The LCLAT1/LYCAT acyltransferase is required

for EGF-mediated phosphatidylinositol-3,4,5-
trisphosphate generation and Akt signaling

Victoria Chan?®, Cristina Camardi*®, Kai Zhang®, Laura A. Orofiamma®®, Karen E. Anderson®,

Jafarul Hoque®, Leslie N. Bone®?, Yasmin Awadeh??, Daniel K. C. Lee9, Norman J. Fu¢,
Jonathan T. S. Chowd, Leonardo Salmenad, Len R. Stephensc, Phillip T. Hawkins¢,
Costin N. Antonescu®®*, and Roberto J. Botelho®2b*

ARTICLE

3Molecular Science Graduate Program, and ®Department of Chemistry and Biology, Toronto Metropolitan University,

Toronto, Ontario M5B2K3, Canada; “Signalling Programme, Babraham Institute, Cambridge CB22 4AT, United
Kingdom; Department of Pharmacology & Toxicology, University of Toronto, Toronto, Ontario M5S1A8, Canada

ABSTRACT Receptor tyrosine kinases such as EGF receptor (EGFR) stimulate phosphoinosit-
ide 3 kinases to convert phosphatidylinositol-4,5-bisphosophate [PtdIns(4,5)P,] into phospha-
tidylinositol-3,4,5-trisphosphate [PtdIns(3,4,5)Ps]. PtdIns(3,4,5)P3 then remodels actin and
gene expression, and boosts cell survival and proliferation. Ptdins(3,4,5)P3 partly achieves
these functions by triggering activation of the kinase Akt, which phosphorylates targets like
Tsc2 and GSK3p. Consequently, unchecked upregulation of PtdiIns(3,4,5)Ps-Akt signaling pro-
motes tumor progression. Interestingly, 50-70% of PtdIns and PtdinsPs have stearate and
arachidonate at sn-1 and sn-2 positions of glycerol, respectively, forming a species known as
38:4-PtdIns/PtdInsPs. LCLAT1 and MBOAT?7 acyltransferases partly enrich PtdIns in this acyl
format. We previously showed that disruption of LCLAT1 lowered PtdIns(4,5)P, levels and
perturbed endocytosis and endocytic trafficking. However, the role of LCLAT1 in receptor
tyrosine kinase and PtdIns(3,4,5)P3 signaling was not explored. Here, we show that LCLAT1
silencing in MDA-MB-231 and ARPE-19 cells abated the levels of PtdIns(3,4,5)P3 in response
to EGF signaling. Importantly, LCLAT1-silenced cells were also impaired for EGF-driven and
insulin-driven Akt activation and downstream signaling. Thus, our work provides first evi-
dence that the LCLAT1 acyltransferase is required for receptor tyrosine kinase signaling.
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drug discovery to manipulate phosphoinositide signalling.

Monitoring Editor
Alexander Sorkin
University of Pittsburgh
Medical School

Received: Oct 11, 2023

Revised: Jul 2, 2024
Accepted: Jul 10, 2024

@ New Hypothesis

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E23-09-0361) on July 18, 2024.

*Address correspondence to: Costin N. Antonescu (cantonescu@torontomu.ca);
Roberto J. Botelho (rbotelho@torontomu.ca).

Abbreviations: BSA, bovine serum albumin; EGF, epidermal growth factor; EGFR,
epidermal growth factor receptor; IP3, inositol-1,4,5-trisphosphate; ER, endoplas-
mic reticulum; Ptdins, phosphatidylinositol; PtdIns(3)P, phosphatidylinositol-
3-phosphate; PtdIns(4,5)P,, phosphatidylinositol-4,5-bisphosphate; Ptdins(3,4,5)
P3, phosphatidylinositol-3,4,5-trisphosphate; PtdinsP, phosphoinositide; TIRF,
total internal reflection fluorescence; TNBC, triple-negative breast cancer.

Molecular Biology of the Cell ® 35:ar118, 1-15, September 1, 2024

© 2024 Chan et al. This article is distributed by The American Society for Cell Biol-
ogy under license from the author(s). Two months after publication it is available
to the public under an Attribution-Noncommercial-Share Alike 4.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/4.0).
“"ASCB®,"” "The American Society for Cell Biology®,"” and “Molecular Biology of
the Cell®" are registered trademarks of The American Society for Cell Biology.

35:ar118, 1


http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E23-09-0361
http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E23-09-0361
https://orcid.org/0000-0002-7820-0999

INTRODUCTION

Phosphoinositide (PtdInsP) lipid signaling orchestrates a variety of
cellular functions such as organelle identity and membrane traffick-
ing, ion channel activity, cytoskeletal organization, regulation of
gene expression, modulation of metabolic activity, and cell prolif-
eration and survival (Balla, 2013; Idevall-Hagren and De Camilli,
2015; Choy et al., 2017; Dickson and Hille, 2019; Doumane et al.,
2022; Posor et al., 2022). PtdInsPs are generated by the reversible
phosphorylation of the phosphatidylinositol (Ptdins) headgroup by
several types of lipid kinases and phosphatases. Collectively, and
based on the headgroup phosphorylation, these enzymes can gen-
erate up to seven species of PtdInsPs (Balla, 2013; Choy et al., 2017;
Dickson and Hille, 2019; Posor et al., 2022). Nonetheless, there is
another facet of PtdInsP biology that is poorly defined at the regula-
tory and functional levels—the control and function of the acyl com-
position of PtdinsPs (D'Souza and Epand, 2014; Choy et al., 2017,
Traynor-Kaplan et al., 2017; Barneda et al., 2019; Bozelli and Epand,
2019).

In many mammalian tissues and cells, 50-70% of PtdIns and Pt-
dInsPs are enriched for stearate and arachidonate at the sn-1 and
sn-2 positions, respectively—this acyl combination is referred to as
38:4-PtdIns or 38:4-PtdInsPs (Milne et al., 2005; Haag et al., 2012;
Imae et al., 2012; Lee et al., 2012; Anderson et al., 2013; D'Souza
and Epand, 2014; Anderson et al., 2016; Traynor-Kaplan et al., 2017;
Barneda et al., 2019). Additionally, this acyl composition is unique
to PtdIns and PtdInsPs since other phospholipids have distinct acyl
profiles (Hicks et al., 2006; Traynor-Kaplan et al., 2017; Barneda
et al., 2019; Bozelli and Epand, 2019). This suggests that the acyl
groups of PtdIns and PtdInsPs do more than simply embedding the
lipids into the membrane bilayer (Choy et al., 2017; Barneda et al.,
2019; Bozelli and Epand, 2019). However, the exact acyl profile of
Ptdins and PtdinsPs can vary between cell types, environmental
conditions, and pathophysiological conditions such as cancer (Hicks
etal., 2006; Imae et al., 2012; Anderson et al., 2016; Traynor-Kaplan
et al., 2017; Mujalli et al., 2018; Barneda et al., 2019; Bozelli and
Epand, 2019). For example, p53~~ cancer cells, prostate cancer cells
and triple-negative breast cancer (TNBC) cells all have distinct acyl
profiles of Ptdins relative to normal tissue (Naguib et al., 2015;
Rueda-Rincon et al., 2015; Koizumi et al., 2019; Freyr Eiriksson et al.,
2020). Yet, there is much to be understood about the regulatory
mechanisms that establish and remodel the acyl profile of Ptdins
and PtdInsPs, and their functional implications.

