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Argonaute proteins (Ago1-4) are essential components of the microRNA-induced silencing complex and play
important roles in both microRNA biogenesis and function. Although Ago2 is the only one with the slicer activity,
it is not clear whether the slicer activity is a universally critical determinant for Ago2’s function in mammals.
Furthermore, functional specificities associated with different Argonautes remain elusive. Here we report that
microRNAs are randomly sorted to individual Argonautes in mammals, independent of the slicer activity. When
both Agol and Ago2, but not either Agol or Ago2 alone, are ablated in the skin, the global expression of
microRNAs is significantly compromised and it causes severe defects in skin morphogenesis. Surprisingly, Ago3 is
able to load microRNAs efficiently in the absence of Agol and Ago2, despite a significant loss of global microRNA
expression. Quantitative analyses reveal that Ago2 interacts with a majority of microRNAs (60%) in the skin,
compared with Agol (30%) and Ago3 (<10%). This distribution is highly correlated with the abundance of each

Argonaute, as quantified by shotgun proteomics. The quantitative correlation between Argonautes and their
associated microRNAs is conserved in human cells. Finally, we measure the absolute expression of Argonaute
proteins and determine that their copy number is ~1.4 X 10° to 1.7 X 10° molecules per cell. Together, our results
reveal a quantitative picture for microRNA activity in mammals.
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MicroRNA (miRNA) is a class of tiny (~19- to 24-nucleotide
[nt]), noncoding RNA species that play important roles in
the regulation of mammalian gene expression at post-
transcriptional levels (Bartel 2009). To execute their di-
verse physiological functions, miRNAs are loaded into the
miRNA-induced silencing complex (miRISC) and, in turn,
guide the miRISC to their cognate mRNA targets by base-
pairing between the miRNAs and their mRNA targets,
usually located within the 3’ untranslated region (3’ UTR)
(Bartel 2009). Argonaute proteins are the essential compo-
nents of the miRISC that directly recruit miRNAs and
function as the interface between miRNAs and their
mRNA targets (Hock and Meister 2008; Czech and Hannon
2011). Mammals have four Argonautes (Agol-4) that are
involved in the miRNA pathway (Hock and Meister 2008;
Czech and Hannon 2011). Among them, Ago2 is unique,
with the slicer activity that mediates the cleavage of
perfectly matched targets for miRNAs and siRNAs (Liu
et al. 2004; Meister et al. 2004; Yekta et al. 2004; Hock
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and Meister 2008; Czech and Hannon 2011). When in-
dividual Argonautes are ablated constitutively in mice,
only the loss of Ago2 causes embryonic lethality, whereas
single losses of Agol, Ago3, or Ago4 are dispensable for
animal development (Liu et al. 2004; Morita et al. 2007).
In addition, the biogenesis of endogenous siRNA (endo-
siRNA) in the oocytes and miR-451, a blood-specific
miRNA, has been shown to require the slicer activity
of Ago2 (Tam et al. 2008; Watanabe et al. 2008; Cheloufi
et al. 2010; Cifuentes et al. 2010). Collectively, these
observations lead to a widely recognized view that Ago2
is a specialized Argonaute, probably due to its slicer activity.
However, exhaustive bioinformatic and experimental anal-
yses have failed to identify a large number of perfectly
matched miRNA:mRNA regulatory sequences. It remains
unclear why Ago2 is universally important for miRNA
functions in diverse organs and tissues of mammals. In
addition, the functional significance of Agol, Ago3, and
Ago4 for miRNA activity is poorly understood, probably
due to the lack of developmental phenotypes in knock-
out (KO) mouse models. Interestingly, novel regulatory
mechanisms begin to emerge in which Agol and their
associated miRISCs are asymmetrically segregated to
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dictate cell fate decision during stem cell division
(Neumuller et al. 2008; Schwamborn et al. 2009). Finally,
recent studies suggest that miRNA-mediated regulation is
highly quantitative and dependent on the relative concen-
tration of miRNA and their target mRNAs (Mukherji et al.
2011; Tay et al. 2011). Therefore, it is critical to determine
the function of individual Argonautes and understand
the quantitative nature of their contribution to the
miRNA pathway during mammalian development.

In this study, we investigate the functions of individual
Argonautes by quantitatively cloning and sequencing
miRNAs that associate with endogenous Argonautes
and examining the developmental defects in Agol and
Ago2 single- or double-KO mouse models in the skin.
Surprisingly, the slicer activity of Ago2 is dispensable for
both miRNA biogenesis and function in the skin. In-
stead, miRNAs are randomly sorted to miRISCs that
contain individual Argonautes in proportion to the abun-
dance of each protein. Genome-wide shotgun proteomics
and absolute quantification of Argonautes demonstrates
that Ago2 is the most abundant Argonaute and so associ-
ates with the largest pool of miRNAs in both mouse
epidermal cells and human melanoma cells. Finally,
genome-wide protein quantification reveals a quantita-
tive landscape for the key components of the miRNA
pathway. The demonstration of the quantitative distri-
bution of miRNAs to individual Argonautes in mam-
mals has important implications for our understanding
of the function of Argonautes in diverse biological events,
and these findings raise a possibility that miRNA activity
can be quantitatively manipulated by controlling individ-
ual Argonautes.
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Results

Individual Argonautes associate with a similar pool
of miRNAs in the skin

To gain quantitative insights for endogenous Argonautes
and their associated miRNAs, we set out to isolate the
Ago-specific miRISC. We first determined the efficiency
and specificity of primary Ago antibodies for immuno-
precipitation (IP). As shown in Figure 1A and Supplemen-
tal Figure 1, we specifically isolated Agol, Ago2, and
Ago3 by IP from the total lysates and depleted each
protein from the supernatant, respectively, by using two
newly developed antibodies to Agol and Ago2 and a pre-
viously characterized Ago3 antibody (see the Materials
and Methods; Azuma-Mukai et al. 2008). Furthermore,
we validated the specificity of the antibodies by using
Agol and Ago2 KO samples (see Fig. 2A). Using these
antibodies, we specifically enriched miRNAs and de-
pleted nonspecific small RNA species (e.g., sno25) with
our Ago-IP (Supplemental Fig. 2).

