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ABSTRACT MicroRNA (miRNA)-mediated repression controls expression of more
than half of protein-coding genes in metazoan animals. Translation repression is as-
sociated with target mRNA degradation initiated by decapping and deadenylation of
the repressed mRNAs. Earlier evidence suggests the endoplasmic reticulum (ER) as
the site where microRNPs (miRNPs) interact with their targets before translation re-
pression sets in, but the subcellular location of subsequent degradation of miRNA-
repressed messages is largely unidentified. Here, we explore the subcellular distribu-
tion of essential components of degradation machineries of miRNA-targeted mRNAs.
We have noted that interaction of target mRNAs with AGO2 protein on the ER pre-
cedes the relocalization of repressed messages to multivesicular bodies (MVBs). The
repressed messages subsequently get deadenylated, lose their interaction with
AGO2, and become decapped. Blocking maturation of endosomes to late endosome
and MVBs by targeting the endosomal protein HRS uncouples miRNA-mediated
translation repression from target RNA degradation. HRS is also targeted by the in-
tracellular parasite Leishmania donovani, which curtails the HRS level in infected cells
to prevent uncoupling of mRNA-AGO2 interaction, preventing degradation of trans-
lationally repressed messages, and thus stops recycling of miRNPs preengaged in re-
pression.

KEYWORDS RNA binding proteins, RNA stability, mRNA, mRNA degradation,
translational control

icroRNAs (miRNAs) are 20- to 22-nucleotide (nt)-long noncoding RNAs that

regulate gene expression by imperfectly base pairing with the 3’ untranslated
region (3'UTR) of target mRNAs, resulting in translation repression and degradation of
the target messages. AGO2, miRNAs, and target mRNAs have all been found to localize
to processing bodies (P bodies), the cytoplasmic sites for mRNA degradation (1, 2).
However, it has been observed that visible P bodies are not required for RNA interfer-
ence (RNAI), and their formation is a consequence rather than a cause of silencing (3).
Hence, the exact subcellular sites where miRNA interaction and translational repression
of target mRNA happen have remained obscure despite ample conceptual advance-
ment in understanding the mechanisms of miRNA-mediated gene regulation. Recently,
the rough endoplasmic reticulum (rER) membrane has been proposed to be the central
nucleation site of miRNA/small interfering RNA (siRNA) assembly and to encounter
target mRNA (4). The role of ER in miRNA function was strengthened further when the
requirement of Argonautel interaction with AMP1, an ER integral membrane protein,
in miRNA-mediated translation inhibition was reported in Arabidopsis (5).
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Do the other organelles have any role to play in miRNA-mediated gene regulatory
processes? Internalization and sorting of protein cargos are ensured by regulated
endocytosis, and the endosomal pathway sorts the proteins to their final destinations.
Maturation of endosomes is a multistep process. In early endosomes, molecules
targeted for lysosomal degradation are sorted in a ubiquitin-dependent manner and
segregated from those that are to be recycled to the cell surface. Normally, cargo from
early endosomes arrives at the late endosome on their way to the lysosome (6). Assisted
by proteins of the ESCRT complex, the endosomal limiting membrane invaginates into
the interior of endosome to form structures replete with intralumenal vesicles called
multivesicular endosomes (MVEs) or multivesicular bodies (MVBs). These MVBs and late
endosomes fuse with lysosomes, resulting in degradation of the cargo, or they can fuse
with the cell membrane (exocytosis) to deliver the luminal vesicles as exosomes in the
extracellular medium (7). MVBs therefore act as a transport intermediate between early
and late endosomes.

Interestingly, perturbing the endosomal trafficking pathway affects silencing by
small RNAs. Lee et al. reported that blocking MVB formation from early endosomes
inhibits silencing, whereas blocking MVB turnover or fusion with lysosomes stimulates
silencing (8). Another group also reported endosomes and MVBs as sites of accumu-
lation of miRNA-induced silencing complexes (miRISCs) (9). This suggests a possible
interplay between these vesicular structures and small RNA-mediated gene regulation.

Vacuolar protein sorting (VPS) proteins that were initially identified in yeast serve as
the major components of vesicular sorting. The VPS class E proteins form three
endosomal sorting complexes required for transport (ESCRT-I, -Il, and -lll) that assemble
sequentially to facilitate sorting and MVB formation. One of the VPS proteins that have
not been assigned to any of the ESCRT complexes is HRS (hepatocyte growth factor-
regulated tyrosine kinase substrate), whose yeast homolog is Vps27p. HRS contains an
N-terminal VHS domain, a FYVE domain, two coiled-coil domains (CC1 and CC2), and a
C-terminal proline- and glutamine-rich domain (10, 11). Notably, HRS interacts with
ubiquitin and thereby localizes ubiquitylated cargo on HRS-containing microdomains
on the endosomes. Recruitment of HRS on endosomal membranes initiates membrane
targeting of ESCRT-I via recruitment of Tsg101 (a component of ESCRT-I). Assembly of
ESCRT-I triggers sequential recruitment of ESCRT-Il and -lll. They promote inward
vesiculation of the endosomal membrane to generate the MVBs. Interaction of HRS
with ESCRT-I complex (more specifically, Tsg101) is crucial for inward vesiculation, as
loss of ESCRT-I recruitment impairs the successive assembly of ESCRT-Il and -lll. Hence,
knockdown of HRS leads to reduced intralumenal vesiculation and consequently
impairs formation of MVBs (10, 12).

