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Simple Summary: CXCR4 is critically involved in triple-negative breast cancer metastasis. LASP1 was
previously found to be necessary for CXCR4-dependent tumor cell invasion. Here we aimed to
understand how LASP1 can have such a powerful role this process that is critical to metastasis.
We found Ago2, a master regulator protein, to associate with LASP1 in response to CXCR4 activity.
Furthermore, we found that this association was responsible for affecting the expression of proteins
regulated by Ago2.

Abstract: The CXCR4-LASP1 axis is an emerging target in the field of breast cancer metastasis.
C-X-C chemokine receptor type 4 (CXCR4) mediates directed cell migration when activated by
its cognate ligand CXCL12. LIM and SH3 Protein 1 (LASP1) is a critical node in the CXCR4
signaling pathway, as its deficiency blocks CXCR4-dependent Matrigel invasion. The mechanism by
which LASP1 facilitates this invasive ability of tumor cells when CXCR4 is activated is unknown.
Our previous proteomics work had revealed several components of the RNA interference (RNAi)
machinery as being potential LASP1 interacting proteins. Here we report that argonaute 2 (Ago2),
a protein with central involvement in RNAi, associates with LASP1 in triple-negative breast cancer
(TNBC) cells. We demonstrate that LASP1 co-immunoprecipitates with Ago2 endogenously in
a CXCL12-dependent manner, with further confirmation of this interaction by proximity ligation
assay. Furthermore, this association is specific to CXCR4 as it can be abrogated by the CXCR4
antagonist, AMD3465. By GST-pulldown approach, we identify that LASP1 directly binds to
Ago2 through its LIM and SH3 domains, and that this binding is dictated by the S146 and Y171
phosphorylation sites of LASP1. Additionally, the phosphorylation status of LASP1 affected tumor
suppressor microRNA (miRNA) Let-7a-guided Ago2 activity. Levels of several endogenous targets
of Let-7a were found to be altered including C-C chemokine receptor type 7 (CCR7), which is another
critical chemokine receptor involved in metastasis to lymph nodes. Our results suggest a novel role
for the LASP1-Ago2 module in shaping the RNAi landscape, functionally impacting the invasive
ability of cancer cells.

Keywords: Argonaute2; LASP1; CXCR4; Let-7a; triple negative breast cancer

1. Introduction

Triple-negative breast cancer (TNBC) has the lowest pathological complete response (pCR) of
all breast cancers. Though it initially responds to therapy, it quickly becomes refractory to current
neoadjuvant chemotherapies (NACT) involving platinum drugs, taxanes and anthracyclines [1–3].
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TNBC is stratified into multiple subtypes, each having distinct molecular patterns [4–6]. One of the
defining features of TNBC is its high incidence of metastasis [7], particularly to the lungs, bone and
brain when compared with other types of breast cancer [3]. Primary, localized breast cancer is rarely
lethal, but it can metastasize to other critical organs throughout the body. Between metastasis and
chemotherapy resistance [8], treating TNBC patients is an extreme challenge with a generally poor
clinical outcome. Therefore, it is imperative to identify novel therapeutic targets critically involved in
the metastatic process, in the hopes of developing drugs effective at improving the quality of life and
longevity of TNBC patients.

LIM and SH3 Protein 1 (LASP1) is an adaptor protein that is overexpressed in breast cancer [9],
and plays a critical role in tumor cell migration [10] and invasion [11]. LASP1 was identified as
an adaptor protein as it facilitates protein-protein interactions and interacts with a significant number
of proteins [12]. The effect of LASP1 on focal adhesion dynamics [13] through its interaction with zona
occludens 2 (ZO-2) [14] and zyxin [15], as well as its impact on motility through association with the
chemokine receptor CXCR4 [16] and vimentin [17], suggests an intricate role for LASP1 in breast cancer
metastasis. In addition to breast cancer, LASP1 has also been shown to be important in the migration
of lung and prostate cancer cells [12]. This role of LASP1 in cancer suggests a critical role in cancer
progression and metastasis.

LASP1 is comprised of four domains: an amino-terminal LIM domain followed by two nebulin
repeats (NR), and a linker domain (LD) connecting the NRs to the carboxyl-terminal src homology
3 (SH3) domain [18–20]. The internal NR repeats are responsible for binding to filamentous actin
(F-actin) [19], while the LIM and SH3 domains interact with multiple proteins. The Lin, Isl and Mec [21]
(LIM) domain mediates the direct binding to chemokine receptors CXCR1-4 [16], while the SH3 [22]
domain was responsible for binding to vimentin [17], zyxin [15] and ZO-2 [14]. Most of the known
LASP1 interacting proteins are either directly or indirectly involved in the process of cell migration,
and their binding dynamics seem to be dependent on the phosphorylation status of LASP1. Of the
four domains of LASP1, only the LD contains validated phosphorylation sites (S146 and Y171). S146 is
phosphorylated by protein kinases A and G (PKA and PKG), dephosphorylated by protein phosphatase
2B (PP2B) [14], and is involved in re-localization of LASP1 from cell membrane extensions and cell-cell
contacts to the cytosol [23]. The non-receptor tyrosine kinases c-Src [24] and c-Abl [13,25] phosphorylate
LASP1 on Y171 and prevent its re-localization from the leading edge to focal adhesions [13]. These sites
were found to be responsible for the LASP1-CXCR4 interaction, where S146 phosphorylation of LASP1
was indicative of binding to CXCR4 and Y171 phosphorylation was responsible for dissociation from
CXCR4 [26].

CXCR4 is a chemokine receptor involved in several processes during embryogenesis,
brain development [27], early stem cell migration [28], and maintenance of hematopoietic stem
cells in postnatal life [29]. The role of CXCR4 in each of these processes is related to its underlying
function of directional migration along the CXCL12 chemokine gradient [30]. In addition to its role
in normal physiology, CXCR4 also plays an important role in disease progression and metastasis of
several different types of solid tumors including breast cancer [31–33]. In breast cancer, CXCR4 is
overexpressed and is responsible for metastasis to predilection sites in the body that are enriched for
CXCL12 including the lungs, bone marrow and brain [34,35].

When LASP1 was stably knocked down in MDA-MB-231 (MDA-MB-231: ATCC® HTB-26™,
Manassas, VA, USA) breast cancer cells, there was an ablation of CXCL12-dependent invasion through
Matrigel® (Matrigel: Discovery Labware, Inc., Bedford, MA, USA) [11]. This profound impact suggests
that LASP1 has a critical role in facilitating the necessary downstream activity required to allow
CXCR4 to drive invasion. As LASP1 is an adaptor protein it is likely that its loss prevents critical
protein-protein interactions downstream in the CXCR4 signaling pathway, leading to the loss of the
ability of tumor cells to invade through Matrigel®.

Duvall-Noelle et al. [11] performed a Multidimensional Protein Identification Technology (MudPIT)
proteomics analysis to identify novel proteins that associate with LASP1 in response to stimulation
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of TNBC cells with CXCL12. The dataset identified several proteins involved in RNAi as potential
LASP1 interacting proteins, which are recruited by the RNA-induced silencing complex (RISC) to
aid in degradation or repression of messenger RNAs (mRNAs). The minimal functional form of the
RISC is an Argonaute protein bound with a miRNA [36–38]. X-linked ribonuclease 1/2 (XRN1/2),
decapping protein 1 (DCP1), and GW182 / trinucleotide repeat-containing adaptor 6A (TNRC6A) are
recruited after an Argonaute protein identifies a target RNA with sufficient sequence complementarity
to the miRNA guide strand [39–41]. GW182 directly binds the Argonaute proteins and facilitates
recruitment of additional proteins involved in degradation or repression of the RNA target [42],
including the deadenylase complexes PAN2-PAN3 and CCR4-NOT1 [43] as well as the polyA binding
protein PABPC1 [44]. The Argonaute protein family is comprised of two subfamilies; the Ago subfamily
containing Argonautes 1–4 (Ago1–4), and the Piwi subfamily containing HIWI1-3 and HILI [45,46].
While all members of the Argonaute protein family utilize small RNAs to perform RNAi, only Ago2
has catalytic activity. Ago2 exhibits endonuclease activity when the guide RNA has proper sequence
complementarity with the target RNA. This allows Ago2 to directly cleave mRNA targets without
recruitment of other proteins involved in the RNAi process [45,46].

In this study, we explore the possibility that LASP1 interacts with Ago2 either directly or indirectly
through the other RNAi associated proteins identified in the MudPIT analysis. We demonstrate
through various approaches that LASP1 interacts with Ago2 which can be stimulated by CXCR4
activity, and that this interaction is caused by a direct binding between the two proteins. Furthermore,
we reveal that this interaction preferentially occurs when LASP1 is dephosphorylated at the S146 site
and phosphorylated at the Y171 site. We also found that this interaction impacts pro-motility and cell
cycle proteins that are targets of Ago2-based RNAi regulation including the CC chemokine receptor
CCR7, cyclin D1 and eukaryotic translation initiation factor G2 (eIF4G2). Based on these results and
previous findings we propose a model where CXCR4 signaling activity stimulates binding of LASP1 to
Ago2, which promotes cell motility by shifting RNAi-based repression away from pro-motility targets.

2. Results

2.1. LASP1 Associates with Ago2 through Its LIM and SH3 Domains

To determine if LASP1 associates with Ago2, we created a series of LASP1 constructs that would
allow us to probe the interaction. These constructs included the full length LASP1 protein, its LIM
domain, the combination of its NR and linker domain (LD and NRLD for the combination), and the
SH3 domain (Figure 1A). The constructs were GST-tagged, expressed, and purified from bacteria
using glutathione-agarose affinity chromatography. The purity of GST-LASP1 and its domains were
verified by SDS-PAGE followed by Imperial Blue protein stain (Figure 1B). To probe the LASP1-Ago2
interaction we employed a GST-pulldown approach, where we incubated the GST-LASP1 and its
domains with total protein lysate from 231S cells. 231S is a variant of the MDA-MB-231 (MDA-MB-231:
ATCC® HTB-26™, Manassas, VA, USA) cell line isolated by flow sort for high cell surface expression
of CXCR4 [11]. Immunoblotting of the pulldown revealed that endogenous Ago2 associates with full
length LASP1 as well as its LIM and SH3 domains (Figure 1C). We also found that Ago1 associated
with LASP1, although it only interacted through the SH3 domain (Figure S1). This revealed that more
members of the Ago family interact with LASP1 and that the LASP1-Ago2 interaction may be unique
among them, as Ago2 is the only family member with catalytic activity.
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Figure 1. LASP1 directly binds to Ago2. (A) Schematic diagram of GST-LASP1 and its domains; FL: 
Full length LASP1 including all residues 1–261; LIM: LIM domain including residues 1–60; NRLD: 
Nebulin repeats and linker domain including residues 51–199; SH3: SH3 domain including residues 
200–261. (B) Imperial Blue Protein Stain of 1.5 nmol of purified GST, GST-LASP1 and its domains 
separated by 10% SDS-PAGE. (C) GST-pulldown of Ago2: 1 mg of 231S lysate was incubated with 1.5 
nmol of each GST-tagged protein. Association of endogenous Ago2 was detected by Western blotting 
and presence of proteins validated by Ponceau S Stain (n = 3). (D) Direct binding of Ago2 to LASP1: 
100 ng or 200 ng of purified recombinant Ago2 was incubated with 1.5 nmol of GST or GST-LASP1. 
Direct binding of recombinant Ago2 was detected via Western blotting and loading of proteins 
validated by Ponceau S Stain (n = 1). (E) Direct binding of Ago2 to LASP1 domains: 100 ng of purified 
recombinant Ago2 was incubated with 1.5 nmol of each GST-tagged protein. Direct binding of 
recombinant Ago2 to different domains of LASP1 was detected by Western blotting and loading of 
proteins was validated by Ponceau S Stain (n = 3). Uncropped version of the Western Blots is present 
in Figure S4. 

2.2. LASP1 Directly Binds to Ago2 Through its LIM and SH3 Domains 

In order to test the possibility of a direct binding interaction between LASP1 and Ago2, we 
incubated purified GST-LASP1 and its domains with purified recombinant Ago2. We found that 
Ago2 was capable of directly binding to LASP1 in a concentration dependent manner (Figure 1D). 

Figure 1. LASP1 directly binds to Ago2. (A) Schematic diagram of GST-LASP1 and its domains; FL: Full
length LASP1 including all residues 1–261; LIM: LIM domain including residues 1–60; NRLD: Nebulin
repeats and linker domain including residues 51–199; SH3: SH3 domain including residues 200–261.
(B) Imperial Blue Protein Stain of 1.5 nmol of purified GST, GST-LASP1 and its domains separated by
10% SDS-PAGE. (C) GST-pulldown of Ago2: 1 mg of 231S lysate was incubated with 1.5 nmol of each
GST-tagged protein. Association of endogenous Ago2 was detected by Western blotting and presence
of proteins validated by Ponceau S Stain (n = 3). (D) Direct binding of Ago2 to LASP1: 100 ng or 200 ng
of purified recombinant Ago2 was incubated with 1.5 nmol of GST or GST-LASP1. Direct binding of
recombinant Ago2 was detected via Western blotting and loading of proteins validated by Ponceau S
Stain (n = 1). (E) Direct binding of Ago2 to LASP1 domains: 100 ng of purified recombinant Ago2 was
incubated with 1.5 nmol of each GST-tagged protein. Direct binding of recombinant Ago2 to different
domains of LASP1 was detected by Western blotting and loading of proteins was validated by Ponceau
S Stain (n = 3). Uncropped version of the Western Blots is present in Figure S4.

