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Abstract

Heat shock protein A1A (HSPA1A) is a molecular chaperone crucial in cell survival. In addition
to its cytosolic functions, HSPA1A translocates to heat-shocked and cancer cells' plasma
membrane (PM). In cancer, PM-localized HSPA1A (mHSPA1A) is associated with increased
tumor aggressiveness and therapeutic resistance, suggesting that preventing its membrane
localization could have therapeutic value. This translocation depends on HSPA1A's interaction
with PM phospholipids, including phosphatidylserine (PS). Although PS binding regulates
HSPA1A's membrane localization, the exact trigger for this movement remains unclear. Given
that lipid modifications are a cancer hallmark, we hypothesized that PS is a crucial lipid driving
HSPA1A translocation and that heat-induced changes in PS levels trigger HSPA1A's PM
localization in response to heat stress. We tested this hypothesis using pharmacological
inhibition and RNA interference (RNAI) targeting PS synthesis, combined with confocal
microscopy, lipidomics, and western blotting. Lipidomic analysis and PS-specific biosensors
confirmed a heat shock-induced PS increase, peaking immediately post-stress. Inhibition of PS
synthesis with fendiline and RNAi significantly reduced HSPA1A's PM localization, while
depletion of cholesterol or fatty acids had minimal effects, confirming specificity for PS. Further
experiments showed that PS saturation and elongation changes did not significantly impact
HSPA1A's PM localization, indicating that the total PS increase, rather than specific PS species,
is the critical factor. These findings reshape current models of HSPA1A trafficking,
demonstrating that PS is a crucial regulator of HSPA1A's membrane translocation during the
heat shock response. This work offers new insights into lipid-regulated protein trafficking and
highlights the importance of PS in controlling cellular responses to stress.
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Introduction

Heat shock protein A1A (HSPA1A) is a 70-kDa molecular chaperone essential for the cellular
stress response(1,2). Primarily functioning in the cytosol, HSPA1A also translocates to the
plasma membrane (PM) of heat-shocked and cancer cells, where its PM-localized form
(mHSPA1A) is associated with increased tumor aggressiveness and therapeutic resistance (3-
10).

Several studies revealed that although HSPA1A lacks canonical lipid-binding domains, it
associates with cellular membranes and liposomes rich in anionic lipids, particularly
phosphatidylserine (PS), while avoiding neutral lipid environments like those composed only of
phosphatidylcholine (PC)(6,9-19). HSPA1A's interaction with PS is driven by a combination of
electrostatic and hydrophobic forces rather than the general anionic charge of the membrane
(3,15-18,20-22). Notably, HSPA1A's embedding in PS-enriched liposomes is promoted by high
PS saturation—an alteration commonly observed in cancer and stressed cells (13,15,16,23-28).
Given this, the finding that mMHSPA1A localization is critically dependent on PS interaction,
though significant, is not unexpected.

Recent research suggests that HSPA1A's translocation to the plasma membrane in
response to stress is triggered by binding to intracellular PS (6,9,11,14). Following heat shock
and during recovery, HSPA1A integrates into the PM and can be released into the extracellular
space in a membrane-bound form. This PS-mediated translocation enables key biological
functions of membrane-associated HSPA1A, including immune modulation, clathrin-
independent endocytosis, viral entry facilitation, tumor cell survival, membrane stabilization,
membrane chaperone activity, microautophagy, and signal transduction (3,29-31). Thus,
HSPA1A's interaction with PS may be essential in cancer progression, cellular stress
responses, and other disease states.

Although HspA1A's selective interaction with PS is essential for eliciting its movement
from the cytosol to the plasma membrane in response to heat stress, the molecular triggers
eliciting this association remain undefined. Cancer and heat-shocked cells commonly exhibit
altered lipid composition (23-25), thus, we hypothesized that heat stress-driven increases in PS
levels are a critical trigger for HSPA1A's PM localization. Specifically, we proposed that heat
stress modifies membrane lipids to enhance HSPA1A's selective binding to PS-rich
microdomains, thereby facilitating translocation from the cytosol to the plasma membrane.

To test this hypothesis, we characterized cellular lipid content after heat shock and
during recovery. We examined the relationship between PS levels and HSPA1A's translocation
to the PM using pharmacological inhibition, RNA interference (RNAi), confocal microscopy,
lipidomics, and western blotting.

Materials and Methods

Plasmids

To study HSPA1A localization, we utilized differentially tagged protein versions previously
described in our earlier publications. Specifically, the mouse hspa’a cDNA sequence
(accession number BC054782) was used to generate the recombinant constructs employed in
this study. HSPA1A was tagged with green fluorescent protein (GFP), red fluorescent protein
(RFP), or Myc epitope. The gene was subcloned into the pEGFP-C2 (producing N-terminally
tagged HSPA1A), mRFP-C1 (producing N-terminally tagged HSPA1A), or pcDNA™3.1/myc-
His(-) (producing C-terminally tagged HSPA1A) vectors for expression in mammalian cells.
Subcloning was performed via directional cloning after PCR amplification and restriction enzyme
digestion, following protocols detailed in the references (18) and (32). The phosphatidylserine
(PS) biosensor Lact-C2-GFP and Lact-C2-mCherry plasmids were generously provided by
Sergio Grinstein (Addgene plasmids #22852 and #17274, respectively) (33).
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Cell Culture

To examine HSPA1A localization, we utilized two human cell lines: human embryonic kidney
cells (HEK293; ATCC® CRL-1573™) and Hela cells derived from Henrietta Lacks (ATCC®
CCL-2™), both obtained from ATCC in December 2016 and verified biannually. HEK293 cells
were cultured in Dulbecco's Modified Eagle Medium (DMEM), while HelLa cells were grown in
Minimum Essential Medium (MEM). Media for both cell lines were supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, and penicillin-streptomycin. HeLa medium was
supplemented with 0.1 mM non-essential amino acids (NEAA) and 1 mM sodium pyruvate. All
cultures were maintained in a humidified atmosphere containing 5% CO, at 37°C.