The LCLAT1 acyltransferase has been identified as one of the
enzymes that remodels and enriches PtdIns and/or PtdInsPs in stea-
rate at the sn-1 position (Imae et al., 2012; D'Souza and Epand,
2014; Bone et al., 2017; Zhang et al., 2023). LCLAT1 is an ER-local-
ized protein and is thought to act during the Lands’ Cycle or PtdIns
Cycle to enrich PtdIns in stearate at sn-1 (Imae et al., 2012; Bone
et al., 2017; Barneda et al., 2019; Blunsom and Cockcroft, 2020).
Murine tissues deleted for LCLAT1 had reduced levels of 38:4-Pt-
dins, mono-PtdInsP, and bis-phosphorylated PtdinsPs (Imae et al.,
2012). More recently, we observed that LCLAT1 silencing reduced
the relative levels of endosomal phosphatidylinositol-3-phosphate
[PtdIns(3)P] and phosphatidylinositol-4,5-bisphosphate [Ptdins(4,5)
P,] on the plasma membrane, while the levels of phosphatidylinosi-
tol-4-phosphate [PtdIns(4)P] remained unchanged (Bone et al.,
2017). Importantly, Ptdins and bis-phosphorylated PtdinsPs (mostly
PtdIns(4,5)P,), but not monophosphorylated PtdinsPs (mostly Pt-
dIns(4)P] were altered in their acyl profile upon LCLAT1 silencing.
This effect on specific pools of PtdInsPs has also been observed in
cells disrupted for LPIAT1/MBOAT7, an acyltransferase thought to
enrich PtdIns/PtdInsPs in arachidonic acid (Anderson et al., 2013).
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PtdIns(4,5)P, regulates a number of functions including endocy-
tosis, ion transport, and the cytoskeleton organization (Balla, 2013;
Sun et al., 2013; Katan and Cockcroft, 2020). PtdIns(4,5)P; is also a
precursor for other signaling intermediates regulated by growth fac-
tor receptors like the EGF and its receptor, the EGF receptor (EGFR),
a major receptor tyrosine kinase (Katan and Cockeroft, 2020;
Orofiamma et al., 2022). EGF binds and dimerizes EGFR, leading to
receptor autophosphorylation on various tyrosine residues on the
receptor’s C-terminal tail region (Gullick et al., 1985; Béni-Schnetzler
and Pilch, 1987; Honegger et al., 1987; Yarden and Schlessinger,
1987, Koland and Cerione, 1988; Linggi and Carpenter, 2006).
Motifs harboring these phosphotyrosines serve as docking sites for
adaptor proteins like Grb2, which assemble a signaling complex
composed of other protein kinases and phosphatases, and lipid-
metabolizing enzymes (Margolis et al., 1990a; Holgado-Madruga
et al., 1996, 2, Rodrigues et al., 2000; Orofiamma et al., 2022). For
example, active EGFR recruits and activates phospholipase Cy
(PLCy), which hydrolyses PtdIns(4,5)P, into diacylglycerol and inosi-
tol-1,4,5-trisphosphate (IP3), and which releases Ca?* from endo-
plasmic reticulum stores (Santos et al., 2017; Margolis et al., 1990a;
Margolis et al., 1990b). In addition, Gab1, recruited to the mem-
brane via interactions with EGFR-bound Grb2, engages class | phos-
phoinositide 3 kinases (PI3Ks) to convert PtdIns(4,5)P, to PtdIns(3,4,5)
P3 (Rodrigues et al., 2000; Kiyatkin et al., 2006). This burst of
PtdIns(3,4,5)P3 then recruits and activates PDK1 and Akt protein
kinases (Alessi et al., 1997; Stokoe et al., 1997; Bellacosa et al.,
1998; Manning and Toker, 2017). Akt is a major driver of cell
metabolism and growth by phosphorylating numerous targets like
GSK3p and TSC2 (Cross et al., 1995; Inoki et al., 2002; Manning and
Toker, 2017; Rodgers et al., 2017; Sugiyama et al., 2019). For
example, Akt inactivates TSC2, a GTPase-activating protein (GAP)
for the Rheb GTPase, thus promoting the mTORC1 pathway (Inoki
et al., 2002; Inoki et al., 2003). The PtdIns(3,4,5)P3-Akt-mTORC1
pathway is a major driver of cell growth, proliferation, survival, and
differentiation (Dibble and Manning, 2013; Dey et al., 2017;
Manning and Toker, 2017; Sugiyama et al., 2019). As a result, muta-
tions that hyperactivate this pathway are often associated with
human cancers like TNBC (Dey et al., 2017; Li et al., 2017).

Overall, given that LCLAT1 is a Pl acyltransferase and the con-
nection between EGF and PI3K-Akt pathway, we postulated that
LCLAT1 disruption would impair EGF-mediated PtdIns(3,4,5)P3-Akt
signaling, reflecting a role for Pl acyl profile specificity for signaling
by this pathway. In fact, we found that LCLAT1 silencing in at least
two cell lines impeded generation of Ptdins(3,4,5)P3 and Akt activa-
tion upon addition of EGF.

RESULTS

LCLAT1 acyltransferase regulation of EGFR trafficking

In our previous work, LCLAT1 silencing altered the endocytosis and
endosomal trafficking of the transferrin receptor in ARPE-19 cells
(Bone et al., 2017). We thus queried whether LCLAT1 disruption
would alter the total and surface levels of EGFR and/or affect EGFR
signaling in at least two human-derived cells lines: the noncancer-
ous, male-derived ARPE-19 and the female-derived TNBC cell line,
MDA-MB-231. To do this, we used previously designed and vali-
dated siRNA oligonucleotides against LCLAT1 (Bone et al., 2017)
and a nontargeting oligonucleotide (see Materials and Methods),
transiently transfected cells twice, and after 48 h, we lysed the cells
and probed for LCLAT1 levels by Western blotting. As shown in
Figure 1A and Figure 2A respectively, control ARPE-19 and MDA-
MB-231 cells displayed a major band at 35 kDa. After transfection
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FIGURE 1: LCLAT1 silencing has no negative impact on EGFR activation, EGFR total levels, and EGFR surface levels in
ARPE-19 cells. (A) Western blots showing repressed LCLAT1 expression in ARPE-19 cells transfected with siLCLAT1-1
oligonucleotides relative to nontargeting control siRNA (NT siRNA). Two replicate lanes per condition are shown.
Clathrin heavy chain (CHC), cofilin, and vinculin were used as loading controls. (B) Normalized ratio of LCLAT1
expression to CHC in ARPE-19 cells. (C) ARPE-19 cells silenced for LCLAT1 or treated with nontargeting oligonucleotide
were serum-starved and then stimulated with 5 ng/ml EGF for 5 min. Lysates were then probed for total EGFR or
phospho-EGFR. GAPDH was employed as the loading control. (D) Quantification of total EGFR relative to the respective
GAPDH signal. (E) Normalized cell surface EGFR detected by immunofluorescence before and after 1 h stimulation with
100 ng/ml EGF in nontargeted and LCLAT1-silenced ARPE-19 cells. (F) Quantification of phospho-EGFR (p-Y1068)
relative to the respective total EGFR signal. All experiments were repeated a minimum of three times except in E (EGF
stimulation, n = 2). Data points from matching independent experiments are color coded. For B, D, and F shown is mean
+ STD. Data in E are shown as mean + SEM where at least 40-80 cells were scored per condition per experiment. Data
in B and D were analyzed by a one-sample t test using hypothetical value of 1. For data in E and F, a repeated measures
two-way ANOVA followed by Sidak’s (E) or Tukey's (F) post-hoc test was used. p values are indicated.

with siLCLAT1-1, this band was reduced by ~70% intensity in both
cell types, manifesting efficient LCLAT1 silencing (Figure 1, A and B
and Figure 2, A and B). We also observed reduced LCLAT1 expres-
sion in ARPE-19 and MDA-MB-231 cells transfected with indepen-
dent siRNA oligonucleotides against LCLAT1 (Supplemental Figure
S1,Aand B, S2, A and B, and S4).

