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SUMMARY

Sphingolipids have key functions in membrane structure and cellular signaling. Ceramide is the
central molecule of the sphingolipid metabolism and is generated by ceramide synthases (CerS)
in the de novo pathway. Despite their critical function, mechanisms regulating CerS remain
largely unknown. Using an unbiased proteomics approach, we find that the small heat shock
protein 27 (Hsp27) interacts specifically with CerS1 but not other CerS. Functionally, our data
show that Hsp27 acts as an endogenous inhibitor of CerS1. Wild-type Hsp27, but not a mutant
deficient in CerS1 binding, inhibits CerS1 activity. Additionally, silencing of Hsp27 enhances
CerS1-generated ceramide accumulation in cells. Moreover, phosphorylation of Hsp27 modulates
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Hsp27-CerS1 interaction and CerS1 activity in acute stress-response conditions. Biologically, we
show that Hsp27 knockdown impedes mitochondrial function and induces lethal mitophagy in

a CerS1-dependent manner. Overall, we identify an important mode of CerS1 regulation and
CerS1-mediated mitophagy through protein-protein interaction with Hsp27.
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In brief

Boyd et al. report that Hsp27 associates with CerS1 and inhibits its activity via direct interaction
in vitroand in cells. Hsp27-CerS1 interaction can be modulated by phosphorylation of Hsp27, and
downregulation of Hsp27 induces CerS1-dependent lethal mitophagy.

INTRODUCTION

Sphingolipids are important structural components of biological membranes, and some
of the sphingolipid family members also have signaling properties modulating important
downstream biological processes.12 Ceramide is the central molecule in the sphingolipid
(SL) pathway, and it is composed of a sphingosine backbone that is A-acylated with fatty
acids of varying lengths. De novo ceramide production takes place in the endoplasmic
reticulum (ER). Once the sphingoid backbone is formed by the sequential activities of
serine palmitoyltransferase (SPT) and 3-ketosphinganine reductase, dihydroceramide is
formed by the ceramide synthases (CerS), where the dihydrosphingosine backbone is
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N-acylated using fatty acyl-coenzymes (FA-CoAs).12 Ceramide synthases also acylate
sphingosine to directly generate ceramide within the salvage/recycling pathway.12 Six
CersS isoforms (CerS1-CerS6), encoded by distinct genes, have been identified and shown
to preferentially utilize fatty acyl-CoAs with different chain lengths to generate distinct
ceramide species.3# Functionally, CerS-generated ceramides have critical and discrete roles
in multiple biologies including apoptosis,>’ response to chemotherapy and radiation,8-11
epithelial-mesenchymal transition,12 autophagy,3 mitophagy, 1415 ER stress response,16
anti-inflammatory therapy,1? graft-versus-host disease,18:19 insulin resistance,2%-21 cerebral
ischemia/reperfusion injury,2223 and neuronal development.242> Hence, it is extremely
important to identify the molecular mechanisms regulating individual CerS enzymes to have
a better understanding of the biological functions of ceramide.

The human genome contains at least ten small heat shock proteins (sHSPs) that are
characterized by their small molecular weight, ranging from 15 to 40 kDa, and by having

a highly conserved a-crystallin domain.28 Belonging to sHSPs, human Hsp27 (also known
as Hsp25 in mouse) is encoded by the HspbZ gene and has important functions in multiple
physiological processes such as ATP-independent chaperoning,2’+28 cell death,29:30 and
cancer metastasis.3132 Hsp27 is also implicated in Alzheimer’s disease through Tau-protein-
binding activity.33-3% With respect to cancer therapy, elevated Hsp27 levels in breast,
ovarian, pancreatic, colon, and bladder cancers are associated with poor prognosis.36-43

In addition, Hsp27 overexpression has been linked to resistance to chemotherapeutic agents
in lung, prostate, breast, pancreas, and colon cancers.#4-52

One of the well-established pathways leading to Hsp27 phosphorylation is activation

of the p38-MK2 (MAPKAPK?2) mitogen-activated protein kinase (MAPK) pathway.>3-55
p38-MK2-induced phosphorylation of Hsp27 is implicated in regulation of actin
cytoskeleton dynamics such that phosphorylated Hsp27 is involved in actin-rich stress fiber
reorganization and increased motility.56:57 In addition, increased phosphorylation status of
Hsp27 is associated with poor response to anti-cancer therapy.38:46.50

In this study, to uncover possible allosteric regulation of CerS by other proteins, we

used a proteomics approach and discovered that CerS1, but not the other CersS tested,
specifically interacts with Hsp27. Our results indicate that interaction of Hsp27 with CerS1
decreases CerS1 enzymatic activity. We have identified the domains of Hsp27 that are
required for association with CerS1 and have found that phosphorylation status of Hsp27
influences its interaction with CerS1. Biologically, downregulation of Hsp27 induced CerS1-
generated Cqg:g-ceramide accumulation and in turn caused CerS1-dependent mitochondrial
dysfunction and cancer cell death. Our study identifies a fundamental mechanism of

CerS1 regulation that depends on protein-protein interaction which can be regulated by
phosphorylation of Hsp27.

Hsp27 interacts with CerS1

CerS-generated ceramides are signaling molecules controlling a multitude of biological
responses.>® However, there is limited information on how CerS enzymes are regulated.
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To identify proteins that interact with CerS and can potentially regulate CerS activity,

after immunoprecipitation (IP) of CerS proteins, we used proteomics®® and found that
Hsp27, encoded by HSPBI gene, interacts with CerS1 but not with other CerS enzymes
tested in HCT116 colorectal carcinoma cells (Figures 1A and S1A). Next, we tested the
interaction of hemagglutinin (HA)-tagged Hsp27 with CerS1. HA-Hsp27 was detected after
IP of CerS1 using either anti-FLAG antibody or an antibody that recognizes endogenous
CerS1 (Figure 1B). Moreover, the interaction of endogenous CerS1 with endogenous Hsp27
was also confirmed (Figure 1C). We also established the interaction of Hsp27 with CerS1
using reverse IP, where HA-tagged Hsp27 is immunoprecipitated (Figure 1D). Likewise,
when HA-tagged Hsp27 was immunoprecipitated in the presence of FLAG-tagged CerS
proteins, only FLAG-CerS1 was detected in the IP complexes (Figure S1B). Further, using
proximity ligation assays (PLA), which do not rely on cell lysis, we showed the interaction
of Hsp27 and CerS1 in intact cells (Figure 1E). We did not detect significant PLA signal
between CerS1 and PYGL (glycogen phosphorylase, liver), another cytosolic protein (Figure
S1C). Although not a measure of interaction, we also observed significant co-localization
between CerS1 and Hsp27 when analyzed using immunofluorescence confocal microscopy
(Figure 1F), but not between CerS1 and PYGL (Figure S1D). Since CerS enzymes are
localized to the ER and Hsp27 is a cytosolic protein, their interaction likely occurs on the
cytosolic surface of the ER. Taken together, these data suggest the presence of a previously
unidentified specific interaction between Hsp27 and CerS1 occurring on the ER-cytosol
interface.