2.2. LASP1 Directly Binds to Ago2 through Its LIM and SH3 Domains

In order to test the possibility of a direct binding interaction between LASP1 and Ago2,
we incubated purified GST-LASP1 and its domains with purified recombinant Ago2. We found
that Ago2 was capable of directly binding to LASP1 in a concentration dependent manner (Figure 1D).
We also tested to assess the specific domains that were involved in the binding interaction. We show
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that both the LIM and SH3 domains were capable of directly binding to Ago2 (Figure 1E). This mirrored
the result that we found when using total protein lysates, suggesting that any endogenous interaction
would be a result of a direct binding between the two proteins.

2.3. LASP1 Endogenously Interacts with Ago2 in a CXCL12-Dependent Manner

To determine if the interaction between LASP1 and Ago2 occurs endogenously, we performed
co-immunoprecipitation (Co-IP) and proximity ligation assays (PLA). For the co-immunoprecipitation
we stimulated the 231S cells with 20 nM CXCL12 over the course of 60 min and found two interaction
peaks, with the first peak occurring at 30 min and the second peak at 50–60 min (Figure 2A). To validate
that this effect was downstream of CXCR4 activity, we utilized the CXCR4-specific allosteric inhibitor
AMD3465. AMD3465 is a potent inhibitor with high specificity for CXCR4 [47–49], which has been
shown to strongly inhibit CXCR4 function in breast cancer [50]. We found that the addition of
AMD3465 prior to stimulation with CXCL12 ablated the peak observed at 30 min. This suggested that
the interaction seen at 30 min was specific to CXCR4.

Next, we employed PLA to examine the association between LASP1 and Ago2 following
stimulation with CXCL12 in situ. To this end we utilized a different variant of the MDA-MB-231
(MDA-MB-231: ATCC® HTB-26™, Manassas, VA, USA) cell line termed MDA-Bone-Un,
similarly isolated for its high cell surface expression of CXCR4 [11]. Cells were stimulated with
20 nM CXCL12 for 30 min, either in the presence or absence of AMD3465. We observed a dramatic
increase in both the number and intensity of PLA interactions (dots) when stimulated with CXCL12
(Figure 2B). We also found that the amount of interactions could be diminished when AMD3465 was
added prior to stimulation. We quantified the number of interactions per cell for each condition and
found a 2.5 to 3-fold increase in the +CXCL12 condition over -CXCL12. The CXCL12-dependent
increase in PLA interactions was abrogated when AMD3465 was added (Figure 2C). The PLA and
co-immunoprecipitation results agreed, revealing a specific LASP1-Ago2 interaction in situ that can be
facilitated in the presence of CXCL12. Interestingly, the PLA also revealed that this interaction occurs
throughout the cell including the nucleus (Figure S3). This suggests a global effect of the CXCR4-LASP1
axis on Ago2 and RNAi as Ago2 has different functions in the nucleus, implying that LASP1 may affect
more than one function of Ago2.
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Figure 2. CXCR4-Dependent Association of LASP1 with Ago2 in situ. (A) Co-immunoprecipitation of 
Ago2 with LASP1 after stimulation of 231S cells with 20 nM CXCL12 for 0–60 min, with added 
unstimulated mock control and 30 min stimulation with added 100 nM AMD3465. Total protein 
lysates were resolved by 10% SDS-PAGE and immunoblotted for LASP1 and Ago2 (n = 3). (B) 
Proximity ligation assay of the LASP1-Ago2 interaction in Bone-Un cells under four conditions: 20 
nM CXCL12 stimulation for 30 min(+ CXCL12); 20 nM CXCL12 stimulation for 30 min with pre-
treatment of cells with 100 nM AMD3465 for 30 min (+ CXCL12 and AMD3465); unstimulated Bone-
Un cells (− CXCL12); and single antibody control with no Ago2 antibody. The interactions were 
visualized as immunofluorescent dots (pseudo-colored red), the cellular outlines were marker by F-
actin staining with Phalloidin (pseudo-colored green), and nuclei by DRAQ5 (pseudo-colored blue). 
Merged images of all three channels are provided (n = 2). (C) Quantification of PLA interaction spots 
by ImageJ (Version 1.8.0, https://imagej.nih.gov/) particle analysis. At least 50 cells from each 

Figure 2. Cont.
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Figure 2. CXCR4-Dependent Association of LASP1 with Ago2 in situ. (A) Co-immunoprecipitation of 
Ago2 with LASP1 after stimulation of 231S cells with 20 nM CXCL12 for 0–60 min, with added 
unstimulated mock control and 30 min stimulation with added 100 nM AMD3465. Total protein 
lysates were resolved by 10% SDS-PAGE and immunoblotted for LASP1 and Ago2 (n = 3). (B) 
Proximity ligation assay of the LASP1-Ago2 interaction in Bone-Un cells under four conditions: 20 
nM CXCL12 stimulation for 30 min(+ CXCL12); 20 nM CXCL12 stimulation for 30 min with pre-
treatment of cells with 100 nM AMD3465 for 30 min (+ CXCL12 and AMD3465); unstimulated Bone-
Un cells (− CXCL12); and single antibody control with no Ago2 antibody. The interactions were 
visualized as immunofluorescent dots (pseudo-colored red), the cellular outlines were marker by F-
actin staining with Phalloidin (pseudo-colored green), and nuclei by DRAQ5 (pseudo-colored blue). 
Merged images of all three channels are provided (n = 2). (C) Quantification of PLA interaction spots 
by ImageJ (Version 1.8.0, https://imagej.nih.gov/) particle analysis. At least 50 cells from each 

Figure 2. CXCR4-Dependent Association of LASP1 with Ago2 in situ. (A) Co-immunoprecipitation
of Ago2 with LASP1 after stimulation of 231S cells with 20 nM CXCL12 for 0–60 min, with added
unstimulated mock control and 30 min stimulation with added 100 nM AMD3465. Total protein lysates
were resolved by 10% SDS-PAGE and immunoblotted for LASP1 and Ago2 (n = 3). (B) Proximity
ligation assay of the LASP1-Ago2 interaction in Bone-Un cells under four conditions: 20 nM CXCL12
stimulation for 30 min(+ CXCL12); 20 nM CXCL12 stimulation for 30 min with pre-treatment of
cells with 100 nM AMD3465 for 30 min (+ CXCL12 and AMD3465); unstimulated Bone-Un cells
(− CXCL12); and single antibody control with no Ago2 antibody. The interactions were visualized as
immunofluorescent dots (pseudo-colored red), the cellular outlines were marker by F-actin staining
with Phalloidin (pseudo-colored green), and nuclei by DRAQ5 (pseudo-colored blue). Merged images
of all three channels are provided (n = 2). (C) Quantification of PLA interaction spots by ImageJ (Version
1.8.0, https://imagej.nih.gov/) particle analysis. At least 50 cells from each condition were analyzed for
total number of interactions from each PLA experiment after thresholding the particle size. The results
are reported as number of interactions per cell with error bars representing SEM. Statistical analysis
was performed by one-way ANOVA between − CXCL12 and + CXCL12 (p = 0.0127), and between
+ CXCL12 and + CXCL12 with AMD3465 (p = 0.2833). * represents statistical significance (p < 0.05),
and ns represents no statistical significance (p > 0.05). Scale Bar = 50µm. Uncropped version of the
Western Blots is available in Figure S5.

2.4. The Phosphorylation Status of LASP1 Dictates the LASP1-Ago2 Interaction

Protein-protein interaction dynamics can be influenced by the phosphorylation status of the
proteins involved in the interaction. The changes in the phosphorylation status of LASP1 in response
to CXCR4 activity [26] may be a driving factor in the LASP1-Ago2 interaction. To investigate this
possibility, we created four phosphorylation mutants of LASP1, one phospho-null for each site

https://imagej.nih.gov/
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(S146A and Y171F) as well as one phospho-mimetic for each site (S146D and Y171D) (Figure 3A).
These GST-tagged phospho-mutant LASP1 proteins (Figure 3B) were employed in pulldown assays.
Proteins with LIM domains are known to dimerize through the domain’s zinc-finger motif [51–53],
and while there has currently been no reported LASP1 homodimerization [54,55] the possibility
remains. If LASP1 were to homodimerize, there is a strong possibility that it could homodimerize two
different phosphorylation states of LASP1. This possibility would affect any pulldown experiment for
Ago2 that included endogenous LASP1. In order to eliminate this possibility, we decided to employ
a cell line free of endogenous LASP1 for this assay. In our previous work we published a LASP1
knock-out (KO) in HEK 293 cells [56]. Using the same technique, we employed total cell lysates from
previously generated LASP1 KO in Bone-Un cells [57] which we incubated with our GST-tagged WT
and mutant LASP1 proteins. We found that Ago2 preferred S146A over S146D as well as Y171D
over Y171F (Figure 3C). Previous work showed that the phosphorylation at Y171 increases and S146
phosphorylation decreases with CXCR4 stimulation [26], therefore this result is consistent based on our
finding that the LASP1-Ago2 interaction increases in response to CXCR4 stimulation. To validate this
result, we repeated this phospho-mutant pulldown with purified recombinant Ago2 instead of protein
lysates and found the same pattern of association (Figure 3D). We also tested 231S protein lysates to
see if the endogenous LASP1 would interfere with the result, and we found that Ago2 preferentially
associates with S146A over S146D as well as preferring Y171F over Y171D, with Y171F being the
strongest associator (Figure S2A). This difference in result suggests that the endogenous LASP1 does
alter the association profile, hinting at the possibility of endogenous WT LASP1 homodimerizing with
GST-LASP1 WT or its mutants.

Next, we wanted to determine if creating a double-phosphorylation mutant could improve the
binding affinity of Ago2 to LASP1. We engineered four different combinations of double-mutants
termed SAYF (S146A + Y171F), SAYD (S146A + Y171D), SDYF (S146D + Y171F), and SDYD (S146D
+ Y171D) via site-directed mutagenesis (Figure 3A). These double mutants were also GST-tagged,
and then purified using glutathione agarose beads (Figure 3E). We performed the GST-pulldown
analysis by incubating the double mutants with protein lysate from our Bone-Un LASP1 knockout
cells. As with the single mutant knockout pulldown we observed the expected association pattern
with SAYD being the strongest associator and SDYF being the weakest (Figure 3F). We also performed
a direct binding pulldown to validate the Bone-Un knockout lysate experiment and found the expected
result where SAYD was the strongest binding partner and SDYF the weakest (Figure 3G). We repeated
this experiment with 231S lysates to see if endogenous LASP1 would alter the binding pattern just as it
did in the single mutant pulldown experiment. What we found was this pulldown gave a similar result
to that of the single-mutant pulldown, where the SAYF double-mutant had the strongest association
and the SDYF mutant had the weakest (Figure S2B).
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Figure 3. Phospho-Mutants of LASP1 Differentially Interact with Ago2. (A) Schematic diagram of 
designed LASP1 phosphorylation mutants. (B) Representative profile of purified GST-LASP1 single 
phospho-mutants: 1.5 nmol of each purified mutant was resolved by 10% SDS-PAGE and visualized 
by staining with Imperial Blue stain. (C) LASP1 single-mutant pulldown for Ago2: 1 mg of Bone-Un 
LASP1 KO total lysate was incubated with 1.5 nmol of each LASP1 single-mutant protein. Associated 
Ago2 was detected by immunoblot analysis and loading of GST-fusion proteins was visualized by 
Ponceau S staining. (D) Direct binding of LASP1 single-mutants to recombinant Ago2: 100 ng of 
purified recombinant Ago2 was incubated with 1.5 nmol of each purified single-mutant protein. 
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Figure 3. Phospho-Mutants of LASP1 Differentially Interact with Ago2. (A) Schematic diagram of 
designed LASP1 phosphorylation mutants. (B) Representative profile of purified GST-LASP1 single 
phospho-mutants: 1.5 nmol of each purified mutant was resolved by 10% SDS-PAGE and visualized 
by staining with Imperial Blue stain. (C) LASP1 single-mutant pulldown for Ago2: 1 mg of Bone-Un 
LASP1 KO total lysate was incubated with 1.5 nmol of each LASP1 single-mutant protein. Associated 
Ago2 was detected by immunoblot analysis and loading of GST-fusion proteins was visualized by 
Ponceau S staining. (D) Direct binding of LASP1 single-mutants to recombinant Ago2: 100 ng of 
purified recombinant Ago2 was incubated with 1.5 nmol of each purified single-mutant protein. 