Compartmentalization of cellular processes provides a mechanism of regulation of
these processes with exquisite spatial and temporal control. Currently, a model of
compartmentalized protein synthesis on the ER has evolved where all mRNAs are
targeted to ER membranes before translation (13, 14). However, not much is known
regarding the compartmentalization of the mRNAs postrepression. Here, we report that
degradation of miRNA-targeted messages is compartmentalized and is functionally
coupled with the formation of MVBs. miRNA-repressed target mRNAs are enriched in
MVBs/late endosomes. Interestingly, in late endosomes these target mRNAs show
reduced association with AGO2, suggesting an uncoupling of repressed mRNAs from
microRNPs (miRNPs) before their degradation. Furthermore, we observed that hamper-
ing MVB formation by knocking down HRS results in impaired degradation of target
mRNAs, thereby substantiating the role of these vesicular structures in controlling
cellular mRNA homeostasis. HRS depletion also hampers miRNP recycling from one
target mMRNA to a new target. The protozoan parasite Leishmania donovani, the
causative agent of visceral leishmaniasis, infects macrophages and upregulates anti-
inflammatory responses to establish infection. We documented a reduction in HRS
protein level upon infection, which contributes to impaired miRNP recycling and
enhanced expression of infection promoting interleukin-6 (IL-6).
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FIG 1 Differential distribution of miRNPs and RNA degradation components in human cells. (A) Schematic representation of digitonin
fractionation in HEK293 cells. AGO2, XRN1, RCK/p54, DCP2, CNOT4, and PABPC1 were immunoblotted using cell equivalent amounts of
cytosolic and membrane fractions. Calnexin and GAPDH served as membrane and cytosolic markers, respectively. (B) Isolation of
microsome/rER from HEK293 cells. Western blotting was done for AGO2 (miRNP component) and degradation factors XRN1, RCK/p54,
DCP2, CNOT4, and PABPC1 for protein equivalent amounts of total cell lysates and microsomal/rER fractions. Calnexin served as an rER
marker. The absence of GAPDH (cytosolic marker) confirmed the purity of the isolated rER/microsome fraction. Shown are the relative
amounts of proteins present in total cellular extracts and rER. (C) A cartoon representation of organelle separation by 3 to 30% iodixanol
gradient (OptiPrep). Distribution of miRNP components (AGO2 and let-7a) and RNA degradation factors (XRN1, RCK/p54, ALIX, DCP2,
CNOT4, and PABPC1) were shown in different fractions of iodixanol gradient (OptiPrep) by Western blotting and Northern blotting.
Differential distribution of calnexin (rfER marker) and HRS (MVB marker) confirmed the separation of individual organelles on the gradient.

Quantification of blots have been calculated from two or more data sets and plotted.

RESULTS

miRNP components and mRNA degradation machinery show differential cel-
lular distribution in human cells. To gain insight into the subcellular localization of
factors involved in miRNA-mediated repression and associated degradation of target
mRNAs, we treated human HEK293 cells with the detergent digitonin to selectively
release the cytosolic components and to separate them from the detergent-insoluble
membranous structures. Although both AGO2 and RCK/p54, the key components
required for miRNA-mediated gene repression, were found to be evenly distributed in
both digitonin-soluble cytosolic and insoluble membrane fractions, DCP2 and CNOT4,
required for decapping and degradation of miRNA-repressed messages, were primarily
associated with the membrane fraction (Fig. 1A). XRN1 was found to be present in both
fractions. PABPC1, the protein that binds the poly(A) tail of mMRNAs in mammalian cells,
was found to be equally distributed between two fractions (Fig. 1A).
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rER has been described previously as the site where the target RNA meets the
miRNPs (4). To assess the importance of rER structures in miRNA-mediated degradation
of target RNAs, we analyzed the attachment of miRNP components and target RNA
degradation-associated factors with isolated rER from HEK293 cells. As also reported
earlier, AGO2 was found to be enriched with isolated rER (15, 16). Although PABPC1,
RCK/p54, and XRNT all showed association with the rER, the level of the decapping
enzyme DCP2 was found to be relatively low on the rER, while CNOT4, a component of
the mRNA deadenylation complex, was almost nondetectable in the rER-enriched
fraction (Fig. 1B). To get a better understanding of the subcellular distribution of these
components within human cells, we resolved the HEK293 cell homogenate on an
iodixanol gradient (3 to 30% OptiPrep gradient) and analyzed the distribution pattern
of these proteins in different fractions enriched for specific subcellular organelles. As
evident from the presence of HRS, an early endosomal marker, fractions 2 to 4 of the
above-mentioned gradient are enriched for endosomes and MVBs, while fractions 7 to
9 are enriched for calnexin, the ER marker protein. RNA degradation and deadenylation
components XRN1 and CNOT4 were found to get enriched predominantly in MVB/
endosome dominant fractions (Fig. 1C). AGO2, as reported earlier, was present both in
rER and endosome/MVB-enriched fractions; endogenous miRNA let-7a and the decap-
ping enzyme DCP2 were also observed to be present in endosomal as well as ER
compartments. These findings suggest differential distribution of the proteins involved
in mRNA degradation and repression machineries and hints at a possible compartmen-
talization of the components of mRNA decay machinery in human cells.

miRNA-repressed mRNAs are targeted to late endosome/MVBs postrepression.
Since the key components of the mRNA degradation machinery were found to be
predominantly localized to endosome/MVBs, it would be rational to monitor the
distribution and association of an miRNA-targeted mRNA with these fractions to get an
idea of the specific subcellular sites where miRNA-targeted mRNA degradation occurs.
We used a doxycycline-inducible expression system in HEK293 cells either to shut down
or express miR-122 target mRNA, RL-3xbulge-miR-122 (TET-OFF and TET-ON, respec-
tively). Using the TET-OFF system, we tracked the residual mRNA levels in MVB and ER
fractions after 24 h and 48 h of switching off the transcription of corresponding reporter
mRNAs. This was done to monitor the relative distribution of an already-synthesized
and repressed RL-3xbulge-miR-122 mRNA with different subcellular compartments
against time. Our data indicated that the localization of RL-3xbulge-miR-122 mRNA was
shifted from the rER to endosome/MVB fraction within 48 h of doxycycline treatment
(Fig. 2A). However, reporter mRNA RL-3xbulge-miR-122 was found to be much less
targeted to MVB in the absence of miR-122, confirming that the MVB targeting of the
MRNA is dependent on the presence of its cognate miRNA (Fig. 2B).

Does miRNA-mediated repression occur before mRNA targeting to MVBs or other-
wise? To answer this question, repression was scored for de novo-synthesized reporter
mRNAs in the tetracycline-inducible expression system (TET-ON) after O to 24 h of
induction. We observed that the onset of repression happens around 10 h, while MVB
targeting of target RNA was documented only after 16 h of induction (Fig. 2Q).
According to a previous report, within 4 h of induction, the de novo-synthesized mRNA
should get targeted to rER (17). Therefore, following the cellular distribution of RL-
3xbulge-miR-122 mRNA in a TET-ON system, we observed an enrichment of the de
novo-synthesized mRNA in MVB fractions only during the late hours of induced
expression. This was in contrast to the rER association and repression kinetics of
induced mRNA, as enrichment and translation repression of de novo mRNAs was
detected within the first few hours of its induction (Fig. 2C) (17).