Hsp27 inhibits CerS1 activity through interaction via its N terminus

HSPs generally function to restore the folding of their client proteins to re-establish a
functional client in adaptive responses. On the other hand, maladaptive changes of HSP
proteins have been documented in pathological conditions. Notably, elevated Hsp27 mRNA
abundance is associated with resistance to chemotherapy, increased metastasis potential,

and poor overall prognosis for cancer patients.6-62 Importantly, reduced CerS1 expression
and/or Cqg:o-ceramide generation is also associated with similar poor prognostic factors

in cancer.53-65 Therefore, we hypothesized that Hsp27 acts as an endogenous inhibitor of
CerS1 through physical association in cancer. To test this hypothesis, we first investigated
the biochemical relevance of Hsp27-CerS1 interaction. Ectopic expression of Hsp27 (Figure
2A, upper panel) significantly inhibited the production of NBD-C4g.g-ceramide, a CerS1-
specific ceramide product, but not the production of NBD-C;¢.o-ceramide (CerS5/6 product)
in in vitro activity assays (Figure 2A, lower panel). In an independent project, while
screening cell lines for differences in CerS activities, we identified HepG2 cells to have
elevated endogenous CerS1 activity compared to HCT116 cells. Whereas CerS1 protein
abundance is slightly lower in HCT116 cells compared to HepG2 cells (Figure S2A),
coincidentally, HepG2 cells have lower Hsp27 protein abundance compared to HCT116 cells
(Figure 2B, upper panel, lanes 1 and 2). While elevated CerS1 activity in HepG2 cells may
be due to differences in the CerS1 levels in the basal conditions, more importantly, ectopic
Hsp27 expression in HepG2 cells still caused a decrease in the endogenous CerS1 activity
when measured /n vitro (Figure 2B, lower panel). Since ectopic expression of proteins can
cause other unforeseen changes in the cells that can affect enzymatic activities, we expressed
and purified recombinant Hsp27 (Figures S2B and 2C) and tested its effects on CerS1 in in
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vitro enzyme activity assays. Remarkably, purified Hsp27 caused a concentration-dependent
decrease in CerS1 activity (Figure 2D) when included in the enzyme activity assay reaction,
suggesting that Hsp27 directly inhibits CerS1 enzymatic activity.

To gain a more detailed understanding of how CerS1 and Hsp27 interact, we investigated
the peptide regions, which are important for the Hsp27-CerS1 association. We generated
multiple deletion mutants of Hsp27 (Figure 3A, upper panel) and tested their interaction
with CerS1 using IP. Deletion of the first 84 amino acids of Hsp27 (AN) greatly reduced

its association with CerS1, while deletion of C-terminal amino acids (AC) did not have a
significant effect on CerS1 interaction (Figure 3A, lower panel). In addition, the a-crystallin
domain of Hsp27 alone, lacking both the N and C termini (core), had a significantly
reduced association with CerS1 (Figure 3A, lower panel), indicating that the a-crystallin
domain of Hsp27 is also important for the binding but that this core on its own is not
sufficient to support CerS1 interaction, since the N terminus is also required. As our data
indicated the importance of the N terminus of Hsp27 for CerS1 interaction, we next purified
recombinant AN-Hsp27 (Figure 3B, left panel) and tested its effects on CerS1 activity /n
vitro. Consistent with its limited interaction with CerS1, recombinant AN-Hsp27 failed

to inhibit CerS1 activity compared to wild-type Hsp27 (Figure 3B, right panel). These
results collectively suggest that the N terminus of Hsp27 is required for Hsp27-CerS1
association and possible steric inhibition of CerS1. To test whether the N terminus of Hsp27
alone can support these functions, the amino acids 1-84 of Hsp27 were cloned adjacent to
the N terminus of enhanced GFP (eGFP), and association of this chimera (N-term-eGFP)
(Figure 3C, upper panel) with CerS1 was tested. N-term-eGFP association with CerS1 was
modestly detected but significantly reduced compared to the wild-type Hsp27 (Figure 3C,
lower panel). Concomitantly, ectopic expression of N-term-eGFP did not cause a significant
change in CerS1 activity in the /in vitro settings (Figure 3D), implicating that the N terminus
of Hsp27 alone cannot efficiently interact with or inhibit CerS1 activity. Taken together,
Hsp27 can inhibit CerS1 activity sterically by interacting with CerS1, which requires the
N-terminal amino acids (1-84) of Hsp27 in the presence of the a-crystallin domain.

Phosphorylation of Hsp27 dictates its interaction with CerS1

Hsp27 can be phosphorylated by the p38-MK2 MAPKAP kinase pathway at its N-terminal
residues S15, S78, and $82,53-56:66 resulting in changes in its biological functions. Given
that we have identified the N terminus of Hsp27 to be crucial for the binding and inhibition
of CerS1, we investigated whether the phosphorylation of Hsp27 modulates Hsp27-CerS1
association. Osmotic stress is a known activator of p38, an upstream kinase in Hsp27
phosphorylation.8” Therefore, we first tested the effect of sorbitol-induced osmotic stress on
p38 activation and Hsp27 phosphorylation in HCT116 cells. Sorbitol treatment induced p38
and Hsp27 phosphorylation within 15 min (Figure 4A). More importantly, osmotic-stress-
induced phosphorylation of Hsp27 caused an increase in the association of Hsp27 with
CerS1 (Figure 4B). Additionally, UV irradiation, another known activator of p38 MAPK 68
induced phosphorylation of Hsp27 (Figure S3A) and caused an increase in the association of
Hsp27 with CerS1 (Figure 4C).
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External stimuli such as osmotic stress and UV can activate a multitude of signaling
pathways in addition to the p38 MAPK pathway. Therefore, we induced p38 activation using
ectopic expression of a constitutively active upstream kinase, MKK®6, with point mutations
at S207D and T211D (DD),5%70 and found that MKK6-DD induced phosphorylation of
Hsp27 and increased its association with CerS1 (Figure 4D). To investigate the biochemical
relevance without the possible interference of endogenous Hsp27, we used Hsp27-knockout
mouse embryonic fibroblasts (Hsp27 KO MEFs)’! to express Hsp27 and MKK6-DD (Figure
4E) and measured the CerS1 enzyme activity. Hsp27 expression inhibited CerS1 activity,
and this inhibition was greatly enhanced when MKK®6-DD was co-expressed (Figure 4F),
suggesting that phosphorylation of Hsp27 enhances the ability of Hsp27 to inhibit CerS1
activity by regulating Hsp27-CerS1 association. Importantly, mutagenesis of the three
phosphorylation sites to alanine (S15A, S78A, S82A) in Hsp27 (3A) greatly reduced its
interaction with CerS1 compared to wild type (Figure 4G). Moreover, while expression of
wild-type Hsp27 inhibited CerS1 activity alone and UV treatment amplified this inhibition,
the 3A mutant of Hsp27 did not affect CerS1 activity alone or after UV treatment even

in the presence of endogenous Hsp27 in HCT116 cells (Figure 4H). We did not observe

the UV-induced decrease in CerS1 activity when 3A mutant was expressed in the cells,
implying that the ectopically expressed mutant Hsp27 can hinder the activity of endogenous
protein, possibly acting as a dominant-negative mutant.26 Likewise, the differential effects
of wild-type and 3A mutant Hsp27 on CerS1 activity were also observed in HepG2 cells
(Figures S3B and S3C). Taken together, these data suggest that Hsp27 phosphorylation at its
N terminus is crucial in modulating the inhibition of CerS1 by Hsp27 by regulating Hsp27
interaction with CerS1.