Having established the Ago-specific IP, we asked
whether individual Argonautes associate with a similar
or different pool of miRNAs in vivo. We examined all
miRNA species associated with individual Argonautes by
cloning and sequencing small RNAs isolated from the
Ago-IP. We harvested total cell lysates from postnatal day
4 (P4) wild-type epidermis and divided them into three
identical aliquots for the IP and miRNA profiling. Re-
markably, the miRNA profile associated with each Argo-
naute was nearly identical. When plotting with the total
reads for each miRNA, the R* coefficiency had a narrow
range between 0.955 and 0.974 in the two-way compar-
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Argonautes associate with a similar pool of miRNAs. (A) Specification and efficiency characterization of Agol and Ago2

antibodies. Agol or Ago2 antibody specifically pulls down Agol or Ago2 in IP, depleting the proteins in the supernatant. (B) Comparison
of miRNA cloning frequency of Agol and Ago2 IP. (C) Comparison of miRNA cloning frequency of Agol and Ago3 IP. (D) Comparison
of miRNA cloning frequency of Ago2 and Ago3 IP. (E) Two biological duplicates of Ago3 IP show high correlations, confirming the

reproducibility of small RNA cloning.
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ison among the miRNA pools from Agol-, Ago2-, and
Ago3-specific IP samples (Fig. 1B-D; Supplemental Table 1).
To determine the reproducibility of our experiments, we
generated another small RNA library with an Ago3 IP from
another P4 wild-type epidermal sample as the biological
duplicate. The R* coefficiency between the two indepen-
dent Ago3 miRNA libraries was 0.951, confirming a high
consistency of our assay (Fig. 1E). Together, these findings
reveal that a similar pool of miRNAs associates with
endogenous Argonautes to form the miRISC in the skin.

Genetic ablation of individual Argonautes leads
to a quantitative loss of global miRNA expression
in the skin

Previous studies suggest an active role of Argonautes in
miRNA biogenesis; in particular, the passenger strand
cleavage activity of Agol and Ago2 is important for
miRNA production (Diederichs and Haber 2007; Wang
et al. 2009). To examine the requirement of Agol and
Ago2 for miRNA biogenesis in vivo, we knocked out
Ago1 and Ago?2 individually (Ago?".K14-Cre and Ago2™";
K14-Cre) or combinatorially (Ago1™";Ago2"";K14-Cre) in
the skin with a well-established K14-Cre line (Vasioukhin
et al. 1999; Yi et al. 2006, 2009). By Western blotting, we
determined the specific depletion of Agol and Ago2
by K14-Cre-mediated conditional KO (cKO) in the skin
(Fig. 2A). We observed a mild compensatory effect with
enhanced Agol or Ago2 expression when the other Argo-
naute was knocked out (Fig. 2A). In addition, the expression
level of Ago3 was also slightly up-regulated in all three
mutants (Supplemental Fig. 3). We then examined the
impact of the loss of Agol and/or Ago2 on the global
expression of miRNAs in the skin. When we quantified
expression levels of several abundantly expressed miRNAs
in the cKO epidermis, we observed an average of 10%
reduction in the Agol cKO and 30% reduction in the Ago2
cKO (Fig. 2B). Strikingly, when we examined the Ago1/2
double KO (dKO), we observed a severe reduction of
miRNA expression with an average loss of 80% (Fig. 2B).
The mild reduction of miRNA expression in the Agol
and Ago2 single cKO suggests that the expression of the
remaining Argonautes could largely compensate for the
loss of a single Ago in the skin. In contrast, the loss of Ago1
and Ago2 significantly impaired miRNA accumulation
despite an increase in the Ago3 level. By using genetic KO
mouse models and performing accurate IP-quantitative

Quantitative analysis of Ago functions

Figure 2. Genetic deletion of individual Argo-
omaes nautes results in a quantitative loss of global
BmiR200b miRNA expression in the skin. (A) Validation
Dlet7a of individual or combinatorial Ago conditional

knockout (cKO) by Western blotting. (dKO)

Ago1/2 double cKO. Agol expression increases

in Ago2 cKO, whereas Ago2 expression increases

in Agol cKO. (B) The reduction of miRNA expres-
sion in Ago1 cKO, Ago2 cKO, and Ago1/2 dKO. (*)

P <0.05; (**) P<0.01; (***) P < 0.001; n = 3.

real-time PCR (IP-qPCR) analysis for miRNAs, our studies
provide compelling evidence for the quantitative loss of
global miRNA expression when individual Argonautes are
genetically ablated in the skin.