Degradation of miRNA-targeted messages begins on late endosomes/MVBs.
Using the 3 to 30% iodixanol gradient, the early endosomes (EE) cannot be separated
from mature late endosomes (LE) and MVBs. To achieve separation, we fractionated
cells using a 3 to 15% iodixanol gradient. The distribution of HRS, EEA1 (early endosome
marker), RAB7, and LAMP1 (late endosome marker) in this gradient suggests fractions
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FIG 2 miRNA-repressed mRNAs are targeted to endosome/MVB postrepression. (A) Experimental setup. (Left) Relative level of RL-3xbulge-
miR-122 was quantified in isolated MVB and ER fractions after 24 and 48 h of doxycycline treatment in TET-OFF stable HEK293 cells. (Right)
Mean threshold cycle (C;) values of RL-3xbulge-miR-122 quantification have also been plotted to show absolute distribution of mRNA
between the two fractions. (B) MVB targeting of an mRNA is dependent on the presence of its cognate miRNA. Relative quantification of
RL-3xbulge-miR-122 in the MVB fraction in the presence of miR-122-expressing plasmids is presented. Cells not expressing miR-122 served
as a control. (C) MVB targeting of mRNA occurs postrepression. A model of the experiments has been outlined. Relative luciferase
expression of RL-3xbulge-miR-122 was plotted after 0, 6, 12, 16, 20, and 24 h of induction. MVB association of RL-3xbulge-miR-122 was
measured quantitatively and plotted. Experiments were done in TET-ON stable HEK293 cells. In both cases, 0 h of doxycycline treatment
was taken as 1. In all reverse transcriptase qPCR (RT-gPCR) experiments, 18S rRNA served as the endogenous control. For estimation of
RNA and proteins, we used cell equivalent amounts in individual reactions. RT-qPCR results from three independent experiments *
standard deviations (SD) are shown, and the values of the control are normalized to 1 (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

2 to 4 are enriched for the early endosomes, while fractions 5 to 8 represent late
endosomes and MVBs (Fig. 3A). Further confirmation was obtained from the Western
blot data for respective markers done with pooled fractions 2, 3, and 4 and pooled
fractions 5, 6, 7, and 8 (Fig. 3C). Fractions 2 to 4 were HRS positive, whereas fractions
5 to 8 are RAB7 positive. DCP2 and XRN1 were localized predominantly to MVBs/late
endosomes, while CNOT4 localization was observed to be early endosomal (Fig. 3A).

A miRNA-repressed mRNA makes its way to endosome/MVBs postrepression (Fig.
2C). Therefore, it would be exciting to dissect which of these endosomal structures are
the sites for degradation of miRNA-targeted messages. Interestingly, the distribution of
target mRNA between early and late endosomal/MVB fractions was observed to be
highly preferential. We observed a more than 10-fold enrichment of RL-3xbulge-miR-
122 mRNAs in the LE/MVBs compared to the EE fractions, suggesting that repressed
mRNAs accumulate in LE/MVBs before the degradation. Notably, the miR-122 level was
lower in LE/MVBs than in early endosomes. Accumulation of mRNAs in LE/MVB fractions
is also dependent on its repression by the miRNA, as a reporter mRNA without the
miRNA binding sites was found to be localized less to LE/MVBs. Endogenous miR-122-
targeted mRNAs, CAT-1 and GYS-1, also were enriched preferentially in LE/MVB frac-
tions (Fig. 3B). The distribution of the protein factors involved in mRNA decay was also
different between EE and LE/MVB fractions. AGO2 was less abundant in LE/MVBs, while
PABPC1 was exclusively associated with EE. DCP2 and XRN1 were primarily late
endosomal, while CNOT4 showed preferential localization to EE (Fig. 3C).

Notably, our inferences are based on relative enrichment of miRNA-targeted mRNA
between early and late endosomal compartments. However, the surface area of early
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FIG 3 Degradation of miRNA-targeted messages occurs on late endosomes/MVBs. (A) Resolution of early and late endosomes/MVBs on 3 to 15% iodixanol
gradient. Differential distribution of DCP2, RCK/p54, CNOT4, and XRN1 are shown. The distribution of HRS, EEA1, LAMP1, and RAB7 confirms the position of early
and late endosomes on the 3 to 15% iodixanol gradient. GAPDH distribution confirms the absence of cytosolic contamination in LE/MVB fractions. (B)
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endosomes and late endosomes are different inside the cell. Taking this into
consideration, the amount of target mRNA associated with individual organelles
should be normalized against the surface area of EE and LE/MVBs. Using protein
equivalent amounts of EE and LE/MVB fractions, we observed increased RL-3xbulge-
miR-122 accumulation in LE (Fig. 3D). Additionally, we normalized the RL-3xbulge-
miR-122 level against the surface area of the individual organelles and reconfirmed that
target mRNAs accumulate more in LE/MVB fractions (Fig. 3E). Using the TET-OFF system,
we also monitored the subcellular dynamics of the already synthesized RL-3xbulge-
miR-122 with time and observed a net shift of the mRNA from EE to LE/MVB fractions
against time, reconfirming the compartmentalization of miRNA-repressed mRNAs in
mammalian cells (Fig. 3F).

We immunoprecipitated AGO2 from early endosomal and MVB fractions and mea-
sured the associated miRNA and target mRNA content. AGO2 content of LE/MVBs was
lower than that of EE, although it showed higher association with GW182 but not with
RCK/p54. Interestingly, we observed that both RL-3xbulge-miR-122 and miR-122 were
preferentially bound to early endosomal AGO2 compared to AGO2 found in LE/MVBs
(Fig. 3G). This indicates dissociation of target mRNA and miRNA from AGO2 happens
before LE/MVB targeting. Therefore, we hypothesize that miRNPs and target mRNAs are
uncoupled on MVBs, where the target mRNA gets associated with the components of
degradation machinery that eventually leads to degradation of the miRNA-targeted
mRNAs. In support of our hypothesis, we observed that almost two-thirds of DCP2-
associated RL-3xbulge-miR-122 mRNA was present in the LE/MVB fractions. From
immunoprecipitated DCP2, we found significant association with XRN1 but not CNOTA4.
DCP2 did not show any association with AGO2 in LE/MVB fractions, further supporting
the uncoupling of target mRNA from AGO2 on LE/MVBs (Fig. 3H).

mRNA degradation occurs either by XRN1-mediated 5’ to 3" exoribonuclease action
on decapped mRNAs or by exosome-mediated 3’ to 5’ decay of deadenylated mRNAs.
Both of these pathways are preceded by a common step of deadenylation which
involves removal of the poly(A) tail by cellular deadenylases. In the 5’ pathway,
deadenylation is followed by DCP2-catalyzed decapping and subsequent 5" to 3’
degradation of the remaining 5" monophosphorylated mRNA by exoribonuclease XRN1
(18-20). In the 3’ decay pathway, deadenylation is followed by exosome-mediated 3’
to 5’ decay; the remaining capped species is taken care of by DcpS scavenger
decapping enzyme (21) (22). We observed that the deadenylated mRNA population was
larger in endosome/MVB fractions (obtained from 3 to 30% OptiPrep gradient) than in
the total sample (Fig. 4A). With inducible expression of RL-3xbulge-miR-122, we also
found that the amount of deadenylated mRNA, associated with the endosome/MVB
fraction, showed an increase with time (Fig. 4B). Probing the mechanism further, we
observed that the deadenylated pool of RL-3xbulge-miR-122 was primarily enriched in
LE/MVB fractions compared to EE in steady state (Fig. 4C). Using the inducible system,