Transient Cell Transfections

Plasmid Transfections: Transient transfections were performed to express the proteins used in
this study. Cells were seeded one day before transfection into either 24-well plates (2.0 x 104
cells per well, with poly-D-lysine-treated coverslips) or 75 cm? cell culture flasks (6.0 x 108 cells
per flask). After 18 hours, cells were transfected with the appropriate construct using the PolyJet
In Vitro DNA Transfection Reagent (SignaGen Laboratories, Frederick, MD, USA), following the
manufacturer's instructions. Transfection proceeded for 18 hours, after which the media was
replaced with fresh, complete media to support subsequent experiments.

RNAI Transfections: To investigate the role of phosphatidylserine (PS) synthesis enzymes in
HSPA1A's plasma membrane (PM) localization, RNA interference (RNAI) was used to inhibit
phosphatidylserine synthase enzymes 1 and 2 (PSS1, PSS2). The impact of these genetic
interventions on HSPA1A localization and protein levels was assessed using confocal
microscopy. Non-targeting control siRNA (Stealth™ RNAi Negative control duplexes, Cat. No.
12935-300; Invitrogen, Carlsbad, CA, USA) was used as a negative control to account for off-
target effects of RNAI.

For all RNAi transfections, cells were co-transfected with 0.75 pg of DNA encoding
HSPA1A-GFP or Lact-C2-GFP. Experimental cells were transfected with 1.50 pmol of PSS1
RNAIi (PTDSS1 Stealth siRNA, Cat. No. 1299001, assay ID: HSS114755; Invitrogen, Carlsbad,
CA, USA), PSS2 RNAI (PTDSS2 Stealth siRNA Cat. No. 1299001, assay ID: HSS129844;
Invitrogen, Carlsbad, CA, USA), or a combination of both, while control cells received 0.25 nM
of non-targeting control siRNA. Transfections were carried out using the Lipofectamine™ 3000
Transfection Reagent, prepared by incubating the RNAI/DNA mixture with the reagent for 15
minutes at room temperature. This mixture was added to cells seeded on poly-D-lysine-coated
coverslips in 24-well plates. Transfection proceeded for 24 hours, followed by the replacement
of transfection media with fresh, complete media.

Cell Treatments

Heat Shock Treatment: To assess the effect of heat shock on HSPA1A relocalization, cells were
either maintained at 37°C or subjected to heat stress by incubating in a humidified CO,
incubator equilibrated at 42°C for 60 minutes. Following heat shock, cells were allowed to
recover at 37°C for 8 hours.

PS Inhibition: To investigate the impact of PS reduction on HSPA1A PM localization, cells were
treated with fendiline (Cayman Chemical, Ann Arbor, MIl, USA), an FDA-approved drug known
to decrease PS content in MDCK (34) and HEK293 cells (35). Cells were exposed to either
DMSO (control) or 10 uM fendiline diluted in serum-free MEM for 48 hours at 37°C in a
humidified CO, incubator. Fendiline was added directly to the existing culture media without
prior aspiration. Heat shock and recovery protocols were synchronized to conclude at the end of
the 48-hour treatment.
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Lipid Desaturation Inhibition: To examine the role of lipid desaturation in HSPA1A PM
localization, cells were treated with desaturase inhibitors CP-24879 (HCI; Cayman Chemical,
Ann Arbor, MI, USA) and SC 26196 (Santa Cruz Biotechnology, Dallas, TX, USA). CP-24879 is
a mixed A5/A6 desaturase inhibitor tested in cell culture and animals (36,37), while SC 26196
selectively inhibits A6 desaturase with minimal effects on A5 and A9 desaturases (38,39). Cells
were treated with either DMSO (control), 5.5 uM CP-24879, or 100 uM SC 26196 diluted in
serum-free MEM for 48 hours at 37°C in a humidified CO, incubator. Drugs were added directly
to the culture media, and heat shock and recovery were timed to conclude with the 48-hour
treatment period.

Fatty Acid Synthesis Inhibition: To evaluate the effect of fatty acid synthesis on HSPA1A PM
localization, cells were treated with cerulenin (Sigma-Aldrich, St. Louis, MO, USA), a fatty acid
synthase (FASN) inhibitor (40). Cells were incubated with either DMSO (control) or 10 pg/mi
cerulenin diluted in serum-free MEM for 9 hours at 37°C in a humidified CO, incubator.
Cerulenin was added directly to the media without aspiration, and heat shock and recovery were
completed by the end of the 9-hour treatment.