We next examined the effects of LCLAT1 silencing on total and
surface levels of EGFR in these cells. We observed that LCLAT1 si-
lencing in ARPE-19 and MDA-MB-231 cells did not alter total EGFR
levels as measured by Western blotting (Figures 1, Cand D and 2, C
and D) nor the EGFR surface levels as measured by immunofluores-
cence of unpermeabilized cells under basal conditions (Figures 1E
and 2E). Moreover, the surface levels of EGFR after 1 h of 100 ng/ml
EGF stimulation dropped by a similar extend in both control
and LCLAT1-silenced ARPE-19 (Figure 1E) and MDA-MB-231
(Figure 2E). Importantly, LCLAT 1-silencing did not impair EGF-medi-
ated phosphorylation of Y1068 of EGFR in ARPE-19 cells (Figure 1,
C and F) and MDA-MB-231 cells (Figure 2, C and F); in fact, EGFR
phosphorylation at Y1068 appears elevated in LCLAT 1-silenced cells
(Figure 2F). Overall, these data suggest that the steady-state levels
and trafficking of EGFR, and immediate response to EGF in ARPE-19
and MDA-MB-231 cells did not decline during LCLAT1 silencing.
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LCLAT1 acyltransferase silencing reduces PtdIns(3,4,5)P3
synthesis in response to EGF

We previously observed that ARPE-19 cells silenced for LCLAT1 had
~30% reduction in PtdIns(4,5)P, levels (Bone et al., 2017). To deter-
mine whether this was recapitulated in MDA-MB-231 cells, we gen-
erated cells stably engineered for doxycycline-inducible eGFP-
PLC3-PH, a reporter for Ptdins(4,5)P; (Stauffer et al., 1998). We then
quantified the fluorescence ratio of eGFP-PLC8-PH on the plasma
membrane over cytosolic signal by using FM4-64FX to define the
plasma membrane. Upon silencing of LCLAT1 in these cells, the
eGFP-PLC8-PH fluorescence ratio of plasma membrane to cytosol
declined significantly relative to nonsilenced cells (Figure 3, A and B)
suggesting that LCLAT1-silenced MDA-MB-231 cells also had less
PtdIns(4,5)P,.

Next, a key outcome of EGFR stimulation is the activation of
PI3Ks to convert PtdIns(4,5)P, to Ptdins(3,4,5)P3 (Hu et al., 1992;
Rodrigues et al., 2000; Orofiamma et al., 2022). To determine
whether PtdIns(3,4,5)P3 synthesis was affected in LCLAT 1-disturbed
cells, we transfected ARPE-19 and MDA-MB-231 cells with plasmids
encoding Akt-PH-GFP, a biosensor for 3-phosphorylated PtdinsPs
(Varnai and Balla, 1998). The recruitment of Akt-PH-GFP to the
plasma membrane in response to EGF was then quantified using

LCLAT1 acyltransferase and PI3K-Akt | 3



A B

SiNT  siLCLAT1-1 o 104 poe
(]
0
CHC | s = s | 170 kD2 I
2 05 0.017
. . o . - -_—
Vinculin [==== ===« =117 kDa = oo
Cofilin [ e | 19D 3
3)
|
0.0 :
siNT siLC-1
C D i
SINT  siLCLAT1-1 1.0- 0.123
EGF (5 ng/mL) - + - + » E
(pY1068) o<
O
GAPDH | €3 05
0 e
total EGFR k-
©
>3
- =
GAPDH ‘-..- 35 kDa .
siNT  siLC-1
0.0021
E F
0.0017
0.0352
© 15, 299 0572 15, 00249
Q3 o 8 —
i Sk 0911  0.460
‘5 © TO
» Y Z
=0 1.04 @m % = 1.0-
(] [T
O3 ° oL
= 27005
E .E 0.5+ %:.% -
5 & gs |°
20 o
Wooll L , 0.0l L :
Basal 1hEGF Basal EGF

[JsiNT  EEsiLCLAT1-1

FIGURE 2: LCLAT1 silencing has no negative impact on EGFR activation, total EGFR levels, and
surface EGFR levels in MDA-MB-231 cells. (A) Western blot showing LCLAT1 silencing in
MDA-MB-231 cells transfected with siLCLAT1-1 (siLC-1) relative to nontargeting control siRNA
(NT siRNA). Each condition shows two replicates. Clathrin heavy chain (CHC), vinculin, and cofilin
were used as a loading control. (B) Normalized ratio of LCLAT1 expression to CHC signal in
MDA-MB-231 cells. (C) MDA-MB-231 cells silenced for LCLAT1 or treated with nontargeting
oligonucleotides were serum-starved and then stimulated with 5 ng/ml EGF for 5 min. Lysates
were then probed for total EGFR or phospho-EGFR (pY-1068). GAPDH was employed as the
loading control. (D) Quantification of total EGFR relative to respective GAPDH. (E) Normalized
cell surface EGFR detected by immunofluorescence before and after 1 h stimulation with

100 ng/ml EGF in nontargeted and LCLAT1-silenced MDA-MB-231 cells. (F) Quantification of
phospho-Y1068-EGFR relative to EGFR. All experiments were repeated at least three
independent times. Data points from matching independent experiments are color coded. For
B, D, and F, shown are the mean + STD. For E, the mean + SEM is shown where 50-100 cells
were scored per condition per experiment. Data in B and D were analyzed by a one-sample

t test using hypothetical value of 1. For data in E and F, a repeated measures two-way ANOVA
followed by Tukey’s post-hoc test was used. p values are shown.
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two different methods. Given that ARPE-19
cells are exceptionally flat, we quantified the
ratio of TIRF to epifluorescence fields (TIRF/
Epi fluorescence ratio) as an indicator for
Ptdins(3,4,5)P3 levels at the plasma mem-
brane. While control cells readily increased
their Akt-PH-GFP on the plasma membrane
after EGF stimulation, cells perturbed for
LCLAT1 expression displayed substantially
lower TIRF/Epifluorescence of their Akt-PH-
GFP (Figure 3, C and D). We then assessed
whether MDA-MB-231 cells were also im-
paired for PI3K signaling. Because these
cells are rounder, we measured Akt-PH-GFP
on the plasma membrane more readily in
optical sections obtained from the middle of
the cell by spinning disk confocal micros-
copy by sampling Akt-PH-GFP at the cell
periphery against cytosolic signal. We
tracked the Akt-PH-GFP recruitment over 10
min after adding EGF. We observed an in-
crease in Akt-PH-GFP to the cell periphery
after EGF stimulation of nonsilenced MDA-
MB-231 cells (Figure 3, E and F). Impor-
tantly, this increase in Akt-PH-GFP at the cell
periphery was suppressed in the LCLAT1-si-
lenced cell group (Figure 3, E and F). Hence,
despite near normal levels of EGFR and p-
EGFR, we reveal that LCLAT1 expression is
required for EGF-mediated increase in
PI(3,4,5)P3 levels in at least two cell types.

The impact of LCLAT1 acyltransferase
expression on the acyl profile of
PtdInsPs

We next examined the PtdInsP acyl profile
and their relative levels by mass spectrome-
try in control (cells maintained in medium
supplemented with serum), serum-starved
(medium with no serum for 1 h and not fur-
ther stimulated), and EGF-stimulated for 5
min. These conditions were examined in
both ARPE-19 and MDA-MB-231 cells that
were subjected to nontargeting siRNA or
LCLAT1-silencing siRNA oligonucleotides.
For this analysis, we normalized lipid spec-
tral counts against synthetic standards
added to the samples to generate a re-
sponse ratio (see Materials and Methods). In
addition, to correct for variation in cell input
between experiments, we further normal-
ized against an internal benchmark by com-
paring changes in 38:4 PtdIns, mono-PtdIn-
sPs, bis-PtdInsPs, and PtdIns(3,4,5)P3
relative to standardized 36:x-PtdIns and the
corresponding  36:x-mono-PtdinsP  and
36:xbis-PtdInsP since these species have
previously been shown to be less affected
by LCLAT1 expression relative to 38:4 spe-
cies (Imae et al., 2012; Bone et al., 2017).