Combinatorial deletion of Agol and Ago2 Ileads
to severe skin defects

Among four Argonautes in mammals, Ago2 is the only
member with slicer activity, and the constitutive in-
activation of Ago2 but not Agol, Ago3, or Ago4 leads to
embryonic lethality (Liu et al. 2004; Morita et al. 2007).
Because the loss of Ago2 resulted in an ~30% loss of the
total miRNAs in the skin and it uniquely possesses slicer
activity, it seemed likely that deletion of Ago2 would
reveal a unique requirement for Ago2 in mammalian skin
development. Surprisingly, we were not able to identify
any developmental defects in either Agol or Ago2 single
cKO in the skin (data not shown). To probe more deeply
into the functions of Argonautes in the skin, we turned to
the Ago1/2 dKO animals. We previously generated skin-
specific KO models for Dicer and Dgcr8, two essential
components in miRNA biogenesis, and observed a com-
plete loss of miRNA production and severe developmen-
tal defects in the skin (Yi et al. 2006, 2009). Unlike either
Dicer or Dgcr8 skin cKO animals that all died within
a week after birth (Andl et al. 2006; Yi et al. 2006, 2009),
Ago1/2 dKO animals usually lived several weeks and
most of them survived to adulthood (Fig. 3A,B). However,
despite their ability to survive postnatally, Ago1/2 dKO
mice had sparse hair coat (Fig. 3B). Upon close examina-
tion, we found that the hair follicle lineage in the Ago1/2
dKO mice was largely degenerated and the epidermis
became hyperthickened (Fig. 3B,C). Because these phe-
notypes were reminiscent of Dicer cKO skin graft (Yi
et al. 2006, 2008) and global miRNA levels were signif-
icantly down-regulated (Fig. 2B), we examined neonatal
Ago1/2 dKO animals and compared them with the Dicer
cKO for skin developmental defects. Remarkably, the
compound loss of Agol and Ago2 and the subsequent
reduction of global miRNA expression resulted in strik-
ing skin developmental defects that were very similar to
the Dicer cKO (Fig. 3D-G). At P4, we observed evaginat-
ing hair follicle cysts in the epidermis, a hallmark of Dicer
cKO skin, as well as shortened and misangled hair follicle
growth (Fig. 3D; Andl et al. 2006; Yi et al. 2006, 2009). We
confirmed the hair follicle origin of the cyst by detecting
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Figure 3. Combinatorial deletion of Agol and Ago2 significantly impairs the miRNA pathway and results in severe skin defects. (A) At
birth, Ago1/2 dKO is slightly smaller than wild-type (WT) littermate. (B) Ago1/2 dKO lives to adulthood. Adult dKO shows sparse hair
coat with a body size similar to wild-type littermate. (C) Degenerated hair follicles and thickened epidermis in adult dKO. (D)
Abnormal hair follicles and cysts (arrowhead) are detected in dKO, as indicated by H&E staining. (E) Validation of the hair follicle
original of the cyst by Lefl immunofluorescence staining. Ago1/2 dKO have less cyst than Dicer cKO (Der cKO). (F) Apoptosis (marked
by cleaved caspase-3 staining) is detected in dKO epidermis, comparable with Dcr ¢cKO with a lower frequency. (G) Expansion of p63-
positive cells in dKO epidermis. The dotted lines mark the boundary between the epidermis and dermis. White asterisks denote

autofluorescence. Bar, 20 pm. (*) P < 0.05; n = 3.

the expression of Lefl, a marker for hair follicle Matrix
cells (Fig. 3E, left panels). When we compared the number
of hair follicle cysts in the epidermis of Ago1/2 dKO and
Dicer cKO skin, we found that the frequency was less in
the Ago1/2 dKO than in the Dicer cKO skin (Fig. 3E, right
panel). We also observed apoptotic cells in the prolifera-
tive, basal epidermis, and their frequency was also lower in
the Ago1/2 dKO skin than the Dicer cKO skin (Fig. 3F).
Finally, we observed a slight expansion of p63-positive
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cells in the Ago1/2 dKO skin, consistent with the hyper-
proliferative defects observed in the Dicer cKO skin (Fig.
3G; Yi et al. 2008). Thus, our comparative studies between
Ago1/2 dKO and Dicer cKO with qualitative and quanti-
tative analyses strongly argue that the skin defects in the
Ago1/2 dKO skin are caused by a quantitative reduction
(~80%) of global miRNA expression in the mutant ani-
mals. Taken together, our genetic analysis provides un-
ambiguous evidence that neither Agol nor Ago2 (with its



unique slicer activity) individually was essential for the
functions of miRNAs during skin development.

Quantitative analysis reveals a random sorting
mechanism of miRNAs to individual Argonautes

These biochemical and genetic studies provide strong
evidence for the requirement for a high level of Argo-
nautes for maintaining miRNAs during mammalian skin
development. However, it was not clear whether each
Argonaute plays similar roles during miRISC formation
and whether the passenger strand cleavage activity of
Agol and Ago2 is the basis for the significant loss of
total miRNAs in the dKO skin. In previous biochemical
studies, individual Argonautes—in particular, Ago2 with
its unique slicer activity—were shown to play active roles
in miRNA loading and miRISC formation in fly, mouse, and
human cells (Matranga et al. 2005; Miyoshi et al. 2005;
Diederichs and Haber 2007; Wang et al. 2009). In addition,
the slicer activity of Ago2 is uniquely required for the
biogenesis of miR-451, a blood-specific miRNA, in both
zebrafish and mammals (Cheloufi et al. 2010; Cifuentes
et al. 2010). This raises a possibility that Ago2 and, to
a lesser extent, Agol might be uniquely required for
processing and loading of some miRNA species; e.g., those
that require passenger strand cleavage activity. To examine
this possibility, we constructed and sequenced Ago3 IP
small RNA libraries from two P4 Agol/2 dKO epidermal
samples. Between these two biological duplicates, the R*
coefficiency was highly consistent (R> = 0.984) (Sup-
plemental Fig. 4). Thus, we used one data set for compar-
ative analysis. We reasoned that if Agol and Ago2 are
uniquely involved in miRNA loading and miRISC forma-
tion through their passenger strand cleavage activity, we
should observe depletion of a subset of miRNA species
whose biogenesis depends on Agol and Ago2 but not
Ago3 and Ago4. Strikingly, when we compared the
profile of Ago3-associated miRNAs in the absence of
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both Agol and Ago2 with that of individual Argonautes
from the wild-type samples, we observed a remarkable
consistency, and the R” coefficiency was between 0.867
and 0.929 among all samples (Fig. 4A-C; Supplemental
Table 2). These findings suggest that, despite the global
loss of ~80% of miRNAs in the Ago1/2 dKO skin, all
miRNA species were still similarly processed and loaded
onto Ago3. We conclude that Ago3 is equally competent
in the processing and loading of miRNAs as Agol and
Ago2 and that the passenger strand cleavage activity of
Agol and Ago2 is dispensable for the biogenesis of hun-
dreds of miRNAs in the skin.