Cholesterol Depletion: To determine the relationship between HSPA1A PM localization and PM
cholesterol, cells were treated with methyl-B-cyclodextrin (MBCD; Sigma-Aldrich, St. Louis, MO,
USA), which depletes PM cholesterol and alters cholesterol domains on the cell surface (41).
Cells were incubated with either DMSO (control) or 5 mM MBCD diluted in serum-free MEM for
9 hours at 37°C in a humidified CO, incubator. MBCD was directly added to the media, and heat
shock and recovery protocols concluded at the end of the 9-hour treatment period.

Cell Viability Assay: Cell viability following heat shock and other treatments was assessed using
the trypan blue exclusion assay. Viable and non-viable cells were quantified with the
Cellometer® Auto X4 Cell Counter (Nexcelom Bioscience, Lawrence, MA, USA).

Confocal Microscopy and Image Analysis

Cell Fixation and Staining: After transfection and subsequent treatments, cells were fixed in 4%
paraformaldehyde (PFA) prepared in a complete growth medium for 12 minutes at room
temperature (RT). Following fixation, PFA was aspirated, and the cells were washed three times
with 1X phosphate-buffered saline (PBS). To stain the plasma membrane (PM), cells were
incubated with 1 pg/ml wheat germ agglutinin (WGA) Alexa Fluor® 555 conjugate (Invitrogen,
Carlsbad, CA, USA for 10 minutes at RT. After staining, the cells were washed three additional
times with 1X PBS. Coverslips were mounted onto slides using approximately 3 uL of DAPI
Fluoromount-G® (SouthernBiotech, Birmingham, AL, USA) and allowed to dry for 24 hours at
RT in the dark. Prepared slides were stored at 4°C until visualization by confocal microscopy
(19).

Microscope Setup: Cell imaging was performed using an Olympus FLUOVIEW FV3000 inverted
scanning confocal microscope with a 60x 1.5 NA oil immersion objective. Multichannel image
acquisition was conducted with the following settings: Channel 1 (Green): Excitation at 488 nm;
emission at 510 nm; Channel 2 (Blue): Excitation at 405 nm; emission at 461 nm; Channel 3
(Red): Excitation at 561 nm; emission at 583 nm.

Image Analysis: Quantitative analysis was conducted on images from several cells (details
provided in figure legends) collected across three independent experiments. Images were
processed manually using Imaged software (42), employing the corrected total cell fluorescence
(CTCF) method (43). The formula used for CTCF was:
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CTCF = Integrated Density — (Area of Region of Interest * Fluorescence of background
reading).

CTCF values were determined for both the PM and the cytosol. A ratio of PM fluorescence to
total cell fluorescence (PM + cytosol) was calculated for each cell, following established
protocols (32,44-46). As cell slices are not entirely flat, and the CTCF method utilizes the
outermost pixels of each cell, a PM localization value of 0% cannot be achieved (44,45).

Cell Surface Biotinylation
To further investigate the plasma membrane (PM) localization of HSPA1A, we performed cell
surface biotinylation as described previously (19,45).

Biotinylation Procedure: Immediately after heat shock treatment, HEK293 cells were trypsinized,
washed three times with PBS (pH 8.0), counted, and incubated in freshly prepared PBS (pH
8.0) containing 10 mM CaCl, and 1 mg/ml Sulfo-NHS-LC-biotin (Thermo Scientific Pierce,
Rockford, IL, USA) for 30 minutes at room temperature with constant agitation. The biotinylation
reaction was quenched by adding 100 mM glycine in PBS (pH 8.0) for 10 minutes.

Lysis and Streptavidin Pull-Down: Cells were lysed in 500 ul of radioimmunoprecipitation assay
(RIPA) buffer. A total of 500 ug of cell lysate was incubated with 25 ul of streptavidin agarose
beads in RIPA buffer for 3 hours at 4°C with rotation. Beads were washed with 10 volumes of
RIPA buffer, resuspended in sample buffer (LDS), and heated at 75°C for 10 minutes. The
resulting samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by western blot analysis described previously (18).

Western Blot Analysis: For western blot analysis, 15 ug of total cell lysate was used for total
protein detection. The following antibodies were used:
e Anti-c-Myc Antibody (9E10; monoclonal IgG; dilution 1:1000), Thermo Fisher Scientific
(St. Louis, MO).
e Anti-HSP70 Monoclonal Antibody (Mouse IgG; clone C92F3A-5; dilution 1:1000), Enzo
Life Sciences, Farmingdale, NY, USA.
e THE™ Beta Actin Antibody (Mouse mAb; A00702; dilution 1:1000), GenScript,
Piscataway, NJ, USA.
e Na*/K" ATPase a (ATP1A1) Antibody RabMAb® (EP1845Y; 2047-1; dilution 1:1000),
Thermo Fisher Scientific (St. Louis, MO).
Blots were incubated with primary antibodies overnight (~16 hours) at 4°C with constant
rotation. Total protein staining was performed using Pierce™ Reversible Protein Stain (Thermo
Scientific Pierce, Rockford, IL, USA).

Signal Detection: Western blot signals were visualized using the Omega Lum™ C Imaging
System (Aplegen, San Francisco, CA).