Figure 3. Phospho-Mutants of LASP1 Differentially Interact with Ago2. (A) Schematic diagram of
designed LASP1 phosphorylation mutants. (B) Representative profile of purified GST-LASP1 single
phospho-mutants: 1.5 nmol of each purified mutant was resolved by 10% SDS-PAGE and visualized
by staining with Imperial Blue stain. (C) LASP1 single-mutant pulldown for Ago2: 1 mg of Bone-Un
LASP1 KO total lysate was incubated with 1.5 nmol of each LASP1 single-mutant protein. Associated
Ago2 was detected by immunoblot analysis and loading of GST-fusion proteins was visualized by
Ponceau S staining. (D) Direct binding of LASP1 single-mutants to recombinant Ago2: 100 ng of
purified recombinant Ago2 was incubated with 1.5 nmol of each purified single-mutant protein. Directly
bound Ago2 was detected by immunoblot analysis and loading of GST-fusion proteins was visualized
by Ponceau S staining. (E) Representative profile of purified GST-LASP1 double phospho-mutants:
1.5 nmol of each of the purified proteins were resolved by 10% SDS-PAGE and proteins were visualized
by staining with Imperial Blue stain. (F) LASP1 double-mutant pulldown for Ago2: 1 mg of Bone-Un
LASP1-KO total lysate was incubated with 1.5 nmol of each of the double-mutants. Associated Ago2
was detected by immunoblot analysis and loading of GST-fusion proteins was visualized by Ponceau
S staining. (G) Direct binding of LASP1 double-mutants to recombinant Ago2: 100 ng of purified
recombinant Ago2 was incubated with 1.5 nmol of purified LASP1 double mutants. Directly bound
Ago2 was detected by immunoblot analysis and loading of GST-fusion proteins was visualized by
Ponceau S staining. Uncropped version of the Western Blots is available in Figure S6.
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2.5. Let-7a and MiR-100 Targets Are Altered in TNBC

The work of Bridge et al. [58] revealed a unique connection between the LIM domain containing
protein LIMD1 and the Argonaute family members, where LIMD1 facilitated the interaction between
GW182 and Ago2. Their work also revealed that the Let-7a and miR-100 microRNAs (miRNAs) had
their functionality altered in response to loss of LIMD1. These two miRNAs are both involved in cancer
progression and are utilized by Ago2 [58]. Let-7a is a tumor suppressor that is downregulated in breast
cancer progression [59–61]. MiR-100 is interesting in that it is involved in the epithelial-mesenchymal
transition [62] but also suppresses breast cancer progression [62–64]. To better understand the
LASP1-Ago2 interaction we wanted to identify motility-related protein targets of Ago2 that are
upregulated in breast cancer. To identify such targets, we first picked predicted targets from miRDB
(http://www.mirdb.org/) [65,66] and then performed an analysis using the Oncomine™ (https://www.
oncomine.org/) [67,68] software to assess their differential gene expression. In this analysis, both “The
Cancer Genome Atlas” [69] and Curtis data sets [70] were employed. We compared the expression
of the targets in both invasive lobular and invasive ductal carcinomas (ILC and IDC respectively)
to normal breast tissue for both Let-7a and miR-100 targets. We evaluated the following targets for
Let-7a: CCR7, a chemokine receptor and validated Let-7a target involved in breast cancer metastasis
to lymph nodes [59,71,72]; eukaryotic translation initiation factor 4G2 (eIF4G2), a predicted target
involved in cancer progression and metastasis [73,74]; cyclin D1, a validated target critically involved
in progression, chemoresistance and survival [75–77]; and vinculin a predicted target involved in
directionality of migration and focal adhesion dynamics [78,79]. Target selection for miR-100 was more
challenging as there are far less validated targets and even less related to cancer progression, thus we
analyzed the validated survival related target mammalian target of rapamycin (mTOR) [80,81], as well
as Ago1 and Ago2 which are predicted targets of miR-100. We found that all four Let-7a targets were
upregulated in both cancer types for both datasets (Figure 4A–D). For the miR-100 targets there was
far less of a trend with only Ago2 being upregulated in three of the four datasets. Ago2 was found
to be upregulated in the Curtis Breast Invasive Ductal Carcinoma (IDC) dataset (Figure 4A) as well
as both of the “The Cancer Genome Atlas” (TCGA) datasets (Figure 4C,D), but no significant change
was noted in the Curtis Breast Invasive Lobular Carcinoma (ILC) dataset (Figure 4B). For both mTOR
and Ago1 no significant difference was measured in both Curtis datasets and the TCGA ILC dataset
(Figure 4A,B,D), but there was an identified significant difference in the TCGA IDC dataset (Figure 4C).
This suggests that Let-7a targets will be strong downstream targets of the LASP1-Ago2 interaction as
they are upregulated in advanced breast cancer, and miR-100 targets outside of Ago2 itself may not be
strong targets.Cancers 2020, 12, x  10 of 23 
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Figure 4. Let-7a and miR-100 targets are upregulated in Breast Carcinomas. Gene expression data 
from breast carcinoma patients was analyzed using Oncomine™ (https://www.oncomine.org/). Both 
the Curtis Breast and TCGA Breast datasets were analyzed and results presented as box and whisker 
plots of the log2 median-centered ratio (Fold change). (A) Curtis Breast Invasive Ductal Carcinoma (n 
= 1556) vs. normal breast (n = 144). (B) Curtis Breast Invasive Lobular Carcinoma (n = 148) vs. normal 
breast (n = 144). (C) TCGA Breast Invasive Ductal Carcinoma (n = 389) vs. normal breast (n = 61). (D) 
TCGA Breast Invasive Lobular Carcinoma (n = 36) vs. normal breast (n = 61). Box edges represent the 
25th and 75th percentiles, and whiskers represent the minimum and maximum. ****, ***, **, and * 
indicate p < 0.0001, p < 0.001, p < 0.01, and p < 0.05 respectively, evaluated by Student t-test. 

2.6. Let-7a Based Target Repression is Altered in a LASP1-Dependent Manner 

To determine if LASP1 has an impact on Ago2 functionality, we designed a luciferase 
reporter assay utilizing our phospho-mutant LASP1 proteins. We shuttled our LASP1 double 
phospho-mutant constructs (SAYD: dominant active and SDYF: dominant negative regarding 
Ago2 binding) into the mammalian expression vector pcDNA3.0 and electroporated them into 
Bone-Un LASP1-KO cells. Four different experimental stable Bone-Un cell lines were created 
including WT-LASP1 rescue, SAYD dominant-active, SDYF dominant-negative, and empty 
pcDNA 3.0 vector control (EV). Each of these four cell lines (Figure 5A) was transiently 
transfected with five previously published [58] dual-luciferase expressing vectors including 
empty vector Renilla luciferase (EV Luc), Let-7a, miR-100 targeted (miR-100 Tar), miR-100 not-
targeted (miR-100 NT), and mTOR. EV Luc lacked a 3′-UTR while Let-7a, miR-100 Tar, and miR-
100 NT all had artificial 3′-UTRs consisting of multiple corresponding miRNA target sites [58]. 
The mTOR vector contained the full 3′-UTR of the mTOR mRNA to compare with the miR-100 
vectors. These vectors also contained the firefly luciferase gene under a different promoter 
within the same plasmid. The expression of firefly luciferase as a fusion protein with Renilla 
luciferase was employed as the normalizing internal control. The Let-7a construct results were 
compared against the EV Luc control (Figure 5B) and revealed 2-fold or greater increases in all 
the experimental conditions over the WT rescue cell line. Interestingly, both the EV cell line and 
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Figure 4. Let-7a and miR-100 targets are upregulated in Breast Carcinomas. Gene expression data 
from breast carcinoma patients was analyzed using Oncomine™ (https://www.oncomine.org/). Both 
the Curtis Breast and TCGA Breast datasets were analyzed and results presented as box and whisker 
plots of the log2 median-centered ratio (Fold change). (A) Curtis Breast Invasive Ductal Carcinoma (n 
= 1556) vs. normal breast (n = 144). (B) Curtis Breast Invasive Lobular Carcinoma (n = 148) vs. normal 
breast (n = 144). (C) TCGA Breast Invasive Ductal Carcinoma (n = 389) vs. normal breast (n = 61). (D) 
TCGA Breast Invasive Lobular Carcinoma (n = 36) vs. normal breast (n = 61). Box edges represent the 
25th and 75th percentiles, and whiskers represent the minimum and maximum. ****, ***, **, and * 
indicate p < 0.0001, p < 0.001, p < 0.01, and p < 0.05 respectively, evaluated by Student t-test. 
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pcDNA 3.0 vector control (EV). Each of these four cell lines (Figure 5A) was transiently 
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Figure 4. Let-7a and miR-100 targets are upregulated in Breast Carcinomas. Gene expression data from
breast carcinoma patients was analyzed using Oncomine™ (https://www.oncomine.org/). Both the
Curtis Breast and TCGA Breast datasets were analyzed and results presented as box and whisker plots
of the log2 median-centered ratio (Fold change). (A) Curtis Breast Invasive Ductal Carcinoma (n = 1556)
vs. normal breast (n = 144). (B) Curtis Breast Invasive Lobular Carcinoma (n = 148) vs. normal breast
(n = 144). (C) TCGA Breast Invasive Ductal Carcinoma (n = 389) vs. normal breast (n = 61). (D) TCGA
Breast Invasive Lobular Carcinoma (n = 36) vs. normal breast (n = 61). Box edges represent the 25th
and 75th percentiles, and whiskers represent the minimum and maximum. ****, ***, **, and * indicate
p < 0.0001, p < 0.001, p < 0.01, and p < 0.05 respectively, evaluated by Student t-test.

2.6. Let-7a Based Target Repression is Altered in a LASP1-Dependent Manner

To determine if LASP1 has an impact on Ago2 functionality, we designed a luciferase reporter
assay utilizing our phospho-mutant LASP1 proteins. We shuttled our LASP1 double phospho-mutant
constructs (SAYD: dominant active and SDYF: dominant negative regarding Ago2 binding) into the
mammalian expression vector pcDNA3.0 and electroporated them into Bone-Un LASP1-KO cells.
Four different experimental stable Bone-Un cell lines were created including WT-LASP1 rescue,
SAYD dominant-active, SDYF dominant-negative, and empty pcDNA 3.0 vector control (EV). Each of
these four cell lines (Figure 5A) was transiently transfected with five previously published [58]
dual-luciferase expressing vectors including empty vector Renilla luciferase (EV Luc), Let-7a, miR-100
targeted (miR-100 Tar), miR-100 not-targeted (miR-100 NT), and mTOR. EV Luc lacked a 3′-UTR while
Let-7a, miR-100 Tar, and miR-100 NT all had artificial 3′-UTRs consisting of multiple corresponding
miRNA target sites [58]. The mTOR vector contained the full 3′-UTR of the mTOR mRNA to compare
with the miR-100 vectors. These vectors also contained the firefly luciferase gene under a different
promoter within the same plasmid. The expression of firefly luciferase as a fusion protein with
Renilla luciferase was employed as the normalizing internal control. The Let-7a construct results
were compared against the EV Luc control (Figure 5B) and revealed 2-fold or greater increases in
all the experimental conditions over the WT rescue cell line. Interestingly, both the EV cell line and
the dominant-negative SDYF cell lines both had increased Renilla luciferase expression over the
WT rescue cell line. This was contrary to expectation as we expected that decreased LASP1-Ago2
interaction would lead to higher activity of Let-7a and therefore lower expression of migration and
metastasis related targets. The miR-100 Tar and mTOR luciferase readings (Figure 5C,D) were compared
against the miR-100 NT and showed no robust change between different cell lines. This suggested
that LASP1 affects the ability of Ago2 to perform RNAi, and that this effect could be specific to
motility-regulating miRNAs.
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Figure 5. LASP1 Alters Let-7a Guided Ago2 Activity. (A) Stable ectopic expression of LASP1 WT and 
its mutants SAYD and SDYF in the LASP1-KO background. Total lysates from Bone-Un CRISPR 
control (CC) and LASP1-KO (LASP1 KO) as well as the LASP1-KO cells with expression of re-
introduced LASP1 WT and its doublemutants: pcDNA 3.0 empty vector (EV) control, LASP1 wild-
type rescue (WT), dominant active phospho-mutant LASP1 (SAYD), and dominant-negative 
phospho-mutant LASP1 (SDYF). 20 μg of total was resolved by 10% SDS-PAGE and immunoblotted 
for LASP1. (B–D) Luciferase assays in LASP1 rescue cell lines with dual-luciferase reporters. LASP1 
rescue cell lines WT, SAYD, SDYF, and EV were incubated overnight with 4 μg of each psiCHECK2 
dual-luciferase vector containing an internal firefly luciferase control and experimental Renilla 
luciferase including no 3′-UTR (EV Luc), artificial 3′-UTR containing Let-7a target sites (Let-7a), 
artificial 3′-UTR containing miR-100 target sites (miR-100 Tar), artificial 3′-UTR containing miR-100 
target sites with mis-matched seed sequences (miR-100 Not-Tar), and the inserted 3′-UTR of the 
mTOR mRNA (mTOR). Cell lysates were harvested from each condition and relative luciferase units 
(RLUs) measured by luminometer. Final readings for each condition was expressed as the ratio of 
Renilla to firefly RLUs with Let-7a compared against EV Luc (B), miR-100 Tar vs. miR-100 Not-Tar 
(C), and mTOR vs. miR-100 Not-Tar (D). All experiments performed n = 3 with eight technical 
replicates per experiment. Uncropped version of the Western Blots is available in Figure S7. 