Molecular Biology of the Cell
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Defective PI(4,5)P, and EGF-stimulated PtdIns(3,4,5)P3 synthesis in LCLAT 1-silenced
cells. MDA-MB-231 cells (A, E), and ARPE-19 (C) were mock-silenced or LCLAT1-silenced.
(A) Confocal images of MDA-MB-231 cells stably expressing eGFP-PLC3-PH (green) and labeled
with FM4-46FX (magenta). (B) Quantification of eGFP-PLC3-PH fluorescence on FM4-64X-
labeled cell periphery relative to its cytosolic signal. (C) TIRF and epifluorescence microscopy of
ARPE-19 cells mock-silenced or silenced for LCLAT1 and expressing Akt-PH-GFP. Cells were
maintained serum starved or exposed to 20 ng/ml EGF for 5 min. The TIRF field is shown both
in grayscale and as false-color (fire LUT), where black-indigo is weakest and yellow-white is
strongest. For representation, cells selected expressed similar levels of Akt-PH-GFP.
(D) Quantification of TIRF/epifluorescence ratio of Akt-PH-GFP. Total Akt-PH-GFP fluorescence
in TIRF field is expressed as a ratio against the corresponding total fluorescence in the
epifluorescence field. Shown is the ratio for serum-starved and EGF-stimulated control and
LCLAT1-silenced cells. (E) Spinning disk confocal images of MDA-MB-231 cells mock-silenced or
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We note that our previous normalization
benchmark used the 38:x PtdInsP (not just
38:4) to its respective 36:x PtdInsP and an
internal benchmark was not used (Bone
et al., 2017).

For ARPE-19 cells, the major acyl species
of Ptdlns, mono-, bis-, and tris-PtdInsP was
38:4, as expected. In fact, we only detected
38:4 acyl species for PtdiIns(3,4,5)P3. We then
compared each group of 38:4 PtdInsPs with
the 36:x-Ptdins and the corresponding 36:x-
PtdInsP. Relative to 36:x-PtdIns, we saw that
the levels of 38:4-Ptdins were reduced in
LCLAT1-silenced cells (Figure 4A). In com-
parison, there was no significant difference in
38:4-mono-PtdinsPs relative to 36:x-Ptdins
or 36:x-mono-PtdInsP in any treatment
(Figure 4B; Supplemental Figure S3A).
However, 38:4-bis-PtdinsPs declined in
LCLAT1-silenced cells relative to 36:x-Ptdins
(Figure 4C) and 36:x-bis-PtdInsPs (Supple-
mental Figure S3B). Lastly, EGF increased
the levels of 38:4-PtdIns(3,4,5)P3 relative to
36:x-Ptdins in both serum-starved nonsi-
lenced and LCLAT 1-silenced cells (Figure 4D).
However, LCLAT 1-silenced cells had a signifi-
cant reduction in 38:4-PtdIns(3,4,5)P3 levels
relative to 36:x-PtdIns compared with non-
targeted ARPE-19 cells (Figure 4D). We
could not quantitatively compare 38:4-Pt-
dins(3,4,5)P3 with 36:x-PtdIns(3,4,5)P3 since
we did not detect the latter. Overall, this sug-
gests that 38:4-PtdIns(3,4,5)P3 is the pre-
dominant acyl species of this phosphoinosit-
ide upon EGF stimulation and that LCLAT1
expression is required for its efficient synthe-
sis. Overall, we reveal that ARPE-19 cells shift
their acyl profile of Ptdins, bis-PtdInsPs, and
PtdIns(3,4,5)P3 upon LCLAT 1-disruption, but
not for mono-PtdInsPs.

LCLAT1-silenced before and during 20 ng/ml
EGF stimulation. (F) Quantification of
Akt-PH-GFP fluorescence at the plasma
membrane relative to its cytosolic signal from
time-lapse imaging over 10 min of stimulation
with 20 ng/ml EGF. Scale bar = 20 um. All
experiments were repeated three
independent times. For B and D, data points
from matching independent experiments are
color coded. Shown is the mean + SEM,
where data in D were binned every 45 s
(three images). For B and D, data are based
on 30-50 transfected cells per condition per
experiment. For F, a total of 23 transfected
cells were traced over time over three
independent experiments. Data in B were
analyzed by paired Student t test. For D and
F, repeated measures two-way ANOVA and
Sidak’s post-hoc test was used to test data in
D. p values are shown.
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We similarly investigated the lipidomic profile of MDA-MB-231
cells. The major acyl species for all PtdinsPs and PtdIns was again
38:4 and we once again only detected 38:4-PtdIns(3,4,5)P3 acyl spe-
cies in our samples. LCLAT1 suppression lowered 38:4-PtdInsP rela-
tive to 36:x-PtdInsP in MDA-MB-231 cells, but unlike ARPE-19 cells,
this change did not transfer to the bis-species (Figure 4G; Supple-
mental Figure S3D). Instead, resting cells had a significant difference
in 38:4-mono-PtdInsPs relative to 36:x-mono-PtdInsPs (Supplemen-
tal Figure S3C), but not serum-starved or EGF or relative to 36:x-
Ptdins (Figure 4F; Supplemental Figure S3C). Most striking, was the
elevation in the ratio of 38:4-PtdIns(3,4,5)P3 to 36:x-PtdInsP in non-
silenced MDA-MB-231 cells after EGF stimulation and relative to
serum-starved cells (Figure 4H). Importantly, LCLAT1-perturbed
MDA-MB-231 cells failed to significantly increase 38:4-PtdIns(3,4,5)
P53 ratio compared with 36:x-PtdIns after EGF stimulation (Figure
4H), suggesting that MDA-MB-231 cells were more sensitive to this
than ARPE-19 cells. Overall, we propose that LCLAT1 expression is
essential to support EGFR-dependent activation of PI3K signaling in
at least two distinct cell lines, but the impact on acyl profile can vary
between cell type, PtdInsP species, and treatments.

Akt activation by EGF is defective in LCLAT1-silenced cells
Because LCLAT1-silenced cells had lower EGF-induced Pt-
dInsP(3,4,5)P3 levels relative to nonsilenced counterparts, we next
examined whether Akt activation was also impaired in ARPE-19
and MDA-MB-231 cells after EGF exposure. To do this, we probed
for phosphorylation at S473 using an antibody that recognizes all
isoforms of Akt when phosphorylated (pan-phospho-Akt anti-
body). Relative to serum-starved ARPE-19 and MDA-MB-231
cells, EGF caused a large increase in phospho-Akt in nonsilenced
control cells (Figure 5, A and B and Figure 6, A and B). Impor-
tantly, both ARPE-19 and MDA-MB-231 cells silenced for LCLAT1
displayed substantially reduced phospho-Akt levels after EGF
stimulation (Figure 5, A and B and Figure 6, A and B). We also
observed impaired p-Akt levels in ARPE-19 cells (Supplemental
Figure S1, A and C; Figure 5G) and MDA-MB-231 cells (Supple-
mental Figure S2, A and C) treated with independent oligonucle-
otides against LCLAT1. Because Akt1 has been reported to re-
spond to PtdIns(3,4,5)P3 while Akt2 to PtdIns(3,4)P, generated by
SHIP2 from PtdIns(3,4,5)P3 (Liu et al., 2018), we sought to deter-
mine whether silencing LCLAT1 exhibited any isoform-specific ef-
fects on Akt phosphorylation that may reveal additional insights
into PtdInsP perturbation in LCLAT1-silenced cells. We thus
probed with anti-p-Akt1 (5473) and p-Akt2 (S474) antibodies to
test this. We reveal that ARPE-19 and MDA-MB-231 silenced for
LCLAT1 after EGF stimulation have lower levels of both p-Akt1
and p-Akt2 relative to their respective total Aktl and Akt2
(Figure 5, C-F and Figure 6, C-F).

To evince whether LCLAT1 was important for Akt signaling by
other receptors, we assessed insulin-mediated activation of Akt in
MDA-MB-231 cells. As with EGF, LCLAT1 silencing hindered phos-

phorylation of Akt after insulin activation (Figure 6, G and H). Thus,
LCLAT1 silencing negatively impacts Akt activation by both EGF
and insulin signaling, implying that LCLAT1 may broadly support
activation of PI3K-Akt signaling by receptor tyrosine kinases. Finally,
we tested whether LCLAT1 silencing also perturbed the ERK path-
way by EGFR. Here, we saw cell-type specific effects. In ARPE-19
cells, EGF stimulation of phospho-ERK1/2 was predominantly
unperturbed by LCLAT1 suppression with two oligonucleotides
(Figure 5, G and H). However, in MDA-MB-231 cells inhibited for
LCLAT1 displayed suppression of ERK phosphorylation in response
to EGF (Figure 6, E and F). Overall, LCLAT1 is required for Akt acti-
vation by receptor tyrosine kinases and may play a role in ERK stimu-
lation in a context-dependent manner.