Mass Spectrometry and Lipidome Analysis

Sample Preparation: Six biological replicates (different cell batches) of four million HelLa cells
each were prepared to identify total lipid profiles before and after heat shock. Samples were
collected under three conditions: control (37°C), immediately after heat shock (R0), and after an
8-hour recovery period following heat shock (R8).

Lipid Extraction and Analysis: Samples were analyzed by the UC Davis West Coast
Metabolomics Center using biphasic lipid extraction, followed by data acquisition on a C18-
based hybrid bridged column with a ternary water/acetonitrile/isopropanol gradient and a
ThermoFisher Scientific Q-Exactive HF mass spectrometer with electrospray ionization. MS/MS
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data were acquired in data-dependent mode, and accurate masses were normalized by
constant reference ion infusion. MS-DIAL vs. 4.90 was used for data processing and lipid
annotations (47,48). Lipids were annotated in identity search mode with precursor mass errors <
10 mDa, retention time matching to the corresponding lipid classes and MS/MS matching. Data
were sum-normalized: each lipid was represented as a fraction of total lipids in the sample and
scaled by the median intensity of all lipids within the treatment group (49-51). Data are shown in
Supplemental Table 1. Heatmap analysis (MetaboAnalyst (52)) was performed to
simultaneously visualize lipidomic changes in response to experimental conditions and cluster
similar samples based on their lipid profiles. Total lipid abundance was visualized using boxplot
graphs (53).

Statistical Tests

Statistical significance was assessed using one-way ANOVA (Analysis of Variance) followed by
post-hoc Tukey HSD (Honestly Significant Difference) and Bonferroni tests. A P value < 0.05
was considered statistically significant. Boxplots were generated using the BoxPlotR application
(http://shiny.chemgrid.org/boxplotr/) (53).

Results

HSPA1A Plasma Membrane Localization Peaks Following Heat Shock

To investigate the hypothesis that phosphatidylserine (PS) regulates the translocation of
HSPA1A to the plasma membrane (PM) during cellular stress, we first quantified the timing and
extent of HSPA1A's PM localization following heat shock (Fig. 1). Using confocal microscopy,
we observed that HSPA1A levels at the PM increased significantly after heat shock, peaking
around 8 hours post-stress, and subsequently returning to control levels by 24 hours (Fig. 1A).
Additionally, cell-surface biotinylation and subsequent western blot analysis confirmed a marked
increase in PM-localized HSPA1A at 8 hours (Fig. 1B and Supplemental Fig. 1), aligning with
our imaging data. These results indicate a dynamic and temporally regulated localization pattern
of HSPA1A at the PM, corresponding with the recovery phase of the heat shock response.
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Figure 1. HSPA1A's plasma membrane (PM) localization significantly increases during recovery from mild
heat shock. (A) Quantification of confocal imaging data showing the corrected total cell fluorescence (CTCF) ratio of
HSPA1A fluorescence at the PM to the rest of the cell. Localization was analyzed in cells under control conditions
(37°C) or after heat shock (1 h at 42°C), followed by recovery at 37°C for 0—-24 h. Data represent three independent
experiments, with individual cells shown as open circles (total N=30). The center lines show medians; box limits
indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range; crosses represent sample
means. Statistical significance was determined using one-way ANOVA (Analysis of Variance) followed by a post-hoc
Tukey HSD (Honestly Significant Difference) test. (B) Cell surface biotinylation confirms that HSPA1A's PM
association significantly increases in response to heat shock, mirroring the confocal imaging results. Representative
cropped. Western blots show total and biotinylated fractions from HEK293 cell lysates expressing HSPA1A-myc
(complete blots in Supplemental Figure 1). Actin and ATP1A1 were used as cytosolic and membrane controls,
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respectively. M: molecular size marker (Fisher BioReagents™ EZ-Run™ Prestained Rec Protein Ladder;
approximate sizes indicated on the left).

These findings support the notion that HSPA1A's PM translocation is not merely a
passive diffusion process but is potentially mediated by specific lipid interactions, particularly
with PS. To further explore the role of PS in this translocation process, we next assessed how
manipulating PS levels would affect HSPA1A's PM localization. Using pharmacological and
genetic approaches to inhibit PS synthesis, we sought to determine whether PS increase
following heat shock triggers HSPA1A's movement to the PM.

Phosphatidyliserine (PS) Increase is Required for HSPA1A Membrane Localization

We first quantified PS levels to test our hypothesis that PS is essential for HSPA1A's
translocation to the plasma membrane (PM) in response to heat shock. Using confocal
microscopy to monitor the PS-specific biosensor Lact-C2 and lipidomics analysis, we observed
that PS levels at the PM significantly increased immediately following heat shock (0h) and then
dropped during recovery (8h) (Figs. 2-3 and Supplemental Fig. 2). This temporal pattern of PS
elevation aligns closely with the observed HSPA1A translocation, supporting that PS
accumulation at the PM may be a critical signal for HSPA1A recruitment.

