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Figure 6. TRBP serines 283/286 are essential for the TRBP/S6K2 interaction in HDLECs. (A) PLA analysis of TRBP and S6K2 in HDLECs transduced
with TRBP-WT (150 ml/80 000 cells), TRBP-AA (600 ml/80 000 cells), and TRBP-DD lentiviruses (200 ml/80 000 cells). The used volumes were calculated
and verified to ensure equal TRBP protein expression between WT and mutant TRBP proteins. Nuclei (blue) and F-actin (green) staining are also shown
(scale bar: 10 � m). PLA events (in red) are indicated with yellow arrows. B. Dot plot illustrating mean number of TRBP/S6K2 PLA events detected under
the same conditions with (A). Values presented are means ± SD. P values are shown (*P < 0.05; ***P < 0.001). (C) Co-immunoprecipitation of S6K2 and
TRBP in HEK293 cells over-expressing S6K2 and TRBP. Cells were transduced with S6K2 and TRBP-WT or TRBP-DD lentiviruses and harvested for
immunoprecipitations when 80% confluent. (D) Quantification of co-immunoprecipitated TRBP with S6K2 in cells overexpressing TRBP-WT or TRBP-
DD.

and that for all the tested miRNAs this effect was post-
transcriptional.

We then tested if the observed increase in TRBP phos-
phorylation and expression in ANG1-treated HDLECs
(Figure 4A) contributes to the increased expression of
ANG1-regulated miRNAs. As the effect of ANG1 on
TRBP expression was modest we partially depleted TRBP

in HDLECs and this ablated the effect of ANG1 on
miRNA expression (Figure 7D). TRBP depletion also af-
fected miRNA expression in HDLECs growing in full
growth factor supplemented media and in cells growing in
the basal media (absence of growth factors; Supplemen-
tary Figure S7F). Furthermore, we found that in HDLECs
grown in basal media, TRBP overexpression was suffi-
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Figure 7. ANG1 enhances HDLEC miRNA expression in a TRBP- and S6K2-dependent manner. (A) Dot plot of miRNA log average expression against
log fold change (FC) for all detectable miRNAs in HDLECs (average normalized signal ≥ 6.4). Percentages of down-regulated (negative log FC) and
up-regulated (positive log FC) are shown. (B) Mature miRNA expression in control and 24 h ANG1 stimulated HDLECs determined by qRTPCR. Values
are illustrated as mean ± SD (n = 4–6). (C) Primary miRNA transcript levels in 24 h Basal media, ANG1 and/or ANG2 treated HDLECs relative to
cells grown in full growth factor containing media (n = 3). (D) Relative HDLEC miRNA expression in control and TRBP siRNA transfected cells post
24 h ANG1 stimulation or culture in Basal media. Immunoblot indicating knockdown levels also shown as insert. (E) miRNA expression in 24 h ANG1
stimulated HDLECs that had been transfected with S6K1 and/or S6K2 siRNAs. miRNA expression data shown is relative to control siRNA transfected
HDLECs that had been stimulated for 24 h with ANG1. (F) miRNA expression in 24 h ANG1 stimulated HDLECs that had been transfected with control
(NTC) or S6K2 siRNAs and lentiviruses encoding for TRBP-WT, TRBP-DD, and TRBP-AA (appropriate volumes of lentiviruses were used to achieve
equal expression of WT and mutant TRBP). For each miRNA, expression levels shown are relative to the average expression of this miRNA amongst the
eight tested samples shown in x-axis. Values presented are means ± SD. P values are shown (*P < 0.05; **P < 0.01; ***P < 0.001).
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cient to increase miRNA expression (Supplementary Fig-
ure S7G). These findings indicated that under these condi-
tions (growth factor starvation) TRBP levels become limit-
ing, and increasing TRBP expression through overexpres-
sion (Supplementary Figure S7G) or ANG1 stimulation
(Figure 4A) could result in increased miRNA expression.

Depletion of S6K2 resulted in a significant reduction in
expression of miRNAs that were induced by ANG1 (miR-
126, miR-16, miR-210, miR-21, miR-221 and miR-132, see
Figure 7B) in ANG1-treated HDLECs (Figure 7E). In con-
trast, S6K1 depletion induced an increase in expression of
the tested miRNAs, whereas levels of all tested miRNAs
were reduced in S6K1/S6K2 depleted HDLECs in com-
parison to S6K1-depleted cells (Figure 7E). These results
were consistent with the effects of S6K depletion on TRBP
phosphorylation and expression (Figure 4B) and the effect
of TRBP depletion on these miRNAs (Figure 7D). The sta-
tistically significant negative effect of S6K2 depletion on the
expression of all tested miRNAs was not observed upon
reintroduction of TRBP (Figure 7F), which at least par-
tially rescued expression of all tested miRNAs. Exogenous
expression of TRBP-AA or TRBP-DD (adjusted to achieve
same TRBP expression levels) also partly rescued the effect
of S6K2 depletion on miRNA expression. This suggested
that, in ANG1-treated HDLECs, the predominant effect of
S6K2-mediated TRBP phosphorylation is maintainance of
optimal TRBP expression and miRNA abundance.