2.7. The LASP1-Ago2 Interaction Impacts Expression of Let-7a Targets 

To discern if the LASP1-Ago2 interaction has an impact on translation of let-7a targets we 
utilized our model LASP1 double mutant rescue cell lines to test for endogenous Let-7a targets. 
Lysates were probed for different Let-7a targets including eIF4G2 (Figure 6A), vinculin, CCR7, and 
cyclin D1 (Figure 6B) in addition to LASP1, Ago2 and β-tubulin loading control. Each of the four 
targets revealed a similar trend where introduction of the dominant active SAYD had stronger 
expression of the targets as compared to the WT rescue cell line, and the dominant-negative SDYF 
cell line had moderate to highly decreased levels compared to the WT rescue. The empty vector 
control was variable across all four targets with expression being lower, similar and higher than the 

Figure 5. LASP1 Alters Let-7a Guided Ago2 Activity. (A) Stable ectopic expression of LASP1 WT and
its mutants SAYD and SDYF in the LASP1-KO background. Total lysates from Bone-Un CRISPR control
(CC) and LASP1-KO (LASP1 KO) as well as the LASP1-KO cells with expression of re-introduced LASP1
WT and its doublemutants: pcDNA 3.0 empty vector (EV) control, LASP1 wild-type rescue (WT),
dominant active phospho-mutant LASP1 (SAYD), and dominant-negative phospho-mutant LASP1
(SDYF). 20 µg of total was resolved by 10% SDS-PAGE and immunoblotted for LASP1. (B–D) Luciferase
assays in LASP1 rescue cell lines with dual-luciferase reporters. LASP1 rescue cell lines WT, SAYD,
SDYF, and EV were incubated overnight with 4 µg of each psiCHECK2 dual-luciferase vector containing
an internal firefly luciferase control and experimental Renilla luciferase including no 3′-UTR (EV Luc),
artificial 3′-UTR containing Let-7a target sites (Let-7a), artificial 3′-UTR containing miR-100 target
sites (miR-100 Tar), artificial 3′-UTR containing miR-100 target sites with mis-matched seed sequences
(miR-100 Not-Tar), and the inserted 3′-UTR of the mTOR mRNA (mTOR). Cell lysates were harvested
from each condition and relative luciferase units (RLUs) measured by luminometer. Final readings for
each condition was expressed as the ratio of Renilla to firefly RLUs with Let-7a compared against EV
Luc (B), miR-100 Tar vs. miR-100 Not-Tar (C), and mTOR vs. miR-100 Not-Tar (D). All experiments
performed n = 3 with eight technical replicates per experiment. Uncropped version of the Western
Blots is available in Figure S7. ** p < 0.01.

2.7. The LASP1-Ago2 Interaction Impacts Expression of Let-7a Targets

To discern if the LASP1-Ago2 interaction has an impact on translation of let-7a targets we utilized
our model LASP1 double mutant rescue cell lines to test for endogenous Let-7a targets. Lysates were
probed for different Let-7a targets including eIF4G2 (Figure 6A), vinculin, CCR7, and cyclin D1
(Figure 6B) in addition to LASP1, Ago2 and β-tubulin loading control. Each of the four targets revealed
a similar trend where introduction of the dominant active SAYD had stronger expression of the targets
as compared to the WT rescue cell line, and the dominant-negative SDYF cell line had moderate to
highly decreased levels compared to the WT rescue. The empty vector control was variable across
all four targets with expression being lower, similar and higher than the WT. We also confirmed that
Ago2 levels did not change between cell lines, confirming our luciferase result that miR-100 targets
were not altered (Figure 6A). These results were in line with what we expected, where the dominant
active LASP1 favored an increase LASP1-Ago2 interaction which promoted expression of prometastatic
targets, while dominant negative decreased the LASP1-Ago2 interaction and allows Ago2 to perform
normal repression of prometastatic targets.
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Figure 6. Protein Expression of Let-7a Target Genes are Altered in a LASP1-Ago2 Interaction-Dependent
Manner. (A) Western blotting of Bone-Un LASP1 KO cell lines with re-introduced LASP1 and its
mutants for Ago2 expression and eIF4G2 (n = 3). (B) Western blotting of additional Let-7a targets
vinculin (n = 3), CCR7 (n = 3), and cyclin D1 (n = 3). (C) Model of the CXCR4-LASP1-Ago2 pathway
in the presence or absence of CXCL12. In the absence of CXCL12, LASP1 is phosphorylated on S146
and remains bound to CXCR4, while Ago2 can freely use Let-7a to repress motility-related targets.
In the presence of CXCL12, CXCR4 is stimulated which induces dephosphorylation of LASP1 on S146
and phosphorylation on the Y171 site. Once phosphorylated on Y171 LASP1 can bind to Ago2 and
alter Let-7a driven RNAi. Two of the multiple possibilities of how LASP1 could prevent Let-7a driven
RNAi are illustrated; first, where LASP1 binds to Let-7a-bound Ago2 and interferes with target binding;
second, where LASP1 binds to Ago2 and prevents Ago2 binding to Let-7a. Uncropped version of the
Western Blots is available in Figure S8.
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3. Discussion

In this study, we identified a novel interaction between LASP1 and Ago2 in TNBC cell lines
in vitro, whose association could be stimulated through CXCR4 activity. Furthermore, we demonstrate
that this interaction occurs in a phosphorylation-dependent manner. This may have a powerful impact
upon Let-7a-based RNAi. Taken together, our results suggest that CXCR4 utilizes LASP1 to prevent
Let-7a based mRNA repression leading to an increase in expression of cell motility and metastasis
related targets. A proposed model behind this signaling pathway is provided (Figure 6C). Metastasis is
a highly complex process with chemokines and their receptors at the heart. While chemokines and
their receptors have been studied extensively, their complex signaling pathways still leave much to be
discovered. For the first time, we connect chemokine receptor CXCR4 signaling to RNAi and implicate
this connection in the dramatic changes that occur during the migration and invasion processes of cells.

Duvall-Noelle et al. [11] identified multiple components of the RISC as possible LASP1 interactors.
While we only tested and found Argonautes 1 and 2 as LASP1 associating proteins (Figure 1C–E and
Figure S1), it is likely that more of those components interact. Bridge et al. [58] found that the interaction
of GW182 with Ago2 was affected by the LIM domain containing protein LIMD1. That finding in
combination with the proteomics analysis strongly suggests that LASP1 will also bind to GW182. This
has interesting implications for LASP1 acting as a binding mediator between Ago2 and GW182 it
could have a strong impact on modulating RISC-dependent RNAi in response to a chemoattractant
like CXCL12. Furthermore, if LASP1 were to be validated as a binding partner for more of the RISC
components it would suggest the possibility that LASP1 may be capable of altering RISC formation.
This possibility also prompts the question: are there more LIM proteins that interact with the RISC,
and if so, do different LIM protein interactions with RISC components lead to differential repression or
degradation of target RNAs?

Our results link the LASP1-Ago2 interaction to chemokine receptor signaling. We found that
CXCR4-CXCL12 signaling stimulated the LASP1-Ago2 interaction (Figure 2), indicating a possible
functional relationship between the two proteins in the context of chemotactic cell migration.
The changes in phosphorylation status of LASP1 that occur in response to CXCR4 activation may
transduce the signaling from active CXCR4. Thus, we tested and found that the phosphorylation
status of LASP1 affected its ability to bind to Ago2 (Figure 3). We identified that Ago2 preferentially
binds to the SAYD phospho-mutant, while it has the least association with the SDYF phosphorylation
mutant. Based on previous findings this matches what happens to LASP1 before and after CXCR4
activation. Before activation LASP1 is strongly phosphorylated on S146 and not phosphorylated on
Y171, while the opposite pattern is observed after activation of CXCR4.

While our results with our LASP1 phospho-mutants indicated the possibility of a functional
purpose to the interaction there was still the possibility that this was a passenger interaction caused
by the change in phosphorylation status. To test this possibility, we created LASP1 phospho-mutant
expressing cell lines on a LASP1-KO background to probe if there was a function to the LASP1-Ago2
interaction (Figure 5A). We also found that the targets of tumor suppressor Let-7a had a higher
expression in TNBC than in normal breast tissue suggesting decreased Let-7a activity (Figure 4).
Based on the findings with LIMD1 there was a decent possibility that LASP1 would have a similar
effect, so we decided to investigate this possibility by analyzing reporter expression in response to
expression of mutant LASP1. We used a luciferase reporter assay with different artificial 3′-UTR target
sites as well as an mTOR 3′-UTR and found that by mutating the phosphorylation status of LASP1 we
were able to increase the expression of Let-7a targets (Figure 5B). This suggests that LASP1 inhibits
Let-7a’s tumor suppressor function in response to CXCR4 activity in order to allow for induction of
proteins that are involved in the process of cell motility and invasion. Interestingly, this phenomenon
was only seen with Let-7a and not with miR-100 (Figure 5D), suggesting that this phenomenon may
occur to specific miRNA interactions with Ago2 that was modulated by LASP1 instead of a global effect
with all LIM domain containing proteins. Furthermore, the unchanged protein level of Ago2 supports
that our Let-7a findings are specific, as Ago2 is a target of miR-100. From a broader perspective,
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our results imply that CXCR4 signaling may utilize RNAi to help induce the dramatic change in cell
phenotype that is seen during cell migration.

The profile of the endogenous targets Let-7a (Figure 6A,B) differed from the results of our luciferase
reporter assay. In the Western blots the dominant-negative SDYF had a significant loss of Let-7a target
expression compared to the WT rescue, which is the result we had expected to observe in the luciferase
assay. This difference in results can be explained by the differences between our artificial 3′-UTR with
multiple tandem let-7a binding sites in the luciferase reporter construct compared to a natural 3′-UTR.
In our results the artificial miR-100 targeted 3′-UTR (Figure 5C) had a significantly different set of
values for the luciferase readout compared to the reporter with the added mTOR 3′-UTR (Figure 5D).
While there was no significant change between cell lines in either condition there was a dramatic
change in luciferase expression if you compare each condition’s relative luciferase levels (mTOR vs.
miR-100 targeted). In a natural 3′-UTR it is possible to have target sites for multiple miRNAs, and the
bases succeeding the miRNA seed sequence have a powerful effect on what ultimately happens to the
target RNA [82]. In our reporter assay, our artificial Let-7a 3′-UTR had several tandem Let-7a target
sites with near complete sequence complementarity to the actual Let-7a miRNA. Our construct’s seed
sequence has a single nucleotide deletion compared to what the normal let-7a target site would be,
as defined by the miRbase website (http://www.mirbase.org/). The work of Becker et al. [82] found that
determination of whether the RNA target is repressed/degraded by the RISC or cleaved by Ago2 itself
was determined by matching of bases past the seed sequence. Therefore, the difference between our
luciferase assay and the endogenous biological target immunoblot profile is likely due to differences in
the contextual information surrounding the Let-7a seed sequence between our artificial reporter and
a natural 3′-UTR of the RNA target.

The expression of the endogenous Let-7a targets modulated by the LASP1 phospho-mutants
have important functions in many steps of breast cancer progression and metastasis. The chemokine
receptor CCR7 is a key protein involved in the metastasis of tumor cells to sentinel lymph nodes
where there is an abundance of its ligand CCL21. This is the first report connecting the activity of the
chemokine receptor CXCR4 to the expression of another chemokine receptor. Both CXCL12-CXCR4
and CCL21-CCR7 axes are majorly involved in metastasis of a variety of solid tumors. Cyclin D1
is involved in tumor cell proliferation, survival of the metastatic seed, tumor expansion and drug
resistance. eIF4G2 is involved in drug resistance especially in non-small cell lung carcinoma cells [83] as
well as metastasis and invasion in osteosarcoma cells. Vinculin is involved in focal adhesion dynamics
and actin bundling, which regulates cell migration [84]. Overall, the Let-7a targets impacted by the
LASP1-Ago2 interaction are involved in cancer progression, therapy resistance and metastasis.

With this body of work, we have established that LASP1 is a binding partner of Ago2 that has
functional relevance to TNBC cell motility in response to CXCR4 activity, but our results only look
at a very narrow scope of what could be affected by the LASP1-Ago2 interaction. In addition to the
possibility that LASP1 has an impact upon RISC formation, it is also probable that the LASP1-Ago2
interaction also impacts the function of other miRNAs as well. In order to directly study what the
interaction may affect it will be critical to understand mechanistically how LASP1 affects the function
of Ago2. Ago2 is a master regulator of protein translation through miRNA-guided RNAi, but Ago2
is a very complex protein with effects in every step of protein biogenesis. Ago2’s first effects on
protein biogenesis is in the nucleus [85,86] where it plays a role in transcription through chromatin
alteration [87,88] and differential splicing [89]. Outside of its direct impact on protein biogenesis,
Ago2 can also indirectly impact the it by having an effect on miRNA biogenesis by cleaving premature
miRNA into their mature form [90,91]. Each of these possibilities will have to be explored before we
can pinpoint which functions of Ago2 that LASP1 has an impact on as we saw PLA interactions in
many subcellular compartments including the nuclei in TNBC cells (Figure 2B and Figure S3).

The CXCR4-LASP1 axis is an emerging pathway related to functions critical for breast cancer
metastasis. Here, we connected this high impact pathway to Ago2, one of the central regulators of
protein biogenesis. Through further investigation of the mechanism behind how LASP1 affects Ago2

http://www.mirbase.org/


Cancers 2020, 12, 2455 15 of 23

functionality, we hope that we can either disrupt this pro-tumorigenic interaction or identify other
novel therapeutic targets along this pathway. In summary, we report a novel interaction for LASP1
with Ago2 and this can be modulated by the activity of CXCR4. Additionally, we demonstrate that the
expression of endogenous Let-7a targets can be modulated by the activity of the CXCR4-LASP1 axis.