Our findings that each Argonaute associates with a similar
pool of miRNAs (Fig. 1) and that Ago3 can also load the same
pool of miRNAs in the absence of Agol and Ago2 (Fig. 4A-
C) provide strong evidence to support a random sorting of
miRNAs to individual Argonautes in mammals. In worms
and flies, as well as plants, different small RNA species that
are sorted to specific Argonautes have distinct 5'-end
nucleotide signatures (Czech and Hannon 2011). To further
confirm the random sorting mechanism, we analyzed the
nucleotide frequency for the 5 end of miRNAs that
associate with individual Argonautes in the wild-type and
Ago1/2 dKO libraries. Consistent with the random-sorting
hypothesis, the 5’ end of all miRNAs shows a dominant
preference for U (~82%), followed by C (~7.5%), A (~6.5%),
and G (3%). Importantly, the preference is indistinguishable
not only among all Argonautes in the wild type, but also in
Ago3 when Agol and Ago2 are deleted (Fig. 4D). Taken
together, we conclude that mammalian Argonautes show no
preference for miRNA species and that miRNAs are ran-
domly sorted into endogenous Argonautes in vivo.

The ability of individual Argonautes to associate with
miRNAs is determined by their expression level

To address why the compound loss of Agol and Ago2
caused the significant loss of total miRNAs, we compared

Figure 4. miRNAs are randomly distributed among
individual Argonautes. (A) Comparison of miRNA clon-
ing frequency of Agol IP in wild-type (WT) cells with
Ago3 IP in dKO cells shows high correlations. (B)
Comparison of miRNA cloning frequency of Ago2 IP
in wild-type cells with Ago3 IP in dKO cells shows
high correlations. (C) Comparison of miRNA cloning
frequency of Ago3 IP in wild-type cells with Ago3 IP in
dKO cells shows high correlations. (D) Cloning frequen-
cies show no distinguishable preferences for 5'-nucleotide
identity in individual Ago-IPs in wild-type cells compared
with Ago3 IP in dKO cells.
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the abundance of miRNAs that were associated with
individual Argonautes (Agol1-3) by qPCR following Ago-
IP from four equally divided pools of P4 epidermal total
cell lysates. Three pools were used for individual Ago-IP,
and one pool was used to extract total RNA as control.
We observed that Ago2 always associated with most
miRNAs, followed by Agol and Ago3 for pools of 10
abundantly expressed miRNAs (Fig. 5A; Yi et al. 2006,
2009). Overall, the relative amounts of miRNAs associ-
ated with Agol, Ago2, and Ago3 were 3.8, 8.5, and 1.0,
respectively. These results demonstrated that most cop-
ies of any miRNA were associated with Ago2, followed by
Agol, while a few were associated with Ago3.

Our analysis for the quantitative distribution of miRNAs
among individual Argonautes (Fig. 5A) and the significant
loss of miRNAs in the Agol/2 dKO skin suggested that
Agol and Ago2 bind a majority of miRNAs. These obser-
vations raised two hypotheses: (1) Agol and Ago2 are more
efficient than Ago3 and Ago4 in loading miRNAs, or (2)
Agol and Ago2 are more abundant than Ago3 and Ago4
in skin. To distinguish these possibilities, we performed a
shotgun proteomics experiment to quantify the relative
abundances of individual Argonautes in skin. Of 38,987
peptide counts (total spectral counts, SCs) representing
4993 proteins, we observed 13 peptides that distinguish
Ago2 and four peptides that distinguish Agol (Table 1A,
Supplemental Table 3). We also detected six “bridge”
peptides that could not distinguish Agol-4 (Supplemen-
tal Table 3) due to sequence identity among these closely
related proteins (Supplemental Fig. 5). Ago3 and Ago4
failed to generate any distinguishing peptides despite the
similar probability for each Argonaute; therefore, it was
unlikely that all six indistinguishable counts were de-
rived from Ago3 and Ago4. We concluded that Ago3 and
Ago4 are significantly less abundant than either Agol or
Ago2 and estimated that the number of Ago3/4-derived
peptides was one or less. Our estimate of apportioned
SCs was 8:15 (1.0:1.9) between Agol and Ago2, compa-

rable with our analysis of Ago-IP miRNAs (Agol:Ago2 =
1.0:2.2). This correlation suggests that the abundance of
individual Argonautes is a primary determinant for the
quantitative distribution of miRNAs, implying random
and independent sorting to individual Argonautes.

Although our results so far demonstrated that the
homeostasis of miRISC is quantitatively determined by
the expression of individual Argonautes, it remained pos-
sible that newly synthesized miRNAs are preferentially
processed by Ago2 and then distributed to other Argo-
nautes. To test this hypothesis, we employed a miR-203-
inducible cell line (K14-rtTA;TRE-miR-203) and examined
the distribution of this miRNA after a short pulse of
doxycyclin in the cultured keratinocytes. After 1 h of
induction, we performed Ago-IPs and quantified the
amount of miR-203 associated among Agol1-3. Consis-
tent with a random sorting mechanism, we observed
that Agol, Ago2, and Ago3 all loaded miR-203 in a pro-
portion similar to uninduced cells (Fig. 5B). This finding
reveals that, within this time scale, newly synthesized
miRNAs are not preferentially loaded onto Ago2, but
distribute among Argonautes comparably. All together,
our data reveal that the formation of the miRISC is
quantitatively correlated with the expression levels of
Argonautes.