Hsp27 downregulation induces CerS1 activation in situ and potentiates the effects of
CerSl-induced mitophagy

After investigating the effects of Hsp27 on CerS1 activity /in vitro, we explored the possible
regulation of CerS1 by Hsp27 in cells. To achieve this, we determined the effects of

Hsp27 downregulation on CerS activity /n situ, using a 17C-sphingosine-labeling mass
spectrometry approach. Our data showed increased CerS1 activity upon downregulation

of Hsp27, as evident by the increased generation of 17C-Cyg.g-ceramide and 17C-C4g.1-
ceramide generation (Figures 5A and 5B), which is consistent with our observations of
elevated CerS1 activity /n vitro.

Next, we examined the biological significance of Hsp27-CerS1 association in the cells and
focused on lethal mitophagy, one of the established biologies shown to be regulated by
CerS1.1415.72.73 \itophagic vesicle formation, defined by LysoTracker and MitoTracker
co-staining, was observed in Tet-induced CerS1-expressing cells compared to the controls
(Figure 6A, upper panels), consistent with the previously published reports.14:15.72.73 More
importantly, downregulation of Hsp27 alone induced mitophagy and further significantly
enhanced CerS1-induced mitophagic vesicle formation (Figure 6A, lower right panel).
Moreover, we found enhanced LC3B-I1 formation and decreased Aco2 protein abundance,
which are known molecular markers of autophagy/mitophagy, in cells with Tet induction
and Hsp27 small interfering RNA (siRNA) transfections (Figure 6B). Similarly, the
effects of the pharmacological mitophagy inducer, sodium selenite,’273 on cell viability
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were augmented in the presence of Hsp27 downregulation (Figure S4A). Of note,

sodium selenite-induced mitophagy is dependent on CerS1 (Figure S4B). Furthermore,

in parallel with increased mitophagy, mitochondrial function further declined upon Hsp27
downregulation. Mitochondrial membrane potential as determined by JC1 staining measured
by flow cytometry (Figure 6C), cellular total ATP levels (Figure 6D), and mitochondrial
bioenergetic activity measured by Mito Stress assays using a Seahorse analyzer (Figures
6E—-6G) were further reduced upon Hsp27 downregulation. Additionally, the loss of
mitochondrial function was reflected in decreased cellular viability, consistent with an
increase in CerS1-regulated lethal mitophagy (Figures S4C and S4D). Overall, these data
support the notion that Hsp27-CerS1 interaction modulates the activity of CerS1 in cells and,
hence, modifies Cyg.g-ceramide generation and its downstream biological functions.

To investigate whether CerS1 is required for the effects of Hsp27 knockdown on
mitochondria and cell survival, we down-regulated CerS1 in the presence of Hsp27

SiRNA in HCT116 cells (Figure S4E). While Hsp27 knockdown induced mitochondrial
fission, a known CerS1-induced phenotype,1415:72.73 mitochondrial fission was prevented
when cells were co-transfected with CerS1 siRNA (Figure 7A, left panel). Quantitation

of mitochondrial branching via image analysis confirmed these results. Reduction of
mitochondrial branching, an indicator of mitochondrial fission, upon Hsp27 knockdown
was prevented when CerS1 was downregulated (Figure 7A, right panel). In addition, loss of
mitochondrial membrane potential due to Hsp27 knockdown was significantly prevented
by silencing of CerS1 as measured by accumulation of tetramethylrhodamine methyl

ester (TMRM), a cell-permeable dye that accumulates in active mitochondria (Figure 7B).
Consistent with the prevention of mitochondrial defects, silencing of CerS1 expression also
prevented Hsp27-knockdown-induced cell death (Figure 7C). Taken together, these data
suggest that CerS1 is a direct downstream target of Hsp27 that is required for the induction
of lethal mitophagy upon Hsp27 knockdown.

DISCUSSION

In this study, we identified Hsp27 as an important regulator of CerS1. More importantly, our
data show that through the protein-protein interaction, Hsp27 can inhibit CerS1 enzymatic
activity /n vitroand in cells. This interaction appears to depend on the phosphorylation

of Hsp27 on its N terminus, as the deletion mutant of Hsp27 lacking this domain neither
interacts with CerS1 nor can inhibit CerS1 activity. Moreover, phosphodeficient mutant
(S15A, S78A, S82A) of Hsp27 does not interact or inhibit CerS1. Mechanistically, p38-
MK?2 kinase cascade-induced phosphorylation of Hsp27 on these sites can influence the
affinity of Hsp27 to CerS1, pointing to a fine-tuning ability of cells in regulating CerS1
activity in stress-response conditions. Biologically, downregulation of Hsp27 increased
CerS1 activity in cells and induced CerS1-dependent mitophagy and cell death, implicating
that Hsp27 keeps CerS1 in an inactive state as an anti-cell-death measure in cancers.
Collectively, this report identifies a crucial role for Hsp27 in regulating CerS1 activity and
downstream CerS1-generated ceramide-induced mitophagy and cell death.

The CerS enzymes preferentially use fatty acyl-CoAs with different chain lengths to
generate distinct ceramide species.3:8.74 The specificity of CerS for particular fatty acyl-
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CoA consumption is attributed to the differences of CerS enzymes in a short segment

of amino acids located in a predicted ER luminal loop.”>76 In the current study, Hsp27
preferentially interacted with CerS1 but not with the other CerS enzymes tested. At this
point, determinants of this specific affinity of Hsp27 toward CerS1 are unknown. One
possible mechanism might involve the engagement of the substrate-selecting domain of
CerS1 in Hsp27 recognition, and future studies will help define the mechanisms of apparent
specificity. In addition, CerS1 is the only known CerS homolog that lacks the hox-like
domain in its sequence.”’” The hox-like domain might be actively preventing the interaction
between Hsp27 and the other CerS homologs. Another possibility is that the C-1g.g ceramide
that is generated by CerS1 facilitates the interaction between CerS1 and Hsp27, as CerS1 is
highly specific for the generation of this ceramide species.

The activity of CerS proteins is considered to be regulated by homo- and
heterodimerization,’®-89 phosphorylation,81 and acetylation.82 We observed a slight increase
in the CerS /n vitro activity toward NBD-C1g.9-ceramide generation after CerS1 expression,
which was not affected by Hsp27, while Cyg.g-ceramide generation was inhibited (Figure
2A). This suggests that CerS1 might be dimerizing with CerS5/6 to influence their activity
which is not modulated by Hsp27. Although not as robust as CerS1, CerS4 can also
generate Cyg.9 ceramide in vitro83 and when overexpressed in cells.84 Recently, fatty

acid transport protein 2 (FATP2) and CerS2 interaction has been documented.8> FATP2
might deliver the FA-CoA substrate for the CerS2 catalytic activity via direct interaction in
cells.85 At this point, we do not know whether Hsp27 is involved in the supplementation

of C1g.0-FA-COA to CerS1. Association between the ribosomal protein RPL29P31 (Permit)
and CerS1 was shown to direct the localization of newly translated CerS1 from the ER

to the outer mitochondrial membrane (OMM) and facilitate mitophagy.” Our confocal
microscopy data suggest that the interaction of Hsp27 and CerS1 is occurring on the
ER/cytoplasm interface. Currently, we do not know whether Hsp27-CerS1 interaction

can prevent the transport of CerS1 to the OMM via Permit. Moreover, it is possible

that the effects we observe on mitochondria upon Hsp27 downregulation and, hence,
CerS1 activation is due to accumulation of Cqg.g ceramide in the mitochondria-associated
membrane extension of ER without the involvement of Permit. Interestingly, our previous
studies showed that Charcot-Marie-Tooth disease-associated mutants of Hsp27 can cause
decreased mitochondrial ceramide generation.88 A role for Permit in the Hsp27-mediated
regulation of CerS1 activity is still a possibility.