4. Materials and Methods

4.1. Cell Culture

All cell lines generated and utilized were derived from the parental MDA-MB-231 human breast
cancer cell line (MDA-MB-231: ATCC® HTB-26™, Manassas, VA, USA). The MDA-MB-231S (231S)
variant was isolated by fluorescence-activated cell sorting (FACS) for high cell surface expression of
CXCR4, while the Bone-Un variant was isolated from a metastatic bone lesion in a mouse xenograft
model and validated as expressing high cell surface CXCR4 expression by FACS Both variant cell
lines are described in previous work [11]. The LASP1 Bone-Un knockout cell line isolation and
cultivation was performed in the same manner [57] as the HEK293 cell LASP1 knockout that was
done and described in a previous work [56]. All cell lines including the LASP1 phospho-mutant
rescues were cultured in Dulbecco’s modified eagle medium (DMEM) supplemented with 4 mM
L-glutamine, + 4,500 mg/L glucose, and sodium pyruvate (GE Healthcare Life Sciences, Pittsburgh,
PA, USA, Cat# SH30243.01), with added 10% heat-inactivated fetal bovine serum (FBS) (Denville
Scientific, Swedesboro, NJ, USA, Cat# FB5001-H) and Penicillin (100 I.U.)/Streptomycin (100 µg/mL)
(Corning, Corning, NY, USA, Cat# 30-002-CI).

4.2. Engineering of GST-LASP1 Domain Constructs

The full length human LASP1 and each of its domain constructs (LIM, NRLD, and SH3) were
inserted into the pGEX-6P-1 bacterial expression vector (GE Healthcare Life Sciences, Pittsburgh, PA,
USA, Cat# 28954648) using the BamHI and XhoI cloning sites. Primers for each respective construct
are as follows: for the full length LASP1 construct (amino acids 1–261) 5′-CTAGCTGGATCCATGAA
CCCCAACTGCGCC-3′ (forward) and 5′-CTAGCTCTCGAGTCAGATGGCCTCCACGTA-3′ (reverse);
for the LIM domain construct (amino acids 1–60) 5′-CTAGCTGGATCCATGAACCC CAACTGC-3′

(forward) and 5′-CTAGCTCTCGAGTCACTGCTTGGGGTAGTG-3′ (reverse); for the NRLD
domain construct (amino acids 52–199) 5′-CTAGCTGGATCCTGCAACGCACACTAC-3′ (forward)
and 5′-CTAGCTCTCGAGTCAGGCGCTGCGCTGTATG-3′ (reverse); and for the SH3 domain
construct (amino acids 200–261) 5′-CTAGCTGGATCCGGTGGTGGCGGGAAG-3′ (forward) and
5′-CTAGCTCTCGAGTCAGATGGCCTCCACGTA-3′ (reverse). Each construct was amplified by
polymerase chain reaction (PCR) prior to insertion into the pGEX-6P-1 vector. Ligated vector-construct
verity was performed by commercial sequencing (Eurofins Genomics, Louisville, KY, USA). All four
vector-constructs and the empty vector (EV) control were introduced into the Rosetta variant of
the E.Coli BL21 strain for production, with purification done by using glutathione-agarose beads
(Thermo Scientific, Rockford, IL, USA, Cat# 16100), with the previously described protocol [92].
Verification of the purified protein product was performed by eluting and analyzing glutathione-agarose
bead-bound GST proteins by 10% SDS-PAGE, followed by staining for protein with Imperial™ Protein
Stain (Thermo Scientific, Rockford, IL, Cat# 24615).

4.3. GST-Pulldown/Direct Binding Assays

Total cell lysates for the GST-pulldown assays were extracted from 231S cells by lysing on ice
using either lysis buffer (100 mM NaCl, 50 mM Tris pH 8.0, 0.1% Deoxycholate, 0.1% IGEPAL CA-630
and 5 mM EDTA) or Co-IP buffer (20 mM HEPES pH 7.9, 10 mM NaCl, 1 mM MgCl2, 0.2 mM
EDTA, 0.35% Triton X-100) supplemented with protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO, USA, Cat# P8340-5ML), phosphatase inhibitor cocktail 2 (Sigma-Aldrich, St. Louis, MO, USA,
Cat# P5726), and phosphatase inhibitor cocktail 3 (Sigma-Aldrich, St. Louis, MO, USA, Cat# P0044).
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Total protein lysates were employed for the LASP1 domain pulldowns and direct binding assays,
while the Co-IP buffer lysates were used in the phospho-mutant pulldowns/direct binding assays.
For the phospho-mutant pulldowns with LASP1 knockout lysates, Bone-Un LASP1 knockout cells
were lysed in co-immunoprecipitation buffer and total protein lysates were collected. Total protein in
the lysates was quantified by Bradford assay (Bio-Rad, Hercules, CA, USA, Cat# 5000006). For the
both the pulldown and direct binding assays, 1.5 nmol of each GST-LASP1 fusion protein bound to
glutathione-agarose beads was resuspended in lysis buffer and incubated with either 1 mg of total
protein lysate or 100–200 ng of purified recombinant Ago2 respectively (Active Motif, Carlsbad, CA,
USA, Cat# 31486) for 2 h at 4 ◦C. Beads were subsequently washed with lysis buffer, with bound
proteins being eluted and then analyzed by 10% SDS-PAGE followed by Western blotting.

4.4. Co-Immunoprecipitation Assay

Lysates were collected from 231S cells that were serum starved for 1 h and stimulated with
20 nM CXCL12 (PeproTech, Rocky Hill, NJ, USA, Cat# 300-28A) over 60 min. For the AMD3465
(CXCR4 antagonist, Sigma-Aldrich, St. Louis, MO, USA, Cat# SML1433-5MG) condition, a final
concentration of 100 nM AMD3465 was added to the serum free media after 30 min of serum starvation.
At time of collection, cells were washed in ice-cold phosphate-buffered saline, pH 7.5 (PBS) and total
cell lysates were collected on ice in Co-IP buffer supplemented with protease and phosphatase inhibitor
cocktails. The total protein was quantified by Bradford assay. 1 mg of total lysate was used per
reaction condition. To the lysates, 2 µg of mouse anti-LASP1 antibody (Biolegend, San Diego, CA,
USA, Cat# 909301) and 20 µL of protein G Dynabead™ in a 50% slurry (Invitrogen, Carlsbad, CA,
USA, Cat# 10003D) were added, with the final volume of the immunoprecipitation being brought to
1 mL. 2 µg of monoclonal mouse IgG1 (Cell Signaling Technology, Danvers, MA, USA, Cat# 5415S)
was used as an isotype control for the mock immunoprecipitation. After mixing lysates, antibodies,
and beads together, the immunoprecipitation reaction proceeded for 2 h at 4 ◦C. After incubation,
beads were washed in Co-IP buffer, with bound proteins being analyzed by 10% SDS-PAGE followed
by immunoblotting.

4.5. Proximity Ligation Assay

The PLA assay was performed according to the manufacturer’s recommendations that
accompanied the Duolink™ In Situ red fluorescent kit (Sigma-Aldrich, St. Louis, MO, USA,
Cat# DUO92101-1KT). This Duolink™ kit was used for all PLAs performed in conjunction with
a Rabbit-α-Ago2 antibody (Abcam, Cambridge, UK, Cat# 186733) and a Mouse-α-LASP1 antibody
(Biolegend, San Diego, CA, USA, Cat# 909301). One modification to the recommended protocol by the
manufacturer was made during the cell blocking step, where Background Sniper (Biocare Medical,
Pacheco, CA, USA, Cat# BS966) was used for 15 min instead of the recommended 1 h with the provided
blocking reagent. Bone-Un cells were used in the assay for their larger size compared to the 231S
cells, allowing for better visualization of PLA interaction spots. Cells were mounted on coverslips,
allowed to attach/spread, and after stimulation were fixed and permeabilized, all as described in
previous work [92]. As in the Co-IP assay the cells were serum starved for 1 h prior to stimulation
with CXCL12, with a final concentration of 100 nM AMD3465 being added after 30 min of serum
starvation for the + CXCL12/+ AMD3465 condition. For the single-antibody control condition the
LASP1 antibody was used. After completion of the PLA reaction cells were stained with phalloidin for
10 min at 37 ◦C (Life Technologies, Carlsbad, CA, USA, Cat# A12379) and DRAQ5 for 5 min at R. T.
(Thermo Scientific, Rockford, IL, USA, Cat# 62251) to highlight cell structure and nuclei respectively.
Images were taken using the TCS SP5 Laser Scanning Confocal Microscope with corresponding
Leica Application Suite X software (Leica, Wetzlar, Germany). All images were processed using the
Leica software and quantification of PLA interactions was performed using the ImageJ (Version 1.8.0,
https://imagej.nih.gov/) software’s particle analysis function.

https://imagej.nih.gov/
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4.6. Generation of LASP1 Phospho-Mutant Constructs and Phospho-Mutant Cell Lines

All eight LASP1 phosphorylation mutants were generated through site-directed mutagenesis using
the QuikChange II kit (Agilent Technologies, Santa Clara, CA, USA, Cat# 200523). Mutagenesis was
performed by following the manufacturer’s instructions provided with the QuikChange II kit. Primers
for each site are as follows: for Y171F 5′-CAGTGCCCCGGTTTTCCAGCAGCAAAAG-3′

(forward) and 5′-CTGGCGCTGCTGGAAAACCGGGGCACTG-3′ (reverse); for Y171D
5′-CAGTGCCCCGGTTGACCAGCAGCCCCAG-3′ (forward) and 5′-CTGGGGCTGCTGGTCAACC
GGGGCACTG-3′ (reverse); for S146A 5′-CAGAGCGTCGGGATGCACAGGACGGCAG-3′ (forward)
and 5′-CTGCCGTCCTGTGCATCCCGACGCTCTG-3′ (reverse); for S146D 5′-CCAGAGCGTCGG
GATGATCAGGACGGCAGCAGC-3′ (forward) and 5′-GCTGCTGCCGTCCTGATCATCCCGAC
GCTCTGG-3′ (reverse). Mutagenesis for each site was performed on the full-length wild-type LASP1
construct in the pGEX-6P-1 vector created/described above. The four single mutant constructs were
created first S146A (SA), S146D (SD), Y171F (YF), and Y171D (YD). Phenylalanine replaced alanine as
the Y171 phospho-null in order to retain a structure closer to the original Tyrosine. The double mutant
constructs S146A/Y171D (SAYD), S146A/Y171F (SAYF), S146D/Y171F (SDYF), and S146D/Y171D
(SDYD), were created by using the single mutant constructs as templates and mutating the second
phosphorylation site. Verity of the phospho-mutant constructs was confirmed by dideoxy sequencing
(Eurofins Genomics, Louisville, KY, USA). The procedure for the LASP1 domain constructs was also
utilized here for growing and purifying the mutants. Validation of bead-bound protein was performed
by SDS-PAGE followed by Imperial™ Protein Stain. For expression in the Bone-Un LASP1 knockout
cell line, these constructs were shuttled from the pGEX-6P-1 vector to the pcDNA3.0 mammalian
expression vector (Invitrogen, Carlsbad, CA, USA, Cat# V79020) using the BamHI and XhoI cloning
sites. The wild-type LASP1, SAYD, SDYF, and pcDNA3.0 empty vector constructs were electroporated
into Bone-Un LASP1 knockout cells. Electroporation was performed using the Cell Line Nucleofector™
Kit V (Lonza Group AG, Basel, Switzerland, Cat# VCA-1003) and the Nucleofector™ 2B device
(Lonza Group AG, Basel, Switzerland, Cat# AAB-1001), following the manufacturers recommended
instructions for electroporation into the MDA-MB-231 (MDA-MB-231: ATCC® HTB-26™, Manassas,
VA, USA) cell line. Selection of WT or mutant-expressing cell lines was done using G418 Sulfate
(Gibco™ by ThermoFisher, Waltham, MA, USA, Cat# 11811031) at a concentration of 0.7 mg/mL.
Expression of the rescue and mutants was performed by harvesting cell lysates, with analysis done by
10% SDS-PAGE and Western blotting.

4.7. Bioinformatic Analysis

Analysis of Let-7a and miR-100 miRNA target expression in patient tissue samples was
performed using the online and publicly available Oncomine™ software (https://www.oncomine.org/).
Analysis was performed using the settings of breast cancer vs. normal analysis. The two datasets used
in the analysis were the TCGA Breast [69] and Curtis Breast [70]. Box and whisker plots of the log2
median centered ratio for the invasive lobular and invasive ductal carcinoma subtypes were created
using GraphPad Prism 8 software [93,94].

4.8. Luciferase Reporter Assays for miRNA Targets

All luciferase constructs used in this body of work were generously provided by the Tyson
V. Sharp Lab of the Queen Mary University of London. All work in creation and details of
these luciferase constructs is described in previous work [58]. All luciferase constructs were in
the psiCHECK™-2 dual luciferase vector (Promega, Madison, WI, USA, Cat# C8011), which contains a
Renilla luciferase protein with a modifiable 3′-UTR and an additional control Firefly luciferase under a
separate promoter. Five vectors in total were used in the experiment: empty vector psiCHECK™-2;
mTOR, which consisted of the full mTOR 3′-UTR; miR-100 Tar, designed with 5 miR-100 target sites;
miR-100 Not-Tar, with 5 miR-100 targets sites containing a mis-matched seed sequence; and Let-7a,

https://www.oncomine.org/
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which was designed with six Let-7a target sites. 100 ng of each vector was transfected into each of our
phospho-mutant and rescue cell lines (Wild-type, SAYD, SDYF, and empty vector cell lines) described
above. After transfection the cells were incubated overnight at 37 ◦C. Harvesting of protein lysate and
assessment of both Renilla and Firefly luciferase activity was done with the Dual-Luciferase® Reporter
Assay System (Promega, Madison, WI, USA, at# E1910) as per the kit’s instructions. All Renilla
values were normalized to internal control Firefly expression prior to further normalization against
corresponding construct control (Let-7a vs. EV, mTOR vs. miR-100 Not-Tar, and miR-100 Tar vs.
miR-100 Not-Tar).