LCLAT1 acyltransferase silencing impairs Akt-mediated
regulation of downstream targets

Because Akt activation is defective in LCLAT1-silenced cells after
addition of EGF, we next examined whether this effect percolated to
several known Akt targets. To test for specific targets, we measured
the phosphorylation state of Tsc2 and GSK3p by Western blotting.
In ARPE-19 and MDA-MB-231 cells transfected with a nontargeting
oligonucleotide (control siRNA), EGF promoted robust phosphory-
lation of these specific Akt substrates (Figure 7). In contrast, LCLAT1
silencing led to a considerable decline in the EGF-induced phos-
phorylation of Tsc2 in ARPE-19 (Figure 7, A and B) and MDA-MB-231
(Figure 7, E and F) cells. For GSK3B, the effects were less clear—for
ARPE-19 cells, there was a tendency for less phosphorylation of
GSK3P (Figure 7, C and D), but this was not the case for MDA-
MB-231 cells (Figure 7, G and H); neither cell line demonstrated a
significant decrease in EGF-stimulated GSK3B phosphorylation
upon LCLAT1 silencing. Overall, loss of LCLAT1 appears to compro-
mise TSC2 regulation by Akt.

We also probed for the expression levels of cell cycle checkpoint
proteins like Mdm2, p53, and p21 (Gordon et al., 2018). In doing so,
we observed that LCLAT1-1 oligonucleotide, but not LCLAT1-5,
tended to deplete Mdm2 protein levels in both ARPE-19 (Supple-
mental Figure S4, A and B) and MDA-MB-231 cells (Supplemental
Figure S4, E and F), despite similar levels of silencing of LCLAT1 by
each LCLAT1 oligonucleotide. These oligonucleotides were signifi-
cantly different from each other in their effect on p21 levels in ARPE-
19 cells, with LCLAT1-1 trending upward (Supplemental Figure S4,
A and C). There was no significant difference between oligonucle-
otides and nontargeting in their effect on p21 levels in MDA-MB-231
cells and for p53 protein levels in both cells (Supplemental Figure
S4). Thus, given these differences in outcome of LCLAT1 oligonucle-
otides that may reflect kinetics of silencing or even some limited
off-target effects by the LCLAT1-1 siRNA sequence, we advise cau-
tion when considering the LCLAT1-1 oligonucleotide in future ex-
periments. Regardless, we emphasize that the effects on Akt signal-
ing were consistent across all oligonucleotides and in both cell

types.

FIGURE 4: Relative levels of 38:4 Ptdins and PtdInPs in ARPE-19 and MDA-MB-231 cells silenced for LCLAT1. ARPE-19
cells (A-D) and MBA-MB-231 cells (E-l) were mock-silenced (siNT) or LCLAT1-silenced. Cells were then grown in regular
medium (control), serum-starved (ss), and stimulated with 5 ng/ml EGF for 5 min (EGF). Reactions were quenched and
lipid extracted after addition of internal standards to primary cell extracts. PtdInsPs were measured by mass
spectrometry (HPLC-MS). Shown is the ratio of standardized 38:4-PtdIns (A, E), 38:4-mono-PtdInsP (B, G), 38:4-bis-
PtdInsP (C, H), and 38:4-PtdIns(3,4,5)P3 (D, 1) to the standardized sum of 36:1 and 36:2-PtdIns (referred to as
36:x-PtdIns). Lipid analysis was repeated four independent times. Data points from matching independent experiments
are color coded. Shown are the mean +STD. A repeated-measures, two-way ANOVA and Sidak’s post-hoc (A-C, and
E-G) and Tukey's post-hoc (D, H) tests were used to assess the data. p values are disclosed.
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FIGURE 5: LCLAT1 is required for EGF-stimulated Akt activation in ARPE-19 cells. (E) Quantification of phospho-ERK1/2 relative

(A, C, E) Mock-silenced (siNT) and LCLAT 1-silenced ARPE-19 cells were serum-starved (0 min) or  to total ERK1/2. Mean * STD are shown from
stimulated with 5 ng/ml EGF for 5 min. Lysates were then prepared, separated by SDS-PAGE n=4(A, C, and E) and n = 3 (G) independent
and probed by Western blotting for pan-phospho-Akt and total pan-Akt (A), phospho-Akt1 and  experiments are shown. Data points from

total Akt1 (C), and phospho-Akt2 and total Akt2 (E). Clathrin heavy chain (CHC) or GAPDH were  matching independent experiments are color

used as loading controls. # indicates that the GAPDH blot was also used as loading control for coded. Repeated measures two-way ANOVA
p-TSC2 in Figure 7G since they originated from the same membrane cut across to probe for and Sidak’s (B, D, F) or Tukey’s (H) post-hoc
different sized proteins. (B, D, F) Quantification of pan-pAkt (B), pAkt1 (D), and pAkt2 (F) tests were used to statistically test the data.
normalized to respective total pan-Akt, Akt1, and Akt2. (G) ARPE-19 cells transfected with p values are indicated.
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FIGURE 6: LCLAT1 is required for EGF-stimulated Akt activation in MDA-MB-231 cells. (A, C, E) Mock-silenced and
LCLAT1-silenced MDA-MB-231 cells were serum-starved (0 min) or stimulated with 5 ng/ml EGF for 5 min or 10 min.
Lysates were then prepared, separated by SDS-PAGE and probed by Western blotting for pan-phospho-Akt and total
pan-Akt (A), phospho-Akt1 and total Akt1 (C), and phospho-Akt2 and total Akt2 (E). Clathrin heavy chain (CHC) or
GAPDH were used as loading controls. (B, D, F) Quantification of pan-pAkt (B), pAkt1 (D), and pAkt2 (F) normalized to
respective total pan-Akt, Akt1, and Akt2. (G) Western blotting of nonsilenced and LCLAT 1-silenced cells after serum-
starvation (SS), 5 ng/ml EGF, or 10 ng/ml insulin (Ins) stimulation for 5 min. Lysates were probed for pAkt, total Akt, and
clathrin heavy chain. (E) Quantification of pAkt relative to total Akt in treatments described in G. (I) Western blot of
MDA-MB-231 cells silenced for LCLAT1 with either LCLAT1-1 or LCLAT1-5 oligonucleotides. Cells were serum-starved or
stimulated with 5 ng/ml EGF for 5 min. Lysates were probed with LCLAT1, phospho-ERK1/2, ERK1/2, phosphor-Akt,
Akt, and corresponding CHC as loading control for each blot. (J) Quantification of phospho-ERK to total ERK. Shown
are the mean * STD from n = 3-4 independent experiments. Data points from matching independent experiments are
color coded. Repeated measures two-way ANOVA and Sidak's (B, D, F) or Tukey’s (H, J) post-hoc tests were used to
statistically test the data. p values are displayed.
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FIGURE 7: LCLAT1 is required for activation of Akt substrates after EGF stimulation. (A, C)
Mock-silenced and LCLAT1-silenced ARPE-19 cells were serum-starved (0 min) or stimulated

with 5 ng/ml EGF for 5 min. Lysates were then separated by SDS-PAGE and probed by Western
blotting for phospho-Tsc2 and total Tsc2 (A) and phospho-GSK3p and total GSK3 (C). Clathrin
heavy chain (CHC) or GAPDH were used as loading controls. # indicates that the GAPDH blot
was also used as loading control for total pan-Akt in Figure 5A since they originated from the
same membrane cut across to probe for different sized proteins. (B, D) Quantification of pTsc2
(B) and pGSK3p (D) normalized to respective total Tsc2 and GSK3p. (E, G) Mock-silenced and
LCLAT1-silenced MDA-MB-231 cells were serum-starved (0 min) or stimulated with 5 ng/ml EGF