Mechanistically, our results suggest that the N terminus of Hsp27 is required for its
interaction with CerS1. From the structural point of view, SHSPs can exist in the form

of monomers and dimers but can also assemble into large multimeric complexes that vary
in size and contain up to 24—40 subunits through interactions via the a-crystallin domain.8’
The N terminus of Hsp27 is identified as a disordered domain that can influence Hsp27
binding affinity toward Tau protein.34 In addition, the phosphorylation sites of Hsp27 that
we have identified to be critical for determining CerS1 interaction also lie in this region.
Furthermore, the a-crystallin domain itself did not support the interaction with CerS1.
These findings raise the possibility that the N terminus and phosphorylation of Hsp27
might structurally change the oligomerization status and/or affinity to binding partners in
coordination with the a-crystallin domain.
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Multiple roles of sphingolipid signaling have been well documented in cellular response

to stress conditions. In the current study, activation of the p38-MK2 MAPK pathway

via osmotic stress, UV exposure, or upstream kinase (MKKG®6) activation induced
phosphorylation of Hsp27, which in turn resulted in amplified Hsp27-CerS1 interaction

and further modulation of CerS1 enzymatic activity. Involvement of p38 in degradation of
CerS1 in response to cisplatin was previously implicated.88 However, importantly, our study
is one of the first examples of acute regulation of CerS enzymes that is dependent on kinase
cascade activation.

Hsp27 has been recognized as a valid target for anti-cancer therapy. Notably, a
second-generation anti-sense oligonucleotide gene therapy targeting Hsp27 (OGX-427)

is being tested in clinical trials for prostate, bladder, ovarian, pancreas, and lung
cancers.89-92 Moreover, Hsp27-regulated downstream pathways can also be therapeutic
targets for cancer.93-96 Recently, a crucial role for Hsp27 in Apc-driven transformation

and colorectal cancer formation was also established.®’ Furthermore, a role for MK2-
mediated phosphorylation of Hsp27 in mesenchymal cells was demonstrated in intestinal
carcinogenesis.?* Additionally, the MK2/Hsp27 axis acts as a survival mechanism for
pancreatic cancers.% Along these lines, inhibitors of MK2 are proposed as a viable
approach to the treatment of colitis and colitis-associated colon cancers.2%-101 In our study,
downregulation of Hsp27 induced CerS1-dependent mitophagy and cell death in colon
cancer cells, bringing the possibility that CerS1 inactivation via Hsp27 is a critical step in
cellular transformation and tumor formation. In addition, data show that the phosphorylated
form of Hsp27 had an increased affinity to CerS1 and further suppressed CerS1 activity in
comparison with the unphosphorylated counterpart. Our study, along with the mentioned
previous work, raises the possibility of using possible changes in ceramide concentrations in
the sera of cancer patients as a biomarker to determine the patient population that can/will
benefit from anti-Hsp27 or anti-MK2 modalities.

In summary, we describe a substantial mechanism of CerS1 regulation via direct interaction
with Hsp27, shed light on the molecular underpinnings of this interaction, and show its
biological significance in controlling mitochondrial energy metabolism and mitophagy. In
addition, we provide mechanistic information on how Hsp27 abundance in cancer can be an
anti-cell-death factor. Further studies will define the functions of this interaction in diabetes,
aging, and neuropathies in which a role for CerS1 has already been implicated.86:102-104

Limitations of the study

One limitation of this study is that we still do not know whether Hsp27 can respond

to changes in the cellular C1g.g-ceramide levels and act to inhibit CerS1. This type of
regulatory mechanism might exist in non-pathological settings as an extension of a more
complex regulatory circuit. Addressing this point would be a future challenge and contribute
to our current understanding of the mechanisms that maintain the sphingolipid homeostasis.
Another question that remained unanswered is whether there is crosstalk between CerS1

and other CerS enzymes upon Hsp27-mediated inhibition of CerS1. In the current study

we did not observe any change in the /n vitro activity toward Cqg.9-ceramide generation;
however, we did not determine the activities toward other ceramides, e.g., Cy4:9 ceramide for
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CerS2 activity. In addition, although not as robust as CerS1, CerS4 can also generate Cqg:o
ceramide /n vitro83 and when overexpressed in cells.84 We did not detect any Hsp27-CerS4
interaction. However, there is a possibility that in cell lines with elevated CerS4 expression,
changes in the cellular C1g.g ceramide may not be attributed only to CerS1.

STARXMETHODS

RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Can E. Senkal
(Can.Senkal@vcuhealth.org).

Materials availability—All unique/stable reagents generated in this study are available
from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

. Original, uncropped western blot image files have been deposited at Mendeley
Data and are publicly available as of the date of publication, Mendeley Data, V1,
https://doi.org/10.17632/jd96sv7fts.1.

. All the statistical data is available in Table S1.
. This study does not report original code.
. Any additional information required to reanalyze the data reported in this study

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and growth conditions—HCT116 colorectal carcinoma cells were originally
provided by Dr. Richard J. Youle (NINDS, NIH, USA). Cells were grown in DMEM

(cat# 10-017-CV, Corning) supplemented with 10% FBS (Cat# S12495, lot:K20158,
Bio-Techne) without antibiotics at 37°C humidified incubator with 5% CO,. Stable
expression of tetracycline inducible CerS1 in HCT116 cells was performed as described
previously.> Hsp27 knock-out MEFs were kindly provided by Dr. Jonathan Dean.”®
Possible mycoplasma contaminations were monitored regularly by MycoAlert mycoplasma
detection kit (Lonza).

METHOD DETAILS

Plasmid constructs and siRNAs—cDNA encoding FLAG-tagged CerS1 in
pLenti6.3/TO/DEST plasmid was generated as described.>® cDNA encoding HA-tagged
Hsp27 was amplified by PCR and cloned between X#o/ and £coR/ sites in pcDNA4
plasmid. Deletion mutants of Hsp27 was generated using PCR and cloned into the same
sites in pcDNA4 plasmid. Expression plasmid encoding myc-tagged MKK6 (DD) was a
kind gift from Cindy Miranti and was obtained from Addgene (plasmid #86094). Plasmid
encoding Hsp27 mutant with S15A, S78A, and S82A triple mutation (3A) was obtained
from Addgene (plasmid #84997) and 3A Hsp27 was subcloned into pcDNA4 plasmid.
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Plasmid transfections were conducted using X-tremeGENE 9 DNA transfection reagent
(Roche) transfection reagent as instructed by the manufacturer. Control, non-targeting (Scr)
SiRNA was obtained from Qiagen (cat# 1027281). SMARTpool siRNAs targeting Hsp27
(cat# L-005269) and CerS1 (cat# L-010275) were from Dharmacon. siRNA transfections
were conducted using Lipofectamine RNAIMAX (ThermoFisher) as described by the
manufacturer using 20 nM siRNA final concentration for Hsp27 and 5 nM siRNA for CerS1.