p=0.0010053

=% %

Lact-C2-GFP ~ WGAss-PM DAP-nucieus overlay

37°C

42°C (1h)/ 37°C (Recovery)
37°C Oh 8h
L 1 |

Figure 2. Heat shock increases phosphatidylserine (PS) levels at the plasma membrane (PM) as shown by
Lact-C2’s (PS-biosensor) localization. (A) Representative confocal images of HelLa cells expressing GFP-Lact-C2,
a PS biosensor, stained with WGA-FA555 (PM stain) and DAPI (nucleus stain). Lact-C2 localization was analyzed
under control conditions (37°C; top row) and heat shock (1 h at 42°C; no recovery; bottom row). Scale bar = 10 ym.
(B) Quantification of the corrected total cell fluorescence (CTCF) ratio of Lact-C2 fluorescence at the PM to the rest of
the cell under control and heat-shocked conditions. Data represent three independent experiments, with total
individual cell counts (N = 30) shown at the bottom of the graph. Center lines show medians; box limits indicate the
25th and 75th percentiles; whiskers extend 1.5 times the interquartile range; crosses represent sample means.
Statistical significance was determined using one-way ANOVA (Analysis of Variance) followed by post-hoc Tukey
HSD (Honestly Significant Difference) test.

We applied fendiline to inhibit PS synthesis to investigate whether PS is required for HSPA1A's
PM localization. Confocal imaging with the Lact-C2 biosensor confirmed that fendiline effectively
reduced PM-associated PS levels. Correspondingly, HSPA1A levels at the PM decreased
significantly in fendiline-treated cells, as shown by imaging data (Fig. 4 and Supplemental Fig.
3). These results indicate that the increase in PS following heat shock is necessary for HSPA1A
translocation to the PM.
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Figure 3. Total cellular phosphatidylserine (PS) increases immediately following heat shock. (A) Heatmap
visualization of PS species composition in HeLa cells under control conditions (37°C), after heat shock (1 h at 42°C; 0
h recovery) and following 8 h of recovery at 37°C. Lipid composition was calculated as the percentage of each PS
subclass within the total lipidome and log-transformed for visualization. Each column represents one biological
replicate. The heatmap was generated using MetaboAnalyst (52). (B) Boxplot showing the total PS levels across six
biological replicates, calculated from log-transformed data of all PS species in each replicate. Center lines indicate
medians; box limits represent the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range;
crosses denote sample means. Statistical significance was determined using one-way ANOVA (Analysis of Variance)
followed by post-hoc Tukey HSD (Honestly Significant Difference) and Bonferroni tests.
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Figure 4. Fendiline treatment significantly decreases HSPA1A's plasma membrane (PM) localization after
heat shock. (A) Representative images of HelLa cells expressing GFP-HSPA1A (top panels) or GFP-Lact-C2 (bottom
panels). Cells were either untreated (DMSO; top rows in each panel) or treated with 10 uM fendiline for 48 hours
(bottom rows in each panel). Images show cells after heat shock (1 h at 42°C) followed by 8 hours of recovery
(additional images can be found in Supplemental Figure 3). PM was stained with WGA-FA555, and nuclei were
stained with DAPI (second and third images from the left in each panel). Scale bar = 10 ym. (B) Quantification of the
corrected total cell fluorescence (CTCF) as a ratio of total fluorescence at the PM to fluorescence in the rest of the
cell under control conditions and after heat shock [directly after heat shock (0 hours of recovery) and 8 hours of
recovery], with or without fendiline treatment. The experiment was performed three times, with a total of 30 cells per
condition (shown as open circles). Box limits indicate the 25th and 75th percentiles, whiskers extend 1.5 times the
interquartile range, and crosses represent sample means. Statistical significance was determined using one-way
ANOVA (Analysis of Variance) followed by post-hoc Tukey HSD (Honestly Significant Difference) and Bonferroni
tests.
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Further confirming the role of PS, we used RNA interference (RNAI) to target key
enzymes in PS synthesis, phosphatidylserine synthase 1 and 2 (PSS1, PSS2). Knockdown of
PSS1 and PSS2 (via RNAIi against PTDSS1 and PTDSS2 genes) led to reduced Lact-C2 (PS
biosensor) and HSPA1A localization at the PM following heat shock (Fig. 5 and Supplemental
Fig. 4), consistent with our findings using fendiline. These data strongly suggest that PS
increase is crucial for HSPA1A's PM recruitment under heat shock.

To explore whether additional lipid modifications might influence HSPA1A's membrane
localization, we next examined the effects of modulating levels of other lipids on HSPA1A's PM
localization.
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Figure 5. HSPA1A plasma membrane (PM) localization significantly decreases when PTDSS1 and PTDSS2
genes are silenced using RNAI. (A) Representative images of HelLa cells expressing HSPA1A-GFP (top panels)
and GFP-Lact-C2 (bottom panels). Cells were transfected with either scrambled RNAI (top rows in each panel) or
RNAI targeting the PS synthesis genes PTDSS1 and PTDSS2 (bottom rows in each panel). Images show cells after
heat shock (1 h at 42°C) followed by 8 hours of recovery. PM was stained with WGA-FA555, and nuclei were stained
with DAPI (second and third images from the left in each panel). Scale bar = 10 ym. (B) Quantification of corrected
total cell fluorescence (CTCF) as the ratio of total GFP fluorescence at the PM to the rest of the cell. Measurements
were performed under control conditions and after heat shock [immediately after heat shock (0 hours of recovery) and
following 8 hours of recovery] with simultaneous silencing of PTDSS1 and PTDSS2. The experiment was repeated
three times, with a total of 30 cells per condition (shown as closed circles). Box limits indicate the 25th and 75th
percentiles, whiskers extend 1.5 times the interquartile range, and crosses represent sample means. Statistical
significance was determined using one-way ANOVA (Analysis of Variance) followed by post-hoc Tukey HSD
(Honestly Significant Difference) and Bonferroni tests. Results from additional conditions are shown in Supplemental
Figure 4.