Quantitative analysis of the miRNA pathway
in human melanoma cells

Our studies thus far focused on mouse skin. To extend
our findings to human cells with different developmental
origins, we examined a human melanoma cell line
(WM239A). Although usually characterized as skin can-
cer, melanoma is derived from melanocytes with neuro-
nal origin that is distinct from skin epithelium. We first
measured the quantity of miRNAs associated with in-
dividual Argonautes using Ago-IP and qPCR. Similar to
mouse skin, Ago2 emerged as the isoform that bound the
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Figure 5. Quantitative distributions of miRNAs among Argonautes are determined by their expression level in the skin. (A) By IP-qPCR,
Ago2 associates with the most miRNAs, followed by Agol, then Ago3. Shown are 10 abundantly expressed miRNAs in mouse epidermis.
When normalized to Ago3-associated miRNAs (set as 1.0 U), Agol associates with an average of 3.8 U of miRNAs, and Ago2 associates
with an average of 8.5 U of miRNAs. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001; n = 3. (B) Newly synthesized miR-203 distributes
proportionally to three Argonautes in cultured keratinocytes. (Inset) The overall miR-203 level is increased to 1.28-fold after 1 h of

induction. P-value is shown (n = 3).
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Table 1. Shotgun proteomics quantifies the relative abundance of Argonautes and the key components of the miRNA pathway in

mouse skin and human melanoma cells

(A) Quantification of Ago proteins in mouse epidermis

Apportioned SC

Molecular weight

Agol 8.05
Ago2 14.95

97,101 Da
97,323 Da

(B) Quantification of Ago proteins in human melanoma cells

Apportioned SC

Molecular weight Relative abundance

Agol 22.10
Ago2 79.99
Ago3 21.91
All Ago

97,214 Da 2.27
97,208 Da 8.23
97,360 Da 2.25

12.75

(C) Quantification of the components for the miRNA pathway in human melanoma cells

Apportioned SC

Molecular weight Relative abundance

GW proteins

Tnrc6a 16.00
Tnrc6b 82.00
Tnrc6e 7.00
All Tnrc6
Microprocessor complex
Drosha 20.00
Dgcr8 44.00
Dicer processing and RISC loading
Dicer 66.00
TARBP2 31.00
PACT 40.00
Nuclear export
Xpo5 124.00
Xpol 162.00
Xpot 91.00
NXF1 61.00

182,053 Da 0.88
186,689 Da 4.39
175,964 Da 0.40
5.67

159,316 Da 1.26
86,045 Da 5.11
218,682 Da 3.02
36,916 Da 8.40
34,404 Da 11.63
136,311 Da 9.10
123,386 Da 13.13
109,964 Da 8.28
70,182 Da 8.69

highest levels of all miRNAs tested (Fig. 6A). However,
unlike mouse skin, the miRNAs associated equally with
Agol and Ago3 (Fig. 6A). Overall, miRNAs associated
with Agol, Ago2, and Ago3 was 0.95, 2.8, and 1.0,
respectively. We also performed shotgun proteomics to
quantify the abundance of each Argonaute in the WM239A
cell line (Table 1B). We detected 389,398 peptides (total SCs)
that represented 10,021 proteins. We obtained 16 unique
counts for Agol, 67 unique counts for Ago2, and 16 unique
counts for Ago3, as well as 18 counts indistinguishable
among Agol—4, six counts indistinguishable among Ago1/3/
4, and one count indistinguishable between Agol and Ago2
(Supplemental Table 4). Because Ago4 failed to generate any
unique counts, we concluded that it is expressed at a very
low level and we apportioned all “bridge” peptides to Agol/
2/3. We determined that the ratios among individual
Argonautes, based on the normalized SCs, were Agol:A-
g02:Ago3 = 1.0:3.6:1.0 (22:80:22), comparable with our
quantitative analysis for miRNAs (Fig. 6A).

To validate our proteomics analysis and quantify the
absolute expression level of Argonautes, we obtained
synthetic Ago proteins with a minimum purity of >88%
(see the Materials and Methods). By using the synthetic
proteins, we generated a standard curve for each Argonaute
and determined their expression level in both mouse

epidermis and human melanoma cells (Fig. 6B-D). We
determined, for 0.5 X 10° cells, that 3.2 ng of Agol and
6.2 ng of Ago2 are expressed in P4 epidermis and 1.7 ng of
Agol, 5.6 ng of Ago2, and 1.8 ng of Ago3 are expressed in
WM239A cells. The ratio among Argonautes, determined
by the absolute quantification—e.g., Agol:Ago2 = 1.0:1.9
in the epidermis, and Agol:Ago2:Ago3 = 0.94:3.3:1.0 in
WM239A cells—showed a remarkable consistency with
miRNA quantification determined by IP-qPCR (Figs. 5A,
6A), as well as Argonaute quantification determined by
proteomics (Table 1A,B). Together, we conclude that in
both mouse epidermis and human melanoma cells, the
distribution of miRNA species among individual Argo-
nautes is determined by the abundance of Argonautes and
that Ago2 is the most abundant Argonaute. Importantly,
with the absolute quantification, we estimate (with ~80%
efficiency in protein extraction) that the total copy number
of Argonaute proteins is ~1.4 X 10° to 1.7 X 10° molecules
per cell in mice and humans.

The large-scale and quantitative proteomics data also
afforded us an unprecedented opportunity to examine
quantitative features of the miRNA pathway (Table 1B,C).
It has been previously demonstrated that the relative
protein abundance, estimated by correcting SCs by protein
molecular weight, correlates well with protein concentra-
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Figure 6. Quantitative distributions of miRNAs among Argonautes are determined by their expression level in human melanoma
cells. (A) Quantitative analysis of miRNAs binding to three Argonautes in human melanoma cell line WM239A. When normalized to
Ago3-associated miRNAs (set as 1.0 U), Agol associates with an average of 0.95 U of miRNAs, and Ago2 associates with an average of
2.8 U of miRNAs. No significant difference was observed between Agol IP and Ago3 IP for any miRNA. (**) P <0.01; (***) P < 0.001;
n = 3. (B) Absolute quantification of Agol expression in WM239A and P4.5 epidermis using synthetic Agol protein. (C) Absolute
quantification of Ago2 expression in WM239A and P4.5 epidermis using synthetic Ago2 protein. (D) Absolute quantification of Ago3
expression in WM239A and P4.5 epidermis using synthetic Ago3 protein. (P4.5 Epi) P4.5 epidermis.

