DGCR8 using anti-DGCR8 antibody was performed to detect endogenous binding 
between HIF-1 α and DGCR8 in HEK293T cells. ( E ) Schematic representation of BiFC assay for the interaction between VC155-fused HIF-1 α and 
VN173-fused DGCR8 (top). HEK293T cells were transfected with VC155-fused HIF-1 α, VN173-fused DGCR8, or corresponding vector, and lysates were 
collected for Venus fluorescence signal detection. Data were represented as mean ± SEM ( n ≥ 3) with individual data point shown. * P < 0.05. 



Nucleic Acids Research , 2024, Vol. 52, No. 19 11813 

C

A

D

E

B

Figure 3. HIF-1 α protein interacts with DGCR8 in response to biological stimulations and in human cancer tissues. (A–C) Interaction of HIF-1 α/ DGCR8 
under genetic manipulations and biological stimulations. Genetically manipulated ( A ), chemically stabilized ( B ), and biologically stimulated ( C ) HIF-1 α
cells were applied to immunoprecipitation for determining the binding of HIF-1 α/ DGCR8. MDA- MB-231 cells were incubated under hypoxia (1% O 2 ) for 
6 h or IGF (100 ng / ml) / EGF (40 ng / ml) treatment for 24 h. Binding of HIF-1 αwith DGCR8 in human breast ( D ) and human colon ( E ) cancer tissues. 
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Figure 4. Identification of functional domain of HIF-1 α and DGCR8 for reciprocal interaction. ( A ) Schematic representation of individual HIF-1 α
truncations. ( B ) Interactions of DGCR8 with truncated HIF-1 α in HEK293T cells expressing indicated HIF-1 α truncations were determined. ( C ) Protein 
str uct ures of HIF-1 α orthologs from human (UniProtKB: Q16665), mouse (UniProtKB: Q61221), D.mel (UniProtKB: Q24167) and C.ele (UniProtKB: 
G5EGD2) were predicted using AlphaFold ( 58 ) and recolored by PyMol (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). ODD 

and ID domains were respectively shown in blue and yellow. ( D ) HIF- 1 α-interacting residues of DGCR8 were indicated in upper panel. Design of 
tr uncated DGCR8 constr ucts in bottom panel. ( E ) Interaction of HIF-1 αwith truncated DGCR8 in HEK293T cells expressing indicated DGCR8 truncations 
were determined. ( F ) Protein str uct ure of DGCR8 orthologs from human (UniProtKB: Q8WYQ5), mouse (UniProtKB: Q9EQM6), D.mel (UniProtKB: 
Q9V9V7) and C.ele (UniProtKB: U4PRH5) were predicted using AlphaFold and recolored by PyMol. Predicted HIF-1 α interacting region with a conserved 
helical arch str uct ure was shown in blue. ( G ) DGCR8 protein homology percentage was aligned by COBALT using positive match as index by setting 
human as the reference sequence. Indicated regions of DGCR8 were independently analyzed for their evolutional homology in amino acid sequence. 
UR: uncharacteristic region. Positive match: considered as conserv ativ e substitution. (H-I) HIF- 1 α/ DGCR8 binding in model organisms. Interaction 
between HIF-1 α and DGCR8 was determined by immunoprecipitation of endogenous DGCR8 in Caenorhabditis elegans ( C. elegans , H ) and Drosophila 
melanogaster ( D. melanogaster , I ). DRSH-1, HIF-1, PASH-1 are respectively human Drosha, HIF-1 α, DGCR8 orthologs in C.elegans ; Sima and Pasha are 
respectively human HIF-1 α and DGCR8 orthologs in D. melanogaster . 
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Figure 5. HIF-1 α suppresses microprocessor formation. ( A ) Schematic representation of microprocessor formation process. ( B ) Possible mechanism of 
HIF-1 α-suppressed microprocessor activity. (C–I) Microprocessor formation regulated by HIF- 1 α. Endogenous interaction between DGCR8 and Drosha 
in HIF-1 α-expressing ( C, D ), HIF-1 α- stabilized ( E ) and HIF-1 α knockdown ( F, G ) HEK293T cells. ( H ) Endogenous binding of DGCR8 with Drosha in HIF-1 α
knockdown HEK293T cells with restoration of wild-type HIF-1 α or HIF- 1 α�HLH . ( I ) Effects of truncated HIF-1 α on microprocessor formation. 
Microprocessor formation was detected by immunoprecipitating either DGCR8 (C, E, F, H, I) or Drosha (D and G). 
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were conducted in a transcription-independent manner as the
HLH-truncated HIF-1 α also showed similar inhibitory ef-
fects on the microprocessor level (Figure 5 C and D, lane 4),
which were further confirmed by restoring either wild-type
or HLH-truncated HIF-1 α in knockdown cells (Figure 5 H,
lanes 4–5). As the ODD and ID domains of HIF-1 α pro-
tein are essential for DGCR8 binding (Figure 4 B), the re-
stored microprocessor complexes were observed in cells ex-
pressing both truncation forms of HIF-1 α (Figure 5 I, lanes 5–
6). There are two essential steps sequentially happening during
microprocessor formation, which include the initial dimeriza-
tion of DGCR8 and microprocessor formation with Drosha
(Figure 5 A). Thus, we further dissected the involvement of
HIF-1 α in DGCR8 dimerization (Figure 5 B). First, we co-
expressed DGCR8 with two different tags, and found that de-
creased V5-DGCR8 interaction with Flag-DGCR8 is detected
in cells ectopically expressed HIF-1 α (Figure 6 A). The re-
sults suggested that HIF-1 α inhibits dimerization of DGCR8,
which was also supported by further experiments utilizing two
DGCR8 mutants containing point mutations on tryptophan
329 essential for DGCR8 dimerization (DGCR8 