FIG 3 Legend (Continued)

miRNA-targeted mRNA accumulates in MVB/LE. (Upper) Relative quantification of RL-3xbulge-miR-122 and miR-122 with RNA isolated from early (fractions 2,
3, and 4) and late (fractions 5, 6, 7, and 8) endosomal fractions. A cell equivalent amount of RNA was used for quantification. In each case, levels on early
endosomes were taken as 1. Mean threshold cycle (C;) values have also been plotted to give an idea of the absolute distribution of the molecules. (Lower)
Distribution of RL-con mRNA with no miR-122 binding site has been compared to that of RL-3xbulge-miR-122 on both early and late endosomes. In both cases,
the level of RL-con was taken as 1. Distribution of endogenous miR-122 target mRNAs, CAT-1 and GYS-1, also has been shown. (C) Fractions 2, 3, and 4 and
fractions 5, 6, 7, and 8 were pooled and Western blotted for miRNP and mRNA degradation components. (D) Distribution of target mRNA was reconfirmed by
using protein equivalent amounts of EE and MVB/LE. Fractions 2, 3, and 4 and fractions 5, 6, 7, 8 were pooled, diluted, and ultracentrifuged at 285,000 X g
to obtain pellets of EE and MVB/LE. Protein equivalent amounts of the isolated organellar pellets were used for Western blotting and RNA isolation. The
distribution of EEA1, HRS, RAB7, and LAMP1 was checked to verify the purity of the fractions. RL-3xbulge-miR-122 showed enrichment in the LE/MVB fractions.
(E) Surface areas of EE and LE were calculated using IMARIS software, and the RL-3xbulge-miR-122 level was normalized against organelle surface area. (F)
miRNA-targeted reporter mRNA shifts from EE to LE/MVB. The relative level of RL-3xbulge-miR-122 was quantified in isolated EE and LE/MVB fractions after 24
and 48 h of doxycycline treatment in TET-OFF stable HEK293 cells. (G) FLAG-tagged AGO2 was immunoprecipitated (IP) from both early and late endosomes.
Association of RCK/p54 and N-HA-tagged GW182 were measured by Western blotting. Association of miR-122 and RL-3xbulge-miR-122 was also measured and
plotted. In each case, levels in early endosome were taken as 1. (H) Endogenous DCP2 was immunoprecipitated from late endosomal fractions, and association
of AGO2, XRN1, elF4E, and CNOT4 was monitored. RL-3xbulge-miR-122 association was also measured and plotted. In both cases total levels served as a control
for comparison. In all RT-qPCR experiments, 18S rRNA served as the endogenous control. RT-qPCR results from three independent experiments = SD are shown,
and the values of the control were taken as 1 (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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we observed an increase in the amount of the deadenylated species of the mRNA
specifically in LE/MVBs (Fig. 4D).

Impaired MVB targeting of miRNA-targeted mRNAs increases their stability in
cells. To understand the significance of these multivesicular structures in degradation
of miRNA-repressed messages, we intended to inhibit the endosomal maturation. Early
endosomes are formed by several mechanisms, including the classical clathrin-
dependent pathway or caveolin-dependent and -independent endocytotic pathways
(23). Early endosomes then subsequently mature into late endosomes and MVBs. HRS
initiates the step of LE/MVB formation from early endosomes. We performed siRNA-
mediated knockdown of several proteins that function upstream or downstream of HRS
in the endosomal pathways. ALIX works in concert with ESCRT-IIl components, facili-
tating budding of intralumenal vesicles within MVBs (24). RAB7 GTPase is involved in
maturation of late endosomes, and RILP facilitates fusion of late endosomes with
lysosomes (25). RAB5 is one of the best-studied Rab GTPases, is present on endosomes,
and plays a well-characterized role in homotypic endosome fusion and clathrin-
dependent endocytosis (26).

HRS, being the central player in triggering sequential ESCRT assembly on endo-
somes that eventually leads to formation of MVBs, was the key protein that we targeted
to measure the effect of its depletion on miRNA repression and target RNA degradation.
We documented an increase in target mRNA levels in HEK293 cells depleted of HRS.
HRS depletion was carried out by siRNA treatment of the cells (Fig. 5A). In these cells,

February 2017 Volume 37 Issue 4 e00464-16 mcb.asm.org 8


http://mcb.asm.org

Compartmentalized Degradation of miRNA Target Messages Molecular and Cellular Biology

HEK293 [ siCon B Hela [ sicon
4 M siRNA M siHRs
*

£ 5 6
® @ 3
B-Actin _ B-Actin E _
ol B-Actin o

RABS ALIX RAB7 RILP

sicon
SiHRS

N
1

in HelLa cells
e

Relative level of
RL3xbulge-miR-122
P
Relative level of
RL3xbulge-miR-122

C D E [IsiCon
si
0 o M siHRS
O S!Con [JsiCon [Jsicon % miR-122 targets Let-7a targets
157 EsHRS 157 psHRs 207 IsiRABS £
= q 1.0 £ 10 9151 5 . *
sa v 2 w8 5 |« M
i o i s *
5% 3 3" o
_g “a)-. 0.54 _‘12’ 0.5 o - 0
& o © T s
2 &’ © o
o 12
0.0 0.0 0.0-
F 4n [ sicon G [ siCon H [ siCON
N M siHRs 1.5+ M sHRS 2.51 M siHRS
*
5% 3 & N 2.0
TL 5 < ns 5
8 E B 107 TE 4]
o & 2] SE se 1®
23 [ )
T a =2 ok =2 1.04
© X ® 3 0.5- T 3
¥ 9 14 X T8 *
z [i ¢ €9 054
o o
0' T 00_ 00'
cytosol membrane EEMVB ER EE LE/MVB
| J K
S 4 * Ei‘gf: [IsiCon - L]siCON
% | .SiHRS g . siRNA
Q - ~—
5 ?_:J 31 %’g & *k T 4
3 14
% ‘QI’ 5 < E 34 *
- o] 42 104 o
s € 55 2 21
25 - T3 2
3 o 51 5 14
& *k ol ©
k| = x
x ol T % = 04— T
- - xr - O
siCON siHRS siHRS  siRAB5