4.9. Western Blotting

Primary antibodies used were as follows: Ago2 (Abcam, Cambridge, United Kingdom, Cat#
186733), Ago1 (Cell Signaling Technology, Danvers, MA, USA, Cat# 5053), LASP1 (Biolegend, San
Diego, CA, USA, Cat# 909301), Cyclin D1 (Cell Signaling Technology, Danvers, MA, USA, Cat# 2922),
β-tubulin (Sigma-Aldrich, St. Louis, MO, USA, Cat# T0198), Vinculin (Bio-Rad, Hercules, CA, USA,
Cat# V284), eIF4G2 (Cell Signaling Technology, Danvers, MA, USA, Cat# D88B6), and CCR7 (Abcam,
Cambridge, UK, Cat# ab32527). The two secondary antibodies used in these western blots were Goat
anti-Mouse IgG (H + L) Superclonal™ Secondary Ab conjugated to HRP (Thermo Scientific, Rockford,
IL, USA, Cat# A28177) or Goat anti-Rabbit IgG (H + L) Superclonal™ Secondary Ab conjugated to
HRP (Thermo Scientific, Rockford, IL, USA, Cat# A27036). Development of blots was performed
using Amersham™ ECL™ Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences,
Pittsburgh, PA, USA, Cat# RPN2232). Detection of developed blots was done by either HyBlot
ES™ Autoradiography Film (Denville Scientific, Swedesboro, NJ, USA, Cat# E3212) or the G:BOX
Chemi XX6/XX9 imaging system (Syngene, Frederick, MD, USA). Densitometry was performed using
ImageJ (Version 1.8.0, https://imagej.nih.gov/) and final values represent fold change compared to the
experimental control.

4.10. Statistical Analysis, Graph Preparation and Figure Design

Statistical analysis and graph preparation were performed using the GraphPad Prism 8 software.
Statistical significance was determined by one-way ANOVA for both the luciferase and PLA assays,
with p-values of < 0.05 as being significant. All figures were finalized in the CorelDRAW Graphics
Suite 2020(Corel, Ottawa, ON, Canada).

5. Conclusions

The present novel study demonstrates that LASP1 is capable of binding to Ago2 in
a CXCL12-dependent manner, establishing Ago2 as a member of the CXCR4 signaling pathway.
We found this interaction occurs in TNBC cells and is driven by the phosphorylation status of LASP1 in
response to CXCR4 activity. Furthermore, we revealed that the interaction between these two proteins
altered the ability of Ago2 to repress pro-metastasis related Let-7a targets in vitro. These results suggest
that the role of Ago2 as a master regulator of protein translation can be manipulated in response to
CXCR4 activity, leading to a change in cancer progression related targets.
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Figure S1: LASP1 Associates with Ago1. Figure S2: LASP1 single and double phospho-mutant GST-pulldown
assays with 231S total lysate as well as the corresponding uncropped blots. Figure S3: Proximity ligation assay for
the LASP1-Ago2 interaction where the image is at a point on the z-axis where we are in the mid-nuclear plane.
Figure S4: Uncropped blots of Figure 1. Figure S5: Uncropped blots of Figure 2. Figure S6: Uncropped blots of
Figure 3. Figure S7: Uncropped blots of Figure 5. Figure S8: Uncropped blots of Figure 6.
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5. Lehmann, B.D.; Jovanović, B.; Chen, X.; Estrada, M.V.; Johnson, K.N.; Shyr, Y.; Moses, H.L.; Sanders, M.E.;
Pietenpol, J.A. Refinement of triple-negative breast cancer molecular subtypes: Implications for neoadjuvant
chemotherapy selection. PLoS ONE 2016, 11. [CrossRef]

6. Garrido-Castro, A.C.; Lin, N.U.; Polyak, K. Insights into molecular classifications of triple-negative breast
cancer: Improving patient selection for treatment. Cancer Discov. 2019, 9, 176–198. [CrossRef]

7. Lin, N.U.; Claus, E.; Sohl, J.; Razzak, A.R.; Arnaout, A.; Winer, E.P. Sites of distant recurrence and clinical
outcomes in patients with metastatic triple-negative breast cancer: High incidence of central nervous system
metastases. Cancer 2008, 113, 2638–2645. [CrossRef]

8. Kim, C.; Gao, R.; Sei, E.; Brandt, R.; Hartman, J.; Hatschek, T.; Crosetto, N.; Foukakis, T.; Navin, N.E.
Chemoresistance evolution in triple-negative breast cancer delineated by single-cell sequencing. Cell 2018,
173, 879–893. [CrossRef]

9. Tomasetto, C.; Régnier, C.; Moog-Lutz, C.; Mattei, M.G.; Chenard, M.P.; Lidereau, R.; Basset, P.; Rio, M.C.
Identification of Four Novel Human Genes Amplified and Overexpressed in Breast Carcinoma and Localized
to the q11–q21.3 Region of Chromosome 17. Genomics 1995, 28, 367–376. [CrossRef]

10. Grunewald, T.G.P.; Kammerer, U.; Schulze, E.; Schindler, D.; Honig, A.; Zimmer, M.; Butt, E. Silencing of
LASP-1 influences zyxin localization, inhibits proliferation and reduces migration in breast cancer cells.
Exp. Cell Res. 2006, 312, 974–982. [CrossRef]

11. Duvall-Noelle, N.; Karwandyar, A.; Richmond, A.; Raman, D. LASP-1: A nuclear hub for the
UHRF1-DNMT1-G9a-Snail1 complex. Oncogene 2016, 35, 1122–1133. [CrossRef] [PubMed]

12. Butt, E.; Raman, D. New Frontiers for the Cytoskeletal Protein LASP1. Front Oncol. 2018, 8, 391. [CrossRef]
[PubMed]

13. Lin, Y.H.; Park, Z.Y.; Lin, D.; Brahmbhatt, A.A.; Rio, M.C.; Yates, J.R., III; Klemke, R.L. Regulation of cell
migration and survival by focal adhesion targeting of Lasp-1. J. Cell Biol. 2004, 165, 421–432. [CrossRef]
[PubMed]

14. Mihlan, S.; Reiß, C.; Thalheimer, P.; Herterich, S.; Gaetzner, S.; Kremerskothen, J.; Pavenstädt, H.J.;
Lewandrowski, U.; Sickmann, A.; Butt, E. Nuclear import of LASP-1 is regulated by phosphorylation and
dynamic protein–protein interactions. Oncogene 2013, 32, 2107–2113. [CrossRef]

15. Li, B.; Zhuang, L.; Trueb, B. Zyxin Interacts with the SH3 Domains of the Cytoskeletal Proteins LIM-nebulette
and Lasp-1. J. Biol. Chem. 2004, 279, 20401–20410. [CrossRef]

16. Raman, D.; Sai, J.; Neel, N.F.; Chew, C.S.; Richmond, A. LIM and SH3 protein-1 modulates CXCR2-mediated
cell migration. PLoS ONE 2010, 5, e10050. [CrossRef]

http://dx.doi.org/10.1200/JCO.2007.14.4147
http://dx.doi.org/10.1158/1078-0432.CCR-06-3045
http://www.ncbi.nlm.nih.gov/pubmed/17671126
http://dx.doi.org/10.1002/cncr.27581
http://www.ncbi.nlm.nih.gov/pubmed/22544643
http://dx.doi.org/10.1056/NEJMra1001389
http://www.ncbi.nlm.nih.gov/pubmed/21067385
http://dx.doi.org/10.1371/journal.pone.0157368
http://dx.doi.org/10.1158/2159-8290.CD-18-1177
http://dx.doi.org/10.1002/cncr.23930
http://dx.doi.org/10.1016/j.cell.2018.03.041
http://dx.doi.org/10.1006/geno.1995.1163
http://dx.doi.org/10.1016/j.yexcr.2005.12.016
http://dx.doi.org/10.1038/onc.2015.166
http://www.ncbi.nlm.nih.gov/pubmed/25982273
http://dx.doi.org/10.3389/fonc.2018.00391
http://www.ncbi.nlm.nih.gov/pubmed/30298118
http://dx.doi.org/10.1083/jcb.200311045
http://www.ncbi.nlm.nih.gov/pubmed/15138294
http://dx.doi.org/10.1038/onc.2012.216
http://dx.doi.org/10.1074/jbc.M310304200
http://dx.doi.org/10.1371/journal.pone.0010050


Cancers 2020, 12, 2455 20 of 23

17. Salvi, A.; Bongarzone, I.; Ferrari, L.; Abeni, E.; Arici, B.; De Bortoli, M.; Scuri, S.; Bonini, D.; Grossi, I.;
Benetti, A.; et al. Molecular characterization of LASP-1 expression reveals vimentin as its new partner in
human hepatocellular carcinoma cells. Int. J. Oncol. 2015, 46, 1901–1912. [CrossRef]

18. Tomasetto, C.; Moog-Lutz, C.; Régnier, C.H.; Schreiber, V.; Basset, P.; Rio, M.-C. Lasp-1 (MLN 50) defines
a new LIM protein subfamily characterized by the association of LIM and SH3 domains. Febs Lett. 1995, 373,
245–249. [CrossRef]

19. Schreiber, V.; Moog-Lutz, C.; Régnier, C.H.; Chenard, M.P.; Boeuf, H.; Vonesch, J.L.; Tomasetto, C.; Rio, M.C.
Lasp-1, a novel type of actin-binding protein accumulating in cell membrane extensions. Mol. Med. 1998, 4,
675–687. [CrossRef]

20. Schreiber, V.; Masson, R.; Linares, J.L.; Mattei, M.G.; Tomasetto, C.; Rio, M.C. Chromosomal assignment and
expression pattern of the murine Lasp-1 gene. Gene 1998, 207, 171–175. [CrossRef]

21. Bach, I. The LIM domain: Regulation by association. Mech. Dev. 2000, 91, 5–17. [CrossRef]
22. Pawson, T.; Schlessingert, J. SH2 and SH3 domains. Curr. Biol. 1993, 3, 434–442. [CrossRef]
23. Butt, E.; Gambaryan, S.; Göttfert, N.; Galler, A.; Marcus, K.; Meyer, H.E. Actin Binding of Human LIM and

SH3 Protein Is Regulated by cGMP- and cAMP-dependent Protein Kinase Phosphorylation on Serine 146.
J. Biol. Chem. 2003, 278, 15601–15607. [CrossRef]

24. Traenka, J.; Hauck, C.R.; Lewandrowski, U.; Sickmann, A.; Gambaryan, S.; Thalheimer, P.; Butt, E.
Integrin-dependent translocation of LASP-1 to the cytoskeleton of activated platelets correlates with
LASP-1 phosphorylation at tyrosine 171 by Src-kinase. Thromb. Haemost. 2009, 102, 520–528. [CrossRef]
[PubMed]

25. Frietsch, J.; Grunewald, T.; Jasper, S.; Kammerer, U.; Herterich, S.; Kapp, M.; Honig, A.; Butt, E. Nuclear
localisation of LASP-1 correlates with poor long-term survival in female breast cancer. Br. J. Cancer 2010, 102,
1645–1653. [CrossRef] [PubMed]

26. Butt, E.; Stempfle, K.; Lister, L.; Wolf, F.; Kraft, M.; Herrmann, B.A.; Viciano, P.C.; Weber, C.; Hochhaus, A.;
Ernst, T.; et al. Phosphorylation-Dependent Differences in CXCR4-LASP1-AKT1 Interaction between Breast
Cancer and Chronic Myeloid Leukemia. Cells 2020, 9, 444. [CrossRef]

27. Merino, J.J.; Bellver-Landete, V.; Oset-Gasque, M.J.; Cubelos, B. CXCR4/CXCR7 molecular involvement in
neuronal and neural progenitor migration: Focus in CNS repair. J. Cell. Physiol. 2015, 230, 27–42. [CrossRef]

28. Shimizu, S.; Brown, M.; Sengupta, R.; Penfold, M.E.; Meucci, O. CXCR7 protein expression in human adult
brain and differentiated neurons. PLoS ONE 2011, 6, e20680. [CrossRef]

29. Nie, Y.; Han, Y.C.; Zou, Y.R. CXCR4 is required for the quiescence of primitive hematopoietic cells. J. Exp. Med.
2008, 205, 777–783. [CrossRef]

30. Bleul, C.C.; Farzan, M.; Choe, H.; Parolin, C.; Clark-Lewis, I.; Sodroski, J.; Springer, T.A. The lymphocyte
chemoattractant SDF-1 is a ligand for LESTR/fusin and blocks HIV-1 entry. Nature 1996, 382, 829–833.
[CrossRef]

31. Raman, D.; Sobolik-Delmaire, T.; Richmond, A. Chemokines in health and disease. Exp. Cell Res. 2011, 317,
575–589. [CrossRef] [PubMed]

32. Teicher, B.A.; Fricker, S.P. CXCL12 (SDF-1)/CXCR4 pathway in cancer. Clin. Cancer Res. 2010, 16, 2927–2931.
[CrossRef] [PubMed]

33. Sun, X.; Cheng, G.; Hao, M.; Zheng, J.; Zhou, X.; Zhang, J.; Taichman, R.S.; Pienta, K.J.; Wang, J.
CXCL12/CXCR4/CXCR7 chemokine axis and cancer progression. Cancer Metastasis Rev. 2010, 29, 709–722.
[CrossRef] [PubMed]