W329A and
DGCR8 

W329H ) ( 32 , 43 , 44 ). As expected, DGCR8 

W329A / W329H

losing its dimerization ability showed reduced microproces-
sor formation; while interestingly, the enhanced affinity of
monomeric DGCR8 with HIF-1 α suggested a suppressive ef-
fect of HIF-1 α on DGCR8 dimerization (Figure 6 B). In addi-
tion, we performed in vitro processing assays using extracts
from knockdown cells lacking HIF-1 α, or extracts from cells
with ectopic expression of either wild-type or HLH-truncated
HIF-1 α. In vitro transcription producing different primary
transcripts of miRNAs (pri-let-7a, pri-let-7b, pri-let-7d, pri-
let-7e, pri-let-7g, pri-miR-16-1, pri-miR-29a, pri-miR-29b and
pri-miR-205) was conducted to prepare a panel of unpro-
cessed subtracts for microprocessor. We found a significant
accumulation among all of the unprocessed pri-miRNAs and
reduced pre-miRNAs in cells expressing HIF-1 α, while similar
effects were also observed in cells expressing HLH-truncated
HIF-1 α (Figure 6 C, D). In contrast, these unprocessed pri-
miRNAs and pre-miRNAs were reduced and accumulated, re-
spectively, in cells lacking HIF-1 α (Figure 6 E–H). These find-
ings indicated that HIF-1 α not only interacts with DGCR8,
but also prevents DGCR8 dimerization prior to the complete
microprocessor formation, leading to suppressed miRNAs nu-
clear processing. 

Biological involvement of HIF-1 α in regulating 

microprocessor function 

Having confirmed that HIF-1 α interacts with DGCR8 to
suppress microprocessor formation, we further investigated
whether this mechanism is also functionally controlled under
biological stimulations as well as in model organisms. First, we
found the reduced microprocessor formation under hypoxia
and EGF treatment along with HIF-1 α stimulation (Figure 7 A,
lanes 2 versus 3; Figure 7 B, lanes 1 versus 2). Furthermore, we
combined HIF-1 α knockdown under either hypoxia or EGF
treatment and observed a significant restoration of the micro-
processor complex (Figure 7 A, lanes 2 versus 4; Figure 7 B,
lanes 3 versus 5), which confirmed the involvement of HIF-1 α

in the suppression of microprocessor formation under these
biological stimulations. Furthermore, the reciprocal molecu-
lar conversion has existed in C. elegans with either gain- or
loss-of-function of HIF-1 ( Supplementary Figure S2 A, B), in
which the reduced PASH-1 / DRSH-1 complex was observed 

in sustainedly-expressed hif-1 strain ( ials34 ), whereas the fa- 
cilitated PASH-1 / DRSH-1 assembly was observed in deletion 