FIG 5 Impairment of MVB formation increases mRNA stability. (A) Effect of depletion of various components of endosome pathways on the level of
miRNA-targeted mRNA. The relative level of RL-3xbulge-miR-122 was measured in HRS, RAB5, ALIX, RAB7, and RILP knockdown HEK293 cells. Knockdown of
HRS has been confirmed by Western blotting in HEK293 cells. In each case values obtained from control siRNA-treated cells were taken as 1. (B) Western blot
of HRS knockdown in Hela cells. The AGO2 protein level was also quantified in HRS knockdown cells. Relative quantification of RL-3xbulge-miR-122 in
HRS-depleted Hela cells. The values of control siRNA-treated cells were taken as 1. (C) Effect of HRS depletion on the level of a target RNA with a perfect
complementary miRNA binding site. The relative level of RL-perf-miR-122 reporter in HRS knockdown HEK293 cells was quantified. (D) Relative repression of
RL-3xbulge-miR-122 was measured in HRS knockdown HEK293 cells. Relative repression of RL-3xbulge-miR-122 in RAB5 knockdown HEK293 cells also was
plotted. The siCON value was taken as 1. (E) Depletion of HRS leads to accumulation of several miRNA-targeted mRNAs. Relative levels of endogenous targets
of miR-122 and let-7a in siHRS- and siCON-treated HEK293 cells are shown. (F) Elevated RL-3xbulge-miR-122 mRNA accumulates in crude digitonin-insoluble
membrane fractions in HRS-depleted cells. (G) Reduced association of target mRNA with endosomal fractions in HRS-depleted cells. The level of RL-3xbulge-
miR-122 was monitored in MVB and rER fractions isolated from both control and HRS knockdown HEK293 cells. (H and 1) Reduced transfer of target mRNA from
early to late endosomes in HRS-depleted cells leads to increased accumulation of target in early endosomal fractions. (H) RL-3xbulge-miR-122 was quantified
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the RL-3xbulge-miR-122 mRNA level was more than 2.5-fold higher than that in control
siRNA-treated cells. Apart from HRS, a significant increase in cellular target mRNA level
was observed in RAB5-depleted cells. Since RAB7, ALIX, and RILP function downstream
of HRS, blocking these factors did not affect mMRNA degradation significantly (Fig. 5A).
A similar observation was found in Hela cells where siRNA-mediated knockdown of
HRS was carried out (Fig. 5B). Target RNAs bearing a perfectly complementary site are
cleaved endonucleolytically by the cognate miRNA-AGO2 (miRISC) complex. Stalder et
al. have shown previously that siRNA-mediated target mRNA cleavage occurs on the rER
membrane (4). Therefore, a message bearing perfectly complementary miRNA sites
should not be targeted to MVBs. Consistent with that observation, no significant
increase in mMRNA levels of a reporter mRNA with a perfect site for miR-122 was
detected (RLperf-miR-122) in HRS-depleted cells (Fig. 5C). This confirmed that target
mRNA-miRNP interaction happening on rER is independent of HRS depletion. Support-
ing this observation, minimal effects on miRNA-mediated repression levels in cells
depleted for RAB5 or HRS were noted (Fig. 5D). Since depletion of HRS interferes with
the formation or maturation of MVBs, repressed mRNA targeting to MVBs necessary for
their subsequent degradation probably is impaired, resulting in increased stability of
miRNA-repressed mRNAs in HRS-compromised cells. Levels of a few endogenous target
mRNAs of miR-122 and let-7a were quantified in HRS-depleted cells expressing these
miRNAs. Consistent with our earlier observation, HRS depletion significantly enhanced
the cellular levels of all target mRNAs checked (Fig. 5E).

To investigate the subcellular distribution of the increased mRNAs in HRS-depleted
cells, we isolated crude digitonin-insoluble membranes. The increased RL-3xbulge-miR-
122 was observed to accumulate exclusively in membrane fractions and not in the
cytosol (Fig. 5F). We observed a reduced abundance of RL-3xbulge-miR-122 in endo-
some/MVBs in HRS-depleted cells (Fig. 5G). We have documented higher enrichment of
target mRNAs in LE/MVB compared to early endosomes (Fig. 3B). However, with HRS
depletion, repressed mRNAs accumulate more with EE, as they showed reduced
association with LE/MVBs (Fig. 5H). Using the TET-OFF inducible system, we further
showed that an already synthesized RL-3xbulge-miR-122 mRNA failed to localize to
LE/MVBs with time in siHRS-treated cells compared to that of control siRNA-treated cells
(Fig. 51). From the data presented in Fig. 3G, it seems that the target mRNA may get
uncoupled from miRNPs before their degradation happening on LE/MVBs. With deple-
tion of HRS, which prevents targeting of miRNA-repressed message from EE to LE/MVBs,
we observed an increased AGO2 association of target mRNAs (Fig. 5J), indicating a
failure of miRNPs to get uncoupled from target mRNA in HRS-depleted cells.

Downregulation of HRS in Leishmania-infected macrophages results in ele-
vated levels of miRNA targets. L. donovani is a pathogenic parasite that invades
mammalian macrophage cells in the infected hosts and resides within. During the
course of its infection, it affects several components of host cell signaling and miRNP
machineries to alter the gene regulatory function of the host for its own benefit.
Infection of mouse macrophage cells, RAW 264.7, with L. donovani promastigotes leads
to depletion of HRS. RAW 264.7 cells were infected with the parasite, and levels of
proteins involved in endosomal trafficking were measured against time. With infection,
a marked decrease in HRS level against time was noted (Fig. 6A). The reduction in HRS
level can be attributed to the activity of the parasite-derived proteases, which are
reported to cleave several host proteins upon infection (27, 28). Interestingly, upon
infection both ALIX and AGO2 also failed to be localized to LE/MVBs, although DCP2