Specificity of HSPA1A Localization to PS Among Heat-Shock-Induced Lipids

To evaluate whether HSPA1A's PM localization is uniquely dependent on phosphatidylserine
(PS) or if other heat shock-induced lipids also contribute, we examined the effects of additional
lipids that increase following heat shock.


https://doi.org/10.1101/2024.12.02.626454
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.02.626454; this version posted December 12, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Lipidomic analysis showed cholesterol levels rose substantially post-heat shock, with total
cellular cholesterol levels elevated, while PM-specific cholesterol showed no significant change

(Fig. 6).
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Figure 6. Total cellular cholesterol esters (CE) increase after heat shock. (A) Heatmap visualization of CE
species composition in HeLa cells under control conditions (37°C), after heat shock (1 h at 42°C, 0 h recovery), and
following 8 h of recovery at 37°C. Lipid composition was calculated as the percentage of each CE subclass within the
total lipidome and log-transformed for visualization. Each column represents one biological replicate. The heatmap
was generated using MetaboAnalyst (52). (B) Boxplot showing the total CE levels across six biological replicates,
calculated from log-transformed data of all CE species in each replicate. Center lines indicate medians; box limits
represent the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range; crosses denote sample
means. (C) Quantification of corrected total cell fluorescence (CTCF) from confocal images, representing total
cholesterol (total D4H fluorescence signal) per cell under control conditions (37°C) and after heat shock (0 h and 8 h
recovery). The experiment was performed three times, with a total of 30 cells per condition (shown as closed circles).
Box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range; crosses represent
sample means. For both B and C, statistical significance was determined using one-way ANOVA (Analysis of
Variance) followed by post-hoc Tukey HSD (Honestly Significant Difference) and Bonferroni tests.

Using the cholesterol-binding probe D4H, which masks cholesterol at the PM, we confirmed that
PM cholesterol masking had minimal impact on HSPA1A localization (Fig. 7). This finding was
reinforced by using methyl-beta-cyclodextrin (MBCD) to deplete PM cholesterol, which showed
minimal effects on HSPA1A's PM presence, suggesting cholesterol does not significantly
influence HSPA1A localization after heat shock (Fig. 8).
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Figure 7. Plasma membrane (PM) cholesterol masking using the cholesterol biosensor D4H results in
minimal change in HSPA1A’s PM localization after heat shock. (A) Representative images of Hela cells
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expressing the cholesterol biosensor D4H-RFP (top panels, magenta), GFP-HSPA1A (middle panels, cyan), or both
D4H-RFP and GFP-HSPA1A (bottom panels). Images show cells under control conditions (37°C), immediately after
heat shock (1 h at 42°C, 0 hours of recovery), or following 8 hours of recovery at 37°C (8h). The PM was stained with
WGA-FA555 (magenta; middle panels), and nuclei were stained with DAPI (blue; all panels). Scale bar = 10 ym. (B)
Quantification of corrected total cell fluorescence (CTCF) as the ratio of total fluorescence at the PM to fluorescence
in the rest of the cell under control conditions and after heat shock (Oh and 8h). The experiment was performed three
times, with a total of 30 cells per condition (shown as open circles). Box limits indicate the 25th and 75th percentiles,
whiskers extend 1.5 times the interquartile range, and crosses represent sample means. Statistical significance was
determined using one-way ANOVA (Analysis of Variance) followed by post-hoc Tukey HSD (Honestly Significant
Difference) and Bonferroni tests.
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Figure 8. Plasma membrane (PM) cholesterol depletion using methyl--cyclodextrin (MBCD) results in
minimal change in HSPA1A’s PM localization after heat shock. (A) Representative images of Hela cells
expressing the cholesterol biosensor D4H-RFP (top panels, magenta) or GFP-HSPA1A (bottom panels, cyan). Cells
were either untreated (DMSO; top rows in each panel) or treated with 5 mM MBCD for 9 hours (bottom rows in each
panel). Images show cells under control conditions (37°C), immediately after heat shock (1 h at 42°C, 0 hours of
recovery), or following 8 hours of recovery at 37°C (8h). PM was stained with WGA-FA555 (magenta), and nuclei
were stained with DAPI (blue). Scale bar = 10 ym. (B) Quantification of corrected total cell fluorescence (CTCF) as
the ratio of total fluorescence at the PM to fluorescence in the rest of the cell under control conditions and after heat
shock (Oh and 8h), with or without MBCD treatment. The experiment was performed three times, with a total of 30
cells per condition (shown as open circles). Box limits indicate the 25th and 75th percentiles, whiskers extend 1.5
times the interquartile range, and crosses represent sample means. Statistical significance was determined using
one-way ANOVA (Analysis of Variance) followed by post-hoc Tukey HSD (Honestly Significant Difference) and
Bonferroni tests.