DISCUSSION

Using human primary cells, we describe a previously
uncharacterized S6K2-mediated mechanism controlling
miRNA biogenesis in human primary cells, through regu-
lation of TRBP phosphorylation and expression (Supple-
mentary Figure S7H). Phosphorylation of TRBP-D3 by S6
kinases is a regulatory mechanism specific to TRBP and
does not affect PACT, revealing a significant difference be-
tween the signal transduction mechanisms regulating the
two DICER co-factors. In endothelial cells, this mechanism
can be engaged through TIE2, a receptor tyrosine kinase
with central roles in development, homeostasis, and patho-
logical function of endothelium (20). This provides novel in-
sight into how changes in the extracellular environment can
affect intracellular miRNA biogenesis rates during blood
and lymphatic vessel formation.

We demonstrate that growth factor-mediated TRBP ac-
tivation can lead to significant and widespread changes in
miRNA expression (Figure 7). The impact of ANG1 on
HDLEC miRNA expression should be placed in the con-
text of the described experimental conditions and previ-
ous reports demonstrating that ANG1 has anti-apoptotic
and pro-proliferative effects on endothelial cells (36–38).
Upon growth factor withdrawal, HDLECs are under apop-
totic stress. ANG1 increases expression of some of the most
highly expressed miRNAs in HDLECs (e.g. miR-126, miR-
21, miR-16), for which a 1.2–1.5-fold enhancement corre-
sponds to thousands of miRNA copies per cell. Concurring
with previous reports proposing that the miRNA signature
of a cell confers robustness during responses to stress (39)
and that the miRNA-silencing machinery is required for en-
dothelial cell survival (4–7), we speculate that the ANG1-

mediated enhancement of miRNA expression might con-
tribute to its pro-survival effects in endothelial cells.

The effects of ANG1 on HDLEC miRNA expression are
achieved through regulation of TRBP phosphorylation and
expression by S6 kinases. TRBP phosphorylation at 18 –
24h post ANG1 stimulation, is driven by S6 kinases and
not ERK, which is not activated above background levels at
these stages (Figure 4) but is still required for optimal TRBP
activation (Supplementary Figure S3E). This suggests that
ERK and S6 kinases collaborate to induce TRBP activation
following ANG1 stimulation. Given the previously reported
link between ERK and S6K activation (40), we should note
that it is plausible that ERK can affect phosphorylation of
TRBP indirectly through activating S6K2. Our findings are
consistent with a phosphorylation-induced substrate disso-
ciation model (41,42), suggesting that activated S6K2 phos-
phorylates TRBP, which then dissociates from S6K2 to bind
DICER and enhance miRNA processing (Figures 1C, 5 and
6, Supplementary Figure S5).

We demonstrate that S6K1 and S6K2 play non-
redundant and critical roles in the regulation of TRBP and
miRNA expression in adult human endothelial cells. Al-
though they share several common substrates and activities,
non-redundant activities for the two S6 kinases have been
previously reported (43,44). For example, S6K2, but not
S6K1, controls cell proliferation in cancer cell lines (45,46).
The differential effects of the two kinases in the context of
TRBP activation in ANG1-treated HDLECs (Figure 4B)
are due to the fact that the two kinases participate in dis-
tinct feedback regulatory loops (35), and can display dis-
tinct subcellular localization patterns (47). Indeed, during
ANG1 treatment of HDLECs, TRBP is found in the prox-
imity of S6K2 at significantly higher levels than those ob-
served in control cells, however this is not the case for S6K1
and TRBP (Figure 5). Furthermore, depletion of S6K1 re-
sults in compensatory activation of signalling pathways (e.g.
increased AKT activation; Figure 4B), while S6K2 depel-
tion does not have this effect. However, as TRBP-D3 can be
phosphorylated by both kinases in vitro (Figure 1C), our re-
sults do not exclude the possibility that TRBP phosphoryla-
tion can be predominantly S6K1-dependent in other growth
conditions or cellular contexts.

Implicating S6 kinases in the regulation of miRNA
biogenesis can have far-reaching implications. We spec-
ulate that regulation of mature miRNA levels through
mTOR/S6K-mediated TRBP regulation is likely to be in-
volved in other, non-endothelial, contexts of cellular activa-
tion. Through identifying TRBP as a novel S6K substrate,
we provide a mechanism that links the mTOR pathway to
miRNA biogenesis. We speculate that this is a fundamen-
tal mechanism co-ordinating mRNA translation and RNA-
mediated silencing in mammalian cells.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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