FIG 5 Legend (Continued)
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in both early and late endosomal fractions isolated from HRS knockdown cells. The values obtained from control cells were taken as 1. (I) Using TET-OFF stable
HEK293 cells, RL-3xbulge-miR-122 was quantified in early and late endosomal fractions after 24 and 48 h of doxycycline treatment. (J) Increased association of
AGO2 with target mRNA in HRS-depleted cells. HA-tagged Ago2 was immunoprecipitated from siRNA-treated HEK293 cells, and associated RL-3xbulge-miR-122
was measured. The level of RL-3xbulge-miR-122 in control siRNA-treated cells was taken as 1. (K) Mature miRNA levels are increased on HRS depletion. The
relative level of mature miR-122 in HRS- and RAB5-depleted HEK293 cells is shown. In all RT-qPCR experiments, 18S rRNA serves as the endogenous control.
RT-gPCR results = SD from three independent experiments are shown, and the value of the control was normalized to 1 (*, P < 0.05; **, P < 0.01; ***, P < 0.001;
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density gradient fractionation was performed, and the distribution of AGO2, DCP2, RAB5, and ALIX was confirmed by Western blotting. (C) Schematic
representation of the Leishmania infection experiment. RL-3xbulge-let-7a levels were measured in total, early, and late endosomes of control and infected cells
by semiquantitative PCR. (D) RAW 264.7 cells were transfected with reporter plasmids, and the mRNA levels were quantified at 0 h and 12 h postinfection by
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showed no altered localization (Fig. 6B). The level of reporter mRNA, RL-3xbulge-let-7a,
was increased significantly in L. donovani-infected cells and was consistent with the
observation in HRS-depleted HEK293 cells (Fig. 6C). In analyzing the compartmental-
ization of a let-7a targeted reporter mRNA, it was observed that upon infection the
reporter mMRNA was found to be associated predominantly with EE, in contrast to that
in noninfected cells, where it was enriched with late endosomes (Fig. 6C). In accordance
with our observation in HRS-depleted HEK293 cells, an increased mRNA level was noted
only for RL-3xbulge-let-7a mRNA but not for RL-perf or RL-con mRNAs, having one
perfect or no let-7a binding site, respectively (Fig. 6D). These data further affirm the fact
that the blocking of MVB formation could impair degradation of miRNA-targeted
mRNAs without affecting the miRNA-mediated repression of target messages at the
protein level (Fig. 6E).

It has been reported that high levels of circulating IL-6 accompany progressive
Leishmania infections (29). Considering the role of IL-6 as an anti-inflammatory cytokine
in the context of Leishmania infection, we measured the IL-6 mRNA levels and observed
a significant increase in IL-6 mRNA within 12 h postinfection (p.i.). Proinflammatory
cytokine tumor necrosis factor alpha (TNF-a) mRNA levels were not increased (Fig. 7A).
Transcriptional upregulation contributes to the enhanced IL-6 level in infected macro-
phage (30). However, IL-6 is a let-7a target and therefore should be repressed by let-7a
miRNPs in infected macrophages. Interestingly, the increased IL-6 formed postinfection
was not AGO2 associated in the L. donovani-infected macrophage (Fig. 7B). We have
observed in HRS-depleted cells that AGO2 association with repressed messages gets
enhanced (Fig. 5J). This led us to hypothesize that de novo-formed mRNAs fail to get
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associated with miRNPs that are preengaged in repression of other targets in HRS-
depleted cells. To verify this, we ensured the induced expression of RL-3xbulge-miR-122
mRNA in HEK293 cells and measured its association with AGO2 in control and HRS-
depleted cells against time (Fig. 7C). Induction of MRNA was confirmed in both control
and HRS-depleted cells (Fig. 7D). However, the de novo-formed mRNAs failed to
associate with AGO2 specifically in HRS-depleted cells (Fig. 7E). This suggests HRS
depletion restricts recycling of miRNPs from the bound target mRNAs, and as the
miRNPs remain retained to previously bound target mRNAs, it could not get freed upon
degradation of its prebound targets on LE/MVBs in the absence of functional LE/MVB
formation. This results in defective recycling of bound miRNPs (Fig. 7C).

DISCUSSION

Involvement of subcellular structures in miRNA-mediated gene regulatory processes
is an underexplored research domain. Although the importance of endosomal traffick-
ing for miRNA-mediated repression processes has been documented previously, the
molecular details have never been investigated. In recent times, findings related to
secretion of small RNAs via exosomes (7, 31) for intercellular cross talk or other
regulatory purposes justify the possible link between the endocytic pathway and
miRNA-mediated gene silencing. In this paper, we report that LE/MVB targeting is
crucial for degradation of miRNA-targeted mRNAs. Our findings highlight how miRNA-
mediated mRNA repression and the endocytic pathway interact. The work described
here also reveals how the mRNA degradation process is compartmentalized in mam-
malian cells.

Cytoplasm of eukaryotic cells is subdivided into membrane-bound compartments
called organelles. Compartmentalization of cellular processes to specific subcellular
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locales is a mechanism that ensures stringent regulation. Compartmentalization of
transcription to specific nuclear territories or compartmentalized translation on rER
membrane serves to regulate these processes with exquisite spatial and temporal
control (32, 33). Assembly of the miRNA machinery and their interaction with target
mRNA binding have been reported to be compartmentalized on rER membrane (4, 17).
Therefore, it is rational that in the subsequent steps of repression, mRNA degradation
also takes place in some specific subcellular domains. We found that components of
mRNA degradation machinery are differentially distributed in human cells, and as
opposed to rER membranes, where factors involved in miRNA assembly get enriched,
most of the mRNA catabolic factors localize to endosome/MVB fractions. Interestingly,
miRNA-repressed target mRNAs also get enriched on LE/MVBs in a time-dependent
manner.

In an earlier report, Djuranovic et al. illustrated the exact order of the closely spaced
events of MRNA repression, deadenylation, and decay (34). They showed that transla-
tion repression by miRNA is followed by mRNA deadenylation and decay, suggesting
that these two events are separated temporally. In another report from our laboratory,
we have shown that polysomal sequestration of miRNPs with target mRNAs in growth-
retarded cells can uncouple mRNA repression from degradation (35). This implies that
the two events can be separated by space too. In this work, we show that translation
repression and deadenylation/decay of miRNA-targeted mRNA are separated spatially
as well. This is achieved by compartmentalization of the two processes in distinct
subcellular addresses. Translation repression occurs on rER, while degradation of the
mRNAs takes place on endosome/MVBs. Our evidence also suggests that postrepres-
sion mRNAs are targeted to MVBs, where the subsequent steps of deadenylation and
degradation occur. Dissecting further, we observed that the miRNA-targeted mRNAs
are specifically associated with MVB/late endosomes as opposed to early endosomes.
Interestingly, this pool of MRNAs was less bound to miRNPs and more associated with
DCP2, the key decapping enzyme. DCP2 and XRN1 exonuclease enriched almost
exclusively on LE/MVBs, further confirming the observation. A very recent finding has
reported cotranslational mRNA degradation that is initiated by decapping and occurs
5’ to 3’ by XRN1 (36). Earlier we reported miRNA-mediated repression on translating
polyribosomes (35). Therefore, it is plausible that postrepression, polyribosome-bound
target mRNAs are trafficked from rER to endosomes, where they are subsequently
degraded. HuR-mediated export of miRNAs in mammalian cells has been shown
recently, and from our published data it seems that HuR replaces the miRNPs and
unloads miRNAs from Ago2 for their export on rER. Therefore, it may be the rER
compartment where decisions (mRNA translation or degradation) on the fate of miRNA-
repressed messages are already made before the mRNAs are targeted to EE (37). More
interestingly, we have also pointed out that the two closely knit processes can be
functionally uncoupled from each other by reducing levels of a key player in MVB
maturation. Reducing cellular HRS levels can therefore prevent degradation of the
repressed mRNAs and also inhibit recycling of miRNPs to new targets.