mutant hif-1 strain ( ia4 ) (Figure 7 C, D). Since it is well known 

that HIF-1 α is biologically induced in human cancer ( 45 ,46 ),
we simultaneously determined the existence of DGCR8 / HIF- 
1 α and Drosha / DGCR8 by performing PLA detection using 
human breast cancer tissues (Figure 7 E), and observed a dra- 
matically reduced pattern of microprocessor complex (Fig- 
ure 7 E, F, Drosha / DGCR8; green) in tissues with higher ex- 
pression of HIF-1 α #D10 and #E2 (upper two panels) com- 
pared with lower expression of HIF-1 α #11 and #27 (lower 
two panels) along with more DGCR8 interaction with HIF- 
1 α (Figure 7 E-F, DGCR8 / HIF-1 α; yellow), while the statisti- 
cal analyses also showed significant inversed correlation ( r = 

−0.49, P < 0.0001). Also, a widespread reduction of miRNAs 
over 50% in tumors with higher HIF-1 α expression was con- 
sistently observed among multiple human malignancies (Fig- 
ure 7 G). As a functional consequence, the unprocessed pri- 
miRNAs were accumulated under hypoxia and EGF-treated 

cells (Figure 7 H, I, lane 2), while again, knockdown of HIF- 
1 α mitigated these biologically-induced accumulations of mi- 
croprocessor substrates (Figure 7 H, I, lane 3). Taken together,
our results demonstrated that HIF-1 α binds to monomeric 
DGCR8 to suppress their dimerization and subsequently re- 
sults in impaired microprocessor formation at the initial as- 
sembling phase, eventually leading to suppressed processing 
of pri-miRNAs. 

Discussion 

As the first essential step for miRNA maturation, the regu- 
latory mechanisms that modulate microprocessor activity, es- 
pecially targeting Drosha, have been studied by previous re- 
ports ( 17 ). At the transcriptional level, the DROSHA gene is 
transactivated by c-Myc to facilitate miRNA biogenesis ( 47 ).
Also, several auxiliary factors such as BRCA1, P53, transform- 
ing growth factor beta (TGF- β), bone morphogenetic protein 

(BMP), and KH-type splicing regulatory protein (KSRP) have 
been reported to physically interact with Drosha for promot- 
ing miRNA maturation ( 48–53 ). On the other hand, the nu- 
clear YAP sequesters p72 (DDX17) for suppressing micropro- 
cessor function at low cell density ( 30 ). MT OR -mediated pro- 
teasomal degradation of Drosha by activation of E3 ligases,
MDM2, also results in downregulated miRNA maturation 

( 54 ). In this study, we unveiled the molecular mechanism that 
instead of directly targeting Drosha, HIF-1 α protein physi- 
cally interacts with monomeric DGCR8 therefore preventing 
its dimerization, leading to suppressed microprocessor forma- 
tion and reduced primary miRNA precursor cleavage. This 
finding provided new evidence of how microprocessor activity 
could be biologically controlled at the initial step of complex 

assembly. 
HIF-1 α is a stress-sensitive protein activated to undergo 

certain stimulations, thereby utilizing its canonical transcrip- 
tional activity for cellular adaption ( 25 ); however, only lim- 
ited studies reported the non-canonical function of HIF-1 α.
Villa et al . found that HIF-1 α binds and activates γ-secretase 
[48]. Hubbi et al . observed that HIF-1 α interacts with CDC6 

