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FIGURE 2 | HTC75 cells depleted for Ajuba show S-phase delay. Attached
and floating cells were processed 72 h after siRNA transfection for (A) FACS
sorting after PI staining, and (B) Western blots for phosphorylated Rb or total

levels of Cyclin A2, with GAPDH as a loading control. (C) Cell cycle profiles of
cells processed as in (A), with% of cells in G1 or G2/M indicated as averages
of three independent experiments.

to activation of ATM as a subsequent effect, although we could
not detect perceptible Chk2 phosphorylation (not shown). In all
cases, the effects were again best seen with siRNA#3. Altogether,
these results support the conclusion that Ajuba depletion led to
phosphorylation of Chk1 and activation of p53, suggesting a role
for Ajuba in repressing the ATR pathway.

We then analyzed the possible activation of apoptosis following
Ajuba depletion by probing for PARP, which is cleaved by caspase
3 upon induction of apoptosis. We found extensive accumulation
of the PARP cleavage product upon Ajuba depletion, again most
significantly with siRNA #3 (Figure 4A). Concomitantly, the num-
ber of dead cells doubled for siRNAs #1 and 2, representing 18%
of the cell count, compared to 7% with the GFP siRNA control,
and topped 30% with siRNA #3 (Figure 4B).

We conclude that the cell death observed was due to the activa-
tion of the endogenous apoptotic pathway following ATR and p53
and activation.

DEPLETION OF AJUBA IN IMR90 CELLS RESULTS IN A G2/M DELAY
It was important to analyze the response to Ajuba depletion in
another, unrelated cell line in order to establish the importance of
the results, and also to address whether the molecular events were
specific to tumor cells, or applicable to normal, non-transformed,
diploid cells. We chose for this purpose the cell line IMR90, a
commonly used primary human fibroblast line. We found that
the effects of Ajuba depletion were strikingly similar between
HTC75 and IMR90, and not acquired properties as part of a tumor
phenotype.

Depletion of Ajuba in IMR90 cells (Figure 6A) led to a reduc-
tion in cell count (Figures 5A,B) and an apparent delay in the
cell cycle (Figure 5C). In this case, the delay appeared to be
at the G2/M phase (averages of 22.79% against 9.23% in con-
trols) (Figure 5C), corresponding to another known checkpoint
for ATR-Chk1 (through Cdc25C, see Discussion). In depleted
cells, an increase in Cyclin A2 (Figure 6C), phosphorylation of
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FIGURE 3 | Depletion of Ajuba results in activation of the DNA damage response. (A) Staining for p53BP1 foci on cells fixed 72 h after transfection with
siRNA #3, and siGFP as a negative control. Quantification of the number of p53BP1 foci on three independent siRNA experiments shown in (B). (C, D) Western
blots for induction of Chk1 phosphorylation and induction of p53 phosphorylation, showed for the three target sites, 72 h after siRNA transfection.

Chk1 (Figure 6D), and, to a lesser degree, hyperphosphoryla-
tion of Rb (Figure 6C), were observed, most prominently with
siRNA #3 (not shown). The induction of p53BP1 foci was also
evident in Ajuba-depleted cells (Figure 6B). We did detect a
low level of PARP cleavage indicating some degree of apopto-
sis in the cell population (Figure 6D), in accordance with what
we observed in HTC75 cells. However, massive apoptosis was
not observed nor expected, given the low degree of apopto-
sis activation in human fibroblasts (Duelli and Lazebnik, 2000).
Thus, the nature of the response was highly similar in both cell
types analyzed, with, in both cases, an obvious activation of ATR
signaling.

We conclude that depletion of Ajuba in IMR90 leads to a
qualitatively similar response to our tumor cell system HTC75,
which corresponds to ATR activation, but with a different out-
come regarding the nature of the cell cycle profile (G2/M delay in
IMR90 versus S-phase delay in HTC75). This variation could be
due to the different downstream effects of ATR signaling in these
two different cell types.

AJUBA IS IN A COMPLEX WITH RPA IN UNPERTURBED HTC75 OR
IMR90 CELLS
In order to obtain insight on the role of Ajuba in early ATR acti-
vation, we reasoned that it could inhibit signaling in the absence
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FIGURE 4 | HTC75 cells depleted for Ajuba undergo apoptosis. (A) Western blot probed with anti-PARP antibody (top), with GAPDH as a loading control
(bottom), for the siRNAs indicated on top of the lanes. (B) Cell viability measured by Trypan Blue staining, 72 h after transfection with the indicated siRNAs.

of extensive DNA damage during the course of a normal S phase,
and that depletion of Ajuba might engage an inappropriately mas-
sive response to replication stress. One possibility of how Ajuba
exerts its influence on ATR signaling is suggested by our analy-
sis of the role of another, related, LIM protein, TRIP6. We have
found that TRIP6 binds POT1 by associating with the OB folds
of the protein, and represses the DDR at telomeres (Sheppard
and Loayza, 2010). Given the high similarity between TRIP6 and
Ajuba, we hypothesized that the Ajuba LIM domains could be
dedicated to associate with the RPA OB folds, a known platform
for ATR activation (Xu et al., 2008). We tested this hypothesis
by asking whether we could immunoprecipitate RPA with Ajuba
antibodies (Figure 7A). We found that, in both HTC75 and IMR90
cells, RPA32 could be pulled down with a monoclonal anti-Ajuba
antibody as well as with an anti-Ajuba peptide serum, suggest-
ing an interaction between the RPA complex and Ajuba in these
cells. Since RPA phosphorylation is required for ATR activation,
we hypothesized that Ajuba could prevent this modification. A
direct prediction of this model is that, in Ajuba-depleted cells, RPA
should be detected as a phosphorylated form indicating activation
of the early steps in the ATR pathway. We have tested a monoclonal

antibody raised against phosphorylated RPA32-Thr21, known to
be PIKK-dependent (Anantha et al., 2007), and found that this
form of RPA was significantly increased in Ajuba-depleted cells
(Figure 7B). Again, this effect was observed in both cell types
used in this study. It would be interesting to test other RPA
phosphorylation sites (Liu et al., 2012), such as Ser33 (ATR-
dependent) or Ser4/8 (DNA-PK-dependent). We propose a model
(Figure 7C), based on our results, in which Ajuba, in unperturbed
cells, associates with RPA and protects RPA from unscheduled
phosphorylation events, which could lead to an inappropriate ATR
response.

DISCUSSION
This study describes the implication of a novel partner in the
DDR, the LIM protein Ajuba. We show here that Ajuba can be
described as an inhibitor of the ATR-dependent DDR. This con-
clusion is based on our observations that depletion of Ajuba leads
to a genome-wide DDR which is consistent with ATR activation,
such as Chk1 phosphorylation, p53 activation, and induction of
p53BP1 foci. The resulting response is a strong overall activa-
tion of the pathway as judged by the detection of PARP cleavage,
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