It has been reported that RCK/p54 (DDX6) acts downstream of the CCR4-NOT
complex to repress translation initiation and stimulate decapping in human cells
(38-42). We have observed abundant amounts of RCK/p54 in endosomes (Fig. 1C).
Furthermore, RCK/p54 was present in early as well as late endosomal fractions. Hence,
it is plausible that RCK/p54 interaction occurs postrepression in endosomal compart-
ments. P bodies, believed to be cytoplasmic foci required for mRNA degradation, also
contain GW182 (GW bodies), which are required for miRNA-mediated mRNA deadeny-
lation and degradation (43). P bodies also contain 5’ to 3’ exonuclease XRN1 (44, 45),
but components of the exosome complex, involved in 3’ to 5" degradation of mRNAs,
are absent from P bodies (3, 44, 46). Therefore, it is likely that mRNA degradation in P
bodies occurs predominantly via the 5’ to 3" XRN1 pathway postdeadenylation (47).

Lee et al. reported that in Drosophila, blocking MVB formation inhibits mRNA
silencing by miRISC (Ago1-miRNA complex), whereas blocking MVB turnover stimulates
silencing (8). They have observed that GW bodies are associated with MVBs, and their
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formation or stability is also dependent on the formation of MVBs. Since GW bodies or
P bodies are cytoplasmic granules replete with factors essential for mRNA catabolism
(48), their association with MVBs implies cross talk between these two compartments.
It is plausible that repressed mRNAs are shuttled from MVBs to P bodies for degrada-
tion. MVB formation is hampered by knockdown of HRS, and we observed an increase
in cellular target mRNA level upon HRS depletion without any drastic change in
miRNA-mediated translation repression level. The increased target RNAs were AGO2
bound, and their MVB association was reduced but without much drop in miRNA-
mediated repression. Therefore, it is evident that owing to impaired degradation, the
cellular level of target MRNAs shoots up when MVB formation is blocked. Interestingly,
we could identify a physiological context where HRS depletion can lead to defective
degradation of miRNA-repressed mRNAs. During Leishmania infection of mammalian
macrophages, HRS gets reduced, contributing to enhanced reporter mRNA levels in
infected macrophage cells.

It was tempting to analyze the fate of miR-122 in the HRS-depleted cells. We found
that mature miR-122 levels also shoot up (Fig. 5K). However, the increased miR-122 was
not functional in repressing target messages, as evident from the reduction of fold
repression in HRS-depleted cells (Fig. 5D). A similar increase in mature miR-122 level
was also observed in RAB5-depleted cells (Fig. 5K). Knockdown of the components of
the endocytic pathway leads to increased cellular abundance of miRNAs due to their
reduced exosomal export (49). This accounts for the rise in mature miR-122 level and
opens up avenues for future studies.

Our observations also indicate that uncoupling of the miRNP from its target mRNA
happens as the repressed RNA progresses from EE to LE/MVB compartments. This could
act as a mechanism that ensures the recycling of released miRNPs after one round of
repression to become engaged with new sets of target mRNAs for a fresh round of
repression (8). Notably, IL-6, a cytokine known to have pleiotropic effects in Leishmania
infection, showed reduced AGO2 association within 12 h of infection along with a
concomitant increase in let-7a miRNPs. Since let-7a miRNPs fail to uncouple from
prebound target mMRNAs and repress newly formed IL-6 mRNA, enhanced translation of
IL-6 in host cells helps Leishmania to suppress host macrophage activation and thereby
promote infection. This further supports the notion of defective recycling of miRNPs in
cells impaired for HRS.

Overall, our observations not only revalidate the connection between RNA silencing
and endosomal pathways but also identify the specific subcellular compartments
where mRNAs are targeted for degradation postrepression by miRNAs. We also showed
that degradation can be blocked by inhibiting biogenesis of these endosomal com-
partments, further confirming that miRNA-mediated mRNA decay is functionally cou-
pled with MVB formation (Fig. 8).

MATERIALS AND METHODS

Cell culture and transfection. HEK293 and Hela cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Life Technologies) containing 2 mM L-glutamine and 10% heat-inactivated fetal bovine
serum (FBS) (Life Technologies). All plasmids were transfected with Lipofectamine 2000 (Life Technolo-
gies), whereas all siRNAs were transfected using RNAIMAX (Life Technologies). For tetracycline-inducible
gene expression, doxycycline (DOX; Sigma) was used at 300 ng/ml. RAW 264.7 cells were cultured in RPMI
1640 medium (Gibco) supplemented with 2 mM L-glutamine, 0.5% B-mercaptoethanol, 10% heat-
inactivated fetal calf serum, and 1% penicillin-streptomycin (Pen-Strep) solution. Leishmania donovani
strain AG83 (MAOM/IN/1083/AG83) was maintained in M199 medium (Gibco) supplemented with 10%
heat-inactivated fetal calf serum and 1% Pen-Strep solution. Second- to fourth-passage cultures of L.
donovani promastigotes were used to infect RAW 264.7 cells at a 10:1 ratio for all experiments.

Plasmid constructs. Plasmids containing humanized renilla luciferase coding sequences (RL-con),
three miR-122 binding sites downstream of the renilla luciferase (RL) coding region (RL-3xbulge-miR-
122), three let-7a binding sites (RL-3xbulge-let-7a), and firefly luciferase (FL) under a simian virus 40
(SV40) promoter (pGL3FF) were kind gifts from Witold Filipowicz. The miR-122 expression plasmid,
pmiR-122, was described by Chang et al. (50). FLAG- and hemagglutinin (HA)-tagged human AGO2
expression plasmid (FH-AGO2) was described by Meister et al. (51). The plasmid used for generating
TET-inducible stable HEK293 cells, pTet-On-Advanced vector, was purchased from Clontech. The induc-
ible mRNA expression construct iRL-3xbulge-miR-122 has been described by Barman and Bhattacharyya
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FIG 8 Schematic representation of the fate of an miRNA-targeted mRNA from rER membrane to late endosomal membranes. A diagrammatic summary of the
model that was inferred from the data is presented. (1) miRNP nucleation and interaction with target mRNA on rER is followed by initiation of translation
repression of the target mRNA. (2) Postrepression, the target mMRNA-miRNP complex is trafficked to early endosomes, where deadenylation of the target begins
by recruitment of cellular deadenylases. (3) As early endosomes mature to MVBs/late endosomes, uncoupling of miRNP occurs from target mRNA followed by
decapping and degradation of the mRNA. The miRNP is recycled for another fresh round of repression or can be exported outside the cell via exosomes.