34. Müller, A.; Homey, B.; Soto, H.; Ge, N.; Catron, D.; Buchanan, M.E.; McClanahan, T.; Murphy, E.; Yuan, W.;
Wagner, S.N.; et al. Involvement of chemokine receptors in breast cancer metastasis. Nature 2001, 410, 50–56.
[CrossRef]

35. Allinen, M.; Beroukhim, R.; Cai, L.; Brennan, C.; Lahti-Domenici, J.; Huang, H.; Porter, D.; Hu, M.; Chin, L.;
Richardson, A.; et al. Molecular characterization of the tumor microenvironment in breast cancer. Cancer Cell
2004, 6, 17–32. [CrossRef]

36. Nakanishi, K. Anatomy of RISC: How do small RNAs and chaperones activate Argonaute proteins?
Wiley Interdiscip. Rev. RNA 2016, 7, 637–660. [CrossRef]

37. Rivas, F.V.; Tolia, N.H.; Song, J.J.; Aragon, J.P.; Liu, J.; Hannon, G.J.; Joshua-Tor, L. Purified Argonaute2 and
an siRNA form recombinant human RISC. Nat. Struct. Mol. Biol. 2005, 12, 340–349. [CrossRef]

http://dx.doi.org/10.3892/ijo.2015.2923
http://dx.doi.org/10.1016/0014-5793(95)01040-L
http://dx.doi.org/10.1007/BF03401929
http://dx.doi.org/10.1016/S0378-1119(97)00622-7
http://dx.doi.org/10.1016/S0925-4773(99)00314-7
http://dx.doi.org/10.1016/0960-9822(93)90350-W
http://dx.doi.org/10.1074/jbc.M209009200
http://dx.doi.org/10.1160/TH09-03-0143
http://www.ncbi.nlm.nih.gov/pubmed/19718473
http://dx.doi.org/10.1038/sj.bjc.6605685
http://www.ncbi.nlm.nih.gov/pubmed/20461080
http://dx.doi.org/10.3390/cells9020444
http://dx.doi.org/10.1002/jcp.24695
http://dx.doi.org/10.1371/journal.pone.0020680
http://dx.doi.org/10.1084/jem.20072513
http://dx.doi.org/10.1038/382829a0
http://dx.doi.org/10.1016/j.yexcr.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21223965
http://dx.doi.org/10.1158/1078-0432.CCR-09-2329
http://www.ncbi.nlm.nih.gov/pubmed/20484021
http://dx.doi.org/10.1007/s10555-010-9256-x
http://www.ncbi.nlm.nih.gov/pubmed/20839032
http://dx.doi.org/10.1038/35065016
http://dx.doi.org/10.1016/j.ccr.2004.06.010
http://dx.doi.org/10.1002/wrna.1356
http://dx.doi.org/10.1038/nsmb918


Cancers 2020, 12, 2455 21 of 23

38. Pratt, A.J.; MacRae, I.J. The RNA-induced silencing complex: A versatile gene-silencing machine. J. Biol. Chem.
2009, 284, 17897–17901. [CrossRef]

39. Behm-Ansmant, I.; Rehwinkel, J.; Doerks, T.; Stark, A.; Bork, P.; Izaurralde, E. mRNA degradation by miRNAs
and GW182 requires both CCR4: NOT deadenylase and DCP1: DCP2 decapping complexes. Genes Dev.
2006, 20, 1885–1898. [CrossRef]

40. Rehwinkel, J.; Behm-Ansmant, I.; Gatfield, D.; Izaurralde, E. A crucial role for GW182 and the DCP1: DCP2
decapping complex in miRNA-mediated gene silencing. RNA 2005, 11, 1640–1647. [CrossRef]

41. Orban, T.I.; Izaurralde, E. Decay of mRNAs targeted by RISC requires XRN1, the Ski complex, and the
exosome. RNA 2005, 11, 459–469. [CrossRef] [PubMed]

42. Till, S.; Lejeune, E.; Thermann, R.; Bortfeld, M.; Hothorn, M.; Enderle, D.; Heinrich, C.; Hentze, M.W.;
Ladurner, A.G. A conserved motif in Argonaute-interacting proteins mediates functional interactions through
the Argonaute PIWI domain. Nat. Struct. Mol. Biol. 2007, 14, 897–903. [CrossRef]

43. Braun, J.E.; Huntzinger, E.; Fauser, M.; Izaurralde, E. GW182 proteins directly recruit cytoplasmic deadenylase
complexes to miRNA targets. Mol. Cell 2011, 44, 120–133. [CrossRef] [PubMed]

44. Zekri, L.; Huntzinger, E.; Heimstädt, S.; Izaurralde, E. The silencing domain of GW182 interacts with PABPC1
to promote translational repression and degradation of microRNA targets and is required for target release.
Mol. Cell. Biol. 2009, 29, 6220–6231. [CrossRef] [PubMed]

45. Meister, G.; Landthaler, M.; Patkaniowska, A.; Dorsett, Y.; Teng, G.; Tuschl, T. Human Argonaute2 Mediates
RNA Cleavage Targeted by miRNAs and siRNAs. Mol. Cell 2004, 15, 185–197. [CrossRef]

46. Gregory, R.I.; Chendrimada, T.P.; Cooch, N.; Shiekhattar, R. Human RISC couples microRNA biogenesis and
posttranscriptional gene silencing. Cell 2005, 123, 631–640. [CrossRef] [PubMed]

47. Hatse, S.; Princen, K.; De Clercq, E.; Rosenkilde, M.M.; Schwartz, T.W.; Hernandez-Abad, P.E.; Skerlj, R.T.;
Bridger, G.J.; Schols, D. AMD3465, a monomacrocyclic CXCR4 antagonist and potent HIV entry inhibitor.
Biochem. Pharmacol. 2005, 70, 752–761. [CrossRef]

48. Rosenkilde, M.M.; Gerlach, L.O.; Hatse, S.; Skerlj, R.T.; Schols, D.; Bridger, G.J.; Schwartz, T.W.
Molecular mechanism of action of monocyclam versus bicyclam non-peptide antagonists in the CXCR4
chemokine receptor. J. Biol. Chem. 2007, 282, 27354–27365. [CrossRef]

49. Bodart, V.; Anastassov, V.; Darkes, M.C.; Idzan, S.R.; Labrecque, J.; Lau, G.; Mosi, R.M.; Neff, K.S.; Nelson, K.L.;
Ruzek, M.C. Pharmacology of AMD3465: A small molecule antagonist of the chemokine receptor CXCR4.
Biochem. Pharmacol. 2009, 78, 993–1000. [CrossRef]

50. Ling, X.; Spaeth, E.; Chen, Y.; Shi, Y.; Zhang, W.; Schober, W.; Hail, N., Jr.; Konopleva, M.; Andreeff, M.
The CXCR4 antagonist AMD3465 regulates oncogenic signaling and invasiveness in vitro and prevents
breast cancer growth and metastasis in vivo. PLoS ONE 2013, 8. [CrossRef]

51. Feuerstein, R.; Wang, X.; Song, D.; Cooke, N.E.; Liebhaber, S.A. The LIM/double zinc-finger motif functions
as a protein dimerization domain. Proc. Natl. Acad. Sci. USA 1994, 91, 10655–10659. [CrossRef] [PubMed]

52. Li, R.; Soosairajah, J.; Harari, D.; Citri, A.; Price, J.; Ng, H.L.; Morton, C.J.; Parker, M.W.; Yarden, Y.; Bernard, O.
Hsp90 increases LIM kinase activity by promoting its homo-dimerization. Faseb J. 2006, 20, 1218–1220.
[CrossRef] [PubMed]

53. Matthews, J.M.; Sunde, M. Dimers, Oligomers, Everywhere. In Protein Dimerization and Oligomerization in
Biology; Springer: Berlin/Heidelberg, Germany, 2012; pp. 1–18.

54. Keicher, C.; Gambaryan, S.; Schulze, E.; Marcus, K.; Meyer, H.E.; Butt, E. Phosphorylation of mouse LASP-1
on threonine 156 by cAMP-and cGMP-dependent protein kinase. Biochem. Biophys. Res. Commun. 2004, 324,
308–316. [CrossRef] [PubMed]

55. Orth, M.F.; Cazes, A.; Butt, E.; Grunewald, T.G. An update on the LIM and SH3 domain protein 1 (LASP1):
A versatile structural, signaling, and biomarker protein. Oncotarget 2015, 6, 26. [CrossRef] [PubMed]

56. Howard, C.M.; Bearss, N.; Subramaniyan, B.; Tilley, A.; Sridharan, S.; Villa, N.; Fraser, C.S.; Raman, D.
The CXCR4-LASP1-eIF4F Axis Promotes Translation of Oncogenic Proteins in Triple-Negative Breast Cancer
Cells. Front Oncol. 2019, 9. [CrossRef]

57. Subramaniyan, B.; Sridharan, S.; C, M.H.; A, M.C.T.; Basuroy, T.; de la Serna, I.; Butt, E.; Raman, D. Role of
the CXCR4-LASP1 Axis in the Stabilization of Snail1 in Triple-Negative Breast Cancer. Cancers (Basel) 2020,
12, 2372. [CrossRef]

http://dx.doi.org/10.1074/jbc.R900012200
http://dx.doi.org/10.1101/gad.1424106
http://dx.doi.org/10.1261/rna.2191905
http://dx.doi.org/10.1261/rna.7231505
http://www.ncbi.nlm.nih.gov/pubmed/15703439
http://dx.doi.org/10.1038/nsmb1302
http://dx.doi.org/10.1016/j.molcel.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21981923
http://dx.doi.org/10.1128/MCB.01081-09
http://www.ncbi.nlm.nih.gov/pubmed/19797087
http://dx.doi.org/10.1016/j.molcel.2004.07.007
http://dx.doi.org/10.1016/j.cell.2005.10.022
http://www.ncbi.nlm.nih.gov/pubmed/16271387
http://dx.doi.org/10.1016/j.bcp.2005.05.035
http://dx.doi.org/10.1074/jbc.M704739200
http://dx.doi.org/10.1016/j.bcp.2009.06.010
http://dx.doi.org/10.1371/journal.pone.0058426
http://dx.doi.org/10.1073/pnas.91.22.10655
http://www.ncbi.nlm.nih.gov/pubmed/7938009
http://dx.doi.org/10.1096/fj.05-5258fje
http://www.ncbi.nlm.nih.gov/pubmed/16641196
http://dx.doi.org/10.1016/j.bbrc.2004.08.235
http://www.ncbi.nlm.nih.gov/pubmed/15465019
http://dx.doi.org/10.18632/oncotarget.3083
http://www.ncbi.nlm.nih.gov/pubmed/25622104
http://dx.doi.org/10.3389/fonc.2019.00284
http://dx.doi.org/10.3390/cancers12092372


Cancers 2020, 12, 2455 22 of 23

58. Bridge, K.S.; Shah, K.M.; Li, Y.; Foxler, D.E.; Wong, S.C.; Miller, D.C.; Davidson, K.M.; Foster, J.G.; Rose, R.;
Hodgkinson, M.R. Argonaute utilization for miRNA silencing is determined by phosphorylation-dependent
recruitment of LIM-domain-containing proteins. Cell Rep. 2017, 20, 173–187. [CrossRef]

59. Kim, S.J.; Shin, J.Y.; Lee, K.D.; Bae, Y.K.; Sung, K.W.; Nam, S.J.; Chun, K.H. MicroRNA let-7a suppresses
breast cancer cell migration and invasion through downregulation of CC chemokine receptor type 7.
Breast Cancer Res. 2012, 14, R14. [CrossRef]

60. Liu, Y.; Li, H.; Feng, J.; Cui, X.; Huang, W.; Li, Y.; Su, F.; Liu, Q.; Zhu, J.; Lv, X. Lin28 induces
epithelial-to-mesenchymal transition and stemness via downregulation of let-7a in breast cancer cells.
PLoS ONE 2013, 8. [CrossRef]

61. Liu, K.; Zhang, C.; Li, T.; Ding, Y.; Tu, T.; Zhou, F.; Qi, W.; Chen, H.; Sun, X. Let-7a inhibits growth and
migration of breast cancer cells by targeting HMGA1. Int. J. Oncol. 2015, 46, 2526–2534. [CrossRef]

62. Chen, D.; Sun, Y.; Yuan, Y.; Han, Z.; Zhang, P.; Zhang, J.; You, M.J.; Teruya-Feldstein, J.; Wang, M.; Gupta, S.
miR-100 induces epithelial-mesenchymal transition but suppresses tumorigenesis, migration and invasion.
PLoS Genet. 2014, 10. [CrossRef] [PubMed]

63. Gebeshuber, C.; Martinez, J. miR-100 suppresses IGF2 and inhibits breast tumorigenesis by interfering with
proliferation and survival signaling. Oncogene 2013, 32, 3306–3310. [CrossRef] [PubMed]

64. Jiang, Q.; He, M.; Guan, S.; Ma, M.; Wu, H.; Yu, Z.; Jiang, L.; Wang, Y.; Zong, X.; Jin, F. MicroRNA-100
suppresses the migration and invasion of breast cancer cells by targeting FZD-8 and inhibiting Wnt/β-catenin
signaling pathway. Tumor Biol. 2016, 37, 5001–5011. [CrossRef] [PubMed]