Next, we investigated fatty acids, another lipid category upregulated by heat shock (Fig.
9). Suppression of fatty acid synthase (FASN), the enzyme responsible for fatty acid synthesis,
slightly decreased HSPA1A's PM localization compared to untreated controls (Fig. 10).
However, the effect remained minor relative to the impact of PS inhibition. These data indicate
that HSPA1A's PM translocation is specifically sensitive to PS, as modulating other heat shock-
induced lipids like cholesterol and fatty acids produced only minimal changes in HSPA1A
localization.

Given the specificity of PS's role in driving HSPA1A localization, our next objective was
to identify which properties of PS—such as its acyl chain saturation—might further influence this
process.
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PS Saturation and Chain Length Do Not Affect HSPA1A Localization

To further refine our understanding of how PS regulates HSPA1A's PM localization, we
examined whether the specific molecular characteristics of PS—namely, saturation and chain
length—might influence this process. Given that cancer cells often exhibit altered membrane
composition, including lipid saturation, and that HSPA1A embedding into artificial membranes
correlates with PS saturation levels, we theorized that heat shock-induced changes in PS
species could impact HSPA1A's translocation to the PM.
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Figure 9. Total cellular fatty acids (FA) increase after heat shock. Heatmap visualization of FA species
composition in HeLa cells under control conditions (37°C), immediately after heat shock (1 h at 42°C, 0 h recovery),
and following 8 h of recovery at 37°C. Lipid composition was calculated as the percentage of each FA subclass within
the total lipidome and log-transformed for visualization. Each column represents one biological replicate. The
heatmap was generated using MetaboAnalyst (52). (B) Boxplot showing the total FA levels across six biological
replicates, calculated from log-transformed data of all FA species in each replicate. Center lines indicate medians;
box limits represent the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range; crosses denote
sample means. Statistical significance was determined using one-way ANOVA (Analysis of Variance) followed by
post-hoc Tukey HSD (Honestly Significant Difference) and Bonferroni tests.
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Figure 10. Inhibition of fatty acid synthesis using cerulenin, a fatty acid synthase (FASN) inhibitor, results in
minimal change in HSPA1A’s PM localization after heat shock. (A) Representative images of HelLa cells
expressing GFP-HSPA1A (cyan). Cells were either untreated (DMSO; top row) or treated with 10 ug/ml cerulenin for
9 hours (bottom row). Images depict cells under control conditions (37°C), immediately after heat shock (1 h at 42°C,
0 hours of recovery), or following 8 hours of recovery at 37°C (8h). The PM was stained with WGA-FA555 (magenta),
and nuclei were stained with DAPI (blue). Scale bar = 10 um. (B) Quantification of corrected total cell fluorescence
(CTCF) as the ratio of total fluorescence at the PM to fluorescence in the rest of the cell under control conditions and
after heat shock (0Oh and 8h), with or without cerulenin treatment. The experiment was performed three times, with a
total of 30 cells per condition (shown as open circles). Box limits indicate the 25th and 75th percentiles, whiskers
extend 1.5 times the interquartile range, and crosses represent sample means. Statistical significance was
determined using one-way ANOVA (Analysis of Variance) followed by post-hoc Tukey HSD (Honestly Significant
Difference) and Bonferroni tests.

Our lipidomic analysis revealed that following heat shock, the carbon chain length and
saturation level of PS increased, indicating substantial structural modifications to PS at the PM
(Fig. 11).
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Figure 11. Acyl-chain length and saturation levels of PS show a sharp increase immediately following heat shock. (A) Boxplots
showing the averages of PS species categorized by carbon chain length. Each boxplot represents the average, calculated from
the log-transformed data of all PS species in the respective category, across six biological replicates under control (37°C) or heat
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shock conditions (1 h at 42°C, 0 h recovery). (B) Boxplots showing the averages of PS species categorized by the number of
double bonds. Each boxplot represents the average, calculated from the log-transformed data of all PS species in the respective
category, across six biological replicates under the same conditions. For both panels, center lines indicate medians; box limits
represent the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range, and crosses denote sample means.

To determine if these specific alterations were necessary for HSPA1A localization, we employed
pharmacological inhibitors (CP and SC) to block desaturase activity, thereby stabilizing PS
saturation levels.
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Figure 12. Desaturase inhibitors have minimal effect on HSPA1A’s PM localization after heat shock. (A)
Representative images of HelLa cells expressing GFP-HSPA1A (cyan). Cells were either untreated (DMSO; top row)
or treated with 5.5 yM CP-24879 (middle row) or 100 uM SC 26196 (bottom row) for 48 hours. Images show cells
under control conditions (37°C), immediately after heat shock (1 h at 42°C, 0 h recovery), or following 8 hours of
recovery at 37°C (8h). The PM was stained with WGA-FA555 (magenta), and nuclei were stained with DAPI (blue).
Scale bar = 10 ym. (B) Quantification of corrected total cell fluorescence (CTCF) as the ratio of total GFP
fluorescence at the PM to fluorescence in the rest of the cell, under control conditions and after heat shock (Oh and
8h), with or without desaturase inhibitor treatments. The experiment was repeated three times, with a total of 30 cells
per condition (shown as open circles). Box limits represent the 25th and 75th percentiles, whiskers extend 1.5 times
the interquartile range, and crosses denote sample means. Statistical significance was determined using one-way
ANOVA (Analysis of Variance) followed by post-hoc Tukey HSD (Honestly Significant Difference) and Bonferroni
tests.