(17). SMARTpool ON-TARGETplus HGS siRNA (siHRS) and a nontargeting pool (siCON) were purchased
from Dharmacon.

RNA isolation and Northern blotting. Total cellular or organellar RNA was isolated using TRIzol
reagent or TRIzol LS (Life Technologies). Northern blotting of total cellular RNA (5 to 10 ug) was
performed as described elsewhere (2). For detection, y-32P-labeled 22-nt miRCURY complementary LNA
probes for let-7a (Exiqon) were used. Phosphorimaging of the blots was performed in a Cyclone Plus
storage phosphor system (PerkinElmer).

Real-time quantification. For real-time quantification of mMRNAs, cDNA was prepared using random
nonamers (Eurogentec reverse transcriptase core kit) and PCR was done with gene-specific primers using
Mesa Green quantitative PCR (qPCR) master mix plus (Eurogentec) by following the manufacturer’s
protocol. For miRNA quantification, a TagMan reverse transcriptase kit was used, followed by a TagMan
universal PCR mix to amplify cDNAs per the manufacturer’s protocols (Applied Biosystems). The following
primers were used for the amplification of miRNAs: human let-7a (assay 000377), human miR-122 (assay
000445), and U6 snRNA (assay 001973). All reactions were carried out in a 7500 Applied Biosystems
real-time system or a Bio-Rad CFX96 real-time system. Cycles were set per the manufacturer’s protocol.

Immunoprecipitation and Western blotting. For immunoprecipitation, recombinant protein
G-agarose beads (Life Technologies) or FLAG-M2 agarose beads (Sigma) were used. HA-tagged Ago2 or
endogenous DCP2 was pulled from HEK293 cells as described previously (52). Proteins and RNAs were
extracted from immunoprecipitated beads for further analysis. For Western blotting, after SDS-PAGE
proteins were transferred to polyvinylidene difluoride (PVDF) membrane, followed by blocking and
probing with the following primary antibodies at 4°C for 16 h: mouse anti-Ago2 (Abnova), 1:1,000; rabbit
anticalnexin (Cell Signaling), 1:1,000; rabbit anti-XRN1 (Bethyl Laboratories), 1:5,000; rabbit anti-RCK/p54
(Bethyl Laboratories), 1:10,000; rabbit anti-DCP2 (Bethyl Laboratories), 1:5,000; rabbit anti-PABPC1 (Ab-
nova), 1:1,000; mouse anti-CNOT4 (Abnova), 1:1,000; rabbit anti-HRS (Bethyl Laboratories), 1:1,000; mouse
anti-ALIX (Santa Cruz), 1:200; rabbit anti-GRP78 (Sigma), 1:3,000; rabbit anti-RAB7 (Cell Signaling), 1:1,000;

February 2017 Volume 37 Issue 4 e00464-16 mcb.asm.org 15


http://mcb.asm.org

Bose et al.

Molecular and Cellular Biology

rabbit anti-RAB5 (Cell Signaling), 1:1,000; rabbit anti-GW182 (Bethyl Laboratories), 1:5,000; mouse anti-
CD63 (BD Pharmingen), 1:500; rabbit anti-eukaryotic translation initiation factor 4E (anti-elF4E; Bethyl
Laboratories), 1:10,000; rat anti-HA (Roche), 1:1,000; and horseradish peroxidase (HRP)-conjugated
B-actin (Sigma), 1:10,000. HRP-conjugated glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:
50,000; Sigma) was used as a cytosolic marker.
Deadenylation and poly(A) length measurement. To measure poly(A) tail length, 1 g of total RNA
was taken following G/I tailing, reverse transcription, and PCR amplification using a poly(A) tail length
measurement kit (Affymetrix) according to the manufacturer’s protocol. To quantify deadenylated mRNA
levels, total RNAs were subjected to reverse transcription using oligo(dT) primers (reverse transcriptase
core kit; Eurogentec) followed by PCR amplification with gene-specific primers using Mesa Green qPCR
master mix plus (Eurogentec) per the manufacturer’s protocols. Control polyadenylated and deadeny-
lated mRNA transcripts were prepared using an mMMESSAGE mMACHINE kit (Life Technologies) and

poly(A) tailing kit (Life Technologies) according to the manufacturer’s protocol.
Cell fractionation. For digitonin fractionation, cells were treated with 50 ug/ml digitonin (Calbi-

ochem) for 10 min at 4°C, followed by centrifugation at 2,500 X g as described previously (17). Cell
fractionation using 3 to 30% OptiPrep (iodixanol) density gradient centrifugation was carried out as
described previously (53). For cell fractionation in iodixanol gradient (OptiPrep gradient), roughly 1 X 107
cells were used. The cell pellet was incubated in a hypotonic buffer (50 mM HEPES, pH 7.8, 78 mM KCl,
4 mM MgCl,, 8.4 mM CaCl,, 10 mM EGTA, 250 mM sucrose, 100 pg/ml of cycloheximide, 5 mM vanadyl
ribonucleoside complex, and 1X EDTA-free protease inhibitor cocktail) and homogenized by a glass
Dounce homogenizer (Sartorius). The cell homogenate was cleared by centrifugation at 1,000 X g twice,
and the supernatant was loaded on a 3 to 30% iodixanol gradient (OptiPrep) and ultracentrifuged for 5
h at 36,000 rpm in an SW60 rotor (Beckman Coulter). Fractions were collected manually; RNA and protein
were isolated and analyzed. To resolve early and late endosome/MVB fractions, 3 to 15% OptiPrep
gradient was used. To get microsomal fractions, postmitochondrial fractions were precipitated by 8 mM
CaCl, and centrifuged at 8,000 X g as described earlier (17).

Quantitative analysis of surface area of early and late endosome. Z-stack images were acquired

using an Andor spinning disc confocal microscope with an Ixon3 electron-multiplying charge-coupled-
device (EMCCD) detection system. Images were then used to perform three-dimensional surface recon-
struction using Imaris x64 7.6.3 (Bitplane AG). The surpass module was used to construct the surface,
followed by manual threshold adjustment. All parameters were kept constant for independent studies.
Surface area was calculated from three independent cells, and the mean value was calculated to obtain
the overall surface area of early endosome and late endosome.
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