tions (Ishihama et al. 2005). Furthermore, our absolute
measurement for Argonautes directly validated the quan-
titative feature of our proteomics data set (Fig. 6). We then
calculated the relative abundance of each protein in the
miRNA pathway in the melanoma cells (see the Materials
and Methods; Weiss et al. 2010; Meyer-Arendt et al. 2011).
The total for Argonautes summed to 12.75, approximately
twofold higher than the total of 5.67 for GW proteins
(Tnrc6a—c). This suggests an interesting possibility that
~50% of Argonautes are not associated with GW proteins.
The ratio between Drosha and Dgcr8, two essential com-
ponents of the nuclear miRNA microprocessor complex,
was ~1:4 (1.26:5.11). This suggests that multiple Dgcr8
molecules work with a single Drosha molecule to form the
microprocessor complex for the nuclear cleavage of pri-
mary miRNA (pri-miRNA). The relative abundance of
Dicer was 3.02, ~25% that of the Argonautes, whereas
the total for TRBP (TARBP2) and PACT, two critical
cofactors of Dicer for dSRNA loading from Dicer to Ago
(Chendrimada et al. 2005; Lee et al. 2006; Noland et al.
2011), were 8.40 and 11.63, respectively. Together, both
RNase III enzymes, Drosha and Dicer, were significantly
less abundant than the Ago and GW proteins, consistent
with their role as the processing enzyme, whereas the Ago
and GW proteins are core components of the mature
miRISC. The single most abundant component that is
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involved in the miRINA pathway, however, was Xpo5, with
a relative abundance of 9.10. The abundance of Xpo5 is
thus comparable with Xpot (8.28), an abundantly expressed
factor for the nuclear export of tRNA, and Xpol (13.13),
a highly expressed export factor for ribosomal RNA.

Overexpression of Ago2 or Ago3 rescues the growth
defects of Ago1/2 dKO cells

Our biochemical and genetic analyses suggest that Ago
proteins function similarly to load miRNAs and the
amount of miRNAs associated with each Ago is corre-
lated with their expression level. Thus, we surmised that
the overexpression of individual Ago proteins might
rescue the Agol/2 dKO defects. Because the miRNA
pathway is required for the survival of epidermal kerati-
nocytes in culture (e.g., keratinocytes derived from both
Dicer ¢cKO and Ago1/2 dKO fail to survive) (data not
shown), we reasoned that we could initially test the
hypothesis by examining whether the overexpression of
individual Ago proteins could rescue the growth defects.
We first established keratinocytes from Ago1/2" epider-
mis and infected them with MSCV-GFP, MSCV-Ago2-
GFP, or MSCV-Ago3-GFP, respectively. We then infected
these cells (GFP*) with AdCre that mediates the complete
deletion of Ago1/2"" alleles within 48 h and measured



the colony formation capacity (Fig. 7A). As expected,
MSCV-GFP-infected cells only had a few abortive colo-
nies 7 d after the removal of Agol/2. In contrast, both
Ago2- and Ago3-infected cells gave rise to many pro-
ductive colonies (Fig. 7B). Furthermore, Ago2- and Ago3-
infected cells showed a similar rescue to the growth
defects, as judged by the number and size of the colonies
(Fig. 7B). These results indicate that when overexpressed,
both Ago2 and Ago3 are able to rescue the growth defects
of Ago1/2 dKO keratinocytes.

Discussion

At the heart of the miRISC, Argonautes have attracted
considerable interest for their functions in miRNA bio-
genesis and function (Hock and Meister 2008; Czech and
Hannon 2011). Our study, using comprehensive approaches
including Ago-specific miRISC isolation, miRNA cloning
and sequencing, mouse genetics, and proteomics, now
provides the first quantitative view for the function of
Argonautes in mammalian development. We demonstrated
that Ago2 is the most abundant Argonaute and associates
with a majority of miRNAs in both mouse skin and human
melanoma cells. Surprisingly, despite its unique slicer
activity, Ago2 is dispensable for skin development. In
mammals, the requirement for slicer activity has been
demonstrated in (1) endo-siRNA biogenesis in oocytes
and embryonic stem cells (Babiarz et al. 2008; Tam et al.
2008; Watanabe et al. 2008), (2) miR-451 biogenesis in
blood (Christodoulou et al. 2010; Cifuentes et al. 2010;
Yang et al. 2010), and (3) rare mRNA cleavage by miRNA
(Yekta et al. 2004; Karginov et al. 2010). Because >100
miRNAs are highly expressed in the skin, many of which
are universally expressed in all organs and tissues (e.g.,
the let-7 family, miR17~92 cluster, and miR21) (Yi et al.
2006), our results suggest a limited requirement for
slicer activity of Ago2 in somatic tissues; e.g., skin.
Our data also show that the passenger strand cleavage
activity of Agol and Ago2 has no major impact for the
pool of miRNAs in the skin. When we delete both Agol
and Ago2, the content of the remaining miRNAs still
closely resembles the wild type despite a significant re-
duction of miRNAs globally. Thus, our results lend
support to the notion that the passenger strand cleavage
activity is dispensable for miRISC formation (Matranga
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et al. 2005) and extend the finding to hundreds of miRNAs
in vivo. However, the dramatic loss of global miRNAs
indeed leads to severe developmental defects in the skin,
reminiscent of both Dicer- and Dgcr8-null skin. Notably,
conditional ablation of Ago2 has been linked to significant
down-regulation of global miRNAs in blood and the brain
(O’Carroll et al. 2007; Schaefer et al. 2010), suggesting an
even higher percentage of Ago2-miRISC in these tissues.
Interestingly, Ago2 is specifically stabilized by hydroxyl-
ation (Qi et al. 2008), and this may contribute to the
observed high abundance. We propose that a high level of
Argonautes is important to maintain the miRNA path-
way. In this regard, Ago2 still emerges as the most impor-
tant Argonaute because of its abundant expression. We also
note that the differential expression of individual Argo-
nautes provides an opportunity to control miRNA activities
by manipulating each Argonaute and their associated
miRISC.