This desaturase inhibition caused minimal changes in HSPA1A's PM localization compared to
controls, suggesting that variations in PS acyl chains alone do not significantly affect HSPA1A's
membrane localization (Fig. 12). Therefore, while PS saturation and chain length are modified
post-heat shock, these specific characteristics do not appear to govern HSPA1A's PM
translocation. Instead, the total increase in PS levels is the key determinant of HSPA1A's
localization.

Collectively, our findings support the hypothesis that elevated PS levels after heat shock
are both necessary and sufficient to drive HSPA1A's movement to the PM. The consistent
timing, PS dependency, and sufficiency of PS increase establish a direct, causal link between
PS upregulation and HSPA1A translocation.
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Discussion

Our findings reveal that heat shock triggers specific lipid changes, including increased PS levels
at the plasma membrane. This observation confirms that heat stress induces significant
lipidomic alterations across various organisms (26,54,55). The observed rise in PS underscores
its role as a critical early signal in the heat shock response, where lipid composition changes
and membrane reorganization serve as early biochemical signals for cellular stress.

This lipidome shift highlights membrane composition's dual role: providing structural
support and actively participating in stress signaling pathways. Heat-induced membrane
reorganization, including lipid rafts and fluidity changes, has been shown to impact protein
function and cellular signaling (56,57). Similarly, PS exposure during stress is implicated in
diverse signaling processes (58,59), supporting its regulatory significance. Alterations in
membrane fluidity also activate heat shock factor 1 (HSF1), linking lipid changes to
transcriptional regulation during stress (60,61). These findings reinforce the idea that membrane
lipids like PS are integral components of the cellular stress response machinery.

Our results specifically reveal that PS elevation acts as a lipid-specific signal
orchestrating the mobilization of HSPA1A to the plasma membrane. This finding aligns with the
growing recognition of lipids as crucial signaling molecules in stress responses (57,62). By
identifying PS as a lipid altered by heat shock, we provide evidence for a molecular mechanism
by which cells adapt to stress, engaging specific lipid molecules to mobilize protective
chaperones like HSPA1A (14,19,63). Unlike other lipids, such as cholesterol and fatty acids,
which showed minimal effects on HSPA1A localization, PS uniquely governs HSPA1A's
translocation. This specificity underscores the role of lipid signals in controlling chaperone
relocalization during cellular stress.

The PS-driven translocation of HSPA1A (14) underscores lipid alterations as integral to
stress signaling, where changes in membrane composition activate molecular chaperones'
downstream functions. Research has shown that membrane lipid composition modulates heat
shock protein function and localization (55,60), and our findings extend this knowledge by
identifying PS as a critical lipid partner. PS-dependent recruitment of proteins, reminiscent of its
role in apoptosis signaling (59), now emerges as a novel mechanism regulating HSPA1A during
heat shock responses.

This study also broadens our understanding of the lipid-chaperone interface. By
revealing that HSPA1A's PM localization is selectively dependent on PS, we confirm the
specificity of lipid-protein interactions in membrane environments (57,62). This insight suggests
that lipid identity fine-tunes chaperone activity (3,14,31,63) according to cellular needs, adding
depth to our understanding of how membrane lipids regulate protein function during stress. The
broader implications of PS regulation extend to cancer biology, where lipid remodeling is
common.

Our data add to growing evidence that altered lipid compositions regulate cellular stress
pathways, with implications for cancer. PS levels at the PM, which increase during heat shock
and in many cancers, appear to initiate HSPA1A membrane localization. This concept links the
chaperone's activity to cellular processes such as proteostasis and vesicular trafficking,
supporting studies that show lipid alterations modulate heat shock protein function and
localization (3,55,60). These PS-dependent mechanisms likely underpin HSPA1A's roles in
cancer cell survival and therapeutic resistance. Heat shock proteins, including HSPA1A, are
well-established contributors to cancer progression and drug resistance (22,64,65), and lipid
metabolism reprogramming in cancer cells often aids their survival (23,66).

Given the association between HSPA1A PM localization and therapeutic resistance in
cancer (7,67-70), our study suggests PS modulation as a potential therapeutic target.
Interventions manipulating PS levels or lipid metabolism could inhibit HSPA1A's stress-
protective functions. Pharmacological agents targeting lipid metabolism have shown promise in
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sensitizing cancer cells to therapy (66,71), and our findings open the door to similar strategies
aimed at preventing HSPA1A membrane localization.

Finally, our study highlights the broader significance of lipid signaling in cellular stress
responses. Identifying PS as a specific signal for HSPA1A's localization invites exploration into
how lipid changes regulate other chaperones or stress-responsive proteins. This intersection of
lipidomics and proteomics offers new opportunities to investigate lipid signaling in cancer,
neurodegenerative diseases, and viral infections (23,72,73).

In summary, our study identifies PS as a critical regulator of HSPA1A's PM localization
during stress, advancing our understanding of the lipid-based control of chaperone function.
Beyond providing insights into cellular stress biology, this work highlights therapeutic
opportunities for targeting lipid-chaperone pathways in cancer and other diseases characterized
by altered lipid metabolism.
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