for 5 min. Lysates were then separated by SDS-PAGE and probed by Western blotting for
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propose at least three possible, nonmutu-
ally exclusive mechanisms that will need to
be defined in future studies. First, enzymes
involved in PtdIns(3,4,5)P3 metabolism such
as class | PI3Ks, the PTEN 3-phosphatase,
and the SHIP1/2 5-phosphatase may display
acyl sensitivity toward their substrates as
previously suggested (Anderson et al,
2016), thus affecting PtdIns(3,4,5)P3 genera-
tion or its turnover. This was observed for
type | PIPKs, Vps34 class Il PI3Ks, and type
Il phosphatases (Schmid et al., 2004; Shulga
et al., 2012; Ohashi et al., 2020). Second,
PtdIns(3,4,5)P3 levels may be reduced in
LCLAT1-disturbed cells due to lower Pt-
dins(4,5)P, substrate levels or availability,
which we observed here for MDA-MB-231
cells and previously in ARPE-19 (Bone et al.,
2017). This would also be consistent with
Wills and colleagues who found that Pt-
diIns(3,4,5)P3 signaling scales linearly with
PtdIns(4,5)P, levels during EGF stimulation
(Wills et al., 2023). Third, and perhaps linked
to the second model above, PtdIns(3,4,5)P3
synthesis may depend on specific substrate
pools. These pools may be highly localized
or even channeled through scaffolds (Choi
et al., 2016) or transferred at membrane
contact sites (Zaman et al., 2020). For ex-
ample, reduction in PtdIns(4,5)P; may lead
to impaired clathrin-coated scaffold forma-
tion, which promotes EGF-mediated PI3K
signaling (Santos et al., 2017; Cabral-Dias
et al., 2022). Indeed, we previously showed
that LCLAT1 silencing altered clathrin-
coated pit dynamics (Bone et al., 2017). Al-
ternatively, contact sites between the endo-
plasmic reticulum and the plasma membrane
are important to generate Ptdins(4,5)P,
(Chang and Liou, 2015; Kim et al., 2015;
Cockeroft et al., 2016; Saheki et al., 2016;
Lees et al., 2017; Zaman et al., 2020). These
sites may provide precursor pools for Pt-
dins(4,5)P, and/or PtdIns(3,4,5)P3; consis-
tent with this, depletion of bulk Ptdins(4)P

phospho-Tsc2 and total Tsc2 (F), and
phospho-GSK3f and total GSK3B (G)
Clathrin heavy chain (CHC) or GAPDH were
used as loading controls. ## indicates that
the GAPDH blot was used as loading control
for both total TSC2 (G) and total GSK3p3

(I) since they originated from the same
membrane cut across to probe for different
sized proteins. (H, J) Quantification of pTsc2
(H) and pGSK3 (I) normalized to respective
total Tsc2 and GSK3p. For B, D, F, and H
mean + STD are shown from n=3
independent experiments. Data points from
matching independent experiments are color
coded. A two-way ANOVA and Sidak'’s
post-hoc test was used to statistically test the
data, with p values shown.

Molecular Biology of the Cell



from the plasma membrane did not reduce Ptdins(4,5)P, levels
(Hammond et al., 2012), intimating that PtdIns(4,5)P, depends on
specific pools of PtdIns(4)P. Consistent with this, we previously
noted colocalization of a subset of LCLAT1 with proteins known to
be at endoplasmic reticulum-plasma membrane contact sites, such
as extended synaptotagmins (E-Syt2) (Bone et al., 2017). Thus,
LCLAT1 may play a role in generating specific substrate pools to
support Ptdins(4,5)P, and PtdIns(3,4,5)P3 at the plasma membrane.

The notion that LCLAT1 may act on specific pools of PtdInsPs is
consistent with observations that LCLAT1 and LPIAT/MBOAT7 do
not affect the levels of and the acyl profile of all PtdinsPs. For ex-
ample, their disruption preferentially affects the acyl profile of Ptdins
and/or bis-phosphorylated PtdInsPs, but not of mono-PtdInsPs in
ARPE-19 cells (Anderson et al., 2013; Bone et al., 2017) (Figure 4;
Supplemental Figure S3). By comparison, LCLAT1 disruption altered
38:4-PtdIns and 38:4-PtdIns(3,4,5)P3 in MDA-MB-231 cells, but had
little effect on other PtdinsPs in most conditions tested. Thus,
LCLAT1 may act on specialized pools of lipids, but this is likely cell-
type specific, while enzymes like CDS2 and DGKe may also play a
role in establishing PtdInsP acyl profiles (Shulga et al., 2011; D'Souza
et al., 2014; Bozelli and Epand, 2019). Overall, while we know that
LCLAT1 is needed to boost PtdIns(3,4,5)P3 levels in response to
EGF, the exact mechanism of action remains to be defined.

LCLAT1 and PtdIns(3,4,5)P3 functions

We witnessed that LCLAT1 supports PtdIns(3,4,5)P3-mediated acti-
vation of Akt isoforms after EGF signaling. Consequently, TSC2 a key
target of Akt was less phosphorylated in LCLAT1-silenced cells.
Hence, we anticipate that LCLAT1 affects other effector functions of
PtdIns(3,4,5)P3 including activation of other kinases such as Btk and
GEFs for the Rho family of GTPases such as Vav1 and Tiam1 (Wang
et al., 2006, 2; Salamon and Backer, 2013; Zhu et al., 2015, 1). Addi-
tionally, while our work focused on EGFR-mediated signaling, we
observed reduced insulin-driven activation of Akt as well (Supple-
mental Figure S2, D and E). Thus, we postulate that LCLAT1 broadly
supports PtdinsP-dependent signaling by other receptor tyrosine ki-
nases, and may also support such signaling by GPCRs and peripher-
ally-associated kinase receptors such as immune receptors (Takeuchi
and Ito, 2011; Getahun and Cambier, 2015; Dowling and Mansell,
2016; Bresnick and Backer, 2019). Conceivably, the putative role of
LCLAT1 in promoting PI3K signaling among these receptor classes
may depend on which isoforms of class | and/or class Il PI3K are en-
gaged (Bilanges et al., 2019; Duncan et al., 2020). Overall, our obser-
vations establish a key relationship between LCLAT1 and EGFR-Pt-
dins(3,4,5)P3-Akt axis and sets a course to determine the universality
of LCLAT1 acyltransferase in PtdIns(3,4,5)P3 signaling. It is important
to note that LCLAT1 contribution to signaling likely goes beyond the
PI3K pathway. For example, we observed that LCLAT1 silencing by
two siRNA oligonucleotides reduced ERK1/2 activation downstream
of EGFR in MDA-MB-231 cells, although not in ARPE-19 cells. This
distinction between cell lines for ERK1/2 activation is interesting and
may speak to the importance of context-dependent signaling since
MDA-MB-231 cells carry mutations in KRAS and BRAF genes encod-
ing the K-Ras GTPase and Raf, which control ERK1/2 (Patra et al.,
2017; Wagner, 2022). Thus, it may be that these mutations sensitize
MDA-MB-231 cells to loss of LCLAT1, although other possibilities
remain such as differences between MDA-MB-231 and ARPE-19
cells in their EGFR expression or LCLAT1 silencing efficiency.