Immunoprecipitation, determination of proteins by LC/MS-MS, and western
blotting—Anti-FLAG immunoprecipitations were carried out using Anti-FLAG M2
Affinity gel (Sigma, St. Louis, MO) as described by the manufacturer. LC/MS-

MS was performed as described previously.>® Anti-HA, anti-CerS1, and anti-Hsp27
immunoprecipitations were carried out using anti-HA antibody (cat# 3724S, Cell Signaling
Technology, Danvers, MA), anti-CerS1 antibody (cat# 65096, Santa Cruz Biotechnology,
Santa Cruz, CA), and anti-Hsp27 antibody (cat# 2402, Cell Signaling Technology, Danvers,
MA), respectively. Cell lysates were incubated with the antibodies overnight at 4°C, and
immune complexes were sedimented using A/G plus agarose beads (cat# sc-2003, Santa
Cruz Biotechnology, Santa Cruz, CA). Total cell lysates or immunoprecipitated complexes
were mixed with 4X sample buffer (200 mM Tris-HCI pH 6.8, 40% glycerol, 8% SDS,

400 mM DTT, and 0.05% bromophenol blue). The samples were boiled for 5 min and
resolved in 4-20% Tris-HCI polyacrylamide gels (Thermo Fisher Scientific, Waltham, MA).
After transferring the proteins to PVDF membranes (Bio-Rad, Hercules, CA), the blots
were blocked with 5% non-fat milk in TBS-T (1X Tris-buffered Saline with 0.3% Tween
20). The blots were incubated with the primary antibodies overnight at 4°C on a platform
rocker. After washes with TBS-T and incubation with HRP-labeled secondary antibodies,
the blots were washed for a final time and developed using ECL (Thermo Fisher Scientific,
Waltham, MA). The primary antibodies used in the study were as follows: Anti-FLAG
(#F1804, Sigma-Aldrich), anti-actin (#A3853, Sigma-Aldrich), anti-Hsp27 (cat# 95357, Cell
Signaling Technology), anti-HA (cat# 3724S, Cell Signaling Technology) anti-V5 (cat#
R960-25, Thermo Fisher Scientific). anti-p38 (cat# 8690S, Cell Signaling Technology), anti-
phospho-p38 (cat# 4511, Cell Signaling Technology), anti-phospho Hsp27 (cat# 9709, Cell
Signaling Technology). anti-myc (cat# 2276, Cell Signaling Technology), anti-LC3B (cat#
12741, Cell Signaling Technology), anti-Aco2 (cat# 6571T, Cell Signaling Technology).
HRP conjugated secondary antibodies (cat# 111-035-003, cat# 115-035-003, and cat#
705-035-147, all 1:5000) were from Jackson ImmunoResearch (West Grove, PA).

Proximity ligation assay and immunofluorescence confocal microscopy—
Proximity ligation assays (PLA) were performed using Duolink /n situ orange PLA starter
kit (# DUO92102, Sigma-Aldrich) with anti-HA and anti-FLAG antibodies as described

by the manufacturer. Immunostaining of FLAG-CerS1 and HA-Hsp27 was performed as
described previously.>® The PLA spots and CerS1-Hsp27 cellular localization were detected
using a Zeiss LSM880 confocal microscope equipped with 63x PlanApo oil immersion lens
(NA 1.4). Images were analyzed by isolating each cell in each image using Fiji (ImageJ),
and the Coloc 2 or JACoP plugins were used to quantitate the colocalization using Mander’s
M1 coefficient as the readout.
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In vitro and in situ ceramide synthase activity assay—/n vitro ceramide synthase
activity assays were performed as described previously10> with minor modifications. Briefly,
cells were mechanically homogenized in 25 mM Tris-HCI pH 7.4, 25 mM KCI, 2 mM
MgCl,, and 250 mM sucrose supplemented with protease inhibitor cocktail (K1007,
ApexBio). Total microsomes were isolated using centrifugation at 100,000 xg for 1h at
4°C. Microsomes were resuspended in homogenization buffer and incubated with 15 pM
NBD-Sphingosine (cat# 25348, Cayman Chemical), 20 uM defatted BSA, and 50 uM fatty
acyl-CoA (cat# P9716 (palmitoyl-CoA) and S0802 (stearoyl-CoA), Sigma-Aldrich) in a
100 pL reaction at 37°C. Reactions were terminated by addition of chloroform/methanol
(2:1 viv). The phases were separated by centrifugation at 3000 xg for 10 min at 4°C.

The bottom phase was transferred into a new glass vial and the lipids were dried under

N, stream. Lipids were resuspended in methanol and transferred into HPLC vials for
injection. The fluorescent NBD-Sph and NBD-ceramide from the reactions were detected
and measured as described%° using a Thermo-Fisher Vanquish HPLC coupled with a
fluorescence detector. /n situ ceramide synthase activity was measured by 17C-Sphingosine
labeling as described.106 Briefly, cells were incubated with 1 uM 17C-Sphingosine for 15
min and its incorporation into ceramide in the cells was determined by LC/MS.

Production and purification of recombinant Hsp27—Doubly tagged (HA and His)
wild-type and AN-Hsp27 were produced by overexpression in £. co/i BL21 strain using
pET28a plasmid. Briefly, single colonies were grown O/N at 37°C. Fresh LB media was
inoculated the next day and induced with 100 uM IPTG when the ODggg reached between
0.5 and 0.6. Cells were grown for another 4h at 37°C before collection by centrifugation

at 6000 rpm for 30 min at 4°C. Pellets were resuspended in ice-cold lysis buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NacCl, 1% Triton X-100, 2 ug/mL of leupeptin, 10 uM aprotinin,
1 mM PMSF and 5 mM B-mercaptoethanol). After a freeze-thaw cycle the lysate was
centrifuged at 12,000 rpm for 45 min at 4°C and the recombinant proteins were purified
using Ni-NTA (cat# 30210, Qiagen) agarose beads. The beads were washed extensively in
wash buffer (35 mM Tris-HCI pH 7.5, 0.5 M KCI, 10% glycerol, 15 mM imidazole, 2 pg/mL
of leupeptin, 10 pM aprotinin, 1 mM PMSF, and 5 mM B-mercaptoethanol) for 4 times. The
proteins were eluted from the Ni-NTA beads using elution buffer (35 mM Tris-HCI pH 7.5,
0.5 M KCl, 10% glycerol, 200 mM imidazole, 2 ug/mL of leupeptin, 10 uM aprotinin, 1 mM
PMSF, and 5 mM B-mercaptoethanol). Protein fractions were then separated on SDS-PAGE,
stained with Coomassie Brilliant Blue and transferred onto PVDF membranes for western
blotting using anti-HA primary antibody.

Mitochondria and lysosome imaging and immunofluorescence microscopy—
HCT116 Tet-CerS1 cells were plated in 35mm confocal dishes (cat# P35GC-1.5-10-C,
MatTek Corp.) with center wells. The following day the cells were transfected with siRNAs
as indicated. 5 h later, CerS1 expression was induced by tetracycline (Tet) treatment. 72 h
later, after a 1X PBS wash, cells were incubated in cell culture incubator for 15 min with
fresh media with 100 nM of LysoTracker red (LTR) (cat# L12492, Thermofisher Scientific)
and 75 nM of MitoTracker Green (MTG) (cat# M7514, Thermo Fisher Scientific). Hoechst
dye was added and incubated for an additional 5 min. After incubation, the cells were
rinsed three times with media and imaged immediately on a Zeiss 710 confocal microscope.
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Images were taken with a 63X oil lens using 405 nm, 488 nm, and 647 nm for Hoechst,
MTG, and LTR, respectively. Images were analyzed by isolating each cell in each

image using Fiji (ImageJ), and the Coloc 2 plugin was used to measure colocalization
using Mander’s M1 coefficient as the readout. Tom20 and Hsp60 immunofluorescence
confocal imaging was carried out as described®® using anti-Tom20 (cat# FL-145, Santa
Cruz Biotechnology) and anti-Hsp60 (cat# 1052, Santa Cruz Biotechnology) antibodies.
Mitochondrial mean network branching is measured using ImageJ (FIJI) with MiNA
macro extension as described.107 Staining of cells with TMIRM (cat# T668, Thermofisher
Scientific) was conducted as described by the manufacturer and image intensities were
measured using ImageJ (FLJI).