through the N-terminal domain and promotes the interac- 
tion between CDC6 and MCM complex ( 55 ). As a molecu- 
lar hub for sensing microenvironmental changes, we demon- 
strated that the induction of HIF-1 α by either hypoxia or 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae792#supplementary-data
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Figure 6. HIF-1 α abolishes DGCR8 dimerization to reduce microprocessor formation and processing ability. ( A ) Dimerization level of DGCR8 was 
determined by co-expression of Flag- and V5-tagged DGCR8 following immunoprecipitation of Flag tag. ( B ) Interaction of HIF-1 αwith monomeric 
DGCR8. Monomeric DGCR8 (Flag-DGCR8 W329A and Flag-DGCR8 W329H ) were immunoprecipitated for determining HIF-1 α binding. ( C–H ) In vitro 
processing assa y s of unprocessed pri-miRNA s. Unprocessed pri-miRNA s generated from in vitro transcription w ere incubated with e xtracts e xpressing 
either wild-type or HLH-truncated HIF-1 α (C, D, HEK293T cells) or lacking HIF-1 α (E, F, MDA-MB-231 cells; G, H, MCF-7 cells) for 30 min at 37 ◦C in in 
vitro processing buffer. Detection of unprocessed pri-miRNAs ( C , E , G ) or pre-miRNAs ( D , F , H ) after in vitro processing assa y. Data w ere represented as 
mean ± SEM ( n ≥ 3) with individual data point shown. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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Figure 7. Biological impacts of HIF-1 α on suppressing microprocessor assembly and function. ( A , B ) Microprocessor formation regulated by 
HIF-1 α-inducing stresses. Interaction of DGCR8 / Drosha in h ypo xic (A, MCF7 cells) or EGF-treated (B, MDA-MB-231 cells) HIF-1 α knockdown cells. ( C, D ) 
Microprocessor formation regulated by HIF-1 α in C.elegans . Interaction between DRSH-1 and PASH-1 in wild type (N2), ials34 (sustainedly -e xpressed 
hif-1 strain, C) and ia4 (deletion mutant hif-1 strain, D) C.elegans strains ( 59 , 60 ). ( E ) In situ bindings between DGCR8 and HIF-1 α (yellow), DGCR8 and 
Drosha (green) were determined by PLA using human breast cancer tissue. Patient #D10 and #E2 was representative tissues with HIF-1 α high 
expression and patient #11 and #27 were those with HIF- 1 α low expression. ( F ) Correlation between binding of HIF-1 α/ DGCR8 and Drosha / DGCR8, 
analyz ed b y PLA comple x score. ( G ) Global e xpression patterns of miRNA in human cancer tissues. L e v el of miRNAs in human cancer tissues (TCG A 

database) with corresponded to high / low HIF-1 α expression. Data were divided into low / high group by mean value of HIF-1 α. Upper panel showed the 
heatmap of individual miRNAs expression patterns in HIF-1 α low or HIF- 1 α high tumors from multiple cancer types. Bottom panel summarized the 
percentage of downregulated miRNAs in patients with higher HIF-1 α expression in multiple cancer types. (H, I) Expression of unprocessed pri-miRNAs 
under HIF-1 α-inducing stresses. Pri-miRNAs expression in hypoxic ( H ) or EGF-treated ( I ) HIF-1 α knockdown cells. Data were represented as 
mean ± SEM ( n ≥ 3) with individual data point shown. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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rowth factors is able to abolish microprocessor formation
s well as its activity in a transcription-independent manner
Figures 3 and 7 ), this HIF-1 α-inhibited microprocessor for-
ation was also observed in human, D. melanogaster , and
. elegans (Figure 7 ), which demonstrated that HIF-1 α or-

hestrates a highly conserved regulation to modulate micro-
rocessor activity . Conversely , it is also possible that certain
iRNAs, acting as feedback regulators, could regulate HIF-
 α. Chiang et al. reported that miR-182 targets and downreg-
lates several HIF-1 α-destabilizing factors (PHD2, FIH1 and
BXW7), therefore miR-182 could serve as an upstream to

ndirectly enhance HIF-1 α expression ( 56 ,57 ). 
As two evolutionary conserved proteins, ODD and ID do-
ains from HIF-1 α and an uncharacterized region of amino

cid 685–750 from DGCR8 were found to be essential for
heir interaction (Figure 4 ). From structure insight, protein re-
ion covering ODD and ID domains of HIF-1 α are intrin-
ically disordered region (IDR) that is flexible for protein-
rotein interaction; on the other hand, the predicted HIF-1 α-
nteracting region of DGCR8 appeared as a helical arch struc-
ure with relatively higher amino acid sequence homology ob-
erved in human, mouse, D. melanogaster , and C. elegans (Fig-
re 4 ), while this HIF-1 α-interacting region of DGCR8 also
overed the known Drosha-binding elements (Figure 4 ), lead-
ng us to proposed the inhibitory effect of HIF-1 α on micro-
rocessor assembly . Detailly , HIF-1 α was later found to inter-
ere microprocessor formation through binding to DGCR8, as
igher affinity of HIF-1 α with monomeric DGCR8 prevented
rosha binding at the initial step of microprocessor assembly

Figures 5 and 6 ). 

ata availability 

ll data are available in the main text or the supplementary 
aterials . 

upplementary data 

upplementary Data are available at NAR Online. 
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