LCLAT1 in cellular function and therapeutic potential

While the LCLAT1 acyltransferase remains relatively underinvesti-
gated, LCLAT1 is associated with a variety of functions (Zhang et al.,
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2023). These include hematopoiesis and cell differentiation (Wang
et al., 2007, Xiong et al., 2008; Huang et al., 2014; Huang et al.,
2017), metabolic regulation (Cao et al., 2009, 1; Liu et al., 2012),
mitochondrial stability, dynamics, and function (Huang et al., 2020;
Li et al., 2010, 1; Li et al., 2012), sensitivity to oxidative stress (Li
etal., 2010; Liu et al., 2012), endocytosis and endosomal trafficking
(Bone et al.,, 2017), and now receptor tyrosine kinase signaling.
LCLAT1 is also proposed to remodel the acyl profile of both cardio-
lipin and PtdIns/PtdinsPs (Cao et al., 2004, 1; Imae et al., 2012; Li
etal., 2010; Bone etal., 2017). Itis generally thought that mitochon-
drial and oxidative stress occurs through cardiolipin remodeling,
while endocytosis and receptor signaling is connected to Ptdins acyl
function, as proposed here. However, the specific roles of LCLAT1 in
cardiolipin and PtdInsP acyl remodeling have not been reconciled.
[t may be that LCLAT1 has independent roles in acylating these
two distinct lipids, or alternatively, one may depend on the other.
For example, mitochondria contain Ptdins on their outer membrane,
which is important for mitochondria dynamics and function
(Pemberton et al.,, 2020; Zewe et al., 2020). Conceivably, then
LCLAT1 acylation of Ptdins may impact lipidomic properties of
cardiolipin in mitochondria. In addition, while we did not observe
significant changes in Mdm2, p53, and p21 levels that we could
specifically attribute to LCLAT1 disturbance, it will be important to
examine the effect of LCLAT1 suppression in cell cycle and apopto-
sis. Unfortunately, we eventually discovered that LCLAT1-1 oligo-
nucleotide appears to have either distinct kinetics of knockdown or
a limited set of nonspecific effects on Mdm2 protein levels. Regard-
less, we have performed extensive experiments that allowed us to
ascertain that the effects on PI3K-Akt signaling were observed with
multiple LCLAT1 silencing oligonucleotides. Overall, LCLAT1 and its
putative partner, MBOAT7/LPIAT1, remain relatively understudied
and without well-established inhibitors. Given the role of LCLAT1 in
PtdInsP biology and receptor signaling, we propose that these acyl-
transferases represent new targets for therapeutic development.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture

The male human-derived ARPE-19 retinal pigment epithelial cell
line was obtained from ATCC (CRL-2302, Manassas, VA) and was
cultured in DMEM/F12 medium (Thermo Fisher Scientific, Missis-
sauga, ON) supplemented with 10% FBS (Wisent, St. Bruno, QB),
100 U/ml penicillin and 100 pg/ml streptomycin (Thermo Fisher Sci-
entific). The female human-derived MDA-MB-231 TNBC cell line
was obtained from ATCC (CRM-HTB-26). Wild-type MDA-MB-231
cells and its derivatives (see below) were cultured in DMEM (Wisent)
supplemented with 10% FBS, 100 U/ml penicillin, and 100 ug/ml
streptomycin. The female human-derived HEK293T cell line was cul-
tured in DMEM with 10% FCS and 1% penicillin/streptomycin. Al
cells were cultured at 37°C and 5% CO,. Mycoplasma screening is
performed at least annually.

Transfection and siRNA-mediated gene silencing

To silence gene expression of LCLAT1 in both ARPE-19 and MDA-
MB-231 cells, custom-synthesized siRNA oligonucleotides against
LCLAT1 were designed using Horizon Discovery siDESIGN Centre.
We designed and tested siLCLAT1-1, siLCLAT1-2, and siLCLAT1-3
with the respective sequences 5-GGAAAUGGAAGGAUGA-
CAAUU-3’,5CAGCAAGUCUCGAAGUAAUU-3’, and 5-UCGAAGA-
CAUGAUUGAUUAUU-3'. Synthesis was by Sigma-Aldrich (Oakville,
ON). In addition, we used siLCLAT1-5, a siGenome-validated
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oligonucleotide from Horizon (catalogue no. D-010307-01-0002).
Moreover, a nontargeting control siRNA (NT siRNA, or siCON) with
the sequence 5-CGUACUGCUUGCGAUACGGUU-3" was used
(Sigma-Aldrich). Cells were transfected with 22 pmol of siRNA oligo-
nucleotides/well using Lipofectamine RNAIMAX (Thermo Fisher Sci-
entific) in Opti-MEM reduced serum media (Thermo Fisher Scien-
tific) for 3 h at 37°C and 5% CO, as per manufacturer’s instructions.
After transfection, cells were washed and incubated with fresh
growth medium. Two rounds of transfection were performed, 72
and 48 h before each experiment.

Plasmids and transfections

Plasmid encoding Akt-PH-GFP was a kind gift from the Balla lab,
NIH (Addgene: #51465) and was previously described in (Varnai and
Balla, 1998). Akt-PH-GFP plasmid was transfected into ARPE-19 and
MDA-MB-231 cells using Lipofectamine 3000 as instructed by the
manufacturer. The plasmid encoding eGFP-PLC3-PH was previously
described in (Stauffer et al., 1998) and used to generate MDA-
MB-231 cells stably expressing the PtdIns(4,5)P; biosensor.

Generation of doxycycline-inducible expression of
eGFP-PLC§-PH in MDA-MB-231 cell

A plasmid based on the Sleeping Beauty pSBtet-BP vector (Gen-
Script, Piscataway, NJ; catalogue no.: SC1692) for inducible expres-
sion of eGFP-PLC31-PH was generated by gene synthesis of the
open reading frame of eGFP-PLC8-PH and insertion into the Nhel
and Clal restriction sites of the pSBtet-BP vector, as described previ-
ously (Zak and Antonescu, 2023). MDA-MB-231 cells were trans-
fected with the engineered pSBtet-BP::eGFP-PLC3-PH and
pCMV(CAT)T7-SB100 plasmid (Addgene, Plasmid #34879) using
FuGENE HD transfection reagent (Promega) as instructed by manu-
facturer. After transfection, cells were washed and incubated with
fresh growth medium for another 24 h to let cells recover in a 6-well
plate, and then transferred into a T75 flask in the presence of 3 pg/
ml puromycin. Growth medium with puromycin was replaced every
2-3 d for 3 wk. After selection, cells were treated with doxycycline
(100-200 nM) for 24 h to detect eGFP-PLC8-PH expression by West-
ern blotting and fluorescence microscopy.

EGF signaling and Western blotting

Before lysate preparation, cells were incubated with 2 ml of serum
free growth medium for 1 h. After serum starvation, cells were stimu-
lated with 5 ng/ml EGF for 5 or 10 min or left unstimulated (basal).
Alternatively, cells were stimulated with 10 ng/ml insulin for 5 min.
Following serum starvation and subsequent EGF stimulation, whole
cell lysates were prepared in 200 upl 2x Laemmli Sample Buffer
(0.5 M Tris, pH 6.8, glycerol, and 10% SDS) supplemented with a
protease and phosphatase inhibitor cocktail (Complete 1x protease
inhibitor (Sigma-Aldrich), T mM sodium orthovanadate, and 10 nM
okadaic acid). Lysates were heated at 65°C for 15 min and passed
through a 27-gauge needle 10 times. Finally, 10% B-mercaptoetha-
nol and 5% bromophenol blue were added to cell lysates.

Proteins were resolved by Tris-glycine SDS-PAGE and trans-
ferred on to a polyvinylidene difluoride (PVDF) membrane. The
PVDF membrane was blocked for 1 h at room temperature in block-
ing buffer composed of 3% BSA in 1X final Tris-buffered saline-
Tween (TBS-T; 20 nM Tris, 150 mM NaCl, and 0.1% Tween-20). After
blocking, membranes were washed three times with wash buffer
and incubated with 1:1000 primary antibody overnight at 4°C. The
next day, membranes were washed three times, for 5 min each, and
then subjected to 1:1000 secondary antibody for 1 h at room tem-
perature. After incubation with secondary antibody, membranes
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were washed three times, 5 min each, and imaged using the Chemi-
Doc Imaging System (Bio-Rad). Membranes were exposed to Im-
mobilon Crescendo Western horseradish peroxidase (HRP) sub-
strate (Millipore Sigma) for 3060 s and chemiluminescent images
were acquired by the ChemiDoc System. Western blot signals were
analyzed and quantified using the Imagelab 6.1 (Bio-Rad). Band
intensity was obtained by signal integration in an area correspond-
ing to the appropriate band. This value was then normalized to the
loading control signal. For quantifying phosphorylated protein
levels, the phosphorylated protein signal and the corresponding to-
tal protein signal were first normalized to their respective loading
controls, followed by the ratio of corrected phosphorylated protein
signal to total protein signal.