The quantitative proteomics data provide a wealth of
knowledge for the miRNA pathway in mammals. For
example, our results demonstrate an ~2:1 ratio between
Argonautes (12.75) and GW proteins (5.67). Because
Argonautes function in both miRNA loading and miRISC
targeting, whereas GW proteins only function in mature
miRISC, this observation suggests that significant amounts
of Argonautes are not in the final miRISC. More impor-
tantly, although miRNAs are randomly sorted to individual
Argonautes, each Argonaute could associate differently
with GW proteins to execute dynamic functions. We also
identified a 1:4 ratio between Drosha (1.26) and Dgcr8
(5.11). Recently, it was shown that two Dgcr8 molecules
dimerize to work with one Drosha molecule for pri-
miRNA cleavage (Sohn et al. 2007; Senturia et al. 2010).
Interestingly, a two-step model has been proposed in
which Dgcr8 preferentially and directly interacts with
pri-miRNA, followed by transient Drosha cleavage (Han
et al. 2006). Our data thus provide a stoichiometric
picture for this process. The data also shed light on
Dicer processing of dsSRNA. TRBP and PACT have been
identified as key cofactors for dsSRNA loading from Dicer
to Ago (Chendrimada et al. 2005; Lee et al. 2006). It was
recently proposed, based on biochemical studies, that
TRBP or PACT forms a heterodimer with Dicer to sense
the thermodynamic asymmetry of dsRNA; e.g., siRNA or
miRNA (Noland et al. 2011). Both TRBP and PACT exist

Figure 7. Overexpression of individual Ago proteins
rescues the growth defects in Ago1/2 dKO cells. (A)

‘ Schematic illustration of the experimental design. (B)

Most of GFP-infected Ago1/2/! keratinocytes die after

. the removal of Agol/2 by AdCre. In contrast, over-

expression of either Ago2 or Ago3 rescues the growth
defects. (***) P < 0.001, compare with the GFP control;
n=4.

GFP Ago2 Ago3
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in excess to Dicer, probably reflecting their diverse roles
in other pathways. It will be of great interest to determine
whether the Dicer:TRBP complex functions similarly or
differently compared with the Dicer:PACT complex in
vivo. Finally, Xpo5 (9.10) emerges as a highly expressed
protein in the miRNA biogenesis pathway. Its abundance
is on a par with Xpot (8.28), which exports tRNA, and
Xpol (13.13), which exports rRNA, as well as NXF1 (also
known as TAP [8.69]), which exports cellular mRNA.
Because Xpo5 is easily saturated, and this dampens miRNA
biogenesis (Yi et al. 2005; Grimm et al. 2006), it indicates
a stringent requirement for the high level of Xpo5 expres-
sion by the miRNA pathway.

Finally, our quantification with synthetic Ago proteins
enables us to estimate the absolute expression level of
Argonautes in both mice and humans. With an estimated
80% efficiency for protein extraction, we determined that
the total copy number of Argonautesis ~1.4 X 10°to 1.7 X
10° molecules per cell. Because all mature miRNAs
associate with Argonautes in a 1:1 manner, our estimate
likely represents an upper limit for the copy number of
total mature miRNAs. With recent appreciation for the
quantitative nature of miRNAs’ functions (Mukherji
et al. 2011; Tay et al. 2011), our results thus provide
a framework to quantitatively decipher complex regula-
tion of gene expression mediated by the miRNA pathway.

Materials and methods

Ribonucleicprotein IP (RIP) assay

RIP assay was performed following the protocol published pre-
viously (Keene et al. 2006), with minor modifications. Briefly,
antibodies were first incubated with 10% protein G slurry for 2 h
at 4°C, and then the cell lysates were added to the antibody complex
and incubated for 4 h. After incubation, the supernatant was saved
for the analysis of the IP efficiency. The agarose beads were treated
with 30 pg of proteinase K to release the ribonucleicprotein
components. For extraction of RNA, Trizol reagent (Invitrogen) was
used by following the manufacturer’s protocol. For each IP, 2, X 10°
to 5 X 10° epidermal keratinocytes, 5 pL of Agol Ab (1 pg/uL;
MBL), 5 uL of Ago2 Ab (1 pg/nL; Wako), and 2 wL of Ago3 Ab (3.3
wg/nL; a gift from M. Siomi) were used. For miR-203-inducible
experiments, doxycycline was added to K14-rtTA:pTRE-miR-203
MK cell for 1 h, and then 2 X 10° cells were collected and lysed for
IP. With the human melanoma cell line WM239A, 5 X 10° cells
were used for each IP; Agol and Ago3 Ab were the same as above,
except Ago2 Ab was human-specific and was characterized pre-
viously (Azuma-Mukai et al. 2008) (2.5 pg/uL; a gift from M. Siomi).

Normalization for AgoIP-gPCR

For all experiments, a 10% amount of lysate of that used for IP
was used as the “total RNA” control and subjected to RNA
extraction and qRT-PCR together with the IP samples. After
qRT-PCR, for each miRNA, individual Ago-IP was first com-
pared with the “total RNA” directly, then divided by 10 to obtain
the value for “normalized enrichment in each IP.”

Precipitation of protein from the supernatant after IP

After IP, ~1 mL of supernatant was collected. Two percent
sodium-deoxycholate (1/100 vol) was added, followed by 15
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min of incubation on ice; then 1/10 vol of 100% trichloroacetic
acid was added, followed by 1 h of incubation on ice. Proteins
were pelleted by centrifugation and washed with acetone. After
drying, the pellet was resolubilized with Laemmli sample buffer
and used directly for Western blotting.

Small RNA cloning, sequencing, and annotation

Construction of small RNA libraries was performed as described
previously (Yi et al. 2006, 2009). The small RNA libraries were
sequenced using an Illumina HiSeq2000 sequencer and anno-
tated as previously described (Yi et al. 2006, 2009).