Determination of mitochondrial membrane potential—Cells were plated in 60 mm
dishes and allowed to attach overnight. siRNA transfections were conducted as described
above. 5 h later, CerS1 expression was induced with tetracycline (Tet, 1 ug/mL) treatment.
72 h later, cells collected and pelleted. To stain, cells were resuspended in 2 uM JC-1 (cat#
15003, Cayman Chemicals) in 2 mL DMEM. After an incubation for 30 min in the cell
culture incubator, cells were pelleted and resuspended in PBS. Flow cytometric analysis was
done using a Fortessa flow cytometer with the 488 and 561 nm lasers. Filter set used was
488-530/30-A and 561-585/15-A. Single cell population was gated and used for analysis.
The ratio of the number of red (561 nm laser) and green (488 nm laser) events were used to
represent mitochondrial polarization.

Determination of cellular ATP levels—Cells were plated in a white 96-well clear
bottom plate (cat# 3610, Corning) in 100 uL DMEM. Cells were allowed to attach overnight
and were then transfected with indicated siRNAs. 5 h later, CerS1 expression was induced
with tetracycline. 72 h after induction, the Luminescent ATP Detection Assay Kit (cat#
ab113849, Abcam) was used to measure cellular ATP levels. Briefly, 50 uL of detergent
was added to the 150 pL of volume already in the wells. The plate was rocked for 5 min at
room temperature. Next, 50 uL of substrate from the kit was added and the plate was rocked
another 5 min in the dark. The plate was allowed to sit for 10 min in the dark. Luminescence
from wells were measured by reading on a luminometer.

Live cell oxygen consumption—A Seahorse XFe24 analyzer (Agilent Technologies)
was used to measure oxygen consumption rate (OCR). Briefly, HCT116 cells were plated on
Agilent Seahorse XF24 cell culture plates and incubated overnight to ensure cell attachment.
The next morning, cells were incubated in a humidified non-CO, incubator at 37°C for 1

h in assay medium (Seahorse XF Base Media supplemented with 1 mM pyruvate, 2 mM
glutamine, and 10 mM glucose, pH 7.4) and then oxygen consumption rates (OCR) and
extracellular acidification rates (ECAR) were measured using the Agilent XF Cell Mito
Stress Test Kit (Agilent Technologies) with Wave software. 1.5 uM of oligomycin, 1.5

UM Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), and 0.5 uM rotenone/
antimycin A were used. Cells were treated with 0.025% trypsin-EDTA solution, neutralized
with DMEM with 10% FBS, stained with trypan blue then counted. Cell number was used to
normalize the measurements from the analyzer.
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Determination of cell growth—Cellular growth after treatments or transfections was
determined by 3-(4,5-dimethyl-2-thizolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay, as described previously.®

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as means + SD of at least three independent studies (n = 3). Group
comparisons were performed with twotailed unpaired t-tests for comparison of two groups,
and with one-way or two-way ANOVA for comparison of more than two groups with
Tukey’s or Dunnett’s multiple comparison tests using GraphPad Prism Software, version
9.4.1., p < 0.05 was considered significant. All statistical information is provided in Table
S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Ceramide synthase 1 (CerS1), but not the other CersS tested, associates with
Hsp27

Hsp27 inhibits CerS1 activity /n vitroand /in situ via direct interaction

Hsp27-CerS1 interaction is tuned by p38-MK2 MAPK-induced
phosphorylation of Hsp27

Knockdown of Hsp27 induces CerS1-dependent mitochondrial defects and
mitophagy
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Figure 1. Determination of CerS1-Hsp27 association
(A) FLAG-tagged CerS1, CerS2, CerS4, CerS5, and CerS6 were immunoprecipitated, and

the interaction of Hsp27 with CerS proteins was determined by western blotting in HCT116
cells.

(B) HA-tagged Hsp27 in pcDNA4 plasmid was expressed in HCT116 cells stably
transfected with Tet-inducible FLAG-CerS1. pcDNA4 plasmid without insert (\ector)

was used as control. CerS1-Hsp27 interaction was determined by western blotting after
immunoprecipitation (IP) with anti-FLAG or anti-CerS1 antibodies. Asterisk indicates
heavy-chain immunoglobulin G.

(C) Interaction of endogenous Hsp27 with CerS1 was detected using IP with anti-Hsp27
antibody followed by western blotting using anti-CerS1 antibody.

(D) HA-tagged Hsp27 was expressed as in (B), and CerS1-Hsp27 interaction was
determined by western blotting after IP with anti-HA antibody.

(E) Interaction of FLAG-tagged CerS1 and HA-Hsp27 was identified using proximity
ligation assay (PLA) as described in STAR Methods (scale bar, 10 um) (left). PLA signal
was quantitated (right). n = 3 for all samples from three independent experiments. Data
represent mean * SD. Statistical analysis by two-tailed unpaired t test, ****p < 0.0001.

(F) Cellular co-localization of HA-Hsp27 with FLAG-CerS1 proteins was determined

by immunofluorescence confocal laser scanning microscopy (scale bar, 10 um) (left). Co-
localization of Hsp27 and CerS1 was quantitated as Manders’ coefficient (right). n = 31 for
each group. Data represent mean + SD. Statistical analysis by two-tailed unpaired t test,
****p < 0.0001.
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Figure 2. Hsp27 inhibits CerS1 activity in cells and in vitro
(A) Ectopic expression of Hsp27 in pcDNA4 plasmid in HCT116 cells that stably express

Tet-inducible CerS1 is confirmed by western blotting (top). pcDNA4 plasmid without insert
(\ector) was used as control. /n vitro ceramide synthase activities of CerS1 and CerS5/6
were measured after Hsp27 expression using C1g-CoA and C16-CoA substrates, respectively
(bottom). n = 4 for all samples from independent experiments. Data represent mean + SD.
Statistical analysis by two-way ANOVA with Tukey’s multiple comparison test, ****p <
0.0001, **p < 0.005, ¥5p > 0.05.

(B) Ectopic expression of Hsp27 was confirmed by western blotting (top). Effect of Hsp27
expression on CerS1 /in vitro activity was measured in microsomes (bottom). n = 3 for all
samples from at least three independent experiments. Data represent mean + SD. Statistical
analysis by one-way ANOVA with Tukey’s multiple comparison test, ****p < 0.0001.