65. Wang, X. miRDB: A microRNA target prediction and functional annotation database with a wiki interface.
RNA 2008, 14, 1012–1017. [CrossRef]

66. Wong, N.; Wang, X. miRDB: An online resource for microRNA target prediction and functional annotations.
Nucleic Acids Res. 2015, 43, D146–D152. [CrossRef]

67. Rhodes, D.R.; Yu, J.; Shanker, K.; Deshpande, N.; Varambally, R.; Ghosh, D.; Barrette, T.; Pandey, A.;
Chinnaiyan, A.M. ONCOMINE: A cancer microarray database and integrated data-mining platform.
Neoplasia 2004, 6, 1. [CrossRef]

68. Rhodes, D.R.; Kalyana-Sundaram, S.; Mahavisno, V.; Varambally, R.; Yu, J.; Briggs, B.B.; Barrette, T.R.;
Anstet, M.J.; Kincead-Beal, C.; Kulkarni, P. Oncomine 3.0: Genes, pathways, and networks in a collection of
18,000 cancer gene expression profiles. Neoplasia 2007, 9, 166. [CrossRef]

69. Weinstein, J.N.; Collisson, E.A.; Mills, G.B.; Shaw, K.R.M.; Ozenberger, B.A.; Ellrott, K.; Shmulevich, I.;
Sander, C.; Stuart, J.M.; Network, C.G.A.R. The cancer genome atlas pan-cancer analysis project. Nat. Genet.
2013, 45, 1113. [CrossRef]

70. Curtis, C.; Shah, S.P.; Chin, S.F.; Turashvili, G.; Rueda, O.M.; Dunning, M.J.; Speed, D.; Lynch, A.G.;
Samarajiwa, S.; Yuan, Y. The genomic and transcriptomic architecture of 2,000 breast tumours reveals novel
subgroups. Nature 2012, 486, 346–352. [CrossRef]

71. Cabioglu, N.; Yazici, M.S.; Arun, B.; Broglio, K.R.; Hortobagyi, G.N.; Price, J.E.; Sahin, A. CCR7 and CXCR4
as novel biomarkers predicting axillary lymph node metastasis in T1 breast cancer. Clin. Cancer Res. 2005, 11,
5686–5693. [CrossRef]

72. Kochetkova, M.; Kumar, S.; McColl, S. Chemokine receptors CXCR4 and CCR7 promote metastasis by
preventing anoikis in cancer cells. Cell Death Differ. 2009, 16, 664–673. [CrossRef] [PubMed]

73. Emmrich, S.; Engeland, F.; El-Khatib, M.; Henke, K.; Obulkasim, A.; Schöning, J.; Katsman-Kuipers, J.;
Zwaan, C.M.; Pich, A.; Stary, J. miR-139-5p controls translation in myeloid leukemia through EIF4G2.
Oncogene 2016, 35, 1822–1831. [CrossRef] [PubMed]

74. Xie, X.; Li, Y.S.; Xiao, W.F.; Deng, Z.H.; He, H.B.; Liu, Q.; Luo, W. MicroRNA-379 inhibits the proliferation,
migration and invasion of human osteosarcoma cells by targetting EIF4G2. Biosci. Rep. 2017, 37. [CrossRef]
[PubMed]

75. Li, J.P.; Liao, X.H.; Xiang, Y.; Yao, A.; Song, R.H.; Zhang, Z.J.; Huang, F.; Dai, Z.T.; Zhang, T.C. Hyperoside and
let-7a-5p synergistically inhibits lung cancer cell proliferation via inducing G1/S phase arrest. Gene 2018, 679,
232–240. [CrossRef]

76. Bostner, J.; Waltersson, M.A.; Fornander, T.; Skoog, L.; Nordenskjöld, B.; Stål, O. Amplification of CCND1
and PAK1 as predictors of recurrence and tamoxifen resistance in postmenopausal breast cancer. Oncogene
2007, 26, 6997–7005. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.celrep.2017.06.027
http://dx.doi.org/10.1186/bcr3098
http://dx.doi.org/10.1371/journal.pone.0083083
http://dx.doi.org/10.3892/ijo.2015.2949
http://dx.doi.org/10.1371/journal.pgen.1004177
http://www.ncbi.nlm.nih.gov/pubmed/24586203
http://dx.doi.org/10.1038/onc.2012.372
http://www.ncbi.nlm.nih.gov/pubmed/22926517
http://dx.doi.org/10.1007/s13277-015-4342-x
http://www.ncbi.nlm.nih.gov/pubmed/26537584
http://dx.doi.org/10.1261/rna.965408
http://dx.doi.org/10.1093/nar/gku1104
http://dx.doi.org/10.1016/S1476-5586(04)80047-2
http://dx.doi.org/10.1593/neo.07112
http://dx.doi.org/10.1038/ng.2764
http://dx.doi.org/10.1038/nature10983
http://dx.doi.org/10.1158/1078-0432.CCR-05-0014
http://dx.doi.org/10.1038/cdd.2008.190
http://www.ncbi.nlm.nih.gov/pubmed/19136936
http://dx.doi.org/10.1038/onc.2015.247
http://www.ncbi.nlm.nih.gov/pubmed/26165837
http://dx.doi.org/10.1042/BSR20160542
http://www.ncbi.nlm.nih.gov/pubmed/28381518
http://dx.doi.org/10.1016/j.gene.2018.09.011
http://dx.doi.org/10.1038/sj.onc.1210506
http://www.ncbi.nlm.nih.gov/pubmed/17486065


Cancers 2020, 12, 2455 23 of 23

77. Gupta, V.K.; Feber, A.; Xi, L.; Pennathur, A.; Wu, M.; Luketich, J.D.; Godfrey, T.E. Association between CCND1
G/A870 polymorphism, allele-specific amplification, cyclin D1 expression, and survival in esophageal and
lung carcinoma. Clin. Cancer Res. 2008, 14, 7804–7812. [CrossRef] [PubMed]

78. Gao, Y.; Wang, Z.; Hao, Q.; Li, W.; Xu, Y.; Zhang, J.; Zhang, W.; Wang, S.; Liu, S.; Li, M. Loss of ERα induces
amoeboid-like migration of breast cancer cells by downregulating vinculin. Nat. Commun. 2017, 8, 1–15.
[CrossRef] [PubMed]

79. Rahman, A.; Carey, S.P.; Kraning-Rush, C.M.; Goldblatt, Z.E.; Bordeleau, F.; Lampi, M.C.; Lin, D.Y.; García, A.J.;
Reinhart-King, C.A. Vinculin regulates directionality and cell polarity in two-and three-dimensional matrix
and three-dimensional microtrack migration. Mol. Biol. Cell 2016, 27, 1431–1441. [CrossRef] [PubMed]

80. Zhang, B.; Zhao, R.; He, Y.; Fu, X.; Fu, L.; Zhu, Z.; Fu, L.; Dong, J.T. Micro RNA 100 sensitizes luminal A
breast cancer cells to paclitaxel treatment in part by targeting mTOR. Oncotarget 2016, 7, 5702. [CrossRef]

81. Sun, J.; Chen, Z.; Tan, X.; Zhou, F.; Tan, F.; Gao, Y.; Sun, N.; Xu, X.; Shao, K.; He, J. MicroRNA-99a/100
promotes apoptosis by targeting mTOR in human esophageal squamous cell carcinoma. Med Oncol. 2013, 30,
411. [CrossRef]

82. Becker, W.R.; Ober-Reynolds, B.; Jouravleva, K.; Jolly, S.M.; Zamore, P.D.; Greenleaf, W.J. High-throughput
analysis reveals rules for target RNA binding and cleavage by AGO2. Mol. Cell 2019, 75, 741–755. [CrossRef]
[PubMed]

83. Hao, G.J.; Hao, H.J.; Ding, Y.H.; Wen, H.; Li, X.F.; Wang, Q.R.; Zhang, B.B. Suppression of EIF 4G2 by miR-379
potentiates the cisplatin chemosensitivity in nonsmall cell lung cancer cells. FEBS Lett. 2017, 591, 636–645.
[CrossRef] [PubMed]

84. Jannie, K.M.; Ellerbroek, S.M.; Zhou, D.W.; Chen, S.; Crompton, D.J.; García, A.J.; DeMali, K.A.
Vinculin-dependent actin bundling regulates cell migration and traction forces. Biochem. J. 2015, 465,
383–393. [CrossRef] [PubMed]

85. Gagnon, K.T.; Li, L.; Chu, Y.; Janowski, B.A.; Corey, D.R. RNAi factors are present and active in human cell
nuclei. Cell Rep. 2014, 6, 211–221. [CrossRef] [PubMed]

86. Janowski, B.A.; Huffman, K.E.; Schwartz, J.C.; Ram, R.; Nordsell, R.; Shames, D.S.; Minna, J.D.; Corey, D.R.
Involvement of AGO1 and AGO2 in mammalian transcriptional silencing. Nat. Struct. Mol. Biol. 2006, 13,
787–792. [CrossRef] [PubMed]

87. Younger, S.T.; Corey, D.R. Transcriptional gene silencing in mammalian cells by miRNA mimics that target
gene promoters. Nucleic Acids Res. 2011, 39, 5682–5691. [CrossRef]

88. Moshkovich, N.; Nisha, P.; Boyle, P.J.; Thompson, B.A.; Dale, R.K.; Lei, E.P. RNAi-independent role for
Argonaute2 in CTCF/CP190 chromatin insulator function. Genes Dev. 2011, 25, 1686–1701. [CrossRef]

89. Ameyar-Zazoua, M.; Rachez, C.; Souidi, M.; Robin, P.; Fritsch, L.; Young, R.; Morozova, N.; Fenouil, R.;
Descostes, N.; Andrau, J.C. Argonaute proteins couple chromatin silencing to alternative splicing.
Nat. Struct. Mol. Biol. 2012, 19, 998. [CrossRef]

90. Cheloufi, S.; Dos Santos, C.O.; Chong, M.M.W.; Hannon, G.J. A dicer-independent miRNA biogenesis
pathway that requires Ago catalysis. Nature 2010, 465, 584–589. [CrossRef]

91. Diederichs, S.; Haber, D.A. Dual role for argonautes in microRNA processing and posttranscriptional
regulation of microRNA expression. Cell 2007, 131, 1097–1108. [CrossRef]

92. Raman, D.; Neel, N.F.; Sai, J.; Mernaugh, R.L.; Ham, A.J.L.; Richmond, A.J. Characterization of chemokine
receptor CXCR2 interacting proteins using a proteomics approach to define the CXCR2 “chemosynapse”.
Methods Enzymol. 2009, 460, 315–330. [PubMed]

93. Swift, M.L. GraphPad prism, data analysis, and scientific graphing. J. Chem. Inf. Comput. Sci. 1997, 37,
411–412. [CrossRef]

94. Prism, G. Prism 8 for windows. GraphPad Software Inc. 2019. Available online: https://www.graphpad.com/

scientific-software/prism/ (accessed on 29 August 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/1078-0432.CCR-08-0744
http://www.ncbi.nlm.nih.gov/pubmed/19047108
http://dx.doi.org/10.1038/ncomms14483
http://www.ncbi.nlm.nih.gov/pubmed/28266545
http://dx.doi.org/10.1091/mbc.E15-06-0432
http://www.ncbi.nlm.nih.gov/pubmed/26960796
http://dx.doi.org/10.18632/oncotarget.6790
http://dx.doi.org/10.1007/s12032-012-0411-9
http://dx.doi.org/10.1016/j.molcel.2019.06.012
http://www.ncbi.nlm.nih.gov/pubmed/31324449
http://dx.doi.org/10.1002/1873-3468.12566
http://www.ncbi.nlm.nih.gov/pubmed/28117895
http://dx.doi.org/10.1042/BJ20140872
http://www.ncbi.nlm.nih.gov/pubmed/25358683
http://dx.doi.org/10.1016/j.celrep.2013.12.013
http://www.ncbi.nlm.nih.gov/pubmed/24388755
http://dx.doi.org/10.1038/nsmb1140
http://www.ncbi.nlm.nih.gov/pubmed/16936728
http://dx.doi.org/10.1093/nar/gkr155
http://dx.doi.org/10.1101/gad.16651211
http://dx.doi.org/10.1038/nsmb.2373
http://dx.doi.org/10.1038/nature09092
http://dx.doi.org/10.1016/j.cell.2007.10.032
http://www.ncbi.nlm.nih.gov/pubmed/19446732
http://dx.doi.org/10.1021/ci960402j
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	LASP1 Associates with Ago2 through Its LIM and SH3 Domains 
	LASP1 Directly Binds to Ago2 through Its LIM and SH3 Domains 
	LASP1 Endogenously Interacts with Ago2 in a CXCL12-Dependent Manner 
	The Phosphorylation Status of LASP1 Dictates the LASP1-Ago2 Interaction 
	Let-7a and MiR-100 Targets Are Altered in TNBC 
	Let-7a Based Target Repression is Altered in a LASP1-Dependent Manner 
	The LASP1-Ago2 Interaction Impacts Expression of Let-7a Targets 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Engineering of GST-LASP1 Domain Constructs 
	GST-Pulldown/Direct Binding Assays 
	Co-Immunoprecipitation Assay 
	Proximity Ligation Assay 
	Generation of LASP1 Phospho-Mutant Constructs and Phospho-Mutant Cell Lines 
	Bioinformatic Analysis 
	Luciferase Reporter Assays for miRNA Targets 
	Western Blotting 
	Statistical Analysis, Graph Preparation and Figure Design 

	Conclusions 
	References