Reverse transcription and real-time PCR miRNA
expression analysis

Reverse transcriptions were performed using miScript reverse
transcription kit (Qiagen). Real-time PCR reagents and miScript
primers for miRNAs and control Sno25 were from Qiagen.
Reactions were performed according to the manufacturer’s man-
ual and on a CFX384 real-time system (Bio-Rad). Differences
between samples and controls were calculated based on the
278ACl method.

Mice and animal maintenance

Agol and Ago2 floxed models were described previously
(O’Carroll et al. 2007) and bred to K14-Cre for the skin condi-
tional deletion. Dicerl and Dgcr8 skin ¢cKO models were de-
scribed previously (Yi et al. 2006, 2009). Mice were bred and
housed according to the guidelines of the Institutional Animal
Care and Use Committee at a pathogen-free facility at the
University of Colorado at Boulder.

Immunofluorescence, immunoblot. and antibodies

Immunofluorescence and immunoblot were performed as de-
scribed (Yi et al. 2006), with the following primary antibodies:
Lefl (1:100; a gift from E. Fuchs), p63 (1:500; Cell Signaling), g4-
integrin (B4, 1:200; BD Biosciences), cleaved Caspase-3 (1:500;
Cell Signaling); Agol (1:2000; MBL), Ago2 (1:1000; Wako), and
B-tubulin (1:2000; Developmental Studies Hybridoma Bank).

Proteomics

Tryptic digests of 250 pg of human melanoma cell (WM239A) or
mouse keratinocyte proteins were generated using the filter-aided
sample preparation (FASP) protocol described by WiSiniewski
et al. (2009). LC-MS/MS was carried out using a Thermo
LTQ-Orbitrap Velos mass spectrometer interfaced with a Waters
2D nanoAcquity UPLC outfitted with Waters BEH C18 reversed-
phase columns for the first (pH 10, 5 cm X 300 mm i.d, 5 mm)
and second (pH 2.5, 25 cm X 75 mm i.d, 1.7 mm, 100 A)
dimensions. For each cell type, one-third of each sample was
separated into 18 steps of increasing acetonitrile (4%-65%) in
the first dimension, each followed by gradient elution (8 %-32%
acetonitrile) in the second dimension. MS/MS were collected
enabling settings for monoisotopic precursor and charge selec-
tion. Ions with charge state unassigned or equal to 1 were
excluded. For each MS scan, the 10 most intense ions were
targeted with dynamic exclusion for 180 sec at 20 ppm exclusion
width and repeat count = 1. The maximum injection time for
Orbitrap parent scans was 500 msec, allowing one microscan and
AGC =1 x 10° The maximum injection time for the LTQ MS/
MS was 250 msec, with one microscan and AGC 1 X 10*. The



normalized collision energy was 35%, with activation Q = 0.25
for 30 msec.

Data sets of keratinocytes or melanoma cells, respectively,
consisted of one or four complete 2D-LC-MS/MS runs. For each
data set, MS/MS were searched against a human protein database
(IPI version 3.65) using MASCOT, with MOWSE thresholds set
to false discovery rate (FDR) = 1% using decoy database search-
ing. MOWSE thresholds for MH,*2, MH;3*3, and MH,** and above
were 26.2, 16.8, and 15.7, respectively. Parent ion tolerances
were set to 50 ppm on the monoisotopic peak (Ag) and the first
isotopic peak (A;), and the fragment ion tolerance was set to 0.5
Da, allowing one missed cleavage. Protein inference was carried
out using the peptide-centric algorithm IsoformResolver, which
generates protein profiles displaying all identified and inferred
proteins, listing SCs for “bridge” peptides, which are found in two
or more primary proteins, versus “nonbridge” peptides, whose
presence distinguishes primary proteins (Meyer-Arendt et al.
2011). Relative protein abundances were estimated by first
apportioning SCs (apportioned SC) for bridge peptides according
to the distribution SCs for nonbridge peptides and then nor-
malizing by protein mass. Specifically, it was calculated as
relative abundance = (apportioned SC/MW) X 10,000.

The keratinocyte data set comprised 4993 proteins, 1505 with
only one unique peptide; 21,770 unique peptides; 38,987 total
peptides (total SC); 157,648 total MS/MS attempts.

The melanoma data set comprised 10,021 proteins, 1590 with
only one unique peptide (16%); 87,527 unique peptides; 389,398
total peptides (total SC); 1,097,985 total MS/MS attempts.

Absolute quantification of Ago proteins

His-tagged recombinant Agol protein (NP_036331.1; >97% pu-
rity), Ago2 protein (Q8CJGO; >88% purity), and Ago3 protein
(Q9HI9GT7-1; >88% purity) were purchased from Sino Biological,
Inc. The concentration of the proteins was provided by the
supplier and confirmed by Nanodrop. Standard curves were
determined experimentally. A half-million WM239A cells or
P4.5 epidermal keratinocytes were lysed and loaded for each
Western blotting. Both standard curve generation and protein
expression quantification were determined by Image]. The mo-
lecular weight of Agol is 97.2 kDa, Ago2 is 97.3 kDa, and Ago3
is 97.4 kDa. For a half-million cells, 8 ng of Ago protein represents
1 X 10° molecules per cell.

In vitro rescue assay

Agol1/2 double-floxed (Agol/2) keratinocytes were isolated
from P4.5 mouse epidermis. After infection with MSCV-GFP,
MSCV-Ago2-IRES-GFP, or MSCV-Ago3-IRES-GFP, GFP-positive
cells were isolated using Moflo XDP cell sorter (Beckman Coulter).
GFP-positive cells were further infected with Adeno-CreGFP
(AdCre) to delete endogenous Agol and Ago2. The multiplicity
of infection (MOI) = 50 was experimentally determined to convert
floxed alleles to null alleles with >99% efficiency. AdCre-infected
cells were cultured for 7 d to assay the growth phenotype.

Statistical analysis

Unpaired Student’s t-test was performed and the P-value was
calculated for each experiment. For all experiments with error
bars, standard deviation was calculated to indicate the variation
within each experiment.
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