(C) Purity of recombinantly produced Hsp27 was confirmed using Coomassie blue staining.
(D) Effect of recombinant Hsp27 on microsomal CerS1 enzymatic activity was measured
as described in STAR Methods. n = 3 independent experiments for each group with 2-3
technical replicates. Data represent mean + SD. Statistical analysis by two-way ANOVA
with Tukey’s multiple comparison test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Identification of domains in Hsp27 that are required for CerS1-Hsp27 association
(A) Top: schematic representation of Hsp27 protein with domains that were deleted or

mutated. N-Term, N-terminal amino acids 1-84; Alpha-crystallin (Core), amino acids 84—
173; C-Term, C-terminal amino acids 173-205. Bottom: association of wild type (WT)

and deletion mutants of HA-tagged Hsp27 in pcDNA4 plasmid with FLAG-tagged CerS1
was determined in HCT116 cells by anti-FLAG IP followed by western blotting using an
anti-HA antibody. pcDNA4 plasmid without insert (\Vector) was used as control. Heavy
chain of the immunoprecipitating antibody is indicated by an asterisk.

(B) Purity of recombinantly produced WT and N terminus deleted mutant of Hsp27 was
confirmed using Coomassie blue staining (left), and their effects on microsomal CerS1
enzymatic activity were determined (right). n = 4 independent experiments for each group
with 2-3 technical replicates. Data represent mean + SD. Statistical analysis by two-way
ANOVA with Tukey’s multiple comparison test, ***p <0.001.

(C) Top: schematic representation of the HA-tagged chimeric protein (N-Term + eGFP)
containing the first 84 amino acids of Hsp27 (N-Term) upstream of enhanced green
fluorescent protein (eGFP). Interaction of HA-tagged WT and N-Term + eGFP with FLAG-
tagged CerS1 was identified by anti-FLAG IP followed by western blotting using anti-HA
antibody (bottom).

(D) In vitro CerS1 activity was measured in microsomes from cells expressing vector
(eGFP), WT Hsp27, or chimeric protein (N-Term + eGFP). n = 3 independent experiments
for each group with 2-3 technical replicates. Data represent mean + SD. Statistical analysis
by two-way ANOVA with Tukey’s multiple comparison test, **p < 0.05, ¥5p > 0.05.
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Figure 4. Phosphorylation of Hsp27 enhances Hsp27-CerS1 interaction and amplifies inhibition
of CerS1 activity
(A) Phosphorylation of Hsp27 and p38 MAPK was detected after sorbitol-induced osmotic

stress by western blotting in HCT116 cells.

(B and C) (B) Association of Hsp27 with CerS1 in control or sorbitol-treated cells

was determined using IP followed by western blotting. pcDNA4 plasmid without insert
(Vector) was used as control. Double asterisk (**) and single asterisk (*) denote heavy

and light chain of immunoprecipitating antibody, respectively. Arrow points to specific
band. (C) Association of Hsp27 with CerS1 was detected in cells after induction of Hsp27
phosphorylation with UV treatment in Tet-inducible CerS1-expressing cells.

(D) Tet-inducible CerS1-expressing HCT116 cells were transfected with indicated plasmids,
and Hsp27-CerS1 association was determined.

(E) Hsp27 KO MEFs were transduced with indicated viral particles, and their expression
was confirmed by western blotting.

(F) Hsp27 KO MEFs were transduced as in (E), and CerS1 microsomal activity was
determined. n = 3 independent experiments for each group with 2-3 technical replicates.
Data represent mean + SD. Statistical analysis by two-way ANOVA with Tukey’s multiple
comparison test, **p < 0.05, V5p > 0.05.

(G) Association of wild type (WT) or S15A, S78A, and S82A (3A) mutant of Hsp27 with
CerS1 was detected in HCT116 cells.

(H) CerS1 microsomal activity was determined from HCT116 cells expressing WT or S15A,
S78A, and S82A (3A) point mutant of Hsp27 after UV treatment. n = 8-10 for each group.
Data represent mean + SD. Statistical analysis by one-way ANOVA with Sidak’s multiple
comparison test, **p < 0.05, ***p < 0.01.
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Figure 5. Downregulation of Hsp27 induces CerS1 activity in cells
(A) /n situ CerS activity was measured by liquid chromatography-mass spectrometry using

17C-sphingosine (Sph) labeling of cells that express Tet-inducible CerS1 without or with
Hsp27 knockdown in HCT116 cells. Ceramide species with 17C-Sph backbone are shown.
(B) Cyg:1 and Cyg.g ceramides with 17C-Sph backbone are shown. n = 3 independent
experiments for each group. Data represent mean + SD. Statistical analysis by two-way
ANOVA with Tukey’s multiple comparison test, **p < 0.01.
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Figure 6. Downregulation of Hsp27 potentiates CerS1-induced mitophagy
(A) Lysosomal clearance of mitochondria (mitophagic vesicle formation) was detected by

co-staining of cells with MitoTracker green and LysoTracker red dye colocalization (left) in
HCT116 cells. Co-localization was quantitated as described in STAR Methods (right). n >
99 for each group. Data represent mean = SD. Statistical analysis by two-way ANOVA with
Tukey’s multiple comparison test, ****p < 0.0001.

(B) LC3B-II formation and decrease in mitochondrial Aco2 were detected by western
blotting.

(C) Changes in mitochondrial membrane potential was determined by JC-1 staining and
flow cytometry in control (—Tet) or CerS1-expressing cells (+Tet) after transfections with
control, non-targeting (Scr), or Hsp27 siRNA. n = 3 independent experiments for each group
with 2-3 technical replicates. Data represent mean + SD. Statistical analysis by one-way
ANOVA with Dunnett’s multiple comparison test, *p < 0.05, ***p < 0.001.

(D) Cellular total ATP levels were quantitated as described in STAR Methods.

(E) Oxygen consumption rate was measured using Mito Stress Assay Kit in a XFe24
Seahorse bioanalyzer instrument.

(F and G) (F) Basal and spare respiratory capacity, and (G) proton leak and ATP production
were calculated from data obtained in (E) as described by the manufacturer. n = 15 for each
group from three independent experiments of five replicates. Data represent mean * SD.
Statistical analysis by two-way ANOVA with Dunnett’s multiple comparison test, *p < 0.05,
***p < 0.001.
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Figure 7. Mitochondrial defects induced by Hsp27 knockdown are CerS1 dependent
(A) Left: mitochondria are observed by Tom20 and Hsp60 co-staining in HCT116 cells

transfected with control (Scr), Hsp27, or CerS1 and Hsp27 siRNAs, as described in STAR
Methods. Scale bars, 10 um. Right: mitochondrial mean network size (branching) was
determined by MiNA (mitochondrial network) plug-in in ImageJ as described. n = 3 for each
group. Data represent mean + SD. Statistical analysis by one-way ANOVA with Tukey’s
multiple comparison test, *p < 0.05.

(B) Left: mitochondrial membrane potential was visualized using TMRM in cells after
transfections with control (Scr), Hsp27, CerS1, or CerS1 and Hsp27 siRNAs. Scale bars, 10
pum. Right: TMRM intensity was measured in the images as described in STAR Methods. n
= 3 for each group. Data represent mean + SD. Statistical analysis by one-way ANOVA with
Tukey’s multiple comparison test, *p < 0.05.