Primary antibodies raised in rabbit were anti-LCLAT1 (catalogue
no. 106759, GeneTex), anti-phospho-Akt (5473, catalogue no.
9271), anti-phospho-Akt1 (S473, catalogue no. 9018), anti-phos-
pho-Akt2 (S474, catalogue no. 8599), anti-Akt1 (catalogue no.
2938), anti-phospho-EGFR (Y1068, catalogue no. 2234), anti-phos-
pho-tuberin/TSC2 (T1462, catalogue no. 3611), anti-tuberin/TSC2
(catalogue no. 3612), anti-phospho-GSK3B (S9, catalogue no.
9323), anti-phospho-ERK1/2 (T202/Y204, monoclonal, catalogue
no. 9201), anti-ERK1/2 (monoclonal, 137F5, catalogue no. 4695),
anti-p53 (monoclonal, 7F5, catalogue no. 2527), anti-p21 Waf1/
Cip1 (monoclonal, 12D1, catalogue no. 2947), anti-cofilin (monoclo-
nal, D3F9), anti-vinculin (polyclonal, catalogue no. 4550), anti-clath-
rin, (monoclonal DC36, catalogue no. 4796), and anti-GAPDH (cata-
logue no. 2118) were all from Cell Signaling Technology. Antibodies
raised in mouse were anti-Akt (monoclonal, 40D4; catalogue no.
2920), anti-Akt2 (catalogue no. 5239), anti-GSK3B (catalogue no.
9832), and anti-puromycin (catalogue no. MABE343) and were all
from Cell Signaling Technology. Goat anti-EGFR antibodies were
from Santa Cruz Biotechnology (sc-03-G). HRP-linked secondary
anti-rabbit, anti-mouse, and anti-goat IgG antibodies were from Cell
Signaling Technology.

Fluorescence and immunofluorescence

To detect surface levels of EGFR in MDA-MB-231 and ARPE-19
cells, cells were blocked with 3% BSA in PBS supplemented with
1 mM CaCl, and MgCl, for 30 min on ice, followed by 1 h incuba-
tion with a 1:200 dilution of mouse anti-EGFR antibody collected
in-house from the mAb 108 hybridoma obtained from ATCC (Cabral-
Dias et al., 2022). After washing with PBS, cells were fixed with 4%
paraformaldehyde in PBS for 15 min and then quenched with
100 mM glycine in PBS for 10 min, followed by washing with PBS,
and then fluorescent secondary mouse antibodies (Jackson Immu-
noResearch Labs Inc., West Grove, PA) at a 1:500 dilution in 1% BSA
in PBS for 1 h at room temperature. The coverslips were mounted
using Dako fluorescence mounting medium (Agilent Technologies,
Inc. Mississauga, ON, Canada). For labeling the plasma membrane,
cells with stained with 7 pg/ml FM4-64FX and imaged within 10 min
to minimize internalization of FM4-64FX.

Microscopy

Confocal and TIRF micrographs were obtained using a Quorum Dis-
kovery spinning disk confocal system coupled to a TIRF module
(Quorum Technologies, Inc., Guelph, ON). The microscope itself
consisted of an inverted fluorescence microscope (DMi8; Leica)
equipped with an Andor Zyla 4.2 Megapixel sCMOS camera (Oxford
Instruments, Belfast, UK), a 63x oil immersion objective (1.4 NA),
and standard excitation and emission filter sets and lasers were used
for all fluorophores. The TIRF module used a 63x/NA1.49 objective
with a 1.8x camera relay (total magnification 108x). The microscope
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system was controlled by the MetaMorph acquisition software
(Molecular Devices, LLC, San Jose, CA, USA).

For fixed cells, z-stacks of 10-30 images were acquired with an
interplanal distance of 0.6 um distance. For live-cell imaging of Akt-
PH-GFP dynamics in ARPE-19 cells or of eGFP-PLC8-PH in MDA-
MB-231 cells by TIRF microscopy or spinning disk confocal respec-
tively, cells were maintained in DMEM free of phenol red or serum
in a Chamlide microscope-mounted chamber at 37°C and 5% CO,.
For timelapse of Akt-PH-GFP in MDA-MB-231 cells, a baseline was
obtained by acquiring images for 1 min at 15 s, then EGF was
added, and images acquired every 15 s for 10 min.

Image analysis and processing

Image processing and quantitative analysis were performed using
Imaged or FlJI v. 2.3 (Schindelin et al., 2012) or Volocity v. 7 (Quorum
Technologies), where image enhancements were completed without
altering the quantitative relationship between image elements. For
quantification of EGFR cell surface, regions of interest were gener-
ated by freehand to define the cell outline, the mean fluorescence
intensity over the whole cell area was calculated, and then back-
ground corrected (Cabral-Dias et al., 2022). Mean fluorescence from
at least 30 cells per condition per experiment was then normalized
against control condition. To obtain the relative cell surface localiza-
tion index for the Akt-PH-GFP probe in ARPE-19 cells, we used Im-
ageJ to determine the ratio of TIRF/epifluorescence fluorescence for
>100 cells per condition per experiment. To measure the plasma
membrane to cytosolic ratio of eGFP-PLC8-PH in MDA-MB-231 cells
(Cabral-Dias et al., 2021), we first defined the plasma membrane us-
ing the FM4-64FX channel to randomly selected regions of the
plasma membrane and cytosol for each cell and their ratio was calcu-
lated. For Akt-PH-GFP timelapse movies were acquired and randomly
selected regions in the cell periphery and cytosol were selected in
FIJI and then the plasma membrane to cytosol fluorescence ratio
over time. We examined at least 23 cells over three experiments.

Lipid extraction

Cells were grown to ~0.5 x 10° per well in a 6-well plate. Cells were
then placed on ice and the media removed. Cells were scraped in
500 pl of ice-cold 1M HCl and transferred to a precooled safe lock
2 ml microcentrifuge tube. Cells were then collected by centrifuga-
tion at 13,000 x g for 10 min at 4°C. The supernatant was aspirated,
and the pellet was then snap frozen in liquid nitrogen.

Mass spectrometry lipid analysis

Mass spectrometry was used to measure PtdInsPs from lipid extracts
prepared from 0.5 to 1 x 10° MDA-MB-231 cells or 0.6 x 10° ARPE-
19 cells as described previously (Clark et al., 2011). Briefly, we used
a QTRAP 4000 mass spectrometer (A B Sciex, Macclesfield, UK) and
employing the lipid extraction and derivatization method described
for cultured cells (Clark et al., 2011). The response ratios of a specific
PtdInsP acyl species were calculated by normalizing the targeted
lipid integrated response area to that of a known amount of added
relevant internal standard. A ratio of ratios was then calculated by
taking the response ratios of 38:4-Ptdins, 38-4-mono-PtdInsP,
38-4-bis-PtdInsP, and 38:4-Ptdins(3,4,5)P3 against the sum of re-
sponse ratios for 36:1 and 36:2 (36:x) of PtdIns or the corresponding
36:x-mono-PtdInsP or 36:x-bis-PtdInsP. Data are presented as mean
+ STD from four separate experiments.

Statistical analysis

Experiments were repeated a minimum of three independent times,
with the exact number for each experiment indicated in the respec-

Volume 35 September 1, 2024

tive figure legend and/or graph as individual data points. Micros-
copy data were selected and quantified randomly, that is, before
inspection of cells. If regions of a cell were selected, this was done
with the independent channel prior to quantification of the target
channel. Data were collected as mean £ SD (STD) or + standard error
of the mean (SEM). Statistical comparisons of means were then per-
formed with GraphPad Prism v. 10. Statistical tests were selected
based on data conditions such as number of parameters, sample
size, assumption of normality, number of comparisons made, and
correction for multiple comparisons. Figure legends specify the
tests employed for a given dataset such as one-sample t test, one-
way or repeated-measures two-way ANOVA tests, and recom-
mended post-hoc tests. p values are shown, where p < 0.05 was
typically accepted as significantly different.
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