(C) Cell viability was determined using MTT positivity in cells transfected with control
(Scr), Hsp27, CerS1, or CerS1 and Hsp27 siRNAs. n = 3 independent experiments for

each group with two technical replicates. Data represent mean + SD. Statistical analysis by
one-way ANOVA with Tukey’s multiple comparison test, *p < 0.05.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-HA

Cell Signaling Technology

Cat# 3724S (RRID:AB_1549585)

Goat polyclonal anti-CerS1

Santa Cruz Biotechnology

Cat# sc-65096 (RRID:AB_2132952)

Mouse monoclonal anti-Hsp27

Cell Signaling Technology

Cat# 2402 (RRID:AB_331761)

Rabbit polyclonal Anti-FLAG Sigma-Aldrich Cat# F7425 (RRID:AB_439687)
Mouse monoclonal Anti-FLAG Sigma-Aldrich Cat# F1804 (RRID:AB_262044)
Mouse monoclonal anti-Actin Sigma-Aldrich Cat# A3853 (RRID:AB_262137)

Rabbit monoclonal anti-Hsp27

Cell Signaling Technology

Cat# 95357 (RRID:AB_2800246)

Mouse monoclonal anti-V5

Thermo Fisher Scientific

Cat# R960-25 (RRID:AB_2556564)

Rabbit monoclonal anti-p38

Cell Signaling Technology

Cat# 8690S (RRID:AB_10999090)

Rabbit monoclonal anti-phospho-p38

Cell Signaling Technology

Cat# 4511 (RRID:AB_2139682)

Rabbit monoclonal anti-phospho Hsp27

Cell Signaling Technology

Cat# 9709 (RRID:AB_11217429)

Mouse monoclonal anti-myc

Cell Signaling Technology

Cat# 2276 (RRID:AB_331783)

Rabbit monoclonal anti-LC3B

Cell Signaling Technology

Cat# 12741 (RRID:AB_2617131)

Rabbit monoclonal anti-Aco2

Cell Signaling Technology

Cat# 6571 (RRID:AB_2797630)

Rabbit polyclonal anti-Tom20

Santa Cruz Biotechnology

Cat# FL-145 (RRID:AB_2207533)

Goat polyclonal anti-Hsp60

Santa Cruz Biotechnology

Cat# sc-1052 (RRID:AB_631683)

Peroxidase AffiniPure Goat Anti-Rabbit IgG (H + L)

Jackson ImmunoResearch

Cat# 111-035-003 (RRID:AB_2313567)

Peroxidase AffiniPure Goat Anti-Mouse 1gG (H + L)

Jackson ImmunoResearch

Cat# 115-035-003 (RRID:AB_10015289)

Peroxidase AffiniPure Donkey Anti-Goat 1gG (H + L)

Jackson ImmunoResearch

Cat# 705-035-147 (RRID:AB_2313587)

Alexa Fluor 488-Donkey anti-Goat 1gG (H + L)

Thermo Fisher Scientific

Cat# A11055 (RRID:AB_2534102)

Alexa Fluor 488-Donkey anti-Rabbit 1gG (H + L)

Thermo Fisher Scientific

Cat# A21206 (RRID:AB_2535792)

Alexa Fluor 647-Donkey anti-Mouse 1gG (H + L)

Thermo Fisher Scientific

Cat# A31571 (RRID:AB_162542)

Alexa Fluor 647-Donkey anti-Rabbit 1gG (H + L)

Thermo Fisher Scientific

Cat# A31573 (RRID:AB_2536183)

Bacterial strains

E. coli BL21

New England Biolabs

Cat# C2530H

Chemicals, peptides and recombinant proteins

Tween 20

RPI

Cat# P20370-1.0

NBD-Sphingosine

Cayman Chemical

Cat# 25348

Defatted BSA GeminiBio Cat# 700-100P
Protease inhibitor cocktail ApexBio Cat# K1007
Palmitoyl-CoA Sigma-Aldrich Cat# P9716
Stearoyl-CoA Sigma-Aldrich Cat# S0802
TMRM Thermo Fisher Scientific Cat# T668
JC-1 Cayman Chemicals Cat# 15003
LysoTracker red Thermo Fisher Scientific Cat# L12492
MitoTracker Green Thermo Fisher Scientific Cat# M7514
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

17C-Sphingosine

Avanti Polar Lipids

Cat# 860640P-5mg

Purified wild type Hsp27 This study N/A

Purified DN-Hsp27 This study N/A

Chloroform Sigma-Aldrich Cat# C2432-2.5L
Methanol Fisher Cat# A452-4
Tetracycline Goldbio Cat# 64-75-5
Imidazole RPI Cat# 152000-100.0
Glycerol Acros organics Cat# 15892-0025
IPTG RPI Cat# 156100-5.0
Leupeptin ApexBio Cat# A2570
Aprotinin ApexBio Cat# A2574

PMSF Sigma-Aldrich Cat# 93482-50ML-F
B-mercaptoethanol Sigma-Aldrich Cat# M3148-100ML
Oligomycin Cell Signaling Technology Cat# 9996L

FCCP Sigma-Aldrich Cat# C2920-10MG
Rotenone Sigma-Aldrich Cat# R8875
Antimycin A Sigma-Aldrich Cat# A8674-25MG
MTT RPI Cat# M92050-1.0
Hoechst dye Thermo Fisher Scientific Cat# 62249

Trypan blue GIBCO Cat# 15250-061
Critical commercial assays

anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat# A2220 (RRID:AB_10063035)
MycoAlert mycoplasma detection kit Lonza Cat# 75870-454
Roche X-tremeGENE HP DNA Transfection Reagent ~ Sigma-Aldrich Cat# 6365787001

Lipofectamine RNAIMAX

Thermo Fisher Scientific

Cat# 13778-150

ECL

Thermo Fisher Scientific

Cat# 32106

Agilent XF Cell Mito Stress Test Kit

Agilent Technologies

Cat# 103015-100

Duolink /n situorange PLA starter Kit Sigma-Aldrich Cat# DU092102
Luminescent ATP Detection Assay Kit Abcam Cat# ab113849
Experimental models: Cell lines

Human: HCT116 Laboratory of Dr. Richard J. Youle  N/A

Mouse: Hsp27 knock-out MEFs Laboratory of Dr. Jonathan Dean N/A
Recombinant DNA

pLenti6.3/TO/DEST-FLAG-CerS1 Senkal et al., 2017 N/A

pcDNA4 -HA-Hsp27 This study N/A

pcDNA4 -3A-HA-Hsp27 This study N/A

Expression plasmid encoding myc-MKK6(DD)

Laboratory of Dr. Cindy Miranti

Addgene (plasmid #86094)

pET28a-HA-Hsp27-6xHis

This study

N/A

pET28a-HA-DNHsp27-6xHis

This study

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides
Control siRNA Qiagen Cat# 1027281
SMARTpool Hsp27 siRNA Dharmacon Cat# L-005269
SMARTpool CerS1 siRNA Dharmacon Cat# L-010275

Software and algorithms

GraphPad Prism 9

GraphPad Software

https://www.graphpad.com/

ImageJ

NIH, USA

https://imagej.nih.gov/ij/

FlowJo

BDBIOSCIENCES

https://www.flowjo.com/

Wave software

Agilent Technologies

https://www.agilent.com/

Other

DMEM Corning Cat# 10-017-CV
Trypsin-EDTA Corning Cat# 25-051-Cl

FBS Bio-Techne Cat# S12495, lot:K20158
Mounting Medium with DAPI Abcam Cat# ab104139

Ni-NTA agarose Qiagen Cat# 30210

AJG plus agarose beads

Santa Cruz Biotechnology

Cat# sc-2003

Non-fat milk

RPI

Cat# M17200-500.0

4-20% Tris-HCI pre-cast polyacrylamide gels

Thermo Fisher Scientific

Cat# WXP42020BOX

PVDF membranes

Bio-Rad Laboratories

Cat